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Preface 





Extractive metallurgy is that branch of met- 
allurgy that deals with ores as raw material and 
metals as finished products. Tt is an ancient art 
that has been transformed into a modern sci- 
ence as a result of developments in chemistry 
and chemical engineering. The present volume 
is a collective work of a number of authors in 
which metals, their history, properties, extrac- 
tion technology, and most important inorganic 
compounds and toxicology are systematically 
described. 

Metals are neither arranged by alphabetical 
order as in an encyclopedia, nor according to 
the Periodic Table as in chemistry textbooks. 
The system used here is according to an eco- 
nomic classification which reflects mainly the 
uses, the occurrence, and the economic value of 
metals. First, the ferrous metals, i.e., the pro- 
duction of iron, steel, and ferroalloys are out- 
lined. Then, nonferrous metals are subdivided 
into primary, secondary, light, precious, refrác- 
tory, scattered, radioactive, rare earths, ferroal- 
loy metals, the alkali, and the alkaline earth 
metals. 

Although the general tendency today in 
teaching extractive metallurgy is based on the 
fundamental aspects rather than on a system- 
atic description of metal extraction processes, 
it has been found by experience that the two 
approaches are complementary. The student 
must have a basic knowledge of metal extrac- 
tion processes: hydro-, pyro-, and electromet- 
allurgy, and at the same time he must have at 
his disposal a description of how a particular 
metal is extracted industrially from different 
raw materials and know what are its important 


compounds. It is for this reason, that this . 


Handbook has been conceived. 

The Handbook is the first of its type for ex- 
tractive metallurgy. Chemical engineers have 
already had their Perry's Chemical Engineers’ 


Handbook for over fifty years, and physical . 


metallurgists have an impressive 18-volume 
ASM Metals Handbook. It is hoped that the 


present four volumes will fill the gap for mod- 
ern extractive metallurgy. 

The Handbook is an updated collection of 
more than a hundred entries in Ullmann s En- 
cyclopedia of Industrial Chemistry written by 
over 200 specialists. Some articles were writ- 
ten specifically for the Handbook. Some prob- 
lems are certainly faced when preparing such 
a vast amount of material. The following may 
be mentioned: 


e Although arsenic, antimony, bismuth, bo- 
ron, germanium, silicon, selenium, and tel- 
lurium are metalloids because they have 
covalent and not metallic bonds, they are in- 
cluded here because most of them are pro- 
duced in metallurgical plants, either in the 
elemental form or as ferroalloys. 


e Each chapter contains the articles on the 
metal in question and its most important inor- 
ganic compounds. However, there are certain 
compounds that are conveniently described 
together and not under the metals in question 
for a variety of reasons. These are: the hy- 
drides, carbides, nitrides, cyano compounds, 
peroxo compounds, nitrates, nitrites, silicates, 
fluorine compounds, bromides, iodides, 
sulfites, thiosulfates, dithionites, and phos- 
phates. These are collected together in a spe- 
cial supplement entitled Special Topics, under 
preparation. 

e Because of limitation of space, it was not pos- 
sible to include the alloys of metals in the 
present work. Another supplement entitled 
Alloys is under preparation. 


e Since the largest amount of coke is con- 
sumed in iron production as compared to 
other metals, the articles “Coal” and “Coal 
Pyrolysis” are included in the chapter deal- 
ing with iron. 

I am grateful to the editors at VCH Verlags- 
gesellschaft for their excellent cooperation, in 
particular Mrs. Karin Sora who followed the 
project since its conception in 1994, and to 


Jean-Frangois Morin at Laval University for 
his expertise in word processing. 

The present work should be useful as a refer- 
ence work for the practising engineers and the 
students of metallurgy, chemistry, chemical en- 
gineering, geology, mining, and mineral benefi- 
ciation. Extractive metallurgy and the chemical 
industry are closely related; this Handbook will 
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therefore be useful to industrial chemists as well. 
It can also be useful to engineers and scientists 
from other disciplines, but it is an essential aid 
for the extractive metallurgist. 


Fathi Habashi 
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1.1 Introduction 


While the Periodic Table classifies metals, 
metalloids, and nonmetals according to their 
chemical properties, it does not indicate their 
relative economic value. The fact that iron and 
its alloys, e.g., steel, are by far the most impor- 
tant metals from the point of view of produc- 
tion and use, has resulted in the classification 
of metals as ferrous (iron and its alloys) ánd 
nonferrous (all other metals and metalloids). 
This classification is well justified: the annual 
production of iron in one year exceeds the pro- 
duction of all other metals combined in ten 
years. 


1.23 Ferrous Metals 


Iron produced in the blast furnace (pig iron) 
is converted into the following commercial 
products: Steel, wrought iron, cast irons, and 
pure iron. Table 1.1 shows typical analysis of 
these products; steel is the most important 
product. Chemically pure iron is prepared on a 
small scale because of its limited use. 


Table 1.1: Typical analysis of ferrous materials. 








Pig iron Cast iron 
C 3.5—4.25 2.50-3.75 
Si 1.25 0.50-3.00 
Mn 0.90-2.50 0.40-1.00 
S 0.04 0.01—0.18 
Р 0.06—3.00 0.12-1.10 


Slag 0 0 


13.4 Precious Metals ................ 8 
1.3.5 Refractory Metals............... 8 
1.3.6 Scattered Metals................ 10 
13.7 Radioactive Metals.............. 10 
13.8 КагеЕагіһѕ................ mac 12 
1.3.9 Ferroalloy Меіа[ѕ............... 12 
1.3.10 Alkali Metals .................. 12 
1.3.11 Alkaline Earth Metals............ 13 
1.4 References ....................... 13 


1.2.1 Steel 


Steel is made on a large scale by blowing 
oxygen and powdered lime through molten 
iron to oxidize the impurities. According to 
their use, steels are divided into three main 


groups: 


Constructional Steel. This is used for the 
manufacture of machine parts, motor cars, 
building elements, sky scrapers, ships, 
bridges, war instruments (cannons, tanks, 
etc.), and containers. It can be carbon or alloy 
steel. The mechanical properties of alloy steel 
are considerably higher than those of carbon 
steel. Chromium and nickel are the main al- 
loying elements used in this category. 


Tool Steel. This is used for the manufacture of 
tools (lathe knives, chisels, cutters, etc.). It is 
either carbon (0.7~1.2% C), or chromium, 
manganese, silicon, or tungsten alloy steel. 
Manganese alloy steels are used to make ma- 
chines such as rock crushers and power shov- 
els, which must withstand extremely hard use. 


White cast iron Steel Wrought iron 
1.75-2.70 0.10 0.02 
0.8-1.20 0.02 0.15 
<0.4 0.40 0.03 
0.07-0.15 0.03 0.02 
«0.02 0.03 0.12 
0 0 3.00 


Special-Quality Steel. These include corro- 
sion-resisting, stainless, acid-resisting, and 
heat-resisting steels. Stainless steel, which 
contains chromium and sometimes nickel and 
manganese, is a hard, strong alloy that resists 
heat and corrosion. Stainless steels are used 
for such things as jet engines, automobile 
parts, knives, forks, spoons, and kitchen 
equipment. 


1.2.2 Wrought Iron 


Wrought iron was known since antiquity 
and was the major ferrous material produced 
until the nineteenth Century; it is produced 
now in limited amounts. Wrought iron is prac- 
tically pure iron, low in carbon, manganese, 
sulfur, and phosphorus, but contains an appre- 
ciable amount of slag in mechanical admix- 
ture. Its desirable properties are due to the 
fibrous structure of this slag which gives it ex- 
cellent resistance to shock and vibration, mak- 
ing it particularly suitable for the manufacture 
of such products as engine bolts, crane hooks, 
lifting chains and couplings. Wrought iron is 
readily welded, and the presence of slag 
makes it self-fluxing. It is readily machinable 
and cuttings are sharp and clean because the 
chips crumble and clear the dies instead of 
forming long spirals. Wrought iron is made 
from pig iron by melting in a furnace lined 
with ferrous oxide. Under these conditions, 
the entire carbon content of the pig iron is oxi- 
dized and removed, as well as most of the 
other impurities while silicon forms slag. As a 
result, the melting point of the mass increases 
and a sticky lump is obtained saturated with 
slag. the lump, which weighs about 200 kg is 
removed from the furnace then put through a 
squeezer to remove as much slag as possible. 


1.2.3 Cast Irons 


Cast iron is a series of iron-carbon alloys 
containing more than 1.596 C, together with 
silicon, manganese, phosphorus, and sulfur 
which are impurities from the raw material 
and are not alloying elements. The form in 
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which carbon-is present in the cast iron deter- 
mines its properties. 


Grey Cast Iron. Produced by melting pig 
iron, scrap iron, and steel mixture to give the 
cast iron composition. The slow cooling and 
the high silicon content favors the decomposi- 
tion of cementite into iron and free carbon in 
the form of flakes. Gray cast iron 1s character- 
ized by its power to damp vibrations and by 
the wear resistance imparted by the lubricating 
effect of graphite. Both properties make it a 
useful material for the construction of machin- 
ery by casting. It is readily machinable (due to 
graphite flakes) and is an economic material 
since it has a low melting point of about 
1200 °C. It has, however, poor toughness and 
limited tensile strength. 


White Cast Iron. Produced by melting pig 
iron and steel scrap. After solidification no 
carbon is precipitated but remains in combina- 
tion as iron carbide. It is hard, brittle, and un- 
machinable. It is used for making grinding 
balls, dies, car wheels, but mostly used for 
making malleable cast iron. 


Malleable Cast Iron. Prepared from white 
cast iron by annealing for several days, 
whereby iron carbide is decomposed into iron 
and graphite in form of nodules. It is more 
ductile and more resistant to shock than grey 
cast iron. It is used in large quantities for such 
materials as pipes and pipe fittings and the au- 
tomative industry requiring higher mechanical 
properties. 


Ductile Cast Iron. It is a high-carbon ferrous 
product containing graphite in the form of 
spheroids. The spheroid is a single poly- 
crysalline particle, whereas the nodule is com- 
posed of an aggregate of fine flakes. Ductile 
cast iron has all the advantages of cast iron, 
e.g., low melting point, good fluidity and ca- 
stability, ready machinability, and low cost, 
plus the additional advantages of high yield 
strength, high elasticity, and a substantial 
amount of ductility. It is used by the automo- 
tive, agricultural instruments and railroad in- 
dustries, pumps, compressors, valves, and 
textile machinery. Ductile cast iron is pro- 
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duced from any cast iron by introducing a 
small amount of magnesium (in form of a 
magnesium-nickel alloy containing 50-80% 
Ni), or cerium into the molten iron while in the 
ladle, shortly before casting. This addition cat- 
alyzes the decomposition of carbon into sphe- 
roids and not flakes. 


1.2.4 Pure Iron 


. High-punty iron possesses temporary mag- 
netism, ie., when the magnetic field is re- 
moved, the magnetism disappears. Carbon- 
iron alloys on the other hand, show permanent 
magnetism. For this as well as for other rea- 
sons, e.g., studying the physical properties of 
the metal, the preparation of high-purity iron 
is of scientific interest. Preparation of pure 
iron is a tedious process that requires special 
techniques and numerous operations. 


1.3 Nonferrous Metals 


The nonferrous metals are divided into nu- 
merous groups according to their production, 


properties, use, and occurrence (Table 1.2). 
This classification is arbitrary since one metal 
may be placed in two groups, e.g., titanium is 
both a light and a refractory metal, rhenium is 
both scattered and refractory; similarly 
hafnium. The term "rare metals" is sometimes 
applied to the refractory, scattered, radioac- 
tive, and the lanthanides collectively. This ter- 
minology is misleading because such metals 
are not rare; it may be the difficulty in their ex- 
traction and uncommon utilization that give 
the impression that they are rare. 


1.3.1 Primary Metals 


While iron is the most widely used metal, it 
lacks important properties such as corrosion 
resistance. From the beginning of the Nine- 
teenth Century, copper, nickel, lead, zinc, and 
tin and their alloys found use as substitutes for 
iron in industrial applications that required 
particular properties in which cast irons and 
steels were lacking. That is one reason why 
these metals are known as primary metals. 
(Table 1.3). 


Table 1.2: Commercial classification of nonferrous metals and metalloids. 


Remarks 


Group Metals ; 

Primary Cu, Pb, Zn, Sn, Ni Extensively used; second in importance to iron. 

Secondary As, Sb, Bi, Cd, Hg, Co Mainly by-products of primary metals but also form their own 
deposits. Used in almost equal amounts (10—20 thousand tons an- 
nually). 

Light Be, Mg, Al, Ti Low specific gravity (below 4.5), used mainly as material of con- 

І struction. 
Precious Au, Ag, Pt, Os, Ir, Ru, Rh, Pd Do not rust; highly priced. 


Refractory W, Mo, Nb, Ta, Ti, Zr, Hf, V, Re, Melting points above 1650 °C. Mainly used as alloying elements 
Cr in steel but also used in the elemental form. Some resist high tem- 
perature without oxidation. 
Scattered Sc, Ge, Ga, In, Tl. Hf, Re, Se, Te Do not form minerals of their own. Distributed in extremely 
minute amounts in the earth's crust. 


Radioactive Po, Ra, Ac, Th, Pa, U, Pu 


Undergo radioactive decay. Some of them (U, Pu, and Th) un- 
dergo fission. Plutonium prepared artificially in nuclear reactors. 


Rare earths Y, La, Ce, Pr, Nd, Sm, Eu, Gd, Always occur together, similar chemical properties. Not rare as 


Tb, Dy, Ho, Er, Tm, Yb, Lu 


the name implies. 


Ferroalloy Cr, Mn, Si, B Were once mainly used as alloying elements to steel, but now 
metals also used in elemental form. 
Alkali Li, Na, К, Rb, Cs Soft and highly reactive. 


-Alkaline earths Ве, Mg, Ca, Sr, Ba 


Higher melting point and less reactive than the alklali metals 


Table 1.3: Typical uses of primary metals. 


Metal Use 96 
Copper Electrical 50 
Buildings 20 
Engineering and transport 25 
Other 5 
100 
Lead Batteries 35 
Pipes, sheets 15 
Gasoline additive 12 
Cable sheathing 10 
Pigments, chemicals 10 
Alloys, solder 10 
Other E 
100 
Zinc Galvanizing 40 
Die casting 27 
Alloys 18 > 
Sheet, wire, etc. 8 
Zinc compounds 5 
Other 2 
100 
Tin Tinplate 50 
Solder 20. 
Alloys 15 
Chemicals 3 
Other 12 
100 
Nickel Stainless steel 28 
Cast irons and alloy steels 20 
Nonferrous alloys 20 
High-temperature alloys 12 
Electroplating 16 
Catalysts 1 
Other _3 
100 


Copper. The high heat conductivity of copper 
makes it a suitable material of construction for 
heat conducting devices such as heating or 
cooling coils, boiling kettles, and other parts 
of chemical engineering apparatus. Because of 
its high electrical conductivity it became the 
chief material for conductors, contacts, and 
other electroconductive parts. It is used only 
as a pure metal since traces of impurities 
greatly reduce this property. However, pure 
copper is too soft for structural components of 
machines and apparatus. Its alloys with other 
metals are much stronger and many of them 
surpass copper in other properties, e.g., in cor- 
rosion resistance. 


Alloys of copper with 10 to 40% Zn are 
called brass. They are cheaper then pure cop- 
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per, can readily be shaped and machined, and 
are strong, hard and resistant to corrosion. 
They find extensive application in chemical 
and general machine-building, ship-building 
and military engineering. Bronze is an alloy of 
copper with 6 to 20% tin that found extensive 
use because of its excellent mechanical, anti- 
friction, and anticorrosion properties. Alloys 
similar to bronze are prepared by admixing 
metals other than tin to copper, e.g., aluminum 
(5-1196), lead (25-33%), silicon (4—594), 
and beryllium (1.8—2.3%). Aluminum bronzes 
with additions of lead are suitable for bearings 
while beryllium bronzes are used in the manu- 
facture of springs. Copper-nickel alloys (5— 
35% Ni) and German silver (5-30% Ni and 
13-45% Zn) are particularly resistant to attack 
by aggressive media. They are used to make 
medical instruments, home appliances, and 
works of art. Copper was the first among non- 
ferrous metals in world output until 1958 
when it was moved to second place by alumi- 
num. In electrical engineering, copper is more 
and more being replaced by aluminum, which 
is less electroconductive, but lighter. 


Nickel. As compared to other heavy nonfer- 
rous metals, nickel is stronger, harder, more 
refractory and more corrosion resistant. Simi- 
lar to iron and cobalt, it is ferromagnetic. It is 
relatively expensive and its consumption as a 
pure metal is low. Nickel is used for plating 
metals with a view to protect then against cor- 
rosion and for ornamental purposes. Nickel 
sheets, pipes, and wire are used for special 
components of apparatus and instruments in 
the chemical industry. Nickel is also required 
for the manufacture of certain types of batter- 
ies which are lighter, more compact and de- 
pendable in operation than lead batteries. 
Nickel catalysts find their application in many 
chemical processes. | 


More than half of nickel is consumed in the 
manufacture of nickel-iron alloys. Chro- 
mium-nickel, stainless, and acid-resistant 
steels, commonly containing up to 896 Ni and 
with admixtures of chromium and other met- 
als, are widely used in the chemical industry, 
machine tool manufacture, building of durable 
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structures, general machine building, and mil- 
itary engineering. Strong and wear-resistant 
nickel cast irons, alloyed with chromium, mo- 
lybdenum, and copper, are necessary for the 
manufacture of heavy internal combustion en- 
gines for locomotives and of special machine 
tools and dies. 

Many nickel alloys are chemically resis- 
tant and can withstand temperatures up to 
600 °C. They are used for turbines of jet air- 
craft, gas turbine power plants, and in nuclear 
reactors. Nichrome (75-85% Ni, 10-20% Cr, 
the balance iron) and other similar thermo- 
electric nickel alloys are not only refractory, 
but possess high electrical resistance and are 
suitable for wire or strip resistor heaters. 
Strongly, magnetic alloys of nickel with iron 
(permalloys) and other similar alloys find ex- 
tensive application in electrical and radio en- 
gineering. Alloys of nickel with copper have 
been mentioned earlier. 


Lead. Lead was used to make coins, orna- 
ments, miscellaneous vessels, and water pipes. 
With the invention of gun powder, it found use 
for the manufacture of case-sliot, bullets, and 
shot. Abilities of lead to resist attack by dilute 
sulfuric and hydrochloric acids and many 
other chemicals have made the metal the chief 
material for the chemical industry in the 19th 
century. Lead is amenable to rolling: sheets 2 
to 10 mm thick are suitable for anti-corrosion 
coating of various apparatus. Sheaths of elec- 
tric cables intended for prolonged under- 
ground service, in water or moist surroundings 
are made from lead blended with small 
amounts of other metals to enhance its plastic- 
ity. Lead storage batteries are necessary to 
start internal combustion engines. About half 
of the lead produced is used in the manufac- 
ture of electric cables and storage batteries. In 
nuclear engineering, lead serves as a shield 
against y-rays. 

Lead alloys differ from the pure metal ei- 
ther by greater strength and hardness or by an- 
tifriction properties, and most of the alloys are 
resistant to corrosion. Printing alloys for cast- 
ing type contain antimony, tin, and copper in 
addition to lead. Antimony makes the alloys 


hard, while tin greatly improves their castabil- 
ity. Alloys of lead and antimony, hard and cor- 
rosion-resistant, find extensive use іп 
chemical engineering. In soldering alloys, or 
solders, lead may partly replace tin. 


Zine. Zinc protects iron against corrosion in 
the air and in cold water. More than half of 
zinc output is consumed for this purpose. 
Zinc-plating (galvanizing) is considerably 
cheaper than tin-plating or nickel-plating. An- 
other important field of application is the man- 
ufacture of alloys, inclusive of the already 
mentioned brases and German silver. Zinc- 
based alloys, partly employed instead of 
bronzes and low-friction alloys in bearings, 
contain aluminium (8-11%), copper (1-2% 
and magnesium (0.03—0.069/). Identical com- 
ponents, but in a different ratio to zinc, are 
contained in printing alloys, similar in proper- 
ties to lead-antimony alloys. 


Tin. Used in tin-plating, solders, bronze and 
other alloys. At one time was used for wrap- 
ping purposed in form of tinfoil. 


1.3.2 Secondary Metals 


This group includes the metals cadmium, 
cobalt, and mercury and the metalloids ar- 
senic, antimony, and bismuth. They are 
mainly by-products of the primary metals but . 
also form their own deposits. They are used 
worldwide in almost equal amounts of about 
20 000 tons annually (Table 1.4). 


Cadmium. Cadmium is used in the metallic 
form in electroplating and alloying. Cadmium 
compounds are used in paints and pigments; 
cadmium sulfide is yellow, and cadmium se- 
lenide is red. Cadmium compounds are toxic 
and therefore care must be taken during pro- 
cessing cadmium and its compounds to avoid 
inhalation or dispersal of cadmium fumes and 
dust or the release of cadmium-bearing efflu- 
ents into the environment. 


Cobalt. This metal is used principally in heat 
and corrosion-resistant alloys, in jet engine 
parts, and in magnets. It also serves as a binder 
material in tungsten and other carbide cutting 


tools, and in hardfacing alloys. Nonmetallic 
applications (paint drier, ceramics, and cata- 
lysts) account for about 209^ of its consump- 
tion. 


Table 1.4: Typical uses of secondary metals. 








Metal Use 96 

Antimony Batteries 47 
Pigments, chemicals 18 

Fire retardants ll 

Rubber, plastics 8 

Glass, ceramics 6 

Bearing alloys 4 

Other _6 

100 

Cadmium Cadmium plating 50 
Plastics stabilizer 20 

Pigments 15 

Ni-Cd batteries 7 

Other 8 

100 

Cobalt Alloys 45 
Magnets 30 

Paint driers 10 

Ceramics 5 

Catalysts 5 

Other 3 

100 

Mercury Caustic-chlorine cells 35 
Batteries, electrical 28 

Biocidal paints 14 

Instruments 10 

Dental 5 

Agriculture 3 

Other _6 

100 





Mercury. In older times mercury was princi- 
pally used for the recovery of gold and silver 
from tlieir ores by amalgamation, a process 
that is now obsolete because of the poisonous 
nature of the metal vapor. It is now used as a 
liquid cathode in chlorine and sodium hydrox- 
ide manufacture. The mercury lamps use and 
electric discharge tube that contains mercury 
vapor; they are more efficient as a light 
source. Mercury is also used in electrical 
switching devices, in thermometers and ba- 
rometers, as an alloy with silver and tin for 
dental applications. Nonmetallic applications 
include mercuric oxide in batteries, in certain 
organic preparations as fungicide, bactericide, 
or preservative. 
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Arsenic. Arsenic is regarded as a troublesome 
impurity in smelting and refining and must be 
removed during the recovery of the primary 
metals. Its compounds are toxic and therefore 
their handling in a plant is costly because of 
the strict anti-contamination measures. Its 
consumption in the metallic form is only 3% 
of the total; it is mostly used as compounds. 
As metal, it is used as a minor additive in non- 
ferrous alloys (copper and lead based) to im- 
prove their strength, and sometimes to 
improve corrosion resistance. In the electronic 
industry, high-purity arsenic is combined with 
gallium and/or indium for making semicon- 
ductors, solar cells, infrared detectors, light- 
emitting diodes, and lasers. Arsenic com- 
pounds are mainly used as herbicides and in- 
secticides. 


Antimony. Antimony is mainly used as an al- 
loying constituent of lead, e.g., to harden lead 
for storage batteries, and as alloying element 
in bearings, type metal, and solder. In com- 
pound form antimony trioxide is used in ce- 
ramic enamels in plastics, as a white pigment, 
and as flame retardant. 


Bismuth. Bismuth is mainly used for the man- 
ufacture of low-melting alloys (m.p. as low as 
60°C) which are used for making safety 


plugs. 


1.3.3 Light Metals 


These are beryllium, aluminum, magne- 
sium, and titanium. They are used in pure state 
and in alloys, characterized by light weight 
and high strength hence they are valuable ma- 
terials of construction (Table 1.5). They are re- 
active metals and difficult to prepare and 
became known in the metallic state relatively 
recent. 


Beryllium. Beryllium is an expensive metal 
used in small and specialized industries. Its 
dust and fumes as well as vapors of its com- 
pounds are poisonous to inhale. It is fabricated 
by powder metallurgy techniques because 
coarse grains tend to develop in the castings 
causing brittleness and low tensile strength. 
About 10% of the metal is used in the metallic 
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form, 80% in form of beryllium-copper alloys 
(containing about 2% Be), or other master al- 
loys, and the remaining 10% is used as a re- 
fractory oxide. In the metallic form it is used 
as a moderator to slow down fast neutrons in 
nuclear reactors because of its low atomic 
weight and low neutron cross section. As an 


alloy with copper, it is particularly important. 


in springs because such alloys possess high 
elasticity and great endurance. К 


Table 1.5: Typical uses of light metals. 


. Metal Use 96 
Beryllium Electric industry 37 
Electronic industry 16 
Nuclear reactors 20 
Aerospace 18 
Others 9 
100 
Aluminum Buildings 30 
Transportation (automotive, 
aircrafts) 20 
Electrical 15 
Packaging 15 
Others (reducing agent, paint) 20 
100 
Titanium Jet engine 84 
Chemical industry 16 
; 100 
Magnesium As metal and alloy (reducing 
agent) 65 
As oxide for refractories 7 
Fertilizer, paper, etc. 28 
100 


Aluminum. Pure aluminum often replaces 
copper in electrical engineering. Although its 
electrical conductivity is only 65% (at of 
copper, the density of aluminum is almost 
three times as less (Cu 8.95, Al 2.7). This 
means a lesser consumption of the metal. Also 
suspension of aluminum conductors requires 
fewer poles than that for copper. Pure alumi- 
num is soft, but, if alloyed with small addi- 
tions of other elements its mechachical 
strength increases. Aluminum alloys combine 
strength, lightness, and corrosion resistance. 
Its large scale production started in the first 
quarter of this century when aeronautics was 
then making its first steps. Today it finds wide 
application in building construction. Alumi- 
num alloys containing silicon are used in cast- 
ing, cylinders, pistons, and other parts of 


aircraft and automotive engines as they readily 
reproduce mould configuration; they are also 
light and strong. 

The surface of aluminum and of its alloys is 
always coated by a thin but strong layer of 
Al,03 which protects it against further oxida- 
tion. The film is extra strong if it is obtained 
by anodic oxidation. The film can readily be 
dyed in many colors and this is widely used. 
The strength of the surface films and tts harm- 
lessness to users make aluminum suitable for 
the manufacture of various equipment in the 
food industry. In the form of foil it is used for 
packing foodstuffs. Aluminum powder is also 
used in the manufacture of paint. The strong 
affinity of aluminum makes it suitable for pre- 
paring metals from their oxides. Because of its 
abundance in the Earth's crust, the metal is 
more likely to be used as a substitute to wood, 
plastics, and other construction materials. 
Nonmetallic applications of aluminum ac- 
count for about 1096 of the element. Bauxite 
and alumina are used as refractories, fused 
alumina is used in abrasives, aluminum sulfate 
is used in water treatment. 


Magnesium. Magnesium is lighter than alu- 
minum resists poorly the action of atmo- 
spheric air, particularly when moist but its 
alloys with aluminum, zinc, and manganese 
are adequately corrosion resistant. These al- 
loys, readily castable and machinable, have a ` 
wide application in the manufacture of air- 
craft, automotive industry, and in rockets. The 
high affinity of magnesium for oxygen allows 
its use as a reducing agent for metallothermic 
reactions, e.g., production of titanium and ura- 
nium. The high affinity of magnesium for oxy- 
gen and its ability to burn in the air with 
evolution of large quantities of heat and light 
makes it suitable in the manufacture of incen- 
diary shells and flares. The main application 
of magnesium at present is an oxide used as a 
refractory brick for furnace lining. A large 
amount of this material is prepared from sea 
water. 


Titanium. Titanium is somewhat heavier than 
magnesium and aluminum, but it is stronger 
and very resistant to corrosion. Titanium and 


its alloysresist heat up to 450 ?C, whereas alu- 
minum and magnesium alloys tend to fail at 
about 300 °C. That is why titanium alloys be- 
came the basic materials for jet aircraft. Tita- 
nium alloys are used for the manufacture of jet 
engines, rockets, and shells of satellites. The 
largest application of titanium is an oxide used 
as a white pigment. 


1.3.4 Precious Metals 


This group of metals is composed of gold, 
silver, and the six platinum group metals: plat- 
inum, osmium, iridium, ruthenium, rhodium, 
and palladium. They are all common in that 
they do not rust, and are highly priced (Table 
1.6). 


Table 1.6: Typical uses of precious metals. 


Metal Use % 
` Gold Jewelry and arts 70 
Dental 9 
Space and defence 8 
Other .13 
100 
Silver Silverware 29 
Photography 28 
Electrical 22 
Brazes, solder 10 
Silver batteries 3 
Other _8 
100 
Platinum Catalysts 60 
Electrical 17 
Glass forming 9 
Dental, medical 5 
Jewelry, etc. 4 
Other EP] 
100 


Gold. A large part of the world's gold supply 
is held by governments and central banks, to 
provide stability for paper currency, and as a 
medium for settling international trade bal- 
ances. The unit of gold purity is called karat, it 
is 1/24, A 22-karat gold, for example, is an al- 
loy containing 22 parts gold and 2 parts other 
ingredients, usually silver; hence it contains 
91.67% gold and 8.33% silver. A large part is 
also used in jewellery, arts, in dentistry, and in 
coins. 


! A carat is also the unit of trade (200 mg) of diamonds. 
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e All the gold ever mined in the world would 
fit into a store room measuring 17 metres 
long, 17 metres high, and 17 metres wide. 


e The American Federal Reserve Bank on 
Wall Street is the biggest repository of gold 
in the world: some 13 000 tons of gold are 
kept behind 90 ton steel doors in vaults 
blasted out of solid granite. 


e Gold is used in the electronics industry to 
make more than 10 billion tiny electrical 
contacts every year. 


ə Of the estimated 100 000 tons of refined 
gold in the world — bullion, jewellery, coin — 
no less than 40 000 tons, or 4096 was mined 
in South Africa since 1886. 


e Over 50 tons of gold are used every year by 
the world's dentists. 


e Italy is by far the biggest user of gold for the 
manufacture of jewellery: about 250 tons 
annually, enough to make 100 million wed- 
ding rings. 

Silver. Pure silver is too soft for many applica- 
tions and an alloy of silver and copper is com- 
monly used. Silver is used as an ornamental 
metal for tableware and in coins. It is also 
commonly used in plating articles made of 
cheaper metals, in fabricating mirrors, and in 
preparation of silver salts used in photogra- 
phy. 

Platinum. Platinum is an important contact 

catalyst in the chemical industry e.g., oxida- 

tion of ammonia. It has also important uses in 
the electrical industry, in dentistry, in jewel- 
lery, and in laboratory ware. 


1.3.5 Refractory Metals 


This group of metals is composed of the 
transition metals tungsten, molybdenum, nio- 
bium, tantalum, titanium, zirconium, hafnium, 
vanadium, rhenium, and chromium. All these 
metals have high melting points. For example, 
tungsten melts at 3380°C, rhenium at 
3180 °C, molybdenum at 2610°C. They are 
mainly used as alloying elements in steel: but 
also are used in the elemental form. Some re- 
sist high temperature without oxidation, and 
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some are very hard, having excellent wear and 
abrasion resistance (Table 1.7). 


Table 1.7: Typical uses of refractory metals. 


Metal Use % 
Vanadium Ferrous alloys ` ` 80 
Nonferrous alloys 10 
Catalyst (V205) — _10 
100 
Chromium Metallurgical (stainless steel) 58 
Refractories (oxide) 30 
Chemical industry (tanning of 
leather, electroplating) 12 
. 100 
Molybdenum Steel industry 80 
Chemicals 20 
Too 
Tungsten Tungsten carbides 53 
Alloy steels 23 
Electrical lamps 13 
Chemicals 4 
Other 7 
100 


Tungsten. Tungsten has the highest melting 
point of all metals; it also has one of the high- 
est densities. When combined with carbon, it 
becomes one of the hardest man-made materi- 
als. While the tungsten filaments for” ight 
bulbs are widely used, its most common and 
most valuable use is in metal cutting, mining, 
and oil drilling tools. Although tungsten can 
be used at high temperatures, an oxide film 
forms which is volatile above temperature of 
approximately 540°C. So, for use at ex- 
tremely high temperatures, tungsten parts 
must be coated, used in a vacuum, or be sur- 
rounded by a protective atmosphere. Typical 
uses involving protective atmospheres — or 
vacuum — include incandescent lamp fila- 
ments, electron tube electrodes, and various 
types of heating elements. Silicide coating and 
noble metal cladding are effective oxidation- 
resisting coatings, for example, cladding the 
tungsten with a platinum gold alloys. 
Tungsten is resistant to many severe envi- 
ronments which readily attack other metals. It 
resists nitric, sulfuric, and hydrofluoric acids 
at room temperatures. It is only subject to 
slight attack by hot alkaline solutions such as 
potassium, sodium, and ammonium hydrox- 


ides. Tungsten also has good resistance to sev- 


eral liquid metals including sodium, mercury, 
gallium, and magnesium; to oxide ceramics 
such as alumina, magnesia, zirconia and tho- 
ria. It 1s often used for crucibles to melt these 
materials in an inert atmosphere.’ 


Molybdenum. Molybdenum is hard with re- 
spect to tensile stresses. Its electric and heat 
conductivities are somewhat lower than those 
of tungsten. When heated without access of 
air, it is readily amenable to mechanical work- 
ing and can be drawn into a thin wire. It retains 
strength up to temperatures of about 1000 °C. 
It is used in parts of vacuum apparatus, e.g., 
hooks for filaments in electric bulbs, targets of 
X-ray tubes, heaters of high-temperature fur- 
naces, plates of generator and rectifier tubes. 
Molybdenum steels posses a high mechanical 
strength, wearability and impact strength. Be- 
cause molybdenum oxidizes rapidly at about 
600 °C in air, a protective coating is needed in 
hot air applications. Many coatings involve 
formation of a thin layer of MoSi, on the sur- 
face of the molybdenum part. The compound 


. has outstanding oxidation resistance up to 


about 1650 *C. In vacuum, uncoated molyb- 
denum has a virtually unlimited life at high 
temperature. 


Vanadium is mainly used as an alloying ele- 
ment in steel, in titanium alloys, and in some 
high-temperature alloys. In form of УЛО; it is 
used as a catalyst for oxidation reactions (SO, 
to 503). 


Niobium. The major use of niobium 1s as an 
alloying element for steel. It also offers lower 
density and low thermal neutron cross section 
compared to other refractory metals, which 
makes niobium useful in atomic reactors. At 
ordinary temperatures niobium will resist at- 
tack by all mineral acids, with the exception of 
hydrofluonc acid, and it is not affected by 
mixed acids such as aqua regia. 


Tantalum. Tantalum is one of the most corro- 
sion resistant materials available. It forms sta- 


‘ble anodic oxide films which make excellent 


electronic capacitors. 


Rhenium. Rhenium has a melting point: ex- 
ceeded only by tungsten, density exceeded 
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only by osmium, iridium, and platinum. It is 
unique among refractory metals in that it does 
not form carbides. It is highly desirable as an 
alloying addition with other refractory metals. 
The addition of rhenium greatly enhances the 
ductility and tensile strength of these metals 
and their alloys. Rhenium alloys are gaining 
acceptance in nuclear reactors, semiconduc- 
tors, thermocouple, gyroscopes and other 
aerospace applications. Tungsten-rhenium al- 
loys are used to surface molybdenum targets 
in X-ray tube manufacture. Other rhenium al- 
loys (with tungsten or molybdenum) are used 
for filaments, grid heaters, and ignitor wires in 
photo-flash bulbs. Rhenium has found impor- 
tant applications in catalysts for reforming in 
conjunction with platinum and in selective hy- 
drogenation. It is resistant to hydrochloric acid 
and shows good resistance to salt water corro- 
sion. 


1.3.6 Scattered Metals 


This group of metals and metalloids is com- 
posed of scandium, germanium, gallium, in- 
dium, thallium, hafnium, rhenium, selenium, 
and tellurium. They do not form minerals of 
their own but occur in very small amounts in 
the ores of other common metals. Thus gal- 
lium occurs with aluminum in bauxite, sele- 
nium and tellurium in copper and nickel 
sulfide ores, etc. (Table 1.8). As a result of 
processing a large tonnage of ores each year, 
these metals are enriched in certain fractions 
and are usually recovered. 
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1.3.7 Radioactive Metals 


These metals have the highest atomic 
weights in the Periodic Table starting from 
polonium, and include radium, actinium, tho- 
rium, protactinium, uranium, and the transura- 
nium metals which do not occur in naturel. 
They undergo spontaneous nuclear disintegra- 
tion due to the repulsion of the protons within 
the nuclei of those atoms as a result of their in- 
creased number. In this process a helium ion 
(composed of two protons and two neutrons) 
is ejected. The helium ion (called alpha parti- 
cle) possesses extraordinary cohesion. 


Naturally-occurring radioactive metals 
form three series, each element in the series 
being produced when the one before it disinte- 
grates, with the successive radioactive disinte- 
grations stopping when a stable isotope of lead 
is formed. The three series are formed from 
uranium 238, uranium 235 (an isotope of ura- 
nium occurring in uranium ores to the extent 
of 0.7%), and thorium 232 (Figure 1.1). Dur- 


. ing their disintegration radium 226, 223, and 


224 are formed respectively. These disinte- 
grate in turn to the radioactive inert gas radon 
222 and its isotopes radon 219 (called acti- 
non), and radon 220 (called thoron), respec- 
tively. They then disintegrate to different 
polonium isotopes. Being gases with short 
half lives, radon and its isotopes represent a 
serious health liazard during the treatment of 
ores containing radioactive metals. 


Potassium 40 is a very weak naturally occurring radioac- 
tive element; it emils beta particles. 


Table 1.8: Parent ores of scattered metals. i 





Metal Parent ore Concentration in ore, % Major use 
Gallium Bauxite 0.01 Semiconductor 
Germanium Zinc sulfide Trace Semiconductor 
Hafnium Zircon sand 1 Nuclear reactors, control rods 
Indium Zinc sulfide Trace Semiconductor 
Rhenium Molybdenite concentrates from 0.07 Refractory metal 

porphyry copper ores 
Scandium Uranium and thorium Trace | 
Selenium Copper sulfides Trace . Photoelectric cells 
Tellurium Copper sulfides Trace 
Thallium Zinc sulfide Trace 
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Uranium series Actinium series Thorium series 
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Figure 1.1: Radioactive metals. 


Uranium 235 undergoes fission when bom- 
barded by thermal neutrons; it breaks apart 
into two smaller elements and at the same time 
emitting several neutrons and a large amount 
of energy (Figure 1.1): 
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DIU + in ә Кг + Ва + Зіл + 200 MeV 
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Uranium 238 absorbs neutrons forming 
uranium 239 which is a beta emitter with a 
short half life; its daughter neptunium 239 also 
emits an electron to form plutonium 239. 


a 


"BU + on 2 SU 2 Np e 


235 - 
saat + е 


Plutonium 239 (half life 2.4 x 10^ years) is 
an alpha emitter, it undergoes fission with the 
emission of several neutrons and can maintain 
a chain reaction. Thus, a nuclear reactor using 
uranium as a fuel, not only produces energy, ' 
but also produces another nuclear fuel. Under 
certain conditions it is possible to generate fis- 
sionable material at a rate equal to or greater 
than the rate of consumption of the uranium. 
Such a reactor is known as a breeder reactor. 

Thorium absorbs neutrons and is trans- 
formed to uranium 233: 


23 1 233 233 - 
polh +07 —> o9 1h — Pate 
233 - 
pU +e 


Uranium 233 also undergoes fission; and 
can be used to operate a breeder reactor ac- 
cording to the scheme: 


зз. 1 "e 
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+ 


one neutron one neutron 
that is captured to continue 
by 23 chain reaction ` 
Th 
4 
233 
oo Th 
L 
Pa +e 
233 - 
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Uranium is the base of nuclear power reac- 


tors and nuclear weapons. Non-energy appli- 
cations (ceramic glazes, catalysts) account for 
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approximately 10% the industrial demand. At 
the beginning of this century, shortly after the 
discovery of radioactivity, uranium ores were 
exclusively treated for their radium content to 
be used for medical purposes while uranium 
was rejected. It was only after the discovery of 
fission that this tendency was reversed. Highly 
enriched uranium, used for weapons needs, 
has more than 90% 7°U. 


1.3.8 Rare Earths 


This group of 13 metals always occur to- 
gether and have similar chemical properties. 
These are cerium, praseodymium, neody- 
mium, samarium, europium, gadolinium, ter- 
bium, dysprosium, holmium, erbium, thulium, 
ytterbium, and lutecium. Another member of 
this group is promethium, whose position in 
the Periodic Table is between neodymium and 
samarium does not occur in nature but is found 
in the fission products of uranium. To this 
group is always added lanthanum and yttrium 
because they also have similar properties and 
are associated with these metals in nature. 
These metals are not rare — they are widely 
distributed in nature and it is preferable to call 
them the lanthanides in reference to the first 
member of the group. They form their own ore 
deposits and also occur in phosphate rock, in 
iron ores, and others. 


The annual consumption of lanthanides is 
about 30 000 tons. They are finding use as 
deoxidizers, in alloys, in the production of cast 
iron and steel, as catalysts, in lighter flints and 
flares, in the glass and ceramic industry, in op- 
tical glass as well as glass polishers, in the 
manufacture of ferrites for use as magnetic 
materials for electric motors, electronic cir- 
cuits, and computers. Europium and yttrium 
are used in the manufacture of phosphors, pro- 
ducing the bright reds and greens of color tele- 
vision. Because of  neutron-absorption 
properties they are used in the manufacture of 
control rods in nuclear reactors. they have 
many other applications, e.g., in the produc- 
tion of more efficient fluorescent lighting, por- 
table X-ray sources, better X-ray screens, fiber 
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optics, quick-drying paints, synthetic gems, 
and others. 


1.3.9 Ferroalloy Metals 


This group of metals is composed of chro- 
mium, manganese, silicon, and boron. They 
were once mainly used as alloying elements to 
steel in form of ferroalloys but now are also 
used in the elemental form. Thus chromium is 
used as a protective coating by electroplating 
on iron, silicon is used in the preparation of 
semiconductors and to convert energy from 
the sum directly into electricity. Manganese is 
used as an alloying element with aluminum 
and copper. Manganese dioxide is a powerful 
oxidizing agent. Boron carbide and boron ni- 
tride are hard materials second only to dia- 
mond. 


1.3.10 Alkali Metals 


This is the first group in the Periodic Table. 
Their name is derived from fact that when re- 
acted with water they form alkalies. Soft and 
highly reactive, usually not used as metals ex- 
cept lithium as an alloying element for alumi- 
num, sodium as a reducing agent either alone 
or as an amalgam, and an alloy of 50% Na and 
50% K known as NaK is used as a coolant in 
nuclear reactors. Sodium salts have a variety 
of applications, e.g., NaCl is a source of chlo- 
rine, potassium salts are used as fertilizers. 


The economic deposits of the alkali metals 
are mainly found in nature as salt deposits or 
in surface and subsurface waters except lith- 
ium which may also be found as a silicate; the 
last member of the group, francium, does not 
occur in nature. At one time sodium carbonate 
was recovered from the ashes left after burn- 
ing wood by leaching with water, while potas- 
sium carbonate was recovered similarly but 
from ashes left after buming seaweeds. One of 
potassium isotopes that is naturally occurring 
is radioactive, Ё 


40 40 - 
19K — pCa +e 
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1.3.11 Alkaline Earth Metals 


This is the second group of the Periodic Ta- 
ble whose name originates from the fact that 
these metals form stable oxides (earths) that 
have alkaline reaction. For example, calcium 
forms the oxide CaO which dissolves in water 
to form calcium hydroxide. The first two 
members berylhum and magnesium are of 
useful mechanical properties and being light, 
are used as light metals. The last member, ra- 
dium is radioactive and of no importance as a 
metal. At the beginning of this century, radium 
salts were used for treating cancer and for 
painting phosphorescent watch dials. Of the 
remaining three, calcium is the most important 
being used sometimes as a reducing agent. 
Calcium compounds CaCO, (limestone), 
CaS0,:2H;0 gypsum, and Cajg(PO4F; (flu- 
orapatite, the main component of phosphate 
rock) occur in nature in great amounts and the 
first two are widely used as material of con- 
struction while the third is a source of fertiliz- 
ers. The pyramids of Egypt were constructed 
of limestone. 
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Magnesium is like calcium in forming large 
deposits, for example, dolomite and magnes- 
ite. It is also found in relatively large amounts 
in sea water. Besides being a light metal it is 
also used as a reducing agent. Strontium and 
barium on the other hand, are of limited use. 
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2.1 The Logarithmic Law 


There is usually a gradual increase in the 
production of most metals. This is due to new 
ore discoveries, increased population, and the 
natural development in society. 

For most metals, the rate of increase of pro- 
duction follows a logarithmic law (Figures 2.1 
and 2.2) and is constant within a certain period 
of time: 

Іор И, -logW, = Et) 


where W, and W, are the weights of metal pro- 
duced in time г and 1, respectively, апа kis a 
constant. This logarithmic law is the same as 
population growth (Figure 2.3) which is de- 
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rived from the relation: rate of increase of pop- 
ulation at a certain moment is proportional to 
the number of people at that moment: 


dN 

3 kN 
[o = Кра 
NN 4 


2.303182 = Hr 
М, 


Statistical information on metal production 
are useful in projection of future needs. some 
facts can also be deducted from these curves: 
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Figure 2.1: Production of metals. 
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Figure 2.2: Production of metals (continued). 
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2.1.1 Growth Rate 


The constant k x 100, which is the slope of 
the curves shown in Figures and during a cer- 
tain period, is called the growth rate and is ex- 
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pressed in percent. For example, the growth 
rate of copper during the period 1870 to 1910 
was 5%, i.e., copper production increased by 
5% every year during the period mentioned. 
The growth rate for metals are not the same; 
some metals, especially the new ones grow at 
a faster rate than the old metals. For example: 


e The growth rate of nickel is higher than that 
for lead. The reason for this is that an old 
metal like lead, once used extensively for 
constructing equipment for chemical plants, 
e.g., lead chambers in sulfuric acid plants, is 
now giving way to the new metal, nickel, 
which is finding increasing use in the form 
of stainless steels and for constructing cor- 
rosion resistant equipment. 


e The growth rate of aluminum is higher than 
that for copper. The two metals are good 
electrical and heat conductors, easily 
worked or machined, and resistant to atmo- 
spheric corrosion. Aluminum became 
cheaper than copper after World War II and 
is now replacing it in power cables. 
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2.1.2 Doubling Period 


Another way of expressing the rate of 
growth is the doubling period, At, i.e., the time 
required for a certain metal to double its pro- 
duction. This is related to the growth rate by 
the relation: 


_ 23031082 _ 0.69 
E k 


At 


Thus, is the case of copper mentioned above, a 
growth rate of 5%, i.e. k = 0.05 means that 
copper production doubles every 14 years (At 
= 0.69/0.05 ғ 14) during that period. 


2.2 Ргойисйоп Patterns 


The maxima in the curves in Figures 2.1 
and 2.2 are due to the exceptionally high pro- 
duction rates in time of wars to meet military 
needs and for stockpiling. On the other hand in 
time of crises, the curves show exceptionally 
low production rates, e.g., 1921 and the early 
1930s. 

With the exception of iron ores and alurni- 
num ores, most ores are complex, i.e., they 
may yield more than one metal. As a result, 
the production pattern of a certain metal may 
also be complex. Table 2.1 shows the produc- 
tion pattern for silver. It can be seen that only 
2096 of the world's silver comes from silver 
ores and the rest is by-product of lead, copper, 
copper-nickel, gold, and tin ores. 


Table 2.1: Sources of silver produced worldwide. 





Origin 96 

Silver ores 20 
Lead ores 45 
Cu, Cu-Ni ores 18 
Gold ores 15 
Tin ores 2 
100 


A metal may follow the production pattern 
of another if both occur together in ores. For 
example: 


e Gold and silver usually follow each other 
because a large part of silver is a by-product 
of gold production. 
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Figure 2.4: World production of iron and steel. 


e Lead and zinc have nearly the same produc- 
tion level (as well as the same price). The 
two metals are closely related in the sense 
that they always occur together in ores; thus 
a zinc plant usually produces lead as by- 
product and vice versa. 

Production patterns of metals change as a 
result of the following factors: 


e Changing technology. Steel was produced in 
small amounts until the discovery of the 
Bessemer Process in 1850s (Figure 2.4). 
Similarly, the production of aluminum in- 
creased rapidly after the discovery of the 
electrolytic process in 1886, and that of gold 
after the discovery of the cyanidation pro- 
cess in 1887. 


e Changing application. The curve for silver 
shows a slight decrease in production during 
the past 40 years. It is not so much used as a 
coinage metal since the introduction of 
nickel. Otherwise it has the same growth 
rate as gold. 
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2.3 Prices 


Prices of metals vary from few cents/kg, 

e.g., iron, aluminum, and lead, to tens of thou- 
sands of dollars/kg, e.g., gold and platinum. 
The price of a metal varies also with the purity, 
the form whether in powder, ingot, pellets, 
etc., and the amount sold. There are many fac- 
tors that control the price of a metal. For ex- 
ample: 
Availability of rich deposits. Large iron de- 
posits containing 60% iron are common, 
while a gold deposit is usually 0.001%. It 
would, therefore, be expected that iron is 
cheaper than gold. 


Easiness in extraction. A metal that can be 
extracted by reduction with carbon is usually 
cheaper than metal that must be extracted by 
reduction with metallic magnesium (or other 
metal). For example, lead oxide is reduced by 
coke while beryllium fluoride is reduced by 
magnesium. Evidently, lead will be cheaper 
than beryllium. 


Easiness in refining. A metal that can be re- 
fined from aqueous solution or can be handled 
in air when molten will be usually cheaper 
than a metal that must be refined from fused 
salts or must be handled in inert atmosphere 
because of its reactivity. Thus nickel, for ex- 
ample, is cheaper than titanium. 

However, there are many exceptions to the 
above. For example: 

e Copper is actually easier to produce than 
aluminum, yet it is more expensive. 

e Tellurium occurs in ores in nearly the same 
concentration as gold, yet, it is much 
cheaper. 

e Lead is more difficult to refine than nickel, 
yet, it is cheaper. 

e Sodium is more difficult to handle than zinc, 
yet, it is cheaper. 

All these factors combine to give a simple 
relation: The price of a metal varies inversely 
with its production. Metals produced in large 
tonnage are less expensive than those pro- 
duced in small tonnage. Iron is the cheapest 
meta] while the platinum metals are the most 
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expensive. Expressed in a different way, 
cheaper metals are consumed in greater quan- 
tities than more expensive ones. Mary other 
commodities fall on the same straight line. 

This straight line cannot be explained by 
the law of supply and demand because if a 
metal is in great demand its price should rise. 
This is not the case: iron is in great demand yet 
its price is the lowest of all metals. The law of 
supply and demand, however, applies tempo- 
rarily within certain periods when the produc- 
tion level of a metal is changed. For example, 
a shut down in the steel industry may lead to 
an increased price of the metal because of the 
temporary shortage in supply. When the price 
reaches a certain high level, production is re- 
sumed. This is usually the case when there is a 
labor conflict. The price of the metal, how- 
ever, usually does not come back to its original 
level before the conflict because of the in- 
creased cost of its production. Soon after, 
other industries follow suite, and the prices ad- 
just themselves. 

A natural phenomenon in pricing metals is 
that new metals start with high price, and their 
price gradually decreases as time goes on due 
to development in the extractive processes, 
and also to increase in its production due to in- 
creased demand. For example, aluminum 
started as a very expensive metal, now it is a 
cheap metal. 

The price of the lanthanides (rare earths) re- 
quires some clarification. There metals always 
occur together. To separate a member of the 
group it is necessary to separate all the others 
and stock pile them. The cost of producing a 
desired member is therefore very high. If for 
instance a use is found for the stock piled ma- 
terial, then price would decrease. 

Once the price of an expensive metal is re- 
duced and approaches another metal, substitu- 
tion for a particular use becomes possible 
without sacrificing a loss in the end use. For 
example, aluminum foil replaced tin foil in 
wrapping, aluminum busbars replaced copper 
in electrical industry, and aluminum күңе 
cans replaced tinned steel. 

The price of copper was once about three 
times that of either lead or zinc. In the last 30 
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years it has only been double their price. this 
can be explained when comparing the produc- 
tion patterns; it was only 30 years ago that 
copper production approached that of lead or 
zinc and started to surpass them. 


2.4 Metal-Producing 
Associations and cartels 


A great demand for a metal causes a short- 
age in the market, and as a result, the price 
tends to rise. To meet the shortage and hold the 
price constant, cartels are formed. These can 
be either private or government sponsored. 
For example, the tin cartel which was com- 
posed of seven producing countries as mem- 
bers and controlled 94% of the production in 
the Western World fixed the price of the metal 
by creating a stock of the metal furnished by 
the members. Should the price of the metal 1n- 
creases, the cartel offers its stock for sale thus 
lowering the price and vice versa: should the 
price decrease the cartel buys metal from the 
market until the price is stabilized at the de- 
sired value. The tin cartel, however, broke 
down few years ago because a non-member 
producing country increased its production of 
the metal and the cartel was unable to buy a 
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large stock of the metal available on the mar- 
ket. 

Associations are usually formed between 
producers of a certain metal world-wide. For 
example: 

e Aluminum Association 
e Cobalt Development Institute 
e International Copper Association 


e International Lead-Zinc Research Organi- 
Zation 
e Nickel Development Institute 
e Tantalum-Niobium International Study 
Center 
The purpose of these associations is to pro- 
mote the use of the metal in question through 
diffusing information, subsidizing research in 
potential applications, etc. Metal producing 
companies participate by paying the cost of 
operations. They also sponsor holding confer- 
ences and publish bulletins about their activi- 
ties. 
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Recovery of a metal from scrap requires 
much less energy than starting from ore. For 
example, the remelting of steel scrap to pro- 
duce reusable steel saves about 74% of the en- 
ergy that would be required to produce the 
same quantity of steel from iron ores. In the 
case of aluminum, it is even higher — it reaches 
96% (Table 3.1). Recycling of metals has two 
important effects on society. 

e Conservation of natural resources 


e Decreasing pollution of the environment. 
As a result, there is a great effort nowadays 
to collect and recycle old metals. 


Table 3.1: Energy savings through recycling of metals, 


Metal Energy saving, % 
Aluminum 96 
Copper 87 
Iron and steel 74 
Zinc 63 
Lead 60 


3.2 Ferrous Metals 


There are small-scale steel plants that oper- 
ate solely on scrap; these usually use electric 
furnaces for melting. Other steelmaking pro- 


‚ cesses based on raw iron as a starting material 


also use scrap to a variable degree (Figure 
3.1). The use of scrap in certain steelmaking 
processes is necessary because it is used to 
control the temperature in the converter during 
steelmaking. As a result of oxidizing the im- 
purities in the pig iron, the temperature rises 
because of the exothermic nature of the reac- 
tion. To prevent the rapid deterioration of re- 
fractories, scrap is added to cool down the 
change. On the average, the steel industry con- 
sumes 50% raw iron and 50% scrap. Steel 


SOUTCES: 


e Local. This is scrap produced locally in a 
steelmaking plant during shaping. In a steel 
plant, about one third of the steel produced 
is retumed as scrap. 


e External. This is old automobiles, farm 
equipment, railroad rails, ships, etc., that is 
purchased from outside sources. 

Steel scrap in form of tin cans is usually 
sold to the copper industry to be used for pre- 
cipitating copper from leach solutions by the 
reaction: 


Си?* + Fe > Cu + Fe” . 


It is first heated to remove tin by volatiliza- 
tion before use (detinning). 

A shortage of scrap is expected in the future 
as a result of introducing continuous casting 
method which produces less local scrap. This 
shortage, however, can be overcome by pro- 
ducing a certain quantity of iron by "direct re- 
duction" methods. This iron is not produced in 
the blast furnace but in less expensive equip- 
ment such as a rotary kiln, a static bed, or a 
fluidized bed. It differs from blast furnace iron 
in being not subjected to melting, and is suit- 
able as a substitute for scrap. Usually steel 
produced from such iron is made in electric 
furnaces (Figure 3.1). 


3.3 Nonferrous Metals 


Great efforts are now being made to collect 
and recycle scrap of aluminum (e.g., beverage 
cans), copper (e.g., electric wires), lead (e.g., 
old automobile batteries), silver (e.g., used 
photographic films, table ware), nickel from 
hydrogenation catalysts, platinum from auto- 
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mobile exhaust gas catalyst and ammonia охі- 
dation catalyst, etc. As a result, new 
technologies are constantly emerging for treat- 
ing and purifying such scrap. 
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Figure 3.1: The role ofscrap and scrap substitutes in the steel industry: (a) Steel industry based solely on scrap; (5) Steel 
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41 Introduction 


It is often possible to recover certain metals 
as by-products during the processing of ores. 
This is often aided by the fact that metals 
found in exceedingly small amount in a feed 
material to a chemical or a metallurgical pro- 
cess are enriched in certain fractions during 
processing i.e.g. dust, slimes and residues and 
therefore can be economically recovered as 
by-products. In some cases this may be a 
means to conserve the natural resources, in 
others it may be an essential purification step. 


Lé 


42 Uranium from 
Phosphate Rock 


Phosphate rock contains on the average 150 
ppm uranium. During the processing of the 
rock for fertilizer manufacture, uranium is en- 
riched in the phosphoric acid produced as an 
intermediate product and is usually recovered 
as a by-product without interfering with the 
manufacturing process (Figure 4.1). 

Н,50, Phosphate rock 


Y " 150 ppm uranium 


Leaching 


і 


Filtration |> CaSO,4-2H,0 


Solvent extraction Ir Uraniuin 


HPO; for 
fertilizer manufacture 














Figure 4.1: Recovery of uranium from phosphate rock. 
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4.3 Vanadium from Fuel Oil 


Fuel oil contains on the average 100 ppm 
vanadium. During burning in boilers to gener- 
ate steam, the dust collected in the gas treat- 
ment section is rich in vanadium (Figure 4.2). 


4.4 Precious Metals from 
Copper Ores 


A copper ore containing 1 to 2% Cu that 
may be beneficiated to a concentrate contain- 
ing 20 to 40% Cu, when smelted yields raw 
metal containing about 97% Cu. During the 
electrolytic refining step to get 99.9% Cu, the 
impurities behave differently: some remain in 
solution and can be crystallized, for example 
nickel sulfate, while the others remain at the 
botton of the tank as insoluble residue called 
slimes (Figure 4.3). These are an important 
source of the precious metals as well as sele- 
nium and tellurium originally present in the 
оге. 
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Figure 4.2: Recovery of vanadium from fuel oil. 
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Figure 4.3: Enrichment of traces of metals present in cop- 
per ore during the production of the metal. ` 


4.5 Rhenium from Porphyry 
Copper Ores 


Chalcopyrite concentrate from porphyry 
copper ores contains on the average 0.05% 
molybdenite. This is usually separated by se- 
lective flotation. The molybdenite concen- 
trate obtained contains about 700 ppm 
rhenium which is enriched in the dust fraction 
during oxidation (Figure 4.4). This is the prin- 
cipal source of rhenium. 


4.6 Cadmium from Zinc 
Concentrates 


During the production of zinc by the hydro- 
metallurgical route small amounts of cadmium 
are.present in the leach solution and these 
must be removed before the electrowinning 
step (Figure 4.5). This is an important source 
of cadmium. At the same time germanium, in- 
dium, and thallium are retained in the leach 
residue and are recovered. 
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Figure 4.4: Chalcopyrite — a major source of rhenium. 
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Figure 4.5: Recovery of cadmium as a by-product of the 
zinc industry. 


H 
{ 

! 
i 





By-Product Metals 


4.7 Gallium from Aluminum 
Ores 


Traces of gallium found in bauxite, the 
principal source of aluminum, are usually re- 
covered from a bleed of the aluminate leach 
solution (Figure 4.6). 
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Figure 4.6: Recovery of gallium from bauxite as a by- 
product of the aluminum industry. 
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5.1 Introduction! 


Iron is an Anglo-Saxon word; the symbol, 
Fe, comes from Latin ferrum. The French term 
sidérurgie, 1.e., iron technology, comes from 
o161po0c the Greek word for iron. Also sideri- 
tis is the Latin work for lodestone. 


The use of iron has been known since the 
earliest times; it was prepared by the so-called 
bloomery hearth, or Catalan forge. Iron ores 
were heated in a shallow trench with a large 
excess of wood charcoal, fanned by bellows. 
Lumps (blooms) of wrought iron were ob- 
tained, and were welded together by hammer- 
ing. As technology advanced during the 
Middle Ages, the trench was replaced by a 
small shaft furnace, and from this the present 
day blast furnace has developed. The use of 
water power to operate the blast was intro- 
duced during the 14th century. The conse- 
quent considerable increase in furnace 
temperature resulted in the production of iron 
with a much higher carbon content than for- 
merly, namely cast iron. This was not mallea- 
ble but it was soon discovered how this might 
be converted into malleable iron by a second 
heating in an ample supply of air (refining). 
The iron industry received a great impetus at 
the end of the 18th century, when the demand 
for iron began to increase as a result of the in- 
vention of the steam engine and the railway. 
The shortage of wood charcoal led to the intro- 
duction of coke, as fuel and as reducing agent. 
Coke was first used in the blast furnace by 
Abraham Darby, in 1732. The refining process 
underwent fundamental improvements during 
the 19th century, through the introduction of 
the blast refining method (Bessemer process, 
1855; Thomas-Gilchrist process, 1878) and of 
regenerative heating (Siemens-Martin process 
1865). Later, smelting in the electric furnace 
has been introduced for the production of cer- 
tain high-grade steels. 


Iron is the cheapest and most widely used 
metal. Its annual production exceeds by far 
that of all other metals combined. It comprises 





! For History of Iron, see Secction 6.2. 
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approximately 93% of the tonnage of all the 
metals used. 


5.2 Occurrence 


Iron is a relatively abundant element in the 
universe. It is found in the sun and many stars 
in considerable quantity. Iron is found native 
as a principal component of a class of meteor- 
ites known as siderites. The core of the earth is 
thought to be largely composed of iron. The 
metal is the fourth most abundant element in 
the earth’s crust: about 5% is iron. Iron is a vi- 
tal constituent of plant and animal life, and ap- 
pears in hemoglobin. 


5.2.1 Native Metal 


Iron occurs in the native state in two forms 
[1]: 
Telluric Iron. This form of iron is known as 
telluric iron, i.e., terrestrial, to distinguish it 


_ from meteoric, i.e., coming from outer space. 
The difference in nickel, cobalt, carbon, and 


basalt content clearly distinguishes one from 
the other (Table 5.1). Although both types 
may look alike and may occur as large boul- 
ders.20 to 80 tons, there is another way to dis- 
tinguish between the two, besides chemical 
analysis, is the Widmanstátten structure that 
appears in meteoric iron when a piece is pol- 
ished, etched and examined by the optical mi- 
croscope. The large crystals indicating slow 
cooling is characteristic of meteoric iron. The 


- major occurrence of telluric iron is in associa- 


tion with the basalts? of Western Greenland. 
Large boulders are on exhibit at the Natural 
History Museums in Stockholm, Copenhagen, 
and Helsinki. Telluric iron is found also as 
small millimeter-sized pea-shaped grains dis- 
seminated in the basalt, characterized of their 
low carbon content, usually less than 0.7%. 
These were extracted from the basalt by the 
natives by crushing and then cold-hammering 
the collected metallic particles into coin-sized 





? Basalt is a heavy dark grey or black basic igneous rock 
composed mainly of finely divided pyroxene, feldspar, 
and sometimes olivine. | 
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flakes to insert them into groves in bone and 
use them as knives. 


Table 5.1: Typical analysis of telluric and meteoritic iron. 


Telluric, 96 Meteoric, % 





Nickel 0.5—4 5-20 
Cobalt 0.1-0.4 0.5-0.7 
Carbon 0.2-4.5 0.03-0.10 
Basalt 5-10 nil 





Ferronickel. Ferronickel is an iron-nickel al- 
loy that occurs in nature as the mineral awaru- 
aite, FeNi, (named after Awarua Bay in New 
Zealand, where it was first discovered), and 
josephinite, FeNi, (named after Josephine 
County, Oregon where it was first discovered). 
Both minerals contain cobalt, usually in the ra- 


tio Ni:Co = 10:1. Ferronickel also occurs as 


Handbook of Extractive Metallurgy 


microscopic lamella in association with as- 
bestos, as microscopic crystals in association 
with serpentine, or as microscopic particles 
associated with the minerals pentlandite, (Fe, 
Ni)S, and hazelwoodite, NiS, in serpentine 
rocks (Figure 5.1). Thus it occurs in most as- 
bestos formations and can be recovered from 
the asbestos tailings by magnetic methods. 


5.22 Oxide Minerals 


Iron ores of sedimentary origin account for 
nearly 8096 of the world's reserves; the re- 
maining 20% is of magmatic origin such as 
magnetite. The most important oxide minerals 
are the following: 





E: 


landite (P) from serpentine rock (210 x). 


Figure 5.1: Photomicrograph of polished sections. A) Lamella of ferronickel in asbestos deposit 0.05-0.5 mm in size 
(70 x); B) Microscopic crystals of ferronickel (560 x); C) Microscopic particles of ferronickel (F) cemented with pent- 





Iron 


e Hematite, Fe,O,. Occurs in nature in the fol- 
lowing forms: 
— Specular hematite: black to steel grey 
crystals with metallic luster 
— Micaceous hematite: occurs in thin flakes 
resembling mica; they may be so thin as to 
be translucent and they are then deep red 
— Common red hematite is dark red in mas- 
sive, granular ог earthy (red ocher).form 
— Magnetic. This is the y-Fe,O, which oc- 
curs in the Ural as the mineral maghemite. 
It is like Fe,0,, a cubic spinel type. 
e Magnetite, Fe,O,. It is brittle with a dark 
grey to black opaque color, with metallic 
luster, strongly magnetic. 


Geological Terms 

e Limonite is a geologic term signifying cer- 
tain deposits of hydrated iron oxides which 
vary in color from brown to yellow. It is 
formed by the weathering and alteration of 
other iron-bearing compounds. When 
present in a loose, porous and earthy depos- 
its in swamps, it is known as bog iron ore. 
When mixed with clay it forms what is 
known as yellow ocher. Most limonite ores 
require washing to remove clay, and drying 
to remove moisture, before shipping or re- 
duction. 


e Taconite is another geological term signify- 
ing an iron ore deposit consisüng of fine 
grains of hematite and magnetite embedded 
in a matrix of silica. It is difficult to drill and 
blast but easy to grind. Large deposits of this 
type occur in the Lake Superior region con- 
taining 25-35% Fe. Enrichment can be ef- 
fected by magnetic methods to separate 
magnetite, and flotation to separate hematite 
to achieve a concentrate containing 6396 Fe. 


e Laterite is a limonite containing 1-2% Ni 
and about 0.1% Co. At present these are 
used as nickel and not as iron ore, e.g., in 
Cuba. | 

e Oolitic ironstone is iron carbonate which 
has replaced the CaCO, of an oolitic lime- 
stone retaining the texture of the original 
rock. The rock consists of small round 
grains resembling the roe of fish. 
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Table 5.2: Complex oxides of iron. 


Chromite Cr,0,-FeO 
Columbite МЬ,О, (Ее, Mo 
Tantalite Та„О, (Ее, Mn)O 
Ilmenite TiO,’ FeO 
Wolframite WO,:FeO 


5.2.3 Complex Oxides 


Iron occurs in combination with other met- 


- als in form of complex oxides (Table 5.2). It is 


only recovered from ilmenite concentrates as a 
by-product of the manufacture of titanium 
slag, e.g., Sorelslag used for making TiO, pig- 
ment. 


5.2.4 Carbonates 


Siderite, FeCO,. When occurring in eco- 
nomic deposits it represents a low-grade iron 
ore since the pure mineral contains only 
48.396 Fe. It crystallizes in rhombohedra like 
calcite, which dissolves in water containing 
carbonic acid, with the formation of iron(II) 
hydrogen carbonate, Fe(HCO,),. Such waters 
rapidly deposit iron(II) oxide hydrate when 
exposed to air, since the excess carbon dioxide 
escapes, the carbonate deposited is hydro- 
lyzed, and is oxidized by atmospheric oxygen. 


5.2.5 Sulfides, Disulfides, and 
Complex Sulfides 


Iron(II) sulfide occurs in nature as pyrrho- 
tite, FeS, ігоп(П) disulfide as pyrite and marc- 
asite, FeS,. It also occurs in combination with 
arsenic as the mineral arsenopyrite, FeAsS. 
Iron(IIT) sulfide occurs in the form of double 
sulfides, especially with copper(T) sulfide — 
e.g., chalcopyrite, CuFeS, ог Cu,S-Fe;S,, and 
bornite, Cu,FeS, or 3Cu;S-Fe,S,. These are 
the major copper minerals. 


Iron monosulfide (ferrous sulfide), FeS. 
Iron sulfide, crystallized in the hexagonal sys- 
tem, is magnetic. The iron sulfide occurring in 
meteorites, with the same crystal structure, is 
called troilite. Pyrrhotite almost always con- 
tains nickel, and is therefore of importance as 
a nickel ore. The sulfur content of pyrrhotite is 
usually 1 to 2% higher than corresponds with 
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the formula FeS, the excess sulfur being built 
into the crystal lattice. Its ability to take up a 
certain excess of sulfur arises from the fact 
that a proportion of the positions which should 
be occupied by Fe atoms may remain vacant. 
The density of FeS varies between 4.5 and 5. 


Pyrite (iron disulfide), FeS,. Pyrite is widely 
distributed in nature. The ore is not a source of 
iron but a source of sulfur. However, the resi- 
due of roasting from the manufacture of sulfu- 
ric acid is smelted for iron, after the impurities 
which are undesirable for this purpose, al- 
though often valuable in themselves, have 
been removed in special refineries: silver and 
gold are present as well as copper and zinc. 
The disulfide also occurs as marcasite. 


Pyrite and marcasite have a brassy yellow 
color and metallic luster. They differ in their 
crystal structures. Pyrite, which is commonly 
found in well formed large crystals (usually 
cubes or pentagonal dodecahedra, or combina- 
tions of these forms), belongs to the pentago- 
nal hemihedral class of the cubic system. 
Marcasite is orthorhombic. 


Pyrite and arsenopyrite are different from 
other sulfide minerals since they contain the 


Table 5.3: Important minerals in iron ores. 
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disulfide ion, S2; arsenopyrite contains in ad- 
dition the diarsenide ion, Аз. In pyrite, FeS,, 
the iron atoms are in a face-centered cubic ar- 
Tangement with pairs of the sulfur atoms lo- 
cated on the cube diagonals. In arsenopyrite, 
FeAsS, the iron atoms are also in a face-cen- 
tered cubic arrangement like in pyrite but half 
of the diagonal positions are occupied by pairs 
of the sulfur atoms and the other half by pairs 
of arsenic atoms. 


Pyrite and arsenopyrite have received great 
attention recently because in some gold ores 
called "refractory", they entrap gold in their 
crystal structure and render the metal unex- 
tractable by cyanide solution unless the min- 
eral structure is destroyed by thermal or 
aqueous oxidation prior to cyanidation. Pyrite 
is also the major sulfur-bearing impurity min- 
eral in coal. Attempts to upgrade the coal in- 
clude the aqueous oxidation of the pyrite. 


5.2.6 Phosphates 


Vivianite. Hydrated iron(IT) orthophosphate, 
Fe,(PO,),'8H,0, is the main source of phos- 
phorus impurity in iron ores. 





Mineral Chemical formula 


Iron (for comparison) Fe 


Magnetite Fe40, 
Specularite (“hematite”) Ее,О, 
Limonite 
Needle ore о-ЕеООН 
Ruby mica B-FeOOH 
Siderite FeCO, 
Pyrite FeS, 
Pyrrhotite FeS 
Chalcopyrite CuFeS, 
Apatite Ca,F(PO4, 
Vivianite Fe,(PO,),- 8H.O 
Quartz SiO, 
Orthoclase KAISi,O, 
Plagioclase NaAISi,0,/CaAl,Si,0, 
Kaolinite, dickite Al,(OH),Si,0;9 
Muskovite KAI,(OH,F), [AISi,;O;¢] 
Pyrolusite MnO, 
Calcite Caco, 
Umenite FeTiO, 


Density, gem? Hardness (D рео tese PAY 
7.88 45 
5.2 5.5 107] 
5.2-5.3 6.5 107 
43 5-5.5 105-105 
4.0 5 105-10? 
3.7-3.9 44.5 10% 
5.0-5.2 6—6.5 10% 
4.6 4 107-1074 
4.14.3 3.5-4 103-10 $ 
3.2 5 -10% 
2.6-2.77 3 
2.65 7 -10% 
2.55 6 10° 
2.6-2.8 2-2.5 107-10? 
2.6 1 
2.6-2.8 2-2.5 107-105 .. 
5 1-6 105 
2.6-2.8 3 -10$ 
4.5-5 | 5-6 10* 
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5.3 Ores [2,3] 


Iron is found in high concentration in ore 
deposits, where it occurs mainly as oxide. Ta- 
ble 5.3 lists the iron minerals of greatest indus- 
trial importance (along with some 
accompanying gangue minerals) and their rel- 
evant properties. 

The only minerals of worldwide impor- 
tance are hematite (specularite, Fe,0,), mag- 
пеше (Fe4O,) and limonite (FeOOH). Siderite 
(FeCO,) finds limited use on a local basis. 
Other ores such as chamosite (an iron magne- 
sium aluminosilicate) or pyrite are virtually 
not important for iron production anymore. 


5.3.1 Ore Deposits 


Of the variety of classification systems that 
have been proposed for iron-ore deposits, the 
one from the United Nations Survey is used 
here [4]. The criterion is the physical appear- 
ance of the deposit; the main types are bedded 
(A), massive (B), residual (C), by-product (D) 
and other (E) 


A Bedded Deposits 

A-l Jon formation 

Lake Superior Type 
Chiefly Precambrian; primarily as sedimentary depos- 
its, heavily metamorphosed (itabirite, taconite, jaspilite 
or quartz-banded ore); enriched by weathering pro- 
cesses (Mesabi, Minas Gerais, Carajas, Venezuela, La- 
brador and Quebec, Krivoi Rog) 

Algoma Type 
Primarily as thinly-banded quartzite with interlayers of 
iron ore; enriched as limonite hematite weathering ore 

А-2 Ironstone formation 
Mainly marine sedimentary deposits of minette type; 
Clinton, Wabana; chiefly mesozoic, with limonite as 
the most important mineral 

А-3 Other [ron-Ore Sediments 
Examples: clastic deposits, ferruginous sandstone, and 
iron shale; also alluvial deposits and unconsolidated 
clastic sediments 

B Massive Deposits 

B-1 Bilbao Type 
Deposits from weathering of siderite rock, with limo- 
nite and hematite in the weathering zone 

B-2 Magnitnaya Type . 
Contact-metasomatic replacement deposits 

B-3 Kiruna Type 
Magnetite intrusion, usually with apatite 

B-4 Taberg Type 
Syngenetic titanomagnetite bodies and deposits of 
finely intergrown ilmenite ores 

C Residual Deposits 
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С-1 Laterite and iron-ore caps as a result of weathering 
of underlying iron-bearing rocks 

C-2 Fluvial deposits and bog ore 

C-3 Other residual ores, e.g., caps of sulfide ore deposits 

(gossan, “iron hat”), unconsolidated clastic deposits 
D By-products 

Recoverable values in by-product iron oxide 
E Other Types of Deposits 

e g, Iode-type deposits (Siegerland) 

Bedded deposits are stratigraphic members 
enriched in iron by a factor of ca. 4—12 above 
average. They occur in all geologic ages; in- 
cluding ores which originate from them, they 
account for ca. nine-tenths of potential iron re- 
serves. Names applied to Precambrian meta- 
morphic ore beds are itabirite, taconite, Lake 
Superior type, quartz-banded ore, jaspilite, 
magnetite quartzite, hematite ‘quartzite, etc. 
More recent formations are known as minette 
(Jurassic), Salzgitter type, and other local 
names. In general, the term bedded deposits is 
used for iron-mineral enrichments in which 
ore minerals are more or less closely lami- 
nated with quartz, jasper or carbonate rock and 
the iron-bearing sediments lie conformably to 
the under- and overlying beds of igneous or 
metasedimentary rock. Thus, iron formations 
can be chemical rocks, clastic sediments, or 
rock beds that have been replaced by iron min- 
eral during diagenesis or in their subsequent 
history. 

Massive iron-ore deposits are ore bodies of 
irregular shape, discordantly embedded in the - 
enclosing rock. They include: 


e Replacement deposits in carbonate rocks 
(Bilbao type) with siderite, hematite or li- 
monite (the last two in the weathering zone 
above the water table) 


e Contact-metasomatic deposits in the contact 
region of acidic intrusive rocks with magne- 
tite and, to a lesser extent, hematite, siderite, 
pyrite, pyrrhotite and copper sulfide (Mag- 
nitnaya type) 

e Magnetite intrusions in acidic magmatic 
rock (Kiruna type) 

e Massive or intergrown titanomagnetite or il- 
menite concentrations in basic rock (Taberg 
type). 

The most important type of residual deposit 

is laterite, which occurs as a cap overlying a 
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wide variety of rocks. It is the product of 
weathering in tropical and subtropical climatic 
regions. The iron content of these ores is usu- 
ally low (limonite, hematite), the alumina con- 
tent high, and undesirable accessory 
constituents such as chromium, phosphorus, 
and nickel are frequently present (e.g., at Vo- 
gelsberg, Germany). Thus, laterite has largely 
ceased to be an important iron ore except 
where the lateritic caps of other iron ore de- 
posits have secondary enrichments of up to 
69% iron. On the other hand, nickel-bearing 
laterites are the most important nickel ores of 
the future (Cuba, New Caledonia, the Philip- 
pines). Extended fluvial deposits, such as the 
Robe River deposit in Western Australia, 
should also be mentioned. Bog ores, in con- 
trast, form deposits of small extent that were 
formerly locally important. They are precipi- 
tation products from iron-containing solu- 
tions. The weathering cap of sulfide deposits 
(gossan or “iron hat”), which are usually sepa- 
rated from the primary sulfides by an indis- 
tinct boundary, are of some importance. 


5.3.2 Supply of Iron Ore 


Until about the 1950s, ironworks were 
mainly supplied from their own deposits, ore 
and concentrate were transported over short 
distances. Since that time a fundamental 
change has occurred as a result of (1) the 
greater demand because of increased produc- 
tion, (2) the drop in the cost of overseas trans- 
port because of larger ship capacities, and (3) 
the need for higher productivity because of 
continually rising labor and energy costs. The 
iron ore demand of the most important steel- 
producing regions is essentially met by a few 
large ore-producing regions. 


Medium-sized and small ironworks 10- 
cated at deposit are now found only in case of 
large deposits (northeast India, the Ukraine 
and other areas of the former Soviet Union, 
northeast China). Table 5.4, listing world iron- 
ore reserves, also shows, from the tonnage 
standpoint, that only a few countries play im- 
portant roles in ore supply. The short descrip- 
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tions below are limited to the most important 
deposit areas and supplier countries. 


Production figures for iron ore, ore concen- 
trate, and ore agglomerate appear in Table 5.5. 


Table 5.4: World iron ore reserves [5]. 


Reserves, 


tx 10° Tron content, % 
Former Soviet Union 110 750 25.4 
China : 42 000 30.0 
Brazil 34 540 56.9 
Canada 26 417 31.6 
United States 25 400 20.7 
Australia 17 781 60.0 
India 13 500 61.5 
South Africa 6 300 59.1 
France 4 064 40.2 
Sweden 3 353 59.1 
Venezuela 2337 54.4 
Liberia 1668 39.5 
Other 2235 28.4 
World total 290 235 35.4 


Table 5.5: World iron ore production, ore, concentrate 
and agglomerate (1975—1986) (t x 105) [6]. 


1975 1980 1986 1993 


North America 132.0 1271 82.8 960 
Canada 469 48.8 361 32.3 
Mexico 5.1 7.6 73 8.0 
United States 80.] 70.7 39.4 55.7 

South America 1343 146. 164.7 189.8 
Brazil 89.9 114.7 132.0 159.4 
Chile 11.0 8.6 7.0 7.0 
Peru 7.8 5.7 5.0 5.2 
Venezuela 248 161 191 15.5 

Europe 355.5 3353 313.6 184.2 
Austria 3.8 3.2 3.1 1.4 
France 49.6 290 12.4 3.5 
Germany ` 33 1.9 0.7 0.1 
Norway 41 3.9 3.7 2.2 
Spain 7.6 9.2 6.1 2.5 
Sweden 309 272 20.5 18.7 
Soviet Union/CIS 232.8 244.7 249.9 154.0 
United Kingdom 4.5 0.9 03 — 
Former Yugoslavia 5.2 4.5 6.7 0.3 

Asia 122.7 122.8 151.9 303.8 
China 65.0 68.1 90.0 224.7 
India 41.4 419 478 56.0 
North Korea 94: 8.0 8.0 10.0 
Turkey 2.4 2.6 4.0 5.1 

Africa 57.7 60.8 558 44.2 
Algeria 3.2 3.5 3.4 2.6 
Liberia 240 182 153 — 
Mauretania 8.7 8.9 8.9 9.2 

South Africa 123 263 245 29.4 
Oceania 99.9 3992 92.5 x 123.7 
Australia 97.6 95.5 90.0 121.4 
New Zealand 2.3 3.6 2.4 2.3 
World total 902.0 891.3 861.3 941.7 
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It is striking that the most important supply 
sources are type À deposits (bedded), and 
among these the metamorphic deposits of Ita- 
bira type (under that or some other local 
name), chiefly of Precambrian age. 

Especially important are the enrichment or 
weathering zones of these deposits, where the 
mobilization of silica and alumina has pro- 
duced rich ores that can be forwarded to iron- 
works without preliminary beneficiation. 
Table 5.5 also shows that ores expensive to 
produce and those whose beneficiation does 
not yield concentrates with at least ca. 6096 
iron have lost much of their importance. In 
fact, most of them will no longer be in produc- 
tion after a few years. Examples are the Meso- 
zoic deposits in France, Belgium and 
Luxembourg (minettes), in the United King- 
dom (home ore), and in Germany (Salzgitter, 
Siegerland, Lahn-Dill, Oberpfalz). 

The important producer countries rank as 
follows by tonnage output (1993 production, 
tonnes x 109): 


China 224.7 
Brazil 159.4 
Former Soviet Union 154.0 
Australia 121.4 d 
India 55.0 
United States 55.7 
Canada 32.3 
Sweden 18.7 
Venezuela 17.5 


5.3.3 Most Important Iron- 
Producing Countries [4-8] 


Brazil. Brazil is currently the biggest pro- 
ducer of ore for overseas shipment. Two ore 
districts are now in production. The “оп 
quadrangle” (“Quadrilatero ferrifero”) in Mi- 
nas Gerais state is the more important. It sup- 
plies several local ironworks, but most of the 
product is exported. 

The ores occur in three successive beds, 
Precambrian in age and strongly metamor- 
phosed, called (from shallowest to deepest) 
Rio das Velhas, Minas Gerais, and Italcolomi 
[4]. The ore is thought to consist of marine 
sedimentary deposits. The ore beds contain 
35%-60% iron. 

Various ore types are distinguished: 
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e Hematite enrichments (lump to powder ore), 
> 64% iron 


e Silica-rich hematite оге, 60-64% iron 


e Itabirite, 35-60% iron, occurring in com- 
pact, soft and powder forms and typical of 
the Minas Gerais series 


e Canga, (60-68% iron), a conglomerate-like 
ore that often consists of rounded fragments 
in a limonite matrix F 

Capacity is ca. 130 x 10° t/a of ore shipped; 
about a tenth is shipped as lump ore, 24 x 10° 
t/a as pellets, and the remainder as sinter fine 
ore (“sinter feed"). 

The second large ore district is Carajas, 
with a production target of 35 x 10° t/a, 10— 
20% of this being lump ore. The Carajas ore 
also lies within Precambrian beds and has 
been enriched by secondary processes to 60— 
67% iron. 


Venezuela [4, 8]. The most important iron-ore 
district is the Imataca belt, including the well- 
known Cerro Bolivar, El Pao, and San Isidro 
deposits. The belt is part of the Precambrian 
Guyana Shield. The ores occur in a sequence 
of metamorphic rocks with gneiss, shales, and 
taconite-like iron-banded quartzite. Secondary 
processes have created rich ore deposits, 
partly through the precipitation of iron hy- 
droxide in cavities. At the surface, a hematite- 
rich laterite cap, 1—50 m thick has formed; this 
is still the main source of ore. In 1987, ore out- 
put was 17.2 x 106 t, of which 5.5 x 105 t was 
consumed domestically. 

Lump ore, sintered fine ore and pellet feed 
containing 62-67% iron, 0.6-6% silica, 2% 
alumina and 2—5% loss on ignition are pro- 
duced. To meet the needs of direct reduction 
units (Midrex, HyL) at the Matanza iron- 
works, a 6 600 000 t/a pellet plant has been 
erected. 


‘Canada. The Labrador geosyncline is the 


most important ore- district. Precambrian de- 
posits of the Lake Superior type are regarded 


genetically as continental shelf deposits that 


have undergone various degrees of metamor- 
phosis. There are weathered rich ores contain- 
ing over 60% Fe and having high limonite 
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contents; weathered, relatively coarse-grained 
magnetite hematite ores containing 20-50% 
quartz; and unweathered banded ore. 


United States—Lake Superior. Most of the 
known iron-ore reserves in the United States 
are found in the Lake Superior area, in Minne- 
sota, Wisconsin, and Michigan: About three- 
quarters of U.S. ore production comes from 
this region; the output goes to ironworks south 
of the Great Lakes (Ohio, Pennsylvania). The 
deposits occur in Lower and Middle Precam- 
brian strata. Iron oxide, carbonate, silicate and 
sulfides are thinly banded with gel quartz and 
other gangue minerals. The thickness is be- 
` tween 15 and 300 m. Fine-grained magnetite 
and hematite are the principal ore minerals. 


In weathering zones locally enriched lump 
ores exist containing ca. 6096 Fe; these consist 
of hematite and limonite. Mining is limited to 
these rich ores and magnetite-bearing beds, 
which are relatively easy to beneficiate by 
magnetic separation. 


Australia. The large iron-ore reserves of this 
continent are concentrated in the north of 
Western Australia, in the Pilbara district. The 
Precambrian banded itabirite ores contain 
magnetite, quartz, carbonate, and stil- 
pnomelane. The near-surface region includes 
hematite and limonite weathering ores. Be- 
sides these in situ enrichments, conglomerate 
and residual ores are also found; the latter 
have a high limonite content and occur chiefly 
in old Tertiary riverbeds. 


India. In India the most important ore deposits 
are enclosed in the strata of a Precambrian 
geosyncline, which runs parallel to the east 
coast over a significant part of the subconti- 
nent. The ore is mainly of itabirite type; later- 
itic weathering has produced rich ore with a 
high alumina content in the gangue, which ex- 
tends to a considerable depth. Locally, quartz- 
banded lean ore and similar primary ores have 
also been exploited. Hematite ore containing 
> 60% iron is worked; it is partly lump ore and 
partly sinter fine ore. Hematite-limonite ore 
also occurs. The lateritic hard-ore cap is often 
underlain by blue dust. This ore consists of 
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medium- to fine-grained primary specularite, 
martite and, locally, primary magnetite as 
weathering residue, and contains only small 
amounts of quartz, kaolin minerals, and gibb- 
site as gangue. 


China. China has many isolated ore deposits, 
most of which form the basis for local iron and 
steel industries. The largest concentration of 
reserves, however, is in the provinces of Lia- 
oning (northeast China) and Hebei (eastern 
central China). The ores are of itabirite type, 
mainly with hematite-quartzite ores contain- 
ing 50% iron. Large rich ore reserves are obvi- 
ously nonexisting in China. Of the ores now 
being mined, it is known that beneficiation is 
often difficult and costly. Exceptions are the 
various magnetite deposits of Magnitnaya 
type. Some ores contain undesirable second- 
ary constituents such as tin, fluorspar and 
finely intergrown apatite. Despite the potential 
reserves, cost considerations may cause 
China to import iron-rich ore; the recently ob- 
served construction of steelworks at coastal 
sites is an indication of this policy. 


Former Soviet Union. The former Soviet 
Union has more than 20 iron-ore regions. The 
most important reserves are in the regions of 
Kursk, western Siberia, and the Ukrainian 
crystalline shield. The first two areas account 
for ca. 3096 each, the last for some 1096 of the 
Soviet Union's total reserves [4]. The most 
important production region is the Ukrainian 
Shield, with the Krivoi Rog syncline as its 
center (“Krivbas”). The Precambrian strata 
here contain both magnetite-quartzite and he- 
matite—martite quartzite ores. 

In the area of the Kursk Magnetic Anomaly, 
three basins are distinguished: Belgorod in the 
west, Kursk-Orel in the center, and Staryi Os- 
kol in the east. Near-surface rich ore with he- 
matite and martite has been exploited for some 
time. The horizontal quartzite magnetite beds 
are of increasing economic importance. From 
the geological standpoint, the iron-bearing 
beds form part of the Precambrian basement 
of the Central Russian shield. 

In the western Siberian ore province, three 
districts exist. However, only the Kuznetsk- 
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Sayan area.has acquired economic impor- 
tance. It consists of a large number of contact- 
metasomatic magnetite ore bodies of slight 
and moderate thickness, which also contain 
iron sulfide and zinc sulfide. The deposits are 
thought to have originated in the time of the 
Caledonian orogenesis. 

The Gornyi Altai district has limited re- 
serves in Clinton-type deposits (sedimentary 
deposits with partial secondary enrichment), 
which date from the Variscan orogenesis. 

The western Siberian district, in a narrower 
sense, has considerable reserves of minette- 
type sedimentary ore deposits that have not 
been much explored; these had their genesis as 
marine coastal deposits in the Upper Creta- 
ceous and the Eocene. 


Sweden. For a long time, Sweden was the 
most important ore supplier for the Central 
European and, in part, the Western European 
iron industry. Quartz-banded magnetite-hema- 
tite ores of the Lake Superior type were mined 
in central Sweden. However, the chief source 
of ore for export is northern Lapland, in a dis- 
trict centered around Kiruna and Malmberget, 
where Kiruna-type magnetite deposits (mias- 
sive intrusions in granite-like enclosing rock, 
with a relatively high apatite content) occur. 
Reserves are more than 2 x 10° t, with ca. 60% 
iron and 0.04—5% phosphorus. The phospho- 
rus content is reduced to 0.0496 by beneficia- 
tion, because hardly any Bessemer pig iron is 
produced in western Europe anymore. 


5.3.4 Beneficiation of Iron Ore 


The purpose of beneficiation is to render 
the ore more suitable for transport and for var- 
ious reduction and smelting processes in the 
production of pig iron or steel. 

The only processing steps used for ores 
mined from rich deposits (rich ores) are crush- 
ing and screening. Such ores come mainly 
from the weathering zones of itabirite depos- 
its. At some mines, washing is combined with 
the screening of fines (« 6-8 mm) for sinter- 
ing; very fine material containing kaolin is 


- thus separated, and the alumina content is re- 


duced. Low-grade ore is concentrated to lower 
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transport costs and bring about a chemical 
composition suitable for the subsequent re- 
duction step. In this enrichment process, the 
gangue is reduced and, in many cases, its com- 
position improved. Current reduction and 
smelting processes require a basic slag 
(CaO:SiO, > 1), but the gangue, of nearly ev- 
ery type of iron ore, is "acidic", that is, it con- 
tains an excess of silica. Beneficiation lowers 
the silica level to 5-896 in the concentrate. 
Harmful components present in the ore 
must be removed. Such components include 
phosphorus, arsenic, chromium, copper, vana- 
dium, alkali, sulfur and titanium; these either 


make metallurgical processing more difficult 


or degrade the iron and steel quality. À small 
quantity of titanium (<0.5%) is, however, 
added to the burden at some ironworks, be- 
cause it has been found to increase the life of 
the blast-furnace brickwork. 

The basic methods of beneficiation for iron 
ores are usually the same as for nonferrous 
ores and industrial minerals. Naturally some 
peculiarities exist because of the mineralogy 
and the type of intergrowth. 

Crushing. Conventional equipment is em- 
ployed for crushing. Primary crushing takes 
place in gyratory crushers (up to 3500 t/h) or 
jaw crushers. Mobile versions of the latter are 
now employed directly at the mines. Cone 
crushers are common for the second and third . 
stages of crushing. They are however, increas- 
ingly replaced by semiautogenous grinding 
(SAG). Here steel balls, 100 mm or greater in 
diameter are added in a quantity of up to 6 
vol% to aid the comminuting action. Autoge- 
nous mills are tumbling mills of large diame- 
ter and relatively short length, roughly 0.4—1.2 
times the diameter. Fine grinding takes place 
in rod and ball mills, usually in a closed circuit 
with classification by hydrocyclones. Both dry 
and wet comminution are practiced; the wet 
process is more common when this step is fol- 
lowed by concentration. 

Another option is autogenous or semi-au- 
togenous primary crushing followed by fine 
grinding in a pebble mill; a tumbling mill 
which does not contain steel balls but lumps of 
ore of ca. 75—30 mm in diameter. This is possi- 
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ble only with hard ore that yields enough 
“pebbles” in the first crushing stage. This pro- 
cess has the advantage that no grinding balls 
are needed, but the energy requirement for 
grinding often increases if the conditions in 
the mill are not optimal. 

Screening. Vibration screens with elliptical 
or linear oscillations have been widely 
adopted for screening. Multilevel screens of 
the Mogensen design are increasingly used. 

Concentration. The concentration of iron 
ore is generally based on physical differences 
between the iron-bearing and gangue minerals 
(Table 5.3). Flotation and electrostatic con- 
centration utilize physicochemical differ- 
ences. The iron minerals have a higher 
specific gravity than the gangue minerals, so 
in many cases gravity or centrifugal concen- 
tration is possible. The dense-media separa- 
tion process for coarse particles (2 3 mm) in 
drum or tank separators is also used. For me- 
dium-sized material, са. 15-0.5 mm, cyclone 
separators or the cylindrical “Dyna Whirl- 
pool" can be employed. Both use a centrifugal 
force field for separation. Gravity separators 
for fines (roughly 2—0.075 mm) include the 
Humphreys’ spiral concentrator and the Rei- 
chert cone separator. 

The Reichert cone separator has been 
adopted in the past two decades mainly for the 
beneficiation of placer ore, but it is used more 
and more for fine-grained weathering iron 
ores. 

The magnetic concentration of magnetite 
ore takes place in drum-type separators with a 
low-intensity magnetic field. Dry separators 
are fed from the top and discharge the non- 
magnetics, in wet separation the ferromagnet- 
ics are picked up from the feed pulp 
(underfeed). Ferrite-based permanent magnets 
have almost completely replaced ALNICO 
and electromagnets. The magnetic flux den- 
sity is up to 0.15 T. Wet separators include 
drums up to 1500 mm in diameter and 3600 
mm wide, with throughput capacities of 50- 
200 t/h. The drums, with up to five poles, are 
arranged in appropriately designed tanks for 
cocurrent or countercurrent operation. In addi- 
tion, high-intensity wet magnetic separators 
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have been employed since ca. 1970 in the con- 
centration of weakly magnetic ore. The Jones 
design is most common. Here the separating 
elements are arranged in a ring which rotates 
carousel-fashion through a strong field gener- 
ated by electromagnets. The magnetic flux 
density 1n the separation zone is 0.1—0.5 T; be- 
cause of the tip configuration of the separating 
elements, it is concentrated at the tips to much 
higher values with a strong convergence of the 
field lines. The carousel design permits semi- 
continuous operation. 

High-intensity dry magnetic separators are 
generally not used in beneficiation any longer. 
Electrostatic drum type separators are em- 
ployed only for the recleaning of the concen- 
trate, where they remove mainly quartz- 
bearing gangue. The process is restricted to 
grain sizes in the range of 1-0.05 mm. 

Flotation has been used for iron-ore benefi- 
ciation since ca. 1950. The first two systems in 
Michigan were built for “direct” flotation (val- 
ues in froth) of fine-grained specularite ore. 
Tall oil and diesel oil were added as collectors. 
“Hot flotation” enabled concentrates to float 
with only a few percent of silica. The rougher 
concentrate in pulp form was heated to > 
90 °C, then recleaned in several stages after 
cooling. “Indirect” or “reverse” flotation is 
most commonly used today; the gangue goes 
into the froth and the iron ore into the under- 
flow. Conditions are controlled so as to pre- 
vent the ore from flotation. As depressants for 
iron ore, starches or dextrin are used in con- 
junction with a basic pH. The collectors em- 
ployed for gangue depend on the gangue 
minerals: oleic acid or oleates (e.g., for apa- 
tite) or amine salts (for quartz and feldspar). In 
general, the goal is first to enrich the ore as 
much as possible by less expensive means 
(gravity, magnetic separation), using rela- 
tively expensive flotation only for the final 
beneficiation stage. In the case of rich ores, 
however, flotation can also be employed as the 
sole concentration process when only a little 


. gangue is to be removed. 
A process of limited importance is niagne-. 


tizing roasting followed by low-intensity mag- 
netic separation. The iron minerals are 
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thermally converted to magnetite with solid, 
liquid or gaseous reducing agents. The process 
is used in shaft furnaces in China and rotary 
kilns in the former Soviet Union. 


A thermal beneficiation process is the 
roasting of siderite ore. The purpose of this 
process is to save weight for transport and to 
relieve the blast furnace of the carbon dioxide 
load. Shaft furnaces or sintering machines are 
employed. In the latter case, agglomeration is 
combined with calcination. 

. Figure 5.2 presents a general flowsheet for 
the beneficiation of iron ore. Currently almost 
all the crude ore comes from large-scale open 


pit mines with capacities between 10 000 and 


100 000 t/d. Only in Swedish Lapland, the 
former Soviet Union and China are high-ca- 
pacity underground mines operated. Depend- 
ing on the iron content and other requirements, 
the ore is processed into lumps, sinter or pel- 
lets; Table 5.6 lists the fractions of these prod- 
ucts 1n blast furnace burdens in several areas. 
Table 5.7 gives some analyses of ores that are 
of commercial importance. 

The beneficiation of an Indian laterite ore is 
shown schematically in Figure 5.3. The ore is 
a decomposition product containing limonite 
and hematite values along with kaolin, quartz 
and alumina minerals as gangue. By washing 
in a drum and then removing the finest frac- 
tion, the iron content is elevated by ca. 396 
units and the ALO; content is lowered from 3— 
4% to < 1.7%. 





Tailings 
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Table 5.6: Lump ore and agglomerate in blast-furnace 
charge, 1986, 96 [8]. 


Western United 
Germany Europe Japan States 


Lump ore 9.8 12.1 16.8 5.3 12.5 





Total 


Sinter 64.4 70.5 73.6 22.5 62.4 

Pellets 25.8 17.4 9.6 72.2 25.1 

Total 100.0 100.0 100.0 1000 100.0 
Crude ore 
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Rich ore 


Fine ore 


Lean ore 
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Classification 


Concentration 






Removal of 
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Coarse concentrate 
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Lump ore Sinter Pellets 





Figure 5.2: Schematic diagram of iron-ore processing. 


Concentrate to 
` pellet piant 


Figure 5.3: Flowsheet of Pale beneficiation plant, India: a) Washing drum; b) Spiral classifier; c) Rod mill; d) Ball mills; 
e) Slurry tank; f) Disk filter; g) Rotary dryer; h) Hydrocyclones. 
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Table 5.7: Analyses of iron ores [9, 10]. 
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Feu SiO, 
Lump ores 
Hamersley Iron 65.0 2.9 
Mt. Newman Mining 65.7 3.4 
CVRD-Itabira 67.7 1.1 
- CVRD-Carajas 67.6 0.7 
Ferteco Feijao 67.3 1.8 
MBR-Aguas Claras 68.4 0.6 
Chowgule 60.1 3.5 
Bellary-Hospet 66.9 2.1 
SNIM-Mauretania 63.1 6.8 
ISCOR-Sishen 66.5 3.1 
ISCOR-Thabazimbi 64.0 6.0 
Cerro Bolivar 642 1.3 
Fine ores 
Hamersley Iron 62.5 4.4 
Mt. Newman 62.6 5.5 
Robe River 57.2 5.6 
CVRD-Sinter Fines 64.4 5.0 
CVRD-Carajas 67.9 0.6 
Ferteco-Fabrica 64.3 3.1 
Romeral 65.4 4.4 
Mifergui-Nimba 67.5 2.3 
Sesa Goa 60.6 3.5 
NMDC-Bailadila 65.4 2.1 
Carol Lake 65.8 4.5 
Bong Mining Co. 64.7 7.5 
LAMCO 64.7 4.7 
LKAB-Kiruna KBF 69.7 12 
LKAB-Kiruna KDF 62.0 4.6 
Co. Andaluza de Minas 55.0 4.4 
ISCOR-SISHEN 65.5 3.7 
C.V.G.-El Pao 64.5 3.7 
Pellets 
Evelth Mines 65.6 4.9 
Kiruna 66.1 2.5 
Malmberget 66.7 2.2 
CVRD 65.3 2.8 
Ferteco 65.0 3.3 
Samarco 65.1 2.6 
Kudremukh 66.1 2.8 
Carol Lake 65.6 49 
Cartier Mining Co. 65.2 5.2 
Wabush Lake 65.8 3.0 
Bong Mining Co. 64.1 7.0 
Las Encinas 66.8 1.5 
Empire CCI. 65.3 5.6 
Empire CCI. 59.5 5.3 
Minntac 65.6 5.4 


Al,O, CaO MgO Ignition loss 
1.6 0.1 0.1 2.7 
1.2 0.1 0.1 1.5 
1.0 0.0 0.0 0.4 
1.1 0.1 0.0 1.3 
1.0 0.1 0.0 0.9 
0.7 0.1 0.1 0.8 
2.8 0.0 0.0 not known 
1.9 0.1 0.1 0.8 
1.3 0.0 0.0 not known 
1.1 0.1 0.1 0.6 
1.0 0.2 0.4 1.2 
1.0 0.1 0.1 5.5 
2.6 0.1 0.1 3.2 
2.4 0.0 0.0 4.7 
2.7 0.1 0.1 9.2 
1.2 0.1 0.1 1.5 
0.7 0.1 0.1 1.4 
1.9 0.1 0.1 2.7 
0.9 0.9 1.0 0.8 
1.0 0.1 0.0 ^10 
42 0.1 0.1 3.8 
1.9 0.0 0.0 not known 
0.1 0.5 0.4 0.3 
0.3 0.2 0.3 0.3 
1.0 0.0 0.0 1.7 
0.2 0.6 0.5 0.2 
0.8 3.6 1. 0.6 
L1 43 0.4 not known 
1.6 0.1 0.1 0.7 
1.4 0.1 0.1 19 
0.1 0.8 0.4 
0.3 03. 2.0 
0.8 0.2 1.6 
0.5 3.0 0.1 
0.9 2.5 0.0 
1.2 22 0.2 
0.3 23 0.1 
0.3 0.5 0.3 
0.5 0.4 0.3 
0.4 0.1 0.0 
0.3 0.3 0.3 
0.7 16 0.8 
0.4 0.2 0.3 
0.4 7.0 1.9 
0.2 0.2 0.3 





This simple way of improving the composi- 
tion of iron-rich fine ore is often used in India 
and Brazil. A basically similar process with 
washing troughs or log washers was formerly 
used for high-alumina ores in many other re- 
gions (Salzgitter, Ilsede, Mesabi Range). If 
much of the alumina present is associated with 
limonite, a rod mill is employed instead of a 


washing drum. Applying 3—4 KWh/t on com- 
minution frequently results in satisfactory re- 
moval of alumina. Figure 5.4 illustrates the 
beneficiation of a magnetite ore from a Mag- 
nitnaya-type deposit. Secondary and tertiary 
crushing and primary grinding are replaced by 
an autogenous mill. 
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Figure 5.4: Flowsheet of Pena Colorada beneficiation plant, Mexico: a) Primary crusher; b) Crude-ore screen; c) Crude- 
ore bins; d) Autogenous mill; e) Primary magnetic separation; f) Hydrocyclones; g) Sieve bend; h) Secondary magnetic 
separation; i) Ball mill; j) Concentrate thickener, К) Slurry tank; 1) Concentrate thickener, m) Slurry tanks; n) Disk filter, 


o) Tailings thickener. 

The concentrate has ca. 69% iron; with a 
particle-size distribution of ca. 80% <0.045 
mm, which is fine enough for pipeline trans- 
portation and pelletizing. Numerous Бепейсі- 
ation plants for magnetite ore from other 
deposit types have been designed in a similar 
way, for example in the former Soviet Union 
(Krivoi Rog, Kursk, Olenogorsk), in the Lake 
Superior area, and in northern Sweden. Older 
installations still employ conventional commi- 
nution (three stages of crushing and two to 


‘three stages of grinding). 


For hematite ore, the first grinding stage is 
followed by gravity separation or, in the case 
of fine grained ore, further grinding is fol- 
lowed by high-intensity wet magnetic separa- 
tion or flotation. In many cases, however, the 
principal iron minerals in such ores from 
weathering zones include not only hematite 
but martite (which is only a little less magne- 
tizable than magnetite) with residual magne- 
tite. In this case, complex flowsheets must be 
adopted, including low- and high-intensity 
magnetic separation, flotation, classification 
and slurry treatment for dewatering of the con- 
centrate. This is also the case if undesirable 
constituents are present (e.g., apatite). 


Finally, the selective dispersion process 
should be mentioned. In one Michigan plant, 
this operation is a preliminary to flotation. Af- 
ter grinding to the liberation size, sodium hy- 
droxide and starch are added to the ore pulp 
(sodium hydroxide to disperse aluminous and 
limonitic constituents, starch to flocculate the 
specularite) and the flocculated agglomerates 
are separated from the dispersed minerals in a 
hydroseparator. The downstream flotation re- 
moves coarse quartz which is discharged in a 
conventional manner, with amine salts as col- 
lectors. 


5.3.5 Agglomeration 


In present-day smelting technology, very 
fine material is undesirable in the reduction 
equipmént. The blast furnace is the dominant 
type of equipment for the production of iron 
metal. Only in exceptional cases (small fur- 
naces with capacities up to ca. 100—150 t/d of 
pig iron) is unscreened crude ore used (after 
primary crushing if necessary). Modern high- 
performance blast furnaces require physical 
and metallurgical preparation of the burden. 
Formerly agglomeration was used in a purely 
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physical way, as a process of size enlargement 
aimed at improving the permeability of the 
blast-furnace burden; however, developments 
hl recent years have shifted part of the slag- 
ging into the fine-ore or concentrate sh | tering 
step. On the other hand, the requirements for 
physical and chemical quality of the blast fur- 
nace burden have become more stringent, and 
mining companies that supply ore to several 
ironworks (as the large ones generally do) now 
prepare a variety of concentrate or fine ore 
qualities from the same or similar crude ores. 

As a rule, blast-furnace burden contains 
lump ore, sinter, and pellets. Pellets are made 
from both concentrate and iron-rich fine ore. If 
the beneficiation process yields very fine- 
grained concentrates (ep. « 0.1 mm), these 
are usually converted to pellets at the mine and 
transported in this form. Sinter is generally 
produced at the ironworks. The varying loads 
imposed on material during transport to the 
blast furnace mean that pellets must satisfy 
stringent mechanical strength requirements. 
Pellets are also nearly always made from one 
well-defined ore or concentrate, whereas sin- 
ter is produced from predesigned mixtures of 
ores and additives. There are exceptions, such 
as pellets made at ironworks from mixed ore, 
or sinter made from a single ore or concentrate 
quality where an ironworks uses ore from a 
single deposit. Blast furnaces are also some- 
times operated with lump ore alone, sinter 
alone, or pellets alone. Sponge iron plants are 
generally fed with a single iron source. 

Sinter and pellets differ in the way the par- 
ticles are bound into the agglomerate. In pel- 
lets, the ore particles are connected chiefly by 
bridges of ore. When magnetite is oxidized at 
temperatures > 900 °С during hardening of 
pellets, these bndges arise through mobiliza- 
tion of lattice constituents during recrystalli- 
zation into the hematite lattice. In the case of 
hematite ores, mobilization is less pro- 
nounced, because the crystal lattice structure 
does not change. The formation of iron oxide 
bridges is supported by additional slag 
bridges; it must be remembered that the quan- 
tity of slag in many pellet qualities is only 3- 
4% (corresponding to 6-7 vol%),. 
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Sinter consists of a calcium ferrite matrix, 
with siliceous and aluminous constituents dis- 
solved and primary hematite embedded in it. 
Whereas pellets are thoroughly oxidized (a 
maximum of 0.5% FeO), sinter contains 4— 
6% FeO, which is linked to silica and alumina 
in the matrix. 

Pellets are burned at a temperature below 
the melting points of the constituents. Their 
strength gain is adequate only when the reac- 
tion temperature is controlled to £10 °C over 
long time periods. For this reason, hot gas is 
used to supply heat; it can be generated by the 
combustion of fuel gas, oil, or even coal. In 
sintering, on the other hand, the constituents 
of the mixture are melted. This-happens at 
temperatures so high that the reaction itself 
goes to completion within minutes, but in a 
thin layer that continuously advances through 
the material bed cocurrently to the gas. The 
fuel is coke breeze, or occasionally non-gas- 
sing coal fines, evenly distributed in the sinter 
mixture. 

Pelletizing. Iron-ore pellets are made in two 
steps. The concentrate to be pelleted must 
have a sufficiently fine particle-size distribu- 
tion (65-85% « 0.045 mm) and a specific sur- 
face area of at least 1600 cm?/g as measured 
by a permeability method (Blaine, Fisher Sub- 
sieve Sizer). 

Spherical green pellets (green balls) of ap- 
propriate size (ca. 9—16 mm in diameter) are 
formed by a pelletizing disk or drum. The par- 
ticles are bound together by capillary forces 
acting through water bridges between them. 
This means that green pellets can be obtained 
only at a narrow range of moisture content. If 
the water content in the fine ore (which is usu- 
ally recovered as a filter cake) is too high, wa- 
ter-absorbent materials such as bentonite can 
be used to correct it within narrow limits. If 
the water content is low (ideal case) it is useful 
to hold it in the filter cake ca. 0.5-1% lower 
than the green pellet moisture content to sup- 
press the premature formation of undersize 
.pellets (“micropellets”) in the granulator. 

Pnor to (or during) the formation of green 
pellets, substances are added to the fines to 
render them stable against the stresses that oc- 
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cur in the hardening process. In addition to 
bentonite, whose active constituent is strongly 
water-absorbent montmorillonite, organic 
binders such as Peridur have come into use re- 
cently. The latter are advantageous in that they 
can be burned off during hardening, whereas 
bentonite elevates the silica and alumina con- 
tent of the pellets. 


Purchasers usually prescribe the gangue 
composition of pellets to fit the operating re- 
quirements of the particular blast furnace and 
the chemical composition of the other iron 
sources to be used. This composition, which 
also governs the chemical and metallurgical 
properties of the pellets, is controlled with ad- 
ditives, the most important being slaked lime, 
limestone, dolomite and olivine. These are 


Storage and 


Balling Section 
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added in a grain size corresponding to that of 
the fines. 


The second operation is the thermal Aard- 
ening of the pellets at 1200—1320 °С. Non- 
thermal hardening is employed only in a few 
unimportant cases. Three distinct heat harden- 
ing systems exist: the traveling grate (Figure 
5.5), the combination of preheating traveling 
grate and rotary kiln (grate-kiln) (Figüre 5.6), 
and the shaft furnace. The shaft furnace is 
mainly suitable for magnetite concentrates 
and low capacities (up to ca. 500 000 t/a) and 
has lost much of its market share in the past 15 
years. The traveling grate and the grate—kiln 
combination each share ca. 5096 of the mar- 
ket. 


Grinding Section 


Figure 5.5: Flowsheet of Lurgi-Darvo travelling grate pelletizing process: a) Grinding mill: b) Pelletizing discs; c) 
Roller feeders; d) Travelling grate, e) Firing hood; f) Updraft Drying fan; g) Recuperation ‘fan; h) Cooling air fan; i) 


Waste gas fan; k) Hood exhaust fan. 
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Final pellets 


Figure 5.6: Flowsheet of combined traveling grate/rotary kiln ("grate kiln”) process: a) Traveling grate; b) Rotary kiln; 


c) Annular coolers. 


The “basicity” of the final pellets, ex- 
pressed as the ratio (СаО + МрО):(810, + 
A1,0,), is < 0.1 for “acid pellets” or up to 1.3 
for “basic pellets”. Each range of values offers 
certain advantages and disadvantages with re- 
spect to mechanical strength and metallurgical 
qualities. 

After a number of years of declining pellet 
production and the shutdown of several plants, 
the western world had, at the end of 1987, a 
pellet capacity of roughly 163 x 10$ t/a (100 
units using the three hardening processes). 

According to present information, the 
former Soviet Union has 20 traveling-grate 
plants and 5 grate-kiln plants. The first group 
has a total reaction area of ca. 6500 m^, which 
might correspond to a pellet capacity of ca. 50 
x 10$ t/a. Grate-kiln plants add an estimated 
capacity of ca. 107 t/a. 

While the former Soviet Union has a large 
number of pellet plants, up to now this has not 
been the case for China. 

For the assessment of the mechanical and 
metallurgical properties of burned pellets, a 
number of parameters are determined in more- 
or-less standardized tests. The most important 
аге; · ) 

e Cold Compression Strength 
Individual pellets 10—12 mm in diameter are 
compressed to failure between two plane or 
` slightly concave faces of a hydraulic press, 
and the crushing force is measured (values 


found in practice are usually > 3000 N per 
pellet). 


e Abrasion Resistance 
The abrasion resistance is determined in the 
ISO tumble test. Under standardized condi- 
tions, pellets are tumbled in a drum and the 
> 6.3 mm and < 0.6 mm fractions are deter- 
mined. The values should be at least 9596 
and at most 4%, respectively. 


e Low-Temperature Disintegration test 
This test indicates how the pellets will be- 
have, for example, in the blast furnace in the 
critical range of temperatures around 
500 *C. In an electrically heated rotary kiln, 
pellets are heated to 500 + 10 °C and held at 
this temperature for 60 min under reducing 
conditions. After cooling, the pellets are 
screened to determine the > 6.3 mm and 
< 0.5 mm fractions. The degree of reduction 
is determined. The values for the > 6.3 mm 
fraction are usually between 60 and 80%; 
those for < 0.5 mm usually 10-20%. 


e Free Swelling 

In a vertical tubular furnace, 18 pellets are 
reduced with a carbon monoxide hydrogen 
mixture at 1000°C. The weight loss during 
reduction yields the degree of reduction. 
The volume change 1n the pellets indicates 
the swelling, which should be 20% at maxi- 
mum. The compression strength measured 
in a hydraulic press should be > 500 N per 
pellet. 
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Figure 5.7: Flowsheet of sintering: a) Mixing drum; b) Travelling grate; c) Gas distribution hood (EOS only); d) Annular 
cooler; e) Waste gas fan; f) EOS recycling gas fan; g) Fresh air blower (EOS only); h) Waste gas final cleaning. 


e Reduction under Load (RUL) r 
In an upright retort, pellets are heated to 
1050 °C, placed under a mechanical load of 
5 №ст?, and exposed to a reducing atmo- 
sphere. The pressure drop of the reducing 
gas across the bed and the reduction rate are 
determined. A low pressure drop indicates 
pellets stable in reduction. The pressure 
drop should not exceed 100 Pa. 


The reduction rate at 40% reduction is an 
important parameter of reducibility; dR/dt,, 
should be at least 1% per minute. 


Special test methods have been devised for 
pellets used in various direct-reduction pro- 
cesses (HyL reduction test in an upright retort, 
Midrex test, and testing for the SL/RN process 
in an electrically heated laboratory rotary 
kiln). In the test for the SL/RN process, pellets 
and reducing agent (usually coal) are investi- 
gated at the same time. A number of different 
or modified test procedures are employed in 
individual countries or at individual iron- 
Works. i 


Sintering. Iron ore sinters are virtually all 
produced in travelling-grate installations (Fig- 
ure 5.7). The rotary kiln and pan-sintering pro- 
cesses formerly in use are no longer important. 
Likewise, cooling of the hot sinter at the last 
section of the grate has become obsolete. Stan- 
dard is now the straight-grate “Dwight-Lloyd- 
Process”. Straight-grate as well as annular 
coolers are in use. Quite some efforts are be- 
ing made to reduce solid and gaseous contami- 
nants contained in the sintering off-gas (dust, 
SO,, NO. A new development recently intro- 
duced by Lurgi in industrial plants is “EOS” 
(Emission Optimised Sintering") process. It is 
characterized by recirculating approximately 
half of the off-gas of the sintering grate back 
to the gas distribution hood, where it is mixed 
with fresh air and used as oxygen carrier and 
for heat transportation through the sinter bed. 
The advantages are reduction of the final 
waste gas volume (allows for smaller gas 
cleaning facilities), and substantial reduction 
of waste gas pollutants (dust, SO,, NO,, diox- 
ines, furanes). Fuel consumption is reduced by 
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about 5 kg/t of sinter, whereas the electric en- 
ergy consumption is increased by about 1.5 
KWl/t ` 


As a rule, several ores are processed in one 
unit; а *monosinter" from just one ore is the 
exception. Along with ore and concentrate, the 
mixture for sintering also contains recycle ma- 
terial from the ironworks, provided no buildup 
of undesirable or detrimental substances re- 
sults. Undersize sinter from the screening step 
is also recycled. The basicity of the sinter has 
been substantially increased in recent years. 
Originally sintering was considered only as a 
means to deal with fine ore with respect to im- 
proved handling and permeability of the blast 
furnace burden (“physical burden process- 
ing”). The overall chemical composition of 
the blast furnace feed (including coke ash) 
was adjusted by addition of suitable materials 
in the form of lumps (limestone, dolomite, 
manganese ore if necessary). Thus, the basic- 
ity of sinter and lump ore generally was < 1 
(exception minette ore with high calcite con- 

` tent of the gangue). 


Today these additives are generally added 
to the sinter mix as fines (« 5 mm) and some- 
times precalcined (burnt lime instead of lime- 
stone). The basicity of the sinter is generally 
higher than that of the blast furnace slag to 
compensate (1) for the “acid” coke ash, (2) the 
gangue of the lump ore, and (3) slag compo- 
nents of the iron-ore pellets. 


Increasing the basicity also improves the 
quality of the basic sinter as well as the heat 
economy. Many plants today produce sinter 
with a basicity of > 1.5. The slag analysis is 
controlled by addition of limestone or burnt 
lime, dolomite (to control CaO and MgO), oli- 
vine (to control MgO and SiO,), and quartz 
sand. The most common fuel is coke breeze. 
To ignite the mixture gas or oil heating is ap- 
plied. The total heat consumption for an iron- 
rich basic sinter is between 1.3 and 1.7 MJ per 
tonne of final sinter. When low-iron ore mix- 
tures (e.g., those containing minettes) or ores 
containing high levels of alumina (2-496 
А1,0,) are sintered, the heat consumption is 
higher (up to 2.5 MJ/t). Analyses of sinter 


Handbook of Extractive Metallurgy 


from German ironworks fall in the following 
approximate ranges (in 96): 


Fea 55.5-55.8 
Fe(II) 4,5—6 
SiO, 5-6 

CaO 9-11 
MgO 12-32 
ALO, 1.2-2 
CaO:SiO, 1.4-1.9 


Ironworks in Germany ‘use imported ores 
almost exclusively; some heat-consumption 
and analysis figures for other European iron- 
works differ from the ones cited, because low- 
iron domestic ores still are processed there. In 
contrast, sintering plants in Japan operate un- 
der conditions similar to those in Germany. 
The basicity of the sinter in Japan, however, is 
nearly always > 1.8. . 

In the United States, the fraction of sinter in 
the burden is only 22.596 (1986; Table 5.6), 
much lower than in Europe and Japan. The 
fraction of pellets, on the other hand, is very. 
high (72.2%). Thus, in the United States im-. 
provement in pellet quality, above all in metal- 
lurgical properties, have been the focus of 
attention, with the result that basic pellets with 
CaO: SiO, ratios of ca. 1.5 have been sought. 

Few details are known about current sinter- 
ing technology in the former Soviet Union and 
China. Rich fine ores are rare in both coun- 
tries, and agglomerates are made chiefly from 
concentrates. In some works, blast furnaces 
are operated on 100% sinter. Since the basic- 
ity of the sinter in these cases must be adapted 
to the requirements for blast-furnace opera- 
tion, the basicity values are often too low for a 
sinter of truly good quality. One remedy might 
be to pellet part of the concentrate at a low ba- 
sicity and raise the basicity of the sinter to 
1.6-1.8. | 

- A variety of test methods are used for sinter 
quality control; some of the techniques are 
similar to the ones for pellets. The methods in- 
clude: 


e Shatter Test 
The shatter test has been standardized only 
in Japan. At Lurgi, 150 kg of sinter (grain 
size ^ 8 mm) is dropped three times from a 
height of 2 m onto a steel plate; then the 
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>20 mm, 20-8 mm, 8-2 mm, and <2 mm 
fractions are determined. 


e Tumble Test 
The shatter test is often replaced by the tum- 
ble test, which follows the same guidelines 
as described above for pellets The fraction 
< 6.3 mm should be at least 70%; at German 
ironworks it is between 70 and 859^. 


e Low-Temperature Disintegration — . 
This test is not one of the standard ones; it is 
performed in a similar way to the test on pel- 
lets. 


e Reduction Degradation Index (RDI) 
The reduction degradation index is now re- 
garded as the most important quality crite- 
rion for sinter. In the test, 500 g of sinter 
(grain size 20-16 mm) in a stationary bed is 
reduced for 30 min at 550 °C by a gas mix- 
ture comprising 30 vol%, carbon monoxide 
and 70 vol% nitrogen. . 
After cooling, the sample is placed in a 
drum (130 mm in diameter and 200 mm 
long and provided with two lifters) and sub- 
jected to 900 revolutions at 30 rpm. The ma- 
terial is then screened at 6.3 mm, 3.15 mm 
and 0.5 mm. The RDI is the fraction « 3.15 

- mm. This should be 3596 if possible; at iron- 
works, in Germany it is between 30 and 
40%. 


e Relative Reducibility 

Ironworks use very different methods for 
the relative reducibility test. A sample is re- 
duced at 900 °C using a carbon monoxide 
nitrogen mixture similar to RDI. The index 
reported is the degree.of reduction at the end 
of the test. In addition, a test as set forth in 
ISO 4695 is carried out to determine the re- 
duction rate at 4096, reduction, which is 
usually ca. 1.596 per minute. 


5.4 Reduction of Iron 
Oxides [11] 


5.4.1 Chemical Aspects 


The reduction of iron oxide ores takes place 
at an appreciable rate only at temperatures 
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above 900 °C. Below this temperature, a dark 
porous mass is obtained having the same 
shape as the original lumps or particles, and 
reduction is usually incomplete. Figure 5.8 
shows:a particle of Fe;,O, before and after re- 
duction by hydrogen at 700 °C showing the 
porous nature of the product. In general, re- 
duction follows the scheme 

Fe,0, — Fe, > FeO — Fe 

If reduction is conducted below 570°C, the 
reaction follows the scheme 

Fe,0, — Ее,О, — Fe 





Figure 5.8: A 20-j1m Fe;O, sphere before and after reduc- 
tion by hydrogen at 700 *C (2500 x). 


since FeO is unstable below 570 °C. When a 
hard dense oxide is reduced, metallographic 
examination usually shows a layered struc- 
ture: Fe,O, in the core, surrounded by Fe,O,, 
FeO, and finally Fe as can be seen in Figure 
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5.9. For porous oxides, however, no distinct 
interfaces are observed, except a gradual 
transformation from Fe on the outside to 


Fe,0, in the center. This is because the reduc-- 


ing gas can penetrate faster than it can react at 
any oxide interface. 

Between 950 and 1000 °C complete reduc- 
tion in a reasonable length of time usually 
takes place. At 1000 ?C, sintering of the parti- 
cles starts and a product having the form of a 
sponge is obtained. At about 1200 °С a pasty 
porous mass is formed due to the presence of 
impurities. If reduction is carried out in the 
presence of carbon, the iron absorbs it rapidly 
and the product begins to melt at 1300 *C. 
Iron containing 4.5% carbon melts at 1125 °C 
which is far below the melting point of pure 
iron (1530 °C). Table 5.8 summarizes these 
points. 





Figure 5.9: Cross section of a partially reduced dense iron 
ore in hydrogen at 850 °C for 35 minutes. Sample etched 
to show the multilayer structure of products. : 


Table 5.8: Effect of temperature on the reduction of iron 
oxide ores. 
Temperature, °C Product 


900 Dark grey porous mass has the same 
shape as the original particles; reduc- 
tion usually incomplete. 


950-1000 Complete reduction in a reasonable 
length of time. 


1000 Sintering of product starts; the product 
has the shape of a sponge. 


1200 A pasty porous mass is formed. 


1300 If reduction is carried out in presence of 
carbon, the iron absorbs it rapidly and 
the product begins to melt. 


Ferric oxide, Ее,О,, is generally reduced 
with a higher velocity than Fe4O,. Also, hy- 
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drogen is more effective than CO as a reduc- 
ing agent. Like any other heterogeneous 
reaction, the rate of reduction is influenced by 
the stagnant boundary layer of gas which sur- 
rounds each oxide particle (the Nernst bound- 
ary layer). This factor depends on the rate of 
flow of the reducing gas past the oxide parti- 
cle, i.e., itis a function of the design and oper- 
ation of the apparatus used for reduction. The 
resistance of the boundary layer may be elimi- 
nated by increasing the rate of flow of gas, but 
this way may not be economically feasible be- 
cause unreacted gas will escape in the stack, or 
the carry over of dust particles will be exces- 
sive. 


Swelling or shrinkage may accompany the 
reduction. Swelling is due to the formation of 
whiskers which in turn is related to the phe- 
nomena of nucleation and crystal growth. 
Shrinkage is due to volume change when the 
oxide is reduced to metal as well as due to sin- 
tering. Both are influenced by impurities. Cal- 
cium oxide, for.example, was found to prevent 
swelling and to increase the rate especially 
when conducted at or below 700 °C. The 
width of the FeO layer formed when Ее,О;- 
CaO mixture is reduced is much less than 
when pure Ее,О, is reduced, all other condi- 
tions being equal. It seems that FeO reacts 
with CaO forming Fe and a ferrite according 
to 


3FeO + CaO — Fe + CaFe;O, 


Calcium ferrite formed is then reduced di- 
rectly to Fe and CaO without producing FeO. 
Calcium carbonate increases the rate of reduc- 
tion in the same way as CaO with the added 
advantage that during sintering prior to reduc- 
tion, CO, is given off thus creating a porous 
product which enhances reduction. Small 
amounts (0.1—196) of Na,CO, or K,CO, cause 
extensive swelling. 


5.4.2 Technical Aspects 


It was not until the 14th century that fur- 
naces were developed that could not only pro- 
duce iron but at the same time melt it so that 
the product called pig iron could be tapped 
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from the furnace in a molten form, thus allow- 
ing large scale production and continuous op- 
eration. Such a furnace is called a blast 
furnace because of the blast of air introduced. 
Figure 5.10 shows a typical view of a blast 
furnace plant. At present, most pig iron is 
transferred in molten state to steelmaking 
plants and in this form it is referred to as hot 
metal. Sometimes, it is required in solid form 
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for convenient handling and therefore is cast 
into molds where it solidifies to form what is 
referred to as pigs. Processes taking place in 
the furnace are: 


e Reduction of the iron compounds present in 
the ore 


e Separation of the resulting iron from the 
slag. 


Figure 5.10: Typical view of a blast furnace plant. The blast furnace at the center, the three towers on the left are the 


stoves. 
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Figure 5.11: Hot metal mixer. 


Steel is the most important commercial 
form of iron because of its high tensile 
strength. Molten pig iron from the blast fur- 
nace is usually stored in a hot-metal mixer be- 
fore transferring it to the steelmaking plant 
(Figure 5.12). A hot-metal mixer is a cylindri- 
cal vessel up to 1500 tons capacity, lined with 
fire bricks (about 0.6 m thickness) and 
mounted horizontally such that it can be tilted 
to pour the desired amount of metal into a 
transfer ladle for transport to the steelmaking 
plant (Figure 5.11). The functions of the hot- 
metal mixer are therefore the following: 


ө To conserve the heat in pig iron, keeping it 
molten for long periods. 


e To promote uniformity of iron by mixing the . 


products of several blast furnaces. This per- 
mits delivery of iron of more uniform com- 
positions and temperatures. 


e To permit independent operations between 
the blast furnaces and the steelmaking plant 
because of its large capacity. 
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Table 5.9 shows the raw materials and the 
products of a modern blast furnace. 


Iron ore 





Blast furnace plant 









Hot metal 
Hot-metal mixer 


Hot metal 








Steelmaking plant 


Steel 


Figure 5.12: Schematic representation for the flow of raw 
material for steelmaking. 


5.4.5 Raw Materials 


Iron ores are the most important raw mate- 
rial charged to blast furnace. Other minor ma- 
terial are the following: 


e Mill scale (Fe4O, by-product of hot-rolling) 
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Table 5.9: Raw materials and products of a blast furnace 
per ton of pig iron (in tons). 


Raw materials 


Ore 1.7 

Coke 0.5-0.65 

Flux (limestone) 025 . 

Air 1.8-2.0 

Products 

Pig iron 1.0 

Slag 0.2-0.4 

Flue dust 0.05 ` 
Blast furnace gas 2.5-3.5 


Table 5.10: Typical analysis of Lake Superior ore. 
а 9% 


Fe 55.6 
SiO, 5.9 
Mn 0.2 
P 0.6 
AlO, 3.6 
CaO 1.2 
MgO 0.9 
SO, 0.06 
Na,O + K,O trace 
TiO 0.02 
H,O 12.1 


e Blast fumace flue dust after sintering 


e Pyrite cinder after leaching away of the non- 
ferrous metals it contained r 


5.4.3.1 Iron Ores 


High-grade ores contain 60-70% Fe, me- 
dium-grade 40-60% Fe, and low-grade < 
40% Fe. The world’s main supply of iron is 
obtained from ores containing hematite; those 
containing magnetite supply only about 5% of 
the world’s iron and the most important source 
of such ores is Sweden and the Urals. The 
most important ore containing siderite is in 
Erzberg, Austria. A typical analysis of an iron 
ore is shown in Table 5.10. 


5.4.3.2 Coke! 


Coke in the blast furnace has two functions: 


e As a fuel producing the heat required for re- 
duction and melting the iron. 


e To supply the reducing agent (mainly CO). 


! For the manufacture of coke, see Section 5.22. 
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Table 5.11: Typical analysis of coke. 


C 90.0 
SiO, 44 
Fe 13 
Mn 0.07 
P 0.03 
ALO, 2.8 
CaO 0.3 
MgO 0.2 
0.9 
H,O 1.5” 
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Figure 5.13: Effect of sulfur in coke on coke consumption 
and slag volume. 

Besides, a small amount of carbon dissolves in 
the hot metal, thus lowering its melting point. 
Main requirement for coke are: high calorific 
value, high mechanical strength, and low im- 
purities. A typical analysis of coke is given in 
Table 5.11. Coke burns intensively near the 
tuyéres; temperatures in this region reach 
1700 *C. At this temperature, CO, reacts im- 
mediately with carbon to form CO: 


C*0,2 CO, 
C*CO,22CO 


Sulfur in the coke accounts for about 9096 of 
the total sulfur entering the blast furnace. 
About half of this sulfur is volatilized as HS 
or COS when the coke is burned and leaves 
with the blast furnace gas. The remaining sul- 
fur is partially eliminated in the slag, and a 
small amount enters the metal. When coke 
contains excess sulfur, large amounts of lime- 
stone must be added to insure that the sulfur 
content of the pig iron is maintained at a low 
level. This will result in a large volume of 
slag, and a correspondingly large consumption 
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of coke because the decomposition of lime- 
stone is an endothermic reaction, as shown in 
Figure 5.13. Furthermore, the productivity of 
the furnace decreases. 


5.4.3.3 Limestone 


The function of limestone is to render the 
gangue in the ore and the ash of the coke, 
mainly SiO, and Al,O, which have high melt- 
ing points, easily fusible. In the blast furnace, 
limestone is decomposed starting at 800 °C as 
follows: 


CaCO, > СаО + СО, 
Tt is used in pieces 5—10 cm in size; a typical 
analysis is shown in Table 5.12. 
Table 3.12: Typical analysis of limestone. 
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CaO 51.5 
MgO 1.7 
CO, 41.4 
SiO, 3.4 
Fe 0.3 
Mn 0.1 
P 0.006 
AlO; 0.9 
SO, 0.06 
Na,O + K,O trace 
H,O 0.5 


5.4.3.4 Air 


Air for the blast furnace has to be preheated 
to 500—1000 ?C and compressed to 200—300 
kPa to burn the necessary amount of coke to 
furnish the required temperature for the reac- 
tion: 
c+'/,0, CO 


Air always contains a certain amount of mois- 
ture depending on the atmospheric humidity. 
Near the tuyéres zone, any moisture in the air 
will react with coke as follows: 


C-H,0—CO-«H, 


Since this reaction is endothermic, variation in 
atmospheric humidity greatly affects the ther- 
mal balance of the furnace to such an extent 
that it would cause wide variation in the chem- 
ical composition of the iron produced. Some 
plants installed units to separate the moisture 
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from the air by refrigeration before entering 
the furnace. 


Tahle 5.13: Typical analysis of pig iron. 
96 


C 3.5—4.25 
81 = 1.25 
Мп 0.9-2.5 
S = 004 

P . 0.06-3.00 
Fe =94 


5.4.4 Products 


5.4.4.1 Pig Iron 


Pig iron is transferred molten as hot metal 
or molded in pig-machine. A typical analysis 
of pig iron is given in Table 5.13. The hearth 
temperature influences the carbon content in 
pig iron. 


5.4.4.2 Slag 


Slag formed in the blast furnace serves two 
purposes: 

e To collect the impurities in the molten metal 

e To protect the metal from oxidation by the 
furnace atmosphere 

Analysis of a typical blast furnace slag is 
given in Table 5.14. About 1% of the slag con- 
taining about 60% Fe is recovered by mag- 
netic separation and is returned to the blast 
furnace. Molten slag from a blast furnace is 
usually treated in one of the following ways: 

e It is poured into a pit and after solidifying 
and cooling it is excavated, crushed, and 
screened. The product is called air-cooled 
slag and is used in concrete and railroads. 

e It is either allowed to run directly into a pit 
of water producing a coarse, friable product, 
or a stream of molten slag is broken up by a 
high-pressure water jet as it falls into the pit. 
The product in both cases is called granu- 
lated slag and is used in making building 
blocks. 


e If limited amounts of water are applied to 


the molten slag, a dry cellular lump of prod-. 


uct called lightweight expanded slag is 
formed. In this case the amount of water 
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should be less than that required for granula- 
tion. This slag has a relatively high struc- 
tural strength with good insulating and 
acoustical properties and is therefore used in 
making acoustical tile and for other struc- 
tural purposes. 

e Slag fines are used as filling material in road 
construction since they have excellent bind- 
ing properties with bitumen.. : 

Table 5.14: Analysis of a typical blast furnace slag. 
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SiO, 35 
CaO 44 
АО; 15 
MgO 3 
FeO 1 
MnO 1 
S 1 
Total 100 


Table 5.15: Typical analysis of blast furnace gas. 





vol% 
CO 27 
CO, 12 
N, 60 
H, 1 
(CN), trace 
Total 100 И 


5.4.4.3 Саѕ 


Gas coming out of furnace top is more than 
that introduced at the bottom due to the gasifi- 
cation of carbon. A typical analysis of the gas 
is given in Table 5.15. The CO content in the 
gas is due to the reaction: 


СО, +С 2 2CO 


About 20% of the total fuel requirement is 
consumed in this manner. This reaction not 
only consumes coke but also consumes heat 
since it is endothermic. Carbon dioxide is a 
product of ore reduction and CaCO, decompo- 
sition. Because of its CO content, the blast fur- 
nace gas is used as a fuel to preheat the air 
blast and to generate power (boilers, etc.). The 
gas leaves the furnace at 120—370 °C. 

During the manufacture-of iron in the blast 
furnace, some hydrogen cyanide, HCN, and 
cyanogen gas, (CN), are formed as a result of 
the reaction of nitrogen in the blast with coke. 


55 


These gases are extremely poisonous. Their 
formation is thought to be catalyzed by alkali . 
oxides: 

H,O + 3C + N, 2 2HCN + CO 


Blast furnace gas contains 200—2000 mg/m? of 
these cyano compounds. In the dust collecting 
system, the gases are scrubbed with water and 
some of this water finds its way in waste dis- 
posal. Before discharging this water, cyanide 
compounds dissolved in it must be destroyed. 


5.4.4.4 Flue Dust 


This material is composed of about 15% 
carbonaceous material, 15% gangue, and 70% 
Fe,O, though only Fe,O4 may have been 
charged; the reason is that the reaction at the 
top of furnace is 
3Fe,0, + CO 2 2Fe,0,+CO, 


Flue dust is collected as a mud in the venturi 
scrubbers and Cottrell precipitators; it con- 
tains about 40% solids. It is transferred to 
thickeners where it is thickened to 60% solids, 
then filtered. The filtrate returns to the thick- 
eners and the filter cake containing about 2596 
moisture is transferred to the sintering plant 
where it is agglomerated into a product suit- 
able for charging to the furnace. 


5.4.5 Behavior of Impurities - 


Impurities in the raw materials play an im- 
portant role in the blast furnace because they 
influence the quality of the product and the life 
of the refractory lining. Although some of 
these impurities may be in trace amounts, yet 
they will represent hundreds of thousands of 
tons when considering the continuous opera- 
tion of the furnace for 5 to 7 years through 
which millions of tons of ore have been re- 


‘duced. The behavior of impurities varies con- 


siderably and can be divided as follows: 

e Unobjectionable impurities are those which 
are not reduced, e.g., ALO, and MgO. They 
are also valuable fluxes. 

e Impurities that completely enter the pig 
iron; these are phosphorus, copper, tin, 
nickel, and vanadium. The reduction of the 
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compounds of these elements takes place 
readily. Of these the most serious is phos- 
phorus since it has to be completely re- 
moved to make an acceptable steel. 


e Impurities that partially enter the pig iron: 
these are manganese, silicon, titanium, and 
sulfur. The reduction of MnO,, SiO; and 
TiO, takes place only at high temperatures. 
Therefore, the presence of the respective 
metals in pig iron will be a function of the 
temperature in the hearth; usually about 
70% of these metals enter the pig iron. Tita- 
nium is especially undesirable because its 
presence in the slag, even in small amounts, 
increases its viscosity. Manganese, silicon, 
and sulfur have to be removed later in the 
steelmaking process. 


e Impurities that accumulate in the furnace: 
these are the alkali metals and zinc. Com- 
pounds of these metals are readily reduced. 
As the charge descends into the hotter re- 
gion of the furnace they are reduced to met- 
als, these metals are volatile under the 
conditions of operations in the furnace. As 
vapors, they travel upward, where they react 
with CO, and deposit as oxides on the sur- 
faces of the cooler particles of the charge 
and are again returned to the hotterregion of 
the furnace as the charge descends. The pro- 
cess is repeated and thus these metals will 
never leave the furnace. They accumulate in 
large amounts and the vapors penetrate the 
refractories and partially condense in the 
pores and cracks thus causing their disinte- 
gration. To minimize difficulties in furnace 
operation such as fluctuating hot metal tem- 
perature or sulfur content and to avoid the 
build-up of alkali in the furnace, the amount 
of alkali entering the furnace is carefully 
monitored and maintained at a fixed low 
level. Slag basicity and hot metal tempera- 
ture are also adjusted to ensure maximum 
removal of alkali in the slag. The tendency 
is approximately as follows: 


— As the alkali content increases, slag basic- 
ity should be decreased for any given tem- 
perature of iron. 
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— As the temperature of molten iron in- 
creases, slag basicity should be decreased 
for any given alkali loading. 

These conditions are opposite to those 
needed for hot metal sulfur content, and there- 
fore a compromise has to be made. 


5.5 The Blast Furnace 


5.5.1 General Description [11-14] 


The blast furnace is composed of a hearth 
and a stack on the top. Such furnace is also 
known as a shaft or a vertical furnace (Figure 
5.14). The name is due to the fact that air is 
blown or “blasted” through the charge. The 
furnace has the following characteristics: 

e The charge enters at the top of the stack and 
the products get out at the bottom. Any 
gases formed are discharged from the top. 

e Heating is conducted by burning coke 
which is incorporated in the charge. It is ig- 
nited by air blown in near the bottom of the 
furnace. The hot gases pass upward through 
the descending cold charge. 

e The charge must consist of coarse material 
that is strong enough to withstand the static 
pressure in the shaft without crumbling into 
powder. Powders are objectionable because 
they will be easily blown outside the furnace 
by the gases. Also, they cause channelling to 
take place in the furnace, i.e., the reacting 
gases will go only through certain channels 
in the bed thus decreasing greatly the fur- 
nace efficiency. The charge must be perme- 
able so that the rising gases can pass freely 
through all of its parts. 

e At one time, the top of the furnace was left 
open causing great heat loss. Later, it was 
closed and opened only during charging. To- 
day furnaces have at the top the double bell 
system which keeps the furnace closed at all 
times thus preventing the escape of gases 
even during charging. This system (Figure 
5.15) is composed of two bells: one small 
and one large. When both are in the closed 
position, the charge is dumped in the hopper 
above the small bell. The large bell remains 
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closed while the small bell is opened to ad- 
mit the charge to the large bell hopper. The 
small bell is then closed to prevent the es- 
cape of gas into the atmosphere, and the 
large bell is opened to admit the charge to 
the furnace. The large bell is again closed 
and the process repeated. It should be noted 
that the rod supporting the large bell passes 
through a hollow rod supporting the, small 
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bell, thus permitting the independent opera- 
tion of bells. The opening and closing of the 
bells is fully automated. ' 


e High temperature can be attained in a fur- 
nace without damaging the refractory lining 
by inserting hollow wedge-shaped plates in 
the outer side of the refractory lining which 
are water-cooled. 


» 
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Figure 5.14: A vertical furnace — the iron blast furnace. 
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Figure 5.15: Double bell system for charging a blast furnace without permitting an escape of gases. 


e Air for the furnace is introduced at the lower 
part. Figure 5.16 shows a section through 
the bosh and upper part of the hearth wall 
showing details of connections between the 
tuyére and the bustle pipe in a large blast 
furnace. The bustle pipe is a large circular, 
refractory-lined pipe that encircles the fur- 
nace at about the mantle level and distrib- 
utes the air blast from the hot-blast main to 
the furnace. The blowpipe, a horizontal, ce- 
ramic-lined steel pipe about 1.5 m long, car- 
ries the hot blast from the bustle pipe 
through the tuyére stock and gooseneck to 
the tuyéres. The tuyéres are nozzle-like cop- 
per castings about 20 in number, spaced 


equally around the hearth about 30 cm be- : 


low the top of the hearth. Each tuyere fits 
into a tuyére cooler casting through which 
cold water circulates. The gooseneck is 
lined with fire brick, and has a small open- 
ing closed by the tuyére cap through which a 
small rod may be inserted to clean out the 
tuyéres without removing the blow pipe. A 
small glass-covered opening called the 
peep sight is placed in front of the tuyéres to 
allow the inspection of the interior of the 
furnace directly. 


e The furnace acts as a countercurrent heat ex- 
changer: the cold charge is descending 
while the hot gases are ascending in the fur- 
nace. Thus, coke will be preheated in the up- 
per part of the furnace so that when it 


reaches the lower portion and comes in con- 
tact with the hot air blast at the tuyéres, it 
will burn with great intensity. In the upper 
part of the furnace, the ore also loses its wa- 
ter content and is preheated. 
The liquid products formed settle to the bot- 
tom from where they can be removed. New 
material is charged at the top in quantities 
sufficient to keep the charge level relatively 
constant. 
Tapping a molten material from the furnace, 
e.g., a molten metal is usually conducted in 
the following way. The notch which is 
closed with clay is opened by drilling into 
the clay with a pneumatic drill until the skull 
of metal is met, then an oxygen lance is used 
to form a hole through it. The metal flows 
into the main trough which has a skimmer 
located near its end. The skimmer separates 
any slag flowing with the metal and drives it 
into the slag ladles. The metal continues to 
flow down the main runner from which it is 
diverted at intervals into the metal ladles by 
means of gates. At the end of tapping, the 
hole is closed by means of the clay gun. The 
nose of the gun enters the metal notch and 
clay is forced from the gun by a plunger or a 
screw operated electrically or by steam. The 
slag notch can be opened or closed by 
means of a steel cone-shaped knob.on the 
end of a long steel bar. Figure 5.17 shows a 
section through the slag notch. 
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Figure 5.16: Section through the bosh and upper part of 
the hearth wall of a blast furnace. 
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Figure 5.17: Section through slag notch of a blast fur- 

nace. 

e The furnace is lined with refractory materi- 
als which must have a high melting point to 
withstand high temperatures. Alumina-sil- 
ica refractories are usually used for lining 
the stacks. The percentage of ALO, in the 
bricks increases in the lower part of the 
stack. Graphite is one of the most refractory 
substances known but oxidizes slowly at 
high temperatures; it is usually used for lin- 
ing the hearth. 


The furnaces are fully automated and may 
produce 10 000 tons of iron per day. They 
are huge structures over 60 m high. The col- 
umn of material inside the furnace is about 
25 m high that varies in temperature be- 
tween 190 and 1760 °С. A furnace is de- 
signed to operate continuously for 5~7 years 
with a total production of about 14 million 
tons. 
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e To support a large furnace, a reinforced con- 
crete pad about 3 m thick and 18 m diameter 
is built. A circular heat-resistant concrete 
pad about 6 cm thick is laid over the founda- 
tion (Figure 5.18). A large furnace requires 
8-10 supporting columns which are an- 
chored to the concrete foundation. A heavy, 
horizontal steel ring 5-10 cm thick called 
mantle rests on the top of the supporting col- 
umns. It supports the furnace shell and- 
brickwork so that, when necessary, the 
hearth and bosh brickwork may be removed 
without much trouble. 


5.5.2 Operation 


Starting a New Furnace. Bringing a newly 
built furnace into routine operation is called 
“blowing-in”. This process: requires the skill 
and cooperation of a large number of people, 
and it takes probably more than a month to 
achieve this goal. Once a furnace goes into ор- 
егацоп it is expected to continue for 5 to 7 
years during which about 8 million tons of 
iron are produced before a major shutdown. 
The steps involved are: 


e Drying the lining of furnace and stoves. 
This operation is carried out for the follow- 
Ing reasons: 


~ To drive off the vast amount of water ab- 
sorbed by the brick during construction, 
and contained in the slurry used in brick- 
laying. 


— To avoid as much as possible thermal 
shock to the structure. Drying is carried 
out by burning natural gas or wood in the 
stoves and circulating the hot gases to the 
furnace. Heating should be increased 
gradually and it usually takes 10 to 14 
days. During this stage intensive checking 
of pipes, connections, etc., takes place. 


e Filling the furnace. Usually the hearth and 


bosh are filled with coke, then about an 

‚ equal charge of coke, limestone, and sili- 
ceous material are mixed together and added 
on top. Then comes a charge composed of a 
small amount of ore and coke. 
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Figure 5.18: General view of the iron blast furnace showing top details and concrete foundation. 


e Lighting the charge. This is done by blow- 
ing small volumes of hot blast at 1000 °C. 


e First stages of operation.. Once the coke in 
the furnace is ignited, it is important to ig- 
nite the gas leaving the furnace otherwise it 
will cause a health hazard to the environ- 
ment due to the CO content. Gradually the 
hot blast volume entering the furnace is in- 
creased. After the initial coke charge is con- 
sumed, slag will begin to accumulate in the 
hot hearth. Charging at the top continues 
and at the same time the percentage of the 
ore is gradually increased. Once there is in- 
dication that enough slag accumulated, the 
slag notch is closed. Tapping of slag takes 
place 6 to 8 hours after the air was blown in, 
while iron tapping takes place after 24 to 28 
hours. It takes 5 to 6 days until the iron pro- 
duced is according to the specifications. 


5.5.3 Operating Difficulties 


An important difficulty in operation is 
when the charge in the upper part of the stack 
is cemented together into a large impervious 
mass (bridge) while the material underneath 
continues to move downward thus creating a 
void. The void tends to increase until the 
bridge collapses, causing a sudden downward 
movement of the charge which is known as 
“slip”. In severe cases, this causes a sudden in- 
crease in gas pressure and an effect like an ex- 
plosion. Reasons for this slip may be due to 
alkali vapors that condense at the top of the 
furnace and cement the solid material to- 
gether, or it may be due to fine carbon deposi- 
tions which results from the reaction ` 


200 э CO, +С 
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5,5.4 Shutdown 


Temporary shutdown for an emergency or 
otherwise is called *banking", and it involves 
reducing the combustion rate, thus preserving 
the charge for future use. The air blast is 
stopped, the blowpipes are dropped, and the 
tuyéres openings are plugged with clay. If the 
shutdown is planned for a few days, coke may 
be charged without flux, and charging contin- 
ues, until the coke descends to the bosh. The 
final tapping is made and then air is cut off. A 
heavy blanket of ore is dumped in the furnace 
to cover the upper burden surface and reduce 
the natural draft. At the conclusion of the tap- 
ping, the tapping holes are plugged and the 
furnace isolated. In this way the charge in the 
furnace can be kept for an indefinite time until 
blowing-in is required. 

Extended shutdown is called “blowing out” 
and usually takes place when the lining is 
worn. Sometimes, however, business condi- 
tions may necessitate that production is no 
more required and an extended shutdown is 
necessary. Subsequent to blowing out and 
when the furnace is to be completely relinéd, 
the hot metal must be completely drained. A 
hole is drilled into the furnace bottom below 
the hearth staves, and a runner for iron is in- 
stalled. A long oxygen lance is inserted in the 
hole to open the remaining brick and allow the 
iron to flow. This residual iron is called “sala- 
mander", and may be 400 to 600 tons. 


Starting an empty furnace from cold is gen- 
erally faster and requires less effort than start- 
ing it from a shutdown. However, the cost of 
blowing out, raking out, and cleaning prior to 
starting is more expensive than a temporary 
shutdown. 


5.5.5 Efficient Operation and 
Improvements 


In the past 50 years blast furnace produc- 
tion increased from an average of 800 t/day to 
8000 t/day with some furnaces operating at 
10 000 t/day. It seems, however, that the size 
of a blast furnace is limited by two factors: 
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e The large capital cost which will be difficult 
to raise 


ө The limited mechanical strength of coke to 
withstand the static pressure of a tall fur- 
nace. 

The great increase in the blast furnace output 

is due to the following: 


Beneficiated Feed. A feed to a blast furnace 
should fulfill the following conditions: 


e Uniform size to allow gases to flow through 
without channelling. 


e Mechanically strong to withstand handling, 
the high temperature, and the high static 
pressure in the furnace without crushing or 
disintegration. 

e Free from fines to minimize the dust blown 
out of the furnace. 


e Fairly permeable to enhance the reduction 
process. 

For these reasons high quality coke sized to 
about 50 mm is usually used. Ore is also pre- 
pared and sized between 10 and 25 mm. Pow- 
dered feed material is compacted and sized 
before charging. Since high temperatures are 
usually applied in the compaction process, a 
part of the limestone required for the charge to 
the furnace is incorporated into the compacted 
material. In this way, the calcination CaCO, 
takes place outside the furnace, thus increas- 
ing its capacity and at the same time decreas- 
ing the volume of the exit gases. This process 
is known as “self fluxing sinter". 


Increased Blast Temperature. When the air 
blast temperature is increased by preheating, 
the coke consumption will decrease and as a 
result the furnace capacity will increase. Since 
a certain amount of heat enters the furnace 
with the preheated air, the furnace efficiency 
increases. The higher the air temperature the 
higher the economy will be for the following 
reasons: 


e The amount of coke required per unit metal 
produced is reduced. 
e As a result of decreased fuel consumption, 


the air volume per unit metal produced will 
also decrease. : 
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e As a result of the previous two points, the 
volume of gas leaving the furnace per unit 
metal produced will also decrease. This re- 
sults in the decreased size of gas ducts and 
dust collecting system, etc. 

e The reaction rate is increased as a result of 
increased air temperature, thereby lowering 
the reaction time of the process, i.e., in- 
creased productivity. 


Oxygen Enrichment. Air is composed of 
2196 oxygen and 7996 nitrogen. The advan- 
tages gained by using pure oxygen or oxygen- 
enriched air in oxidation processes offsets the 
cost of liquefaction of air and separating the 
nitrogen. The reasons for that are the follow- 
ing: 

e Nitrogen acts as a diluent and absorbs large 
amounts of the combustion heat. When oxy- 
gen or oxygen-enriched air is used, the 
amount of heat lost by nitrogen is therefore 
decreased. As a result, the temperature of 
the furnace rises, and consequently produc- 
tion is increased. Or, coke consumption/ton 
of material processed is reduced. 

e The total volume of gases passing through 
the furnace would be considerably less than 
in normal practice. Therefore, the erosion of 
the refractories should be reduced and the 
size of furnace and dust-collecting units re- 
duced. 

e High-melting-point slags can be used, i.e., 
slags containing lime. In this case sulfur can 
be eliminated. 


Nitrogen-Free Operation. Instead of using a 
high temperature air blast it has been sug- 
gested to use cold oxygen. In this way the tem- 
perature in the furnace could be kept high and 
the inconveniences due to nitrogen could be 
eliminated. The cold tuyéres facilitate the in- 
jection of coal in the furnace and in this way 
coke will be used only as a reducing agent and 
not as a fuel, which represents a great saving. 
Further, the top gas could be cleaned, treated 
to remove CO,, and the remaining CO recy- 
cled for use as a fuel. 


Fuel Injection. When a sufficiently hot blast 
is available, a portion of a cheap fuel (pulver- 
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ized coal, fuel oil, natural gas) can be injected 
to replace some of the expensive coke. This 
results in increased production because it per- 
mits the removal of some coke from the 
charge. It is also a means for controlling the 
flame temperature since the fuel is injected 
cold. Generally, when tuyére-injected fuels are 
used, the moisture content of the blast must be 
decreased. The choice of the fuel depends on 
its cost and also on the cost of equipment for 
its injection. The equipment for gas injection 
is the least expensive and that for pulverized 
coal is the most. 


Blast Humidity Control. By adding moisture ` 


to the blast in the form of steam, it is possible 
to control the flame temperature and to 
achieve a smooth furnace operation because 
the reaction of steam with coke is endother- 
mic: 


H,O-«C-H,*CO 


The products of this reaction are themselves 
reducing agents. 


Pressure Operation. There is a recent ten- 
dency to operate the blast furnace under a 
slight pressure. This results in increased fur- 
nace capacity and decreased coke consump- 
tion. Operating under pressure, however, 
results in several difficulties. The furnace 
must be air tight at the top. Also charging 
equipment must have a special mechanism to 
allow the bell to be lowered. On the other 
hand, flue gases, being at high pressure, may 
be recovered in a turbine to be used, for exam- 
ple, in blast blowing. 

Operating the blast furnace under pressure 
can be achieved by introducing a throttling 
valve in the gas system. This results in the fol- 
lowing advantages: 


e Larger amounts of air can be blown and con- 
sequently increased production rate. 


e Increased pressure shifts the equilibrium of 
the following reaction to the left: 


СО,+ C = 2CO 


This reaction is responsible for tlie con- 
sumption of unnecessary amounts of coke. 
As a result, operating a furnace at 200 kPa 
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results in a decreased coke consumption of 
about 10%. 


e As a result of decreased coke consumption, 
the available volume in the furnace will in- 
crease and more ore can be reduced. . 


5.5.6 Engineering Aspects 


The iron produced in the blast furnace is 
saturated with carbon and is in the. molten 
state. Depending on burden composition and 
operation technique of the blast furnace, the 
molten iron produced contains varying 
amounts of other elements such as silicon, 
manganese, phosphorus and sulfur. The blast 
furnace can produce pig iron but not steel. 

The blast furnace is operated to achieve the 
following three major objectives: 


e Lowest energy consumption, particularly the 
lowest coke rate; 


e Highest productivity, i.e., highest produc- 
tion rate per unit volume of the furnace; 


e Composition and temperature of the molten 
pig iron produced must meet the require- 
ments of the steel shop and must be cón- 
stant. 
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Table 5.16 shows the simplified mass and 
heat balances of the reactions that proceed se- 
quentially during the descent of the burden in 
the blast furnace. All figures in the table are 
based on 1 mol Fe;O,, 1/4 mol CaCO, as а 
flux, and & mol of coke as fuel and reductant. 


Hematite is first reduced via magnetite to 
wustite by the gas. Because the heat require- 
ment of the reactions are small, the heat con- 
tent of the gas is sufficient for heating the 
burden (see Figure 5.20). The gas composition 
prevailing in the upper part of the furnace (be- 
low 1000 ?C) has the reducing potential for 
hematite and magnetite as depicted in Figure 
5.21. Only a portion x of the wustite is reduced 
to iron because of kinetic limitation. The devi- 
ation of the gas composition from the Boud- 
ouard equilibrium above 650 °C is due to the 
low reactivity of coke. Thus, carbon dioxide is 
not adequately converted to carbon monoxide. 
Deviation below 650 ?C is caused by suppres- 
sion of the carbon deposition reaction, 2CO = 
CO, + C. For coke saving, the former devia- 
tion from equilibrium is desirable, however, 
the latter undesirable. 











Figure 5.19: Top gas cleaning system [15]: a) Blast furnace; b) Dust catcher; c) Cyclone; d) To electric precipitator, e) To 


hurdle scrubber; f) To bag filter; g) To venturi scrubber. 
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6 Melting of iron and slag 
y(€ * 1/40, + 2N, > CO + 2N, 


Hot blast /,y mol 


Pet, + CO > 2Fe0 + CO, 

Indirect reduction 

x(2FeO + 2CO — 2Fe + 2CO,) 
4 Decomposition of limestone 

Direct reduction of remaining 

wustite 


Charge consisting of 1 mol 
wustite — iron 


hematite — wustite 
Hot blast temperature; ty 
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Table 5.16: Simplified mass and heat balances in the blast furnace as a countercurrent reactor [21]: increase (+), decrease (—), 


"Heat of reaction not based on reaction temperature. 
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Figure 5.20: Schematic profile of temperature and gas 
composition in the longitudinal direction of the blast fur- 
nace. А 
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Figure 5.21: Variation of temperature and gas composi- 
tion in a typical operation of the blast furnace superim- 
posed on the reduction equilibrium diagram of iron oxide. 


During descent of the burden, limestone 
Starts to decompose at ca. 700 ?C. This reac- 
tion requires heat and releases carbon dioxide, 
therefore the gas is cooled and its carbon diox- 
ide content increases. Consequently, the re- 
duction rate of iron oxide decreases and the 
value of x in Table 5.16 decreases. A lower 


65 


value of x corresponds to a higher coke rate 
according to the balance shown in Table 5.16. 
The wustite that has not yet been indirectly re- 
duced by the gas to iron must be reduced di- 
rectly with carbon. This reaction requires a 
great amount of heat. For simplicity it has 
been assun]ed in Table 5.16 that direct reduc- 
tion of wustite proceeds at 1100 ?C. This zone 
of the furnace is critical for the completion of 
the entire process. The amount of*oxygen 
which must still be removed from the ore in 
this part of the furnace depends on the degree 
of reduction achieved in its upper part. There- 
fore the residual amount of oxygen depends 
on the reducibility of the ore. On the other 
hand, the amount of oxygen which can be re- 
moved from the ore in this zone depends on 
the enthalpy that is delivered by the gas at 
1100 °C. This enthalpy, in turn, depends on 
the amount of coke that is available for com- 
bustion in front of the tuyéres. 

If excess heat is available, a higher top-gas 
temperature is found. However, the utilization 
degree of the gas eo decreases because the 
excess heat is supplied by combustion of coke 
to carbon monoxide. This phenomenon can be 
controlled by decreasing the coke rate of the 
burden materials fed at the top of the bed. 
However, the action will only be effective af- 
ter 4-6 h when the burden charged at new 
rates comes to the tuyére zone. An immediate 
effect is obtained if the heat input to the lower 
part of the furnace is decreased by increasing 
the moisture content or decreasing the temper- 
ature of the blast. : 

It is more difficult to compensate ап en- 
thalpy shortage in the lower part of the fur- 
nace. Àn increase in the coke rate is effective 
only after several hours. It is often not possible 
to increase the temperature of the blast be- 
cause the blast temperature is usually at its 
maximum for economic reasons. The maxi- 
mum blast temperature is limited by the ca- 
pacity of the stoves and also by the maximum 
allowable temperature of the blast furnace. A 


. Short-term solution to compensate an enthalpy 


shortage is to inject fuels such as hydrocar- 
bons, natural gas, oil, or pulverized coal to- 
gether with an oxygen enrichment of the blast. 
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Upon further descent of the burden, the en- 
thalpy AH, ; needed to melt iron and slag must 
be supplied. For simplicity, they are assumed 
to melt down at 1300 ?C (see column 6 in Ta- 
ble 5.16). 

The various heat sinks are compensated by 
the equal amount of heat supplied from the 
combustion of the coke and from the hot blast 
as described in columns 7 and 8 in Table 5.16. 
This requirement almost determines the coke 


rate for various conditions. This is an approxi- - 


mate calculation because the coke require- 
ment for the reduction of molten wustite, 
silica, and manganese oxide as well as that for 
the carbon dissolved in the metal has not been 
taken into account. To consider the heat and 
mass balances, the furnace is divided into two 
parts by a boundary line which is drawn in the 
thermal and chemical reserve zone. In this 
zone, the temperature is almost constant (ca. 
900 °C) and no reduction of iron ores occurs. 

The coke rate is determined by the enthalpy 
requirement of the lower furnace. The quan- 
tity of carbon y (mol of carbon per moles of 
hematite to be reduced) needed to supply the 
heat is given by Equation (1) (for symbols see 
Table 5.16): 

— x)AH 

y = -AHgs* e (1) 

The total amount of carbon required Ё is 
given by (see Table 5.16): 
k-y-2x42 EO 
The amount of carbon required for direct re- 
duction is: 
k-y-2-2x*2 

Substitution of the figures listed іп Table 
5.16 gives the carbon rate as a function of the 
hot blast temperature Ze and the amount of 
wustite reduced indirectly x, assuming that the 


direct reduction proceeds primarily at љ = 
1100 °C 


357 


k= — t+ 
111 + 0.084 (15 – 1100) 

_ 24315 
111 + 0.084(25 — 1100) 


The coke rate O is then given by: 


x4+2 
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О = 118k 


on the basis of a carbon content of the coke of 
85% and on iron content of the hot metal of 
93.5%. 

The fraction of indirect reduction тсс indi- 
cates how much oxygen has been removed 
from the ore by indirect reduction. Taken to- 
gether with the fraction of direct reduction ғо, 
the sum should be equal to unity: 


Toot Tc 71 3) 


For reduction of hematite, the following re- 
lation 1s valid (Table 5.16, columns 2 and 3): 
гсо = E 2147 (4) 

On the basis of the balance shown in Table 
5.16, it is not possible to assign a value to x 
(amount of wustite indirectly reduced). The 
maximum value of x can be determined ther- 
modynamically. If the value of x is given, then 
co, is obtained from Equation (4). In fact, the 
value of x is determined by the rate of the indi- 
rect reduction of iron ore and by the reactivity 
of the coke which, in tum, determines the de- 
gree to which the Boudouard reaction pro- 
ceeds. The value of x can be evaluated from 
the composition of the top gas if the opera- 
tional data are available. The gas utilization 
factor is defined by Equation (5): 


% CO, ` 


Neo = % CO, 4 % CO 


0) 
Substitution of the values in Table 5.16 pro- 
vides the following Equation: 


1+25 


z 2(1-x)+y ©) 


Tlco 
Since y depends only on the enthalpies and x 
for a given blast temperature (see Equation 1), 
the value of x can be determined if the decom- 
position of limestone is neglected. In practice, 
Fco is between 0.45 and 0.65 and the corre- 
sponding values of x are between 0.175 and 
0.475. 


The amount of air | required per molé of he- 
matite and the amount of off-gas generated gz, 
are obtained from Table 5.16: 








Iron 


5 


l= p (amount of air) 


g= 3y- 2x42 (amount of off-gas) (8) 


These equations are approximate expres- 
sions and should be improved for more accu- 
rate calculations—particularly when the 
calculated results are to be used for furnace 
control to keep the composition and tempera- 
ture of the hot metal constant. For this purpose 
it is necessary to formulate the heat and mass 
balances on hydrogen from water vapor and 
hydrocarbons and on the solutes in the iron 
(e.g., carbon, silicon, manganese, and phos- 
phorus). 


5.5.7 Effective Utilization of 
Energy 


The high thermal efficiency of the blast fur- 
nace (Table 5.17) directly leads to a low coke 
rate. Heat losses through the wall amount to 
ca. 596. Additionally 2-5% of thermal energy 
is lost in the form of off-gas enthalpy. These 
values decrease with increasing furnace size 
so that the total loss of thermal energy is « 696. 
Compared to the low thermal energy loss of 
the blast furnace, the chemical energy of the 
off-gas 1s rather large and amounts to ca. half 
of the thermal energy used effectively in the 
furnace. 

Table 5.17: An example of enthalpy balance for the mod- 


ern blast furnace (no. 6BF at Chiba works of Kawasaki 
Steel Corp.). 


Enthalpy X 103 kJ per ton of pig iron 96 
Input 
Raw materials 519 3 

Coke ` 14 412 83 

Blast 1411 8 
Electricity 1093 6 
Total 17 439 100 
Output 
Top gas 5389 

(chemical: 4966; thermal: 423) 

Pig iron 9 697 56 
Slag 908 5 
Dust 255 1 
TRT's recovery? 536 3 
Wall, heat loss 653 


4 
Total 17 439 100 


" TRT: Top-gas pressure recovery turbine. 
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The thermal energy supplied by the hot 
blast (Table 5.17) should be partly subtracted 
from the total energy required for the blast fur- 
nace operation because the blast is primarily 
heated by the off-gas. Even in modern blast 
furnaces ca. 3096 of the primary energy sup- 
plied by coke leaves the process in the form of 
carbon monoxide and hydrogen in the off-gas. 
A heat loss of 3—796 is caused by slag en- 
thalpy. With these considerations in mind, 
lowering of the energy requirement can be ac- 
complished as follows: 

e use the chemical energy of the off-gas as ef- 
ficiently às possible in the process system, 


e decrease the specific slag volume, 


e prepare the burden (operation of the stack), 
i.e., сапу out dehydration and decarboniza- 
tion outside the blast furnace by utilizing in- 
expensive energy sources. 

Additionally, efforts exist to replace metal- 
lurgical coke by other inexpensive energy 
sources because of high cost and shortage of 
coking coal. 


Blast Furnace Operation and Physical 
Properties of Burden Materials. The heat re- 
quired to produce 1 t of hot metal substantially 
depends on the physical properties of the iron 
ores. In modern blast furnace operation, pro- 
cessed ores like sinter and pellets are usually 
fed to the furnace to conduct stable operation . 
for pursuing higher productivity and lower 
coke rate. Physical properties which signifi- 
cantly affect the blast furnace operation are re- 
ducibility and reduction  disintegration. 
Higher reducibility contributes to the increase 
in indirect reduction in the stack region 
thereby increasing the utilization factor Neo 
and decreasing the coke rate because of a de- 
crease in direct reduction. Reduction disinte- 
gration directly affects the gas permeability of 
the burden beds and may cause flow maldistri- 
bution which negatively affects the reduction 
of iron ore and gas utilization. Therefore, the 
physical properties of the sinter should be con- 
trolled appropriately. A lower FeO content in 
the sinter enhances the reducibility, however, a 
higher content improves the reduction disinte- 
gration as shown in Figures 5.22 and 5.23. 
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Figure 5.22: Influence of FeO content in sinter on the re- 
ducibility [22] (Courtesy of The Iron and Steel Institute of 
Japan). 


А low gangue content of the burden materi- 
als also contributes significantly to the coke 
savings by decreasing the slag volume. 


Chemical Energy of the Off-Gas. Burden 
materials with a high reducibility and a low re- 
duction disintegration provide a low coke rate, 
but a high gas utilization factor Nco. A better 
burden preparation allows the use of higher 
blast temperatures which results in the use of a 
larger portion of the off-gas for heating the 
blast. These circumstances significantly de- 
crease the waste energy that leaves the blast 
furnace process in the form of off-gas. Figure 
5.24 illustrates the decrease in the coke rate in 
Germany and in Japan by improving the phys- 
ical properties of the burden materials and uti- 
lization of the off-gas. Figure 5.24 also shows 
the effect of replacing coke by oil and pulver- 
ized coal on the coke rate. The theoretical lim- 
its of the coke rate for a fully oxidized burden 
and a burden that has been 60% and 100% 
prereduced are also indicated in this diagram. 
When 100% prereduced burden is used, the 
blast furnace is operated as a melting furnace 
like a cupola that produces cast iron. In this 
case, a gas with a very high calorific value is 
produced because the blast furnace works as 
an iron and gas producer. 
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Figure 5.23: Relation between FeO content in sinter and 
reduction disintegration degree [23] (Courtesy of The Iron 
and Steel Institute of Japan). 
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Figure 5.24: Specific fuel rate for the production of 1t 
hot metal in Japan and Germany: — Fuel rate; — — Coal 
rate. 

Figure 5.25 shows that the calorific value 
of the off-gas decreases with decreasing coke 
rate, which favors the cost effective operation 
of the blast furnace. On the other hand, it may 
be necessary to increase the calorific value of 
the off-gas by increasing the coke rate when 
the calorific value of the off-gas is not suffi- 
cient to heat other furnaces in the steep plant 
or the hot blast stoves and when a cheaper en- 
ergy source is not available. In the case, the 
blast furnace also has a function as a gas pro- 
ducer. 
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Figure 5.25: Relationship between specific enthalpy of 
top gas and coke rate [24] (Courtesy of Verlag Stahleisen 


mbH). 

In spite of the successful efforts to decrease 
the coke rate and to use substitutive fuels since 
the 1950s, the problem to what limit the coke 
rate can be lowered 1s still not solved. Suffi- 
cient coke must be present in front of the 
tuyéres to form a dead man through which the 
gaseous products can ascend. In addition, the 
coke consumed in the dead man must be re- 
placed. If the quantity of coke required for 
these portions of the process is not available, 
then the characteristics of the process change 
and it can no longer be called a blast furnace 
process. 


Figure 5.26 gives a schematic illustration of 
the processes occuring in the combustion 
zone in front of the tuyéres [24]. According to 
direct observations, coke particles are en- 
trained in the turbulent air flow immediately 
in front of the tuyére opening and fly on circu- 
lar trajectories within the raceway. 


The coke particles are primarily gasified in 
the raceway. According to the gaseous compo- 
sition distribution in the raceway shown in 
Figure 5.27, coke burns with the gas at first 
forming carbon dioxide, and then carbon diox- 
ide 1s reduced to carbon monoxide in an area 
near the coke-filled bed. A typical gas. compo- 
sition change from the tuyére via the raceway 
to the packed bed calculated by a two-dimen- 
sional model [27] is shown in Figure 5.28. 
From this figure the gasification reaction has 
almost gone to completion in the raceway re- 
gion, therefore a very small quantity of CO, is 
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left for the coke packed bed around the race- 
way. 

Moreover, the direct observations indicate 
that a shower of iron and slag droplets de- 
scends in front of the tuyéres, together with 
coke particles falling through the air flow In 
addition, in no other part of the raceway roof 
was the burden observed to descend. On the 
basis of these observations it is assumed that 
the molten iron and slag trickles down in the 
space between the individual tuyéres and 
within the dead man. This phenomenon has 
been proven by dissection of blast furnaces 
[28, 29]. 

Fluid flow studies have shown that the ade- 
quate quantity of gas cannot flow through the 
cohesive layers or through the layers which 
hold up the molten matenals unless a suffi- 
cient volume of coke bed (which has a high 
permeability) is present inside the furnace. 





Figure 5.26: Movement of coke particles in front of the 
tuyére and location of combustion zone: a) Packed zone; 
b) Coke fluidizing zone; c) Coke slow moving zone; d) 
Blast jet. 

Basic Concept to Improve Blast Furnace 
Performance. The following technologies or 
their combinations have been principally ap- 
proved to decrease the coke rate and to in- 
crease the productivity of the blast furnace: 


ө Pretreatment of iron ores improves the re- 
ducibility and permeability and hence, in- 
creases the gas utilization тү. Examples 
are sintering or pelletizing of the ore and 
screening to separate the fines. 
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Figure 5.27: Combustion of coke in the raceway [25] (Courtesy of The Iron and Steel Institute of Japan). 


1.0 


‘EAN 
| 0.8 Oo, 
5 06 EH co, 
Е 0.4 du 
$02 
= 
0 








Tuyere Raceway Packed 
bed 


Figure 5.28: Change of gas composition from the tuyére 

to the packed bed. 

@ Injection of auxiliary fuels such as hydro- 
carbons, oil, and pulverized coal replaces 
coke for heating and reduction purposes. 

e Oxygen enrichment of the blast together 
with fuel injection decreases the amount of 
blast; this decreases the amount of off-gas 
per tonne of coke and increases the furnace 
efficiency. 

e Increase in the blast temperature reduces 
the amount of coke required for heating. 

e High pressure operation allows the intro- 
duction of a larger amount of blast per unit 
time. 

e Reducing gas injection in the lower part of 
the stack lowers the amount of coke re- 
quired for reduction. 


e The use of partially reduced ore results in a 
decrease in the coke rate and an increase in 
the productivity of the furnace. 

The effect of these various technologies on 
the coke rate and their limits of applicability 
can be summarized with the aid of the ex- 
tended Rist diagrams shown in Figures 5.29, 
5.30 and 5.32. 

Table 5.18 lists quantitative results ob- 
tained from operational data concerning the 
technologies applied to decrease the coke rate 
on the basis of the Rist diagram and to in- 
crease the productivity. 

Curve 1 in Figure 5.29 represents the con- 
ditions in a blast furnace without additional 
technologies. Heat is liberated during the oxi- 
dation of carbon (coke for heating) by the hot 
blast (E to F). The segment FG represents the 
reduction of elements dissolved in iron and 
segment GK corresponds to direct reduction. 
The indirect reduction is represented by the 
segment AK. The diagram allows the determi- 
nation of the amount of carbon required per 
mole of iron (C/Fe) and the amount of coke 
(85% C) required per tonne of hot metal 
(93.4% Fe). For this purpose, the operating 
line 1 is shifted to the line 1a which goes 
through the origin. The intersection of 1a with 
the abscissa in the upper part of the diagram 
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together with curves I or II gives the carbon 
consumption (C/Fe) on the ordinates I or II on 
the left side, while the coke consumption can 


be read from the ordinate on the right. The- 


lower abscissa (0—100%) is valid for the seg- 
ment between E and K. It shows the coke con- 
sumption for heating (EF), for reduction (GK), 
and for the reduction of minor constituents in 
the burden (FG). For the blast furnace opera- 
tion in accordance with line 1 the coke rate is 
550 kg per tonne of hot metal which is equiva- 
lent to a C:Fe ratio of 2.3. The consumption 
ratio is 6096 for heating, 25% for direct reduc- 
tion, and 15% for the reduction of the minor 
constituents in the burden. 


Lines 2 and 3 are theoretical operating lines 
for obtaining the limits of the coke rate. Line 2 
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(no coke used for reduction) 1s based on the 
assumption that the reactivity of the coke is so 
poor that the Boudouard reaction and the di- 
rect reduction are suppressed completely. 
However, it is also assumed that a gaseous 
composition is reached which corresponds to 
the reduction equilibrium from wustite to iron 
(point W). In this case the entire quantity of 
carbon monoxide required for the feduction 
must be generated by the combustion of coke. 
This condition causes the extremely high coke 
rate (line 2a) of ca. 1000 kg per tonne of hot 
metal, a lower gas utilization т\с, as well as 
higher temperatures of off-gas and molten 
iron. 
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Figure 5.29: Extended Rist diagram [20]. Line 1: normal blast furnace operation (standard); Lines 2 and 3: hypothetical 
operation (Line 2: coke for reduction = 0, line 3: coke for heating = 0). 
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Figure 5.30: Effect of measures to decrease the coke rate and to increase the productivity of the blast furnace estimated 
by the Rist diagram [20]. Line 1: normal blast furnace operation (standard); Line 2: improvement in gas permeability and 
reducibility; Line 3: improvement in indirect reduction (К,) by injecting reducing gas into the stack. 


Line 3 is based on the assumption that no 
coke 1s required for heating and that the total 
heat required 1s supplied by a hot inert gas. In 
that case the coke rate would be ca. 200 kg per 
tonne of hot metal while the gas utilization 
would be 8094. 


Line 2 in Figure 5.30 shows the decrease of 
the coke rate caused hy the improvement of 
gas permeability and reducibility compared 
with the standard case (line 1). Line 2 gives an 
improvement of 5% in gas utilization thereby 
close approaching the equilibrium point W in 
the wustite field. In addition, the degree of di- 
rect reduction (K,) decreases which leads to a 
coke saving of 30 kg per tonne of hot metal 
(thm). The reducibility of various burdens are 


shown in Figure 5.31, which were measured 
according to Japanese industrial standard. 


It is evident from Figure 5.30 that improve- 
ment in the physical properties. of burdens 
does not result in a large decrease in the coke 
rate but can probably contribute much to the 
stable operation of the blast furnace. A lower 
coke rate Oe, a lower slope of the operating 
line in Figure 5.30) could only be achieved if 
it were possible to increase the degree of direct 
reduction together with the gas utilization. 
This method would lead to an increase in the 
heat requirement that must he supplied by a 
hotter blast if coke is to be saved. However, 
the hot blast temperatures have already 
reached their technological limit. 
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Table 5.18: Effect of various parameters on the coke rate and the productivity of the blast furnace, based on 1 t of hot 








part of the heat requirement. In some cases, 
the blast is also enriched with oxygen to in- 
crease the combustion efficiency. The best 
record achieved up to now with the blast fur- 
nace in the Kimitsu Works of Nippon Steel are 
shown by line 2 in Figure. 5.32. The coke rate 
is 390 kg/t for a heavy oil addition of 60 kg/t 
(gas utilization of ca. 45%, indirect reduction 
of ca. 75%). There is a slight break in the line 
at К, which indicates that the quantity of re- 
ducing gas is larger as a result of the oil addi- 
tion than in the case of carbon gasification 
alone. 

Auxiliary fuels injected into the blast fur- 
nace can replace coke only up to a certain 
limit. In the raceway the hydrocarbons are 
only combusted to carbon monoxide and hy- 
drogen, liberating less heat than coke per 
equal quantity of oxygen. 

Natural gas 


CH,+'/,0, 2 CO +2Н, AH. = -36 kJ/mol (9) 
Oil 
~CH,-+ 1,0, > CO +H, AH44,--90kYmol (10) 


metal [21]. 
Effect on coke rate 
EE Range Change kg per tonne of hot metal 
Slag volume, kg/t 250-350 -100 -15to25 
Partially reduced pellets", 96 of burden 0-30 +10 —1.5 to 2.0 
Fully reduced peljets’, kg/t. 0-20 +10 -2103 
Scrap, kg/t *10 4 
Gas velocity in stack", m/s 2.5-5.0 -0.1 -2.5 to 3.0 
Hot metal silicon, % Y 0.5-1.5 40.1 - —4to 7 
Fines in burden, % < 5 mm а 0-7 -l1 -4to 7 . 
Crushed ore, % of burden ` 
8—40 to 8-30 mm 0—40 40 —10to 13 
8-30 to 10-25 mm 0-40 40 -5107 
Goke ash content, 96 6—12 —1 —5 to 10 
Pellet content of burden, 96 0-100 +10 -5 to 10 
- Sinter content of burden, 96 0-100 +10 —5 to 10 
Blast moisture content’, g/m? -10 —610 10 
Blast temperature, ^C 900—1350 +100 —8 to 20 
Oil injection, kg/t 50—100 +1 0.91014 
Blast oxygen enrichment, 96 +1 +2 to 396 
Top gas pressure, kPa 10-250 +10 +1 to 2%° 
*With 68% Fe, 40% metallic iron. 
* Fully metallized. 
* With respect to empty stack (superficial velocity). 
4 Air at standard conditions. 
‘Increase in melting rate. 
Fuel injection through the tuyéres (e.g, Coke 
pulverized coal or hydrocarbons) can supply a C410, CO AH, -111 kJ/mol (i) 


Thus a given quantity of heating coke can 
only be replaced by a larger quantity of hydro- 
carbons if the same amount of heat has to be 
generated. In other words, the replacement ra- 
tio, defined by hydrocarbons:coke is > l. . 
However, twice to three times the amount of 
reducing gas including hydrogen is produced 
per mole of combustion air (Equations 9 and 
10) compared to the combustion of coke 
(Equation 11). 


The addition of hydrocarbons increases the 
degree of indirect reduction because the re- 
duction rate of hydrogen is higher than that of 
carbon monoxide. Thus, the degree of direct 
reduction and its enthalpy requirement de- 
crease. Consequently, the overall effect of hy- 
drocarbon injection on the replacement ratio 
increases, thereby giving an overall hydrocar- 
bon coke replacement ratio « 1. The enthalpy 
deficiency which suppresses further increase 
of indirect reduction becomes increasingly no- 
ticeable whenever more coke is replaced by 
increasingly larger amounts of hydrocarbons. 
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The advantage of the lower fuel cost, there- 
fore, becomes gradually less. However, a 
more serious problem is the decrease in the 
furnace productivity. Fuel injection can be 
made more cost-effective by increasing the 
oxy gen enrichment of the blast or the hot blast 
temperature. Modern practice makes use of 
the theoretical and actual flame temperatures 
to control the replacement ratio. Japanese fur- 
naces are operated on the basis of a theoretical 
flame temperature of ca. 2200 °C. 
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Figure 5.31: Influence of basicity and pellet diameter on 
reduction degree [31] (Courtesy of The Iron and Steel In- 
stitute of Japan): —O— 1200°C; —e— 1250 °С; — 
O— 1300 °C; —x— 1350 °С. 

Cost effectiveness considerations should 
take into account the fact that the sulfur con- 
tent of the hot metal increases as a result of oil 
injections. This leads to a cost increase associ- 
ated with the desulfurization of hot metal. Ad- 
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ditions of up to 70 kg/t have been tried and 
were technically feasible. However, the oil cri- 
ses of 1973 and 79 made oil very expensive. 
Therefore almost all blast furnaces operated in 
Japan changed the injection fuel from oil to 
pulverized coal. Figure 5.33 illustrates the re- 
placement ratio of coke by pulverized coal. 
Pulverized coal is more difficult to inject into 
the blast furnace than oil because it is in the 
solid not in the fluid state and it contains ash. 
A successful technology for pulverized coal 
injection has been developed to inject up to 
150 kg/t by using low ash coal crushed to < 
200 mesh (74 рт) [33]. However oil or natu- 
ral gas injection is also conducted depending 
on local energy conditions all over the world. 


Line 3 in Figure 5.30 shows a break which 
represents the operation of injecting a reduc- 
ing gas into the stack to promote indirect re- 
duction. This leads to the heating and reducing 
coke requirement of 390 kg/t (line 3a). How- 
ever, inherent to the low coke rate is a low gas 
utilization Neg of only 30%. The break in line 
3 at K, is the result of an increase in the quan- 
tity of the gas at the poinlt of injection. This 
technology has not been accepted for wide- 
spread application because of the poor gas uti- 
lization and the large amount of top gas. 
However, the reducing gas injection in the 
stack region is an important technology for the 
operation of the blast furnace with pure oxy- 
gen [34], which is currently being developed 
for the super high productivity of the blast fur- 
nace process. 


Line 3 in Figure 5.32 represents a blast fur- 


nace operation using prereduced ore with a 
metallization degree of 50%. This procedure 


‘leads to a decrease in the coke rate to 310 kg/t. 


In this case, gas utilization is only ca. 30%. 
Therefore, such an operation is only recom- 
mended when the blast furnace capacity is in- 
sufficient to satisfy a sudden increase in hot 
metal demand. The productivity of tlie blast 
furnace increases significantly by using prer- 
educed material although it is more expensive. 
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Figure 5.32: Effect of measures to decrease the coke ratio and to increase the productivity ofthe blast furnace estimated 
by the Rist diagram [20]. Line 1: blast furnace operation (standard); Line 2: decrease іп the coke ratio through injection of 
inexpensive energy (best values achieved with Japanese furnaces), Line 3: operation with prereduced ore. 
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Figure 5.33: Coke replacement with pulverized coal in- 
jection [32] (Courtesy of The Iron and Steel Institute of 
Japan). 


Slag Practices. The slag must meet the fol- 

lowing requirements: 

e It should absorb all unreduced non-volatile 
components of the burden and remove them 
from the blast furnace. 

e It should be a liquid of low viscosity. 

e It should be able to absorb the sulfur prima- 
rily contained in the fuels and it should con- 
tain as little iron oxide as possible to 
increase the yield of hot metal. 

e The slag volume should be as low as possi- 
ble without impairing the desulfurization. 

e The temperature range where the burden 
components become cohesive should be 
narrow to ensure better permeability of the 
burden column. 

e Finally, the slag should be converted to sal- 
able material. 
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Figure 5.34: Phase diagrams of the system CaQ—Al,O,-SiO, [35]. 


These requirements are in part complemen- 
tary and in part mutually exclusive. It is there- 
fore necessary to state priorities. 

About 95% of the slag consists of 51О„, 
CaO, MgO, and Al,O, The requirement of 
low viscosity can be met by a vanety of com- 
ponents in this quatertiary system. Ignoring 
the presence of MgO, the phase diagram of the 
ternary system CaO-AL,0,-SiO, illustrated 
in Figure 5.34 shows a low melting tempera- 
ture region which is parallel to the CaO-SiO, 
binary for low AI,O, content. This region ex- 
tends from high SiO, content to the saturation 
isotherm for 2CaO- SiO, and then for essen- 
tially constant CaO content toward high Al,O, 
content. The MgO content of the slag does not 
substantially affect the relative position of the 
low melting temperature region and only af- 
fects the absolute values of the melting tem- 
peratures. The compositions of blast furnace 
slags as encountered under various operating 
conditions are shown in Figure 5.35. 

The desulfurization of the hot metal in- 
creases with slag basicity, i.e., with increasing 
CaO and/or MgO content. Region 1 in Figure 


5.35 can, therefore, be used only for process- 
ing low sulfur burden (e.g., in Brazil where 
very low sulfur content charcoal is often used 
as reductant). Because the gangue constituents 
usually form a low basicity slag, region 1 
largely represents the slag composition with- 
out addition of fluxes. The furnace can be op- 
erated at a relatively low temperature because 
of the low melting points. Region 2 is reached 
for low iron content burden with acid gangue 
constituents. This mode of operation prevails, 
for example, in Salzgitter and requires exten- 
sive desulfurization of the hot metal outside of 
the blast furnace. The attainment of a basicity 
that would result in adequate desulfurization 
within the furnace would require a large lime 
addition which leads to a high slag volume and 
consequently to higher coke rate. Region 3 
represents the worldwide preferred slag com- 
positions for /arge blast furnaces. In this case, 
depending on the alumina content, dolomite 
must be added to satisfy the required MgO 
contents (see Table 5.19). E 


Slags with higher basicities B as shown in 
Table 5.19 would favor optimum softening 











Iron 


conditions. The softening and melting range 
of the gangue constituents is ca. 80—130 °C for 
B=0.5 and ca. 20-50 °C for B = 2.0. Because 
of the higher melting temperature of the 
highly basic slag and of extra energy required 
due to the larger quantity of flux addition, 
hence, the slag basicity is maintained at ca. 
1.2. 
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Table 5.19: Optimum composition of blast furnace slag in 
96 [35]. 


ALO, CaO MgO SiO, 
5 43 16 36 
10 44 14 32 

15 44 12.5 28.5 
20 45 ll 24 
25 48 8 19 
30 56 5 9 
35 54 4 7 
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Figure 5.35: Composition of typical blast furnace slags on the CaO-ALO;-S1O, phase diagram (see Figure 5.34) [20] 


(for explanation of regions 1, 2, and 3 see text). 


5.5.8 Blast Furnace Productivity 
Criteria 


The production rate P (t/d) of a blast fur- 
nace has been linked in various ways with the 
constructive data of the blast furnace and with 
metallurgical properties of the burden to give 
the specific furnace productivity. To date, no 
consensus has been reached to define a param- 
eter which characterizes the furnace size and 
can be used in the calculation of the productiv- 
ity. The characteristic parameters proposed up 
to now are (1) the hearth diameter, (2) the 
hearth bustle area that determines the depth of 
penetration of the blast in front of the tuyéres, 


(3) the square of the hearth diameter, (4) the 
hearth area, and (5) the working volume of the 
furnace. In Germany the hearth area is mostly 
used as a characteristic parameter for the fur- 
nace size, whereas in Japan the inner volume 
of the furnace is often used. 


To compare various furnaces, the coke con- 
sumption with respect to the hearth diameter is 
often used. The coke consumption is a crite- 
rion (typical parameter) to express the produc- 
tivity in the furnace which is operated in a 
given mode. The amount of coke consumed in 
the furnace is determined stoichiometrically 
by the constant blast volume blown. If the 
quantity of blast exceeds the limit, unfavor- 
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able phenomena such as hanging of the burden 
or variations in hot metal composition occur. 
The following relations have been proposed 
between hearth diameter and coke consump- 
tion: 


Р = JAQ/nR 

О = 30.673 х 1.829(D — 1.829 — 21.) 

О= ү? (12) 
logQ = 2.59 x logd + 0.73 

Q -9.06D*? 


where y is the productivity factor, D is the 
hearth diameter and R a constant. The produc- 
tion of hot metal P is related to coke consump- 
tion per day Q (t coke per day) by the coke rate 
K (tof coke consumed for producing 1 t of hot 
metal) and is indirectly evaluated from the 
quantity of blast blown or the coke consumed: 


P-QIK (13) 


Blast furnaces which are well operated 
have a specific hot metal production rate p — 
PIA of 65 tm“d" at a coke rate of 470 kg/thm, 
a slag volume of 300 kg/thm, a superficial gas 
velocity at the top of 3 m/s and a blast temper- 
ature of 1100 ?C. In Japan specific production 
rates of 80 172417! together with slag volume 
of 180 kg/thm have been achieved. Productiv- 
ities based on the hearth area should be inter- 
preted carefully, because the hearth diameter 
increases during the course of a furnace cam- 
paign by the wear of the lining. Therefore, the 
productivity should be evaluated by using the 
actua] hearth area. 


The coke consumption Q is shown as a 
function of the hearth diameter in Figure 5.36 
for a productivity factor y between 10 and 25. 
The daily production rate of some blast fur- 
naces, as a function of the hearth diameter is 
shown in Figure 5.37. Curves for the specific 
hot metal productivity p are also shown for 
comparison. In practice it has been observed 
that the specific iron productivity does not in- 
crease proportionally for extremely high coke 
rates because for hard driven furnaces the 
coke rate K in Equation (13) increases with de- 
creasing gas utilization. 
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Table 5.20: Values of constants in Equation (14) [39] 
(Courtesy of The Iron and Steel Institute of Japan). 


l m n 
Р,< 1000 0 2.0 500 
1000 <Р, < 1500 0.10 1.5 1000 
1500 <P, $8 2000 0.175 1.2 1500 
2000 <Р, 0.235 1.0 2000 
2400 
y=25 
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Figure 5.36: Change of coke consumption with the hearth 
diameter D and productivity factor y [37]. 


Formule for the calculation of the produc- 
tivity based on empirical observation of oper- 
ating furnaces have been derived with the aid 
of regression analysis [38]. These formule are 
used to compare various furnaces or for the 
design of new furnaces. A regression formula 
on productivity is given for the blast furnace 
which produce pig iron for steelmaking. 
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Table 5.21: Characteristic data for modern large blast furnaces. 
Japan Germany France 

No:2 No. 5 No.1 No.4 

Cita Fukuyama Schwelgern Dunkerque 

NSC NKK ` Thyssen Stahl AG SOLLAC 
Blown in date, month-year 10-1976 02-1986 02-1973 11-1987 
Hearth diameter, m 14.8 14.4 13.6 14.0 
Working volume, т? 5070 4664 3596 3648 
Number of tuyéres 40 42 40 40 
Number of tap holes 5 3 4 4 
Number of cinder notch 0 0 0 0 
Bell and hopper arrangement" 2B+V 4B PW Pw 
Top gas pressure, kPa max. 300 230 330 max. 250 
Hot blast stoves (number-type)? A/ECS 4/ECS 3/ECS A/ECS 
Blast blower electr. electr. electr. electr. 
Gas cleaning* DC/2VS DC VSEP DCC VS Dc VSC 
Production, t/d 10 150 9295 8700 8250 
Load on hearth area, tm ^d! 59.0 57.1 60.7 54 
Net burden weight, kg/thm* — 1640 1600 1631 
Slag weight, kg/thm 321 309 255 314 
Coke rate (dry). kg/thm 493 512 337 345 
Pulverized coal injection (dry), kg/thm 0 0 145 127 
Blast temperature, °C i 1097 995 1150 1185 
Blast volume (standard conditions), mi 1110 1151 1100 1062 
Oxygen enrichment, % 0 1.05 0 0 





"В = bell; V = valves; PW = Paul Worth top without a bell. 
*ECS = extemal combustion stack. 


* DC = dust catcher; VS = venturi scrubber, EP = electric precipitator; C = cyclone. 


*thm = tonne of hot metal. 
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Figure 5.37: Relationship between hot metal production 
rate and the hearth diameter. The curves are for different 
specific hot metal production rates [38]. a) 50 tmd; b) 
68 tm?d 5 c) 85 tmd", 


9241 + ua, ~2.20))/100 


| (m/100)(P, — 2 
lte 
100 


489 — 0.10(t, — 1132) + 10(Ash — 10.8) 
0.2(SV — 304) — 0.9[(SR — SFPe) – 71.7] 
—0.5(OPe —91) 


(14) 


where P is the productivity (17173); A а con- 
stant (0.85—1.15) O, the oxygen enrichment of 
the blast (96); P, the top-gas pressure (gf/cm? = 
gram force per square centimeter — 98.0665 
Pa); /, m, n are constants given in Table 5.20, : 
the blast temperature (°C); Ash the ash content 
in coke (%); SV the slag volume, (kg per 
tonne of pig iron); SR the sinter ratio (96); 
SFPe the self fluxing pellet ratio (%), OPe the 
. acid pellet ratio (96). 
The disadvantage of this formula is that it is 
entirely empirical. It does not predict produc- 
tivity increases with technological improve- 
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ments. Important operational data for some 
large blast furnaces are summarized in Table 
5.21. 


5.5.9 Use of Blast Furnace 
Products 


Hot metal, slag and top gas are the products 
of the blast furnace. 


Hot Metal. Most of the hot metal is processed 
to steel by means of the LD (Linz Donawitz) 
oxygen top-blowing processes. The hot metal 
used for the LD or open hearth (Siemens— 
Martin) steelmaking process is known as low- 
Phosphorus hot metal. It is characterized by 
low phosphorus and low sulfur contents. High 
phosphorus hot metal (Thomas iron) can also 
be refined to steel by means of the oxygen 
steelmaking (LD/AC) process Other types of 
hot metal are further processed in foundries to 
cast iron or are used as alloys in the steel shop 
or in the foundry because of their high alloy 
content (e.g., manganese, silicon). The com- 
position of the common types of hot metal are 
listed in Table 5.22. The Bessemer (Thomas) 
and open hearth processes have been replaced 
by the oxygen top-blowing processes. 


Slags. Depending on the conditions during so- 
lidification, the slags produced by the blast 
furnace are further processed to: 
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e Air-cooled slag (solidification in slag pots 
or pouring pads), 


e Granulated slag (spraying of the liquid slag 
with water), 


e Pumice slag (foaming with water), or 


e Slag wool (blowing of the liquid slag with 
air or steam) 


Granulated slag can be in the form of peb- 
bles or can have a porous structure depending 
on the granulation process. The different 
structure affects the hydraulic-bonding prop- 
erties, the grindability, and the strength. Gran- 
ulated slag is used as a material for making 
blast furnace cement by mixing it with Port- 
land cement after pulverization. It is also used 
as a fertilizer. 


Pumice slag is used in porous form as an in- 


sulation and filler material in heavy concrete 
and as a replacement for other bulk additions. 


Air-cooled slag is either ground, such as 
granulated slag, or crushed and screened to be 
used as ballast or aggregate. 


Slag wool is used in the form of pads for 
thermal insulation. 

The relative quantities of the various prod- 
ucts made from blast furnace slag for the vari- 
ous application are listed in Table 5.23 [40]. 


Table 5.22: Average composition of various kinds of hot metal (%) [36]. 





C 

Low phosphorus iron 3.84.5 
LD hot metal 3.84.4 
Thomas (Bessemer) iron 3.5-3.9 
Hematite hot metal 3.5—4.2 
Foundry iron I 3.5-4.5 
Foundry iron III 3.5—4.5 
Foundry iron IV A 3.5-4.5 
Foundry iron IV B 3.54.5 
Specialty and malleable cast iron 3.4—4.3 
Specialty metal (high carbon) 4.04.8 
Specialty metal for the production of 

nodular cast iron 2.84.3 
Siegerland specialty metal 2.8-3.4 
Spiegel iron 4.0-5.0 
Ferro manganese (75%) 6.0-7.0 
Ferro silicon 1.4-2.2 
Charcoal hot metal 3.6-4.2 


Si Mn P S 
0.5-1.0 1.5-5.0 0.05-0.12 < 0.05 
1.0 0.8-1.2 0.01 < 0.04 
ca. 0.3 ca. 0.8 ca. 1.8 <0.055 
1.5-3.5 0.7-1.0 «0.12 « 0.04 
1.5-3.5 1.0 0.5-0.7 « 0.04 
1.5-3.5 1.0 0.7-1.0 « 0.06 
1.53.5 0.7 1.0-1.4 < 0.06 
1.5-3.5 0.7 1.4-2.0 < 0.06 
0.3—4.0 0.2-1.0 0.05-0.10 « 0.05 
«2.5 0.3-0.6 0.08-0.15 < 0.05 
<2.0 <0.2 « 0.06 «0.02 
2-3.5 2-4 «0.1 « 0.05 
«1.0 6-30 0.1-0.15 <0.04 
<1.0 70-80 <0.25 < 0.03 
8—13 . 0.5-0.7 <0.15 < 0.04 

0.25-2.75 <1.0 ca. 0.03 ca, 0.015 


| 

H 
$4 

` 

£i 
| 

| 

| 

1 

| 

SH 

d 

d 

| 

Ei 














fron 
Composition 
2 Amount of ore or 
Burden. materíals---77| coke for one charge [7-7 


Charging times 


СЕНС! Composition |... ___. 
i gas nude. [ы 


XB Tier gas pressure | —— 
К [Burden descend ] — — 


Radial temperature 
distribution 


Stack 
pressure ^7 77777 


(B)--i- | Stave temperature 
- Thermal toad !o 
1 stave 


Pressure volume 
Temperature 
Moisture-content f- 
Oil addition 


Hot metal 
Hot metal ang ---.--- temperature 
slag Amounts of hot 
metal and slag 
Slag temperature 


— а= 
1 





А 







9 


r7 


999 
и (er te | | 


i. 


L 


а 


Li 


c+ 


nn E 


Factors representing 
conditions (value) 


Temperature 
distribution 


the throat 









r-- 
1. 
1 
1. 
i 
an 
E e 
Э з 
a 
ow 
De 
EX 
= 
a 
---— 
реа. 


1 

і 

1 

LT Blast. pressure 
Stack pressure 

---——— Thermal level 


81 










Weighting factor 


мі 
Boundary value 
of each factor 
Decision by each 
Factor 

Pi 


Evaluation by 
level factors 
GSN 1 










Burden descend 









across 












good »- 2 
warning m= 1 


worsening m 0 










Permeability 
throughout 


GSN 1 „ 
zEPiWi 



























ыш Overall max GSN1- 100 
judgement ( А E ) 
Permeabilit y GSN — min GSN 1=0 
in stack | GSN=GSN1 
+GSN2 
Thermal tevel 
Wall temperature 
condition 
Action order 
Évaluation by GSN2-EPjWj 
thanging factors ы 
Factors representing GC 1 (rin e 2:30) 
tonditions (deviation) т 









Decision by each 
factor 
Pj 
i | Boundary value 
of each factor 


| Weighting factor | factor 


vi 


[MEE ое 


Figure 5.38: A control system of blast furnace developed by Kawasaki Steel Corp. [41] (Courtesy of The Iron and Steel 


Institute of Japan). 


Table 5.23: Slag production and use in Japan in 1987 
[40]. 


105 t 96 
Slag production from blast furnace 23 842 
Slag use 
Road-bed construction 6328 26.54 
Improvement of grand 174 0.73 
Engineering works 1666 6.99 
Cement 12064 50.60 
Concrete 1496 6.27 
Manure and improvement of soil 43 1.77 
Building 603 2.53 
Others 1088 4.56 





Top-Gas. The top-gas consists mainly of N,, 
СО», CO and H. The utilization degree of the 
top gas is usually ca. 50% therefore it is a lean 
gas whose calorific value is between 2850 and 
3560 kJ/m? (STP). This value is very low 
compared to those of coke oven gas and LD 


gas. Almost all the top gas is used in the iron 
and steel plant itself which has been exten- 
sively discussed (see Figures 5.7, 5.20, and 
5.25). 


5.5.10 Process Control 


Thirty years ago, the blast furnace process 
was operated completely by manual control: 
Relatively few measuring devices were avail- 
able for process monitoring purposes. since 
the 1950s the productivity of a typical furnace 
has increased by ca. 20 times. This improve- 
ment in operation increased the importance of 
the process control. Modern blast furnaces are, 
therefore, equipped with a sophisticated sys- 
tem of measuring and controlling devices, and 
are directly linked to the process computer 
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(Figure 5.38). The latter 1s often incorporated 
into the total control system of the whole plant 
via a larger business computer. 


The computer control of the blast furnace 
process for the optimization of the quality and 
costs started ca. twenty years ago. Research in 
this area is still being carried out. Much infor- 
mation can be obtained about the process by 
measuring the in- and outflows of mass and 
energy and also about many phenomena tak- 
ing place inside the furnace. However, the ba- 
sic problem is to convert these informations 
into control variables to serve the control cir- 
cuit. The algorithm to evaluate the control 
variables from the measured values are based 
on various mathematical models. 


Static and Dynamic Models Based on Sta- 
tistics. In these models the blast furnace is 
considered to be a black box. The effect of cer- 
tain deliberate changes in the input variables 
(e.g., coke addition, pulverized coal injection, 
moisture content of the blast, back pressure at 
the top) on productivity, hot metal composi- 
tion, top gas utilization, etc. is evaluated. With 
the aid of statistical models, this leads to re- 
gression expressions containing the desired al- 
gorithms for the determination of the control 
variables. These statistical blast furnace mod- 
els that have already been applied successfully 
do not, in principle, require any knowledge 
concerning the phenomena occurring inside 
the blast furnace. An example of such a re- 
gression expression is the productivity for- 
mula (see Equation 14) which should only be 
used for control purposes based on the values 
of a particular furnace and not based on values 
collected from various furnace operations. Al- 
though it is relatively simple to derive such an 
expression representing a blast fumace model 
from operational data, its application is lim- 
ited. Tf such a model is applied to new operat- 
ing conditions, then its predictions deviate 
from reality, the more the new operating con- 
ditions deviate from those which are described 
by the statistical data. Optimization of the op- 
erating conditions becomes stringently con- 
servative when applying statistical models. 
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Static models based on statistics allow pre- 
dictions concerning the steady state of the fur- 
nace only. Dynamic models based on statistics 
allow predictions concerning the behavior 
during a transient when passing from one 
steady state condition to another. 


Models Based on Overall Balances. Models 
derived by taking overall balances represent 
the internal phenomena of the blast furnace on 
the basis of two-stage heat and mass balances. 
The procedure is principally similar to that de- 
scribed іп section 5.5.6 in which the applica- 
tion of the Rist diagram and the heat and mass 
transfer phenomena (Table 5.16) were dis- 
cussed. However, the models are more exact 
and detailed. A disadvantage of these blast 
furnace models is that they are unable to pre- 
dict time-dependent phenomena in the fur- 
nace, although data concerning phenomena 
occurring in the blast furnace are evaluated. 
For the evaluation of the control variables it is, 
therefore, necessary to make assumptions con- 
cerning the thermal equilibrium between gas 
and solids in the thermal reserve zone and the 
chemical equilibrium between gaseous com- 
ponents (CO and CO.) and solid component 
(ron and wustite), in the chemical reserve 
zone. The assumption corresponds to point W 
in the Rist diagram. . 

In the overall balance model, a direct rela- 
tionship exists between input and output vari- 
ables. This is a definite difference to the 
statistical model. The overall balance model 
has only one apparent degree of freedom 
which is the degree of indirect reduction. The 
existence of this apparent degree of freedom is 
caused by a lack of knowledge and will disap- 
pear when the internal phenomena of the blast 
furnace can be measured exactly and incorpo- 
rated in the model. Under the fixed technolog- 
ical boundary condition the function of the 
blast furnace is determined by these phenom- 
ena in combination with certain pretreatment 
of ore and coke as well as a given hot metal 
composition. 


Kinetic-Dynamic Model. The kinetic-dy- 
namic model in its most extensive form is 
based on a knowledge of all phenomena that 








Iron 


constitute the entire blast furnace process. The 
phenomena include thermodynamic equilib- 
rium and the kinetic relationships that govern 
the momentum, heat and mass transfer. The 
model is also based on the knowledge of the 
behavior of burden materials (e.g., size distri- 
bution at the top of the furnace, descending 
movement, softening and melting), coke gas- 
ification, and gas permeability. The model can 
simulate the behavior of a blast furnace for 
any given situation with a large computer. All 
the data required for the model can be deter- 
mined in the laboratory and essentially need 
not be corrected with data based on actual op- 
erating conditions. The model thus con- 
structed has proved to be advantageous for the 
study of new processing conditions and the 
predictions of the operating results without 
performing costly experiments with the blast 
furnace. Its disadvantage 1s the requirement of 
great amount of expenditure to complete in- 
formation on all the important phenomena oc- 
curing in the furnace. For routine blast 
furnace control, the model must be simplified 
to reduce computer loads. 

The most important kinetic phenomena for 
constructing the mathematical model by tak- 
ing differential balances around a control vol- 
ume are the chemical reactions (e.g., reduction 
of iron oxide, coke gasification, water gas 
shift reaction, and reduction of silica). The re- 
duction rate of iron oxide by carbon monoxide 
or hydrogen can be expressed in terms of the 
three-interface ` unreacted-core shrinking 
model which is represented in Figure 83. Rate 
and equilibrium constants needed for the rate 
equation are given in reference [42]. For silica 
reduction, a mechanism, via the intermediate 
formation of SiO gas has recently been pro- 
posed [43]. A rate equation has been derived 
for the transfer of silicon from the SiO gas to 
the hot metal in accordance with the mecha- 
nism as described by Equation (15). 
als = k(A/M) Psi (15) 

dt 
where k designates the reaction rate constant, 
AIM the specific area, and Ban the partial pres- 
sure of SiO. 
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Figure 5.39: Three-interface unreacted core model [41] 
(Courtesy of The Iron and Steel Institute of Japan): De, — 
intraparticle diffusivity in i-th phase; E, = rate constant of 
i-th chemical reaction; А = mass transfer coefficient 
through gas film; г = radial coordinate; Y = molar fraction 
of gas. 


This mechanism has been found to give ex- 


cellent simulation results when it is incorpo- 
rated into the mathematical model. 


The heat transfer between the different 
phases in a packed bed is usually expressed in 
the form of convection heat transfer. The esti- 
mation of the heat transfer coefficient is 
mainly based on the Ranz Equation [45]: 


Nu = 2.0 + 0.6(9Re,)!2 Pri? (16) 


where Au, Re, and Pr designate Nusselt, par- 
ticle Reynolds, and Prandtl numbers. 


However, this equation sometimes gives an 
inappropriate value. The rate of heat exchange 
in a packed bed is currently being studied. 
Flow maldistribution of gas in a packed bed 
can be estimated by using the Ergun equation, 
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a potential flow mechanism is often applied to 
the solid flow [46]. 

On the basis of the principal concepts men- 
tioned above, one-dimensional [47], or two- 
dimensional [46, 48, 49] mathematical models 
were derived. On the other hand, dynamic 
changes in the internal situation of a blast fur- 
nace were also simulated by an unsteady-state 
mathematical model [50, 51]. 

Even if a supercomputer is available for the 
simulation computation of a whole blast fur- 
nace, it is still quite difficult to obtain detailed 
results which include all the phenomena oc- 
curring in a blast furnace. Mathematical mod- 
els presenting some specified phenomena in a 
blast furnace are effective when detailed infor- 
mation is requested. Such models are devel- 
oped for analyzing burden distribution at the 
top of a blast furnace [52], gas flow and heat 





o kg/m (STP) ——» 
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transfer in the cohesive zone [53], raceway 
phenomena [27], fluid flow in the hearth [54] 
and so on. 


Some examples of the simulation results 
are shown in Figures 5.40, 5.41, and 5.42. Fig- 
ure 5.40 depicts a onedimensional distribution 
of process variables such as temperature, pres- 
sure, concentration, and fractional reduction 
for two different top-gas pressure. 


Temperature and gas-concentration distri- 
butions reveal the existence of thermal and 
chemical inactive zones and characteristic dis- 
tribution of CO concentration which shows 
maximum value at the position where the CO, 
concentration is zero. The simulation results 
agree well with the principal behaviors of the 
process variables- previously shown in Figure 
5.20. 
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Figure 5.40: Longitudinal distribution of process variables in blast furnace (A) for the case of high-pressure operations 


[46] (Courtesy of The Iron and Steel Institute of Japan): t, t, = temperatures of gas and solid; f, = fractional reduction of 


iron oxide; f; = fractional decomposition of limestone; и = superficial gas velocity; p = gas pressure; py =top gas pressure; 
x, y = molar fraction of CO and CO,; F = volume flow rate of gas; p = gas density; p, = bulk density of burden bed. 
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Figure 5.41: Two dimensional simulation results by finite difference method [48] (Courtesy of The Iron and Steel Insti- 
tute of Japan): A) Streamlines and isobars; B) Isotherms of solid; C) Reduction of ore; a) Liquid; b) Fusion zone. 
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Figure 5.42: Two dimensional simulation result by finite element method [46] (Courtesy of The Iron and Steel Institute 
of Japan): a) Isobars (P in MPa); b) Contour lines of average mass velocity of gas (Кр ^s !); c) Isotherms of gas (f, ion 


К); d) Isotherms of solid (t, in К). 


Figure 5.41 shows the streamline of gas, as 
well as the radial distribution of pressure, tem- 
perature and reduction degree, which show a 
considerable nonuniformity One of the impor- 


tant problems is how to control or utilize the 

nonuniformity to improve productivity. . 
Figure 5.42 shows computed radial profiles 

of pressure, gas velocity, and temperatures of 
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gas and solids. In this computation, the layer- 
by-layer structure of the packed beds and the 
radial particle size distribution were consid- 
ered, which markedly affect the gas perme- 
ability and then gas flow and temperature 
distributions. 





Slag melting (1350°C) 
“Рід. iron melting (13009 C" 
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Complete measurement of the internal state 
of a blast furnace is very difficult because of 
its huge size. Simulation technology in combi- 
nation.with operating and some measured data 
is very important to understand the behavior 
of the blast furnace. 
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Figure 5.43: Heat balance for calculating value of E,-heat required for the reduction of silicon and for the SESCH of 
iron and slag [55] (Courtesy of The Institution of Mining and Metallurgy). 
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Figure 5.44: Schematic diagram of a dynamic simulation model of blast furnace [51] (Courtesy of The Iron and Steel In- 


stitute of Japan). 
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Application of the Models. The purpose of 
the blast furnace control during continuous 
operation is the increase in productivity by 
stabilizing the furnace operation and the pro- 
duction of high quality pig iron of appropriate 
temperature and composition. The control 
variables are (1) ore: coke ratio and burden 
distribution at the top of the furnace, (2) flow 
rate and temperature of blast, water vapor ad- 
dition, and oxygen injection, pulverized coal, 
oil and fine ore injection. 

Originally, attention was paid to the ther- 
mal condition in the lower part of the blast 
furnace for the stable operation. The so-called 
Wu model was proposed by the Institut de re- 
cherches sidérurgiques (IRSID) in France. In 
the model, the heat input into the lower part of 
the furnace is calculated from blast volume 
and composition, tuyére injection, and the off- 
gas analysis. The amount of heat Wu is that re- 
quired for the melting of iron and slag, the re- 
duction of the alloying elements, and 
compensation for heat loss. The value of Wu 
can be calculated by subtracting the heat con- 
sumed by direct reduction of the iron oxides 
from the total heat supplied to the lower part 
of the furnace. By maintaining Wu at a con- 
stant set value pig iron of a constant composi- 
tion can be produced. 

At the Centre de recherches métallurgiques 
(CNRM) in Belgium, a somewhat different 
model of the same basic type was developed 
for automatic regulation of the thermal condi- 
tion of the furnace. In this model, the heat in- 
put per ton of pig iron into the high- 
temperature zone of the furnace was calcu- 
lated from the temperature and composition of 
the top gas, the blast volume, blast tempera- 
ture, and blast composition. The value ob- 
tained is called the heat requirement. The term 
Е, was defined as the difference between the 
actual (В) and the standard heat requirements 
(B). The latter quantity represents the amount 
of heat needed to produce a pig iron at 
1300 °C containing 0% Si. 

The value of E, corresponds to the heat re- 
quired for silica reduction and for overheating 
slag and metal. The heat balance to calculate 
Е 15 shown in Figure 5.43. 
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Figure 5.45: Comparison between measured and simu- 
lated changes of process variables in blow-in operation of 
Kokura no. 2 blast furnace, Sumitomo Metal Industries, 
Ltd. [51] (Courtesy of The Iron and Steel Institute of Ja- 
pan): — Predicted; @ O Measured. 

A one-dimensional dynamic model was ap- 
plied to the unsteady-state blast furnace opera- 
tion such as the shut down, the blow-in, and 
the blow-out together with a two-dimensional 
gas flow model. A schematic diagram is 
shown in Figure 5.44. Figure 5.45 shows the 
simulation results for the blow-in operation of 
the blast furnace according to the scheduled 
increase in blast volume and temperature as 
shown in Figure 5.46. The initial condition 
given to the mathematical model was obtained 
from the actual filling condition of coke and 
burden before the start of the blow-in. The re- 
sults confirm the effectiveness of the model 
application to the planning of the blow-in op- 
eration of the blast furnace. Another success- 
ful example for the application of a dynamic 
model to the actual operation has been re- 
ported for the blow-out of the blast furnace. 
The content of the blast furnace was blown out 
with the decrease of stock level from the top to 
the upper bosh under the schedule predicted 
by the mathematical model. Actual changes of 
the operation conditions are shown in Figure 
5.47 in comparison with the scheduled ones. 
The actual results are in reasonable agreement 
with the schedule (see Table 5.24). Some im- 
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provements to the mathematical model are 
necessary for obtaining a satisfactory agree- 
ment. However, principally such a kinetic-dy- 
namic model is found to be effective not only 
for steady-state but also for unsteady-state op- 
erations. 


The most precise mathematical model of a 
blast furnace to date is the two-dimensional 
steady-state kinetic model developed by Suc- 
IYAMA et al. [57] (Nippon Steel Corp:). It in- 
cludes models tor operational design, burden 
distribution, gas, solid and liquid flow, for the 
reaction rate of seven chemical reactions, for 
heat transfer and a total combination model. 
When operational conditions and a blast fur- 
nace profile are given, this model provides (1) 
streamlines of gas, liquid and solids, (2) pres- 
sure distribution, (3) reduction degree of iron 


oxides, (4) gas, solid and liquid temperature, - 


and (5) location of the cohesive zone. 


An integrated process computer system in 
the entire ironmaking department is being de- 
: veloped for increasing flexibility and produc- 
tivity in the ironmaking systems which consist 
essentially of coke ovens, sintering machines, 
hot stoves, and blast furnaces. 


The three-layer hierarchical system shown 
in Figure 5.48 is used for integrated control. In 
the system, microcomputers can accept the op- 
erating data directly from the plant and can 
control it. A process computer which eventu- 
ally controls the overall ironmaking system is 
installed to provide sufficient information to 
the operator for realizing effective operation. 
Finally, a central business computer is con- 
nected to the process computers for optimal 
control of the overall iron and steel production 
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system. Chiba works of Kawasaki Steel Corp. 
constructed this three layers system for two 
sintering plants and achieved effective opera- 
tional control. 
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| Figure 5.46: Schedule of the blow-in operation for the 


Kokura no. 2 blast furnace based on a dynamic model [51] 
(Courtesy of The Iron and Steel Institute of Japan). 
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Figure 5.47: Results of the empty blow-out operation of 
the Kokura no. 2 blast furnace [56] (Courtesy of The Iron 
and Steel Institute of Japan). 


Table 5.24: Results ofthe empty blow-out operation ofthe Kokura no. 2 blast furnace in Sumitomo Metal Industries [56] 


(Courtesy of The Iron and Steel Institute of Japan). 


Blow-out operation time, h 

Accumulated amount of blast volume, m? x 10° (STP) 
Accumulated amount of water-spray, t 

Pig iron produced during blow-out, t 

Amount of total coke consumption, t 

Coke consumption per blast volume, tim? x 10? (STP) 


Actual results Schedule Difference, 96 
233 24.5 -5 
1380 1675 -18 
694 716 28 
880 998 -12 
550 690 —20 
0.40 0.41 -2 


Iron 


89 






















Data analysis 


Information Technical 
retrieval calculation 
















Operator guidance 


n 







Set- 
point 
contrat 






Process 
monitoring 





Sequence 
tracking 










Advanced 
control: 





Loop 
monitoring 










PID control 





Sequence 
control 


(ronmaking process 


Business computer 
"Management" 


Process computer ” 
“Operation” 


Microcomputer 
“Contrat” 


Figure 5.48: Functional hierarchy of the ironmaking information system [57] (Courtesy of The Iron and Steel Institute of 








Japan). 
Table 5.25: Summation of net exergy losses in the blast furnace ironmaking system [60] (Courtesy of The Iron and Steel 
Institute of Japan). e 
Case А-1 Case A-2, MJ/thm 
Process n oo 
Inflow Outflow Net loss Inflow Outflow Net loss 

Blast furnace 17 054 15 175 1 879 (20.8%) · 16 920 14 736 2184 (24.1%) 
Coke oven 22657 18 580 4 077 (45.196) 20 110 16 491 3619 (39.996) 
Hot stove i 1983 1276 707 ( 7.8%) 2 100 1 423 677 ( 7.5%) 
Sintering machine 3014 764 2250 (24.9%) 3 074 733 2341 (25.8%) 
Rotary kiln 138 33 105 ( 1.2%) 339 79 260 ( 2.996) 
Curing of nonfired pellets 190 170 20( 0.2%) 
Total 45 036 35 998 9038 (10096) 42 543 33 462 9081 (10096) 


Although great progress has been made in 
the computer control of blast furnaces by in- 
troducing mathematical models, control is still 
incomplete. Recently, artificial intelligence 
has been introduced into blast-furnace control. 
The principal strategy of this technology is 
based on operational data [59]. Therefore, the 
question how to accumulate the operating data 
is most important. Some trials have been made 
to couple the artificial intelligence (Expert 
System) with a mathematical model. 


Energy Recovery. After the oil crisis, energy 
cost increased drastically. Therefore 1n high- 


energy consuming industries, energy saving 
has been examined from various points of 
view. In Japan 1.9 x 10’ kJ energy is currently 
consumed to produce 11 crude steel in the 
blast furnace ironmaking process. This value 
is 20% lower than 10 years ago. The energy 
savings are still conducted in each ironmaking 
process. Tn the blast furnace, a lot of energy is 
saved by using top-pressure recovery turbines. 
Figure 5.49 illustrates the development of en- 
ergy savings in the ironmaking department of 
NSC during the last 15 years. 

To pursue further energy savings, an exergy 
analysis was conducted on the basis of actual 
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operation data of a blast furnace ironmaking 
system which produced ca. 7000 t pig iron per 
day. Very high net exergy losses occur in the 
coke oven and the sintering machine (see Ta- 
ble 5.25). Compared to these processes the 
blast furnace destructs less exergy. Net exergy 
losses in the conventional blast furnace, the di- 
rect reduction electric furnace, and the smelt- 
ing reduction systems are compared in Figure 
5.50. The exergy analysis for the conventional 
and the direct reduction iron-electric furnace 
systems was performed on the basis of opera- 
tion data but in case of the smelting reduction 
system, the data were obtained by taking heat 
and material balances. However, no definite 
difference among the net exergy losses were 
found. Further energy savings will probably 
lower exergy losses even further. 
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Figure 5.49: Chronological change in the amount of en- 
ergy saved by main waste heat recovery process in Nip- 
pon Steel Corp. [60] (Courtesy of The Japan Tron and 
Steel Institute): a) Recovery of sensible heat from coke 
oven gas; b) Recovery of waste heat from sinter cooler; c) 
Coke dry quenching; d) Recovery of sensible heat from 
hot stove; e) Top gas pressure recovery turbine. 


5.511 Hot-Metal Desulfurization 


The sulfur content of the hot metal pro- 
duced depends on the sulfur content of the fu- 
els, the slag basicity, the slag volume, and the 
silicon content of the hot metal. The sulfur 
transfer mechanism in the blast furnace is 
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shown schematically in Figure 5.51. After the 
hot metal is separated from slag, the former is 
desulfurized by gas metal and slag-metal re- 
actions. However, in the upper part of the co- 
hesive zone, the sulfur compounds present in 
the gas phase are absorbed partly by solid iron 
ores. 
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Figure 5.50: Summation of net exergy losses in different 
ironmaking systems [61] (Courtesy of The Iron and Steel 
Institute of Japan): A) Blast furnace ironmaking (1 = stan- 
dard, 2 — pulverized coal injection); B) Direct reduction- 
electric furnace ironmaking (1 = fired pellet, 2 = nonfired 
pellet); C) Smelting reduction ironmaking (1 = shaft fur- 
nace, 2 = fluidized bed). O2 = oxygen production; BF = 
blast furnace; EF = Electric furnace; SRF = Smelting re- 
duction furnace. D Pretreatment, agglomeration of raw 
materials; B Shaft furnace, fluidized beds, 8 Hot stove. 


The steelmaking process requires a sulfur 
content of the hot metal of < 0.025-0.035%, 
because desulfurization is difficult in the steel- 
making process. Except for the desulfurization 
of the coke, sulfur can be removed in the blast 
furnace, between the blast furnace and the 
steel shop, and in the steel shop. The cost is re- 
ported to be the lowest for desulfurization be- 
tween the blast furnace and the steel shop [62]. 


Desulfurization in the blast furnace re- 
quires an increase in the limestone additions. 
This leads to the additional costs associated 
with the limestone itself and the increased 
coke rate because more heat is needed for 


melting the slag and for decomposing the 


limestone. In addition to this, the carbon diox- 
ide generated from limestone must be com- 
pensated, 


Desulfurization in the steel-producing ves- 
sel requires a large slag volume even for 
highly basic slags because of the unfavorable 
sulfur distribution ratio under oxidizing condi- 
tions. Iron losses to the slag increase because 
of the large slag volume. 
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Figure 5.52: Temperature dependence of equilibrium sul- 
fur content of carbon-saturated hot metal [63] (Courtesy 
of The Iron and Steel Institute of Japan). 
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Figure 5.53: Changes of sulfur content with time in bot- 
tom-blowing ladle desulfurization process for variable 
fluxes (amount of flux addition 10 kg/thm) [63] (Courtesy 
of The Iron and Steel Institute of Japan): Ө Cat A CaO; 
B Ca(CN),; D Na,CO,; ^ NaOH; О KOH; x NaCl; V 
NaF; v CaF,; ө Na AlFe. 
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At present, it is advantageous to desulfurize 
at least a portion of the hot metal during trans- 
portation to the steel shop. After mixing with 
hot metal which is not desulfurized outside the 
blast furnace, an input sulfur content of < 
0.0296 can be delivered to the steel shop. 


Desulfurizing Fluxes include calcium com- 
pounds which are in the solid state or half 


melting conditions at the hot metal tempera- ` 


ture (e.g., CaO, СаС,, Ca(CN),, and CaF,), al- 
kaline compounds in the liquid state (eg. 
KOH, NaCl, and NaF), and magnesium and its 
alloys in the gaseous state. 

Their desulfurization ability is remarkably 
affected by treatment conditions such as (1) 
mixing, (2) atmosphere (oxidizing or reduc- 
ing), (3) composition of hot metal, and (4) 
property and amount of blast furnace slag. 
Figure 5.52 shows the equilibrium sulfur con- 
tent obtained by each desulfurizing flux. Ac- 
tual desulfurization curves for the bottom 
blowing method with nitrogen are shown in 
Figure 5.53. - 

According to these figures, desulfurization 
degree, method, cost, and workability should 
be considered when selecting of a desulfuriz- 
ing flux in addition to its desulfurizing ability. 

The equation for the desulfurization reac- 
tion with soda ash [64] and of concurrent reac- 
tions are as follows (Equations 17—19): 


(Na,CO,) + [S] + [Si] A (Na,S) + (SiO,) + CO (17) 


(Na,CO,) + (FeS) + [Si] > 
NaS) + (SiO;) + [Fe] + CO (18) 
(Na,CO,) + [Si] — (Na,0-Si0,) + C (19) 


Furthermore, Na,CO, reacts easily with SiO, 
from the refractories forming 2Na,0-SiO,, 
Na,O-SiO,, and Na,O-2SiO,. The vaporiza- 
tion loss of Na,CO, is ca. 6% at 1250 °C. This 
value increases to 35% at 1350 °C, therefore 
the effect of desulfurization decreases sharply 
at temperatures > 1300 °C. The disadvantages 
of desulfurization with soda ash are its corro- 
sive action to the vessel lining and the envi- 
ronmental problems related to discarding 
slags which contain high alkaline contents. 
Environmental problems arise from sodium 
oxide-containing fumes and from the reaction 
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of the sodium sulfide contained in the slag 
with water to produce hydrogen sulfide and 
sodium hydroxide. 

The desulfurization reactions of hot metal 
with calcium carbide are as follows: 


(CaC,) + [S] — (CaS) + 2[C] (20) 
(СаС,) + '/,{0,} > (CaO) + 2[C] (21) 
(Сас) + [0] — (СаО) + 2[C] (22) 
C440, 2 CO ' oa 


As calcium carbide is easily oxidized (see 
Equations. 21 and 22) the desulfurization 
should take place under controlled atmo- 
sphere. The reaction product CaS which has a 
high melting temperature of 2450 *C forms 
the solid slag. The diffusion of sulfur in the hot 
metal to the boundary between hot metal and 
calcium carbide is the rate-determining step of 
the desulfunzation reaction. In the sulfur- 
transfer mechanism, mixing strongly affects 
the degree of desulfurization. When calcium 
carbide particles are injected with an inert car- 
rier gas, a calcium sulfide layer grows at the 
outer surface of the particle as the reaction 
proceeds. The reactivity of each particle de- 
creases with increasing thickness of this layer. 
Thus, the efficiency of this flux 1s relatively 
low. Its advantage is that a very low residual 
sulfur content of the hot metal can be achieved 
irrespective of its initial sulfur content. 

When lime is used, the following desulfur- 
ization reactions proceed: . 
4CaO + 2[S] + [Si] — 2CaS + 2CaO- SiO, (24) 
2CaO + 2[S] + [Si] — 2CaS + SiO, (25) 


The reaction given by Equation (25) occurs 
at 1300 °C even if the silicon content of the 
hot metal is only 0.05%. If the silicon in the 
hot metal is oxidized to silicon dioxide in this 
process, it reacts with lime to form 
2CaO-SiO, This reaction decreases the 
amount of lime available for desulfurization. 
Therefore oxidation of silica should be pre- 
vented by using the inert or reducing atmo- 
spheres or airtight vessels. 

Magnesium is sometimes used as a desulfu- 
rizing flux because it has a very strong affinity 
for sulfur. Equations (26), (27), and (28) repre- 
sent the desulfurization by magnesium and the 
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oxidation of magnesium which occurs in the 
desulfurization process. 


{Mg} + [S] > Mgs (26) 
{Mg} + [O] э MgO (27) 
{Mg} + 1.0, — MgO (28) 


The vaporization temperature of magne- 
sium is relatively low (1107 °C). Therefore, 
magnesium evaporates upon contact with the 
hot metal and the desulfurization efficiency 
decreases. It is therefore necessary to control 
the vaporization (see below). 

Table 5.26: Typical desulfurization processes outside the 


blast furnace [18] (Courtesy of The Iron and Steel Insti- 
tute of Japan). 


Method Process 


Soda-ash paving soda-ash paving process 
reladling process 


ladle with siphon process 


shaking ladle process 
DM converter process . 
rotating drum process 


Shaking ladle 


Stirrer Demag-Ostberg process 
Rheinstahl process 
KR process 
Injection (ladle process) 
(torpedo-car process) 


Gas bubbling bottom blowing process 


top blowing process 
Gas-lift mixing reactor GMR process 


Desulfurization with 


injection process 
magnesium 


plunging bell process 


Continuous desulfuriza- turbulator process 
tion in the blast-fur- powder injection process 
nace runner paddle-type stirrer process 
electromagnetic stirrer process 


Desulfurization Processes. To produce low- 
sulfur or ultra-low sulfur steel, a number of 
desulfurization processes have been devel- 
oped. Typical processes for desulfurization 
outside the blast furnace are listed in Table 
5.26. Tn each process, acceleration of the des- 
ulfurization reaction is achieved by increasing 
the contact area between the desulfurizing 
fluxes and the hot metal. This is carried out by 


.employing improved stirring techniques. The 


other requirements for the processes are as fol- 
lows: (1) inexpensive desulfurizing fluxes, 
(2) high reproducibility with regard to the de- 
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gree of desulfurization, (3) small decrease of 
the hot metal temperature, (4) low iron loss to 
the slag, and (5) an easy and inexpensive dis- 
posal of the slag. 

Desulfurization in the blast-furnace runner 
is not widely accepted at present despite the 
favorable surface:volume ratio and the low 
degree of technical expenditure required. The 
reasons are the corrosive attack of the slag on 
the runner material, the hazardous exposure of 
the workers to alkaline fume, and the poor re- 
producibility with respect to the degree of des- 
ulfurization. 
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Figure 5.54: Effect of the amount of soda ash addition on 
the desulfurization of hot metal in various desulfurization 
processes [66] (Courtesy of Verlag Stahleisen mbH): O 
Blast-furnace runner; B Transportation ladle; 9 Mixer- 
ladle; © Mixer-ladle-ladle; © Torpedo car ladle, ladle 
with siphon. S = pig iron for steelmaking, Th = Thomas 
pig iron; F = pig iron for foundry. a) Ladle with siphon; b) 

furnace-runner and transportation ladle. 

The soda-ash paving method is frequently 
used for desulfurization in the transport ladle 
because of its simplicity. The transport ladle is 
used to transport the hot metal from the blast 
furnace to the hot-metal mixer located in the 
steel shop. In this method, the desulfurizing 
flux is placed in the ladle prior to filling it with 
hot metal. Good mixing is achieved by forma- 
tion of carbon dioxide and by the falling hot- 
metal stream. The slag is removed from the 
filled ladle. Figure 5.54 illustrates the relation- 
ship between the final degree of desulfuriza- 
tion and the amount of soda ash added. The 
final desulfurization degree increases with in- 
creasing soda-ash addition up to a value of 
80%, which is obtained at 8 kg “soda-ash ad- 
dition” per ton of hot metal. After that the des- 
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ulfurization degree in most cases reaches a 
plateau level. 

Efforts to improve the mass transfer of the 
sulfur by moving the vessel containing the hot 
metal involved trials with rotating drums 
(Kalling-Domnarvet process [67]) and shak- 
ing or rotating ladles. In the shaking ladle, the 


ladle axis rotates around a circular path at са. ` 


70 rpm. By reversing the direction of the 
movement, the mixing effect can be enhanced 
(Kobe Steel process [65]). 

Figure 5.55 shows desulfurization pro- 
cesses with mechanical stirrers. The stirrer 
proposed by Ostperc (see Figure 5.55A) has a 
hollow stitrer which discharges the hot metal 
through horizontal tubes by centrifugal forces 
and absorbs hot metal from the bottom of the 
vertical tube. The simple stirrer proposed by 
KRAEMER in Rheinstahl Hüttenwerk (Figure 
5.55B) is made of refractory. This stirrer 
mixes in desulfurizing fluxes into the hot 
metal. The stirrer developed by Nippon Steel 
(Figure 5.55C) is an impeller which produces 
eddy flow of the hot metal. Results of plant 
experiments for this stirrer are shown in Fig- 
ure 5.56. According to this figure the process 
is highly effective for desulfurization. The 
stirrer method is widely used in North Amer- 
ica, Europe, and Japan for the production of 
low-sulfur steel or ultra-low sulfur steel. 

The injection method of hot metal desulfur- 
ization is widely accepted for the desulfuriza- 
tion in a ladle or a torpedo-car. In this method 
the flux powder of desulfurization is injected 
with a gas stream. As flux powder CaC,, 
Ca(CN),, CaO and soda ash are widely used. 
Currently magnesium is also used. The injec- 
tion lance is better for dipping into the hot 
metal bath. The dipping depth should be 1/2 to 
3/4 of the bath depth. NSC [76] and TSAG 
[77] developed the respective process for des- 
ulfurization by using the injection method. 

In the gas-bubbling method, the desulfuriz- 
ing flux is at first added to the surface of the 
hot metal and then mixing is started by the in- 
jection of gas into the hot metal. The injection 
is made through the lance dipped into the hot 
metal (top-blowing method) or through the 
porous plug at the bottom (bottom-blowing 
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method). Figure 5.57 represents schematically 
the bottom-blowing desulfurization ladle. Ul- 
tra-low sulfur-steel containing 0.001—0.00296 
S can only be produced by this method if the 
second addition of calcium carbide is made af- 
ter the slag of the first treatment is removed. 
The gas-lift mixing reactor method (GMR 
method) was proposed by Kobe Steel. The ba- 
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sic principle of this method is to use the buoy- 
ancy force of the gas injected at the bottom of 
the riser as driving force for a circulatory mo- 
tion of the hot metal as illustrated in Figure 
5.58. This method removes sulfur in hot metal 
to <0.002% by adding 5 kg of CaC, per tonne 
of hot metal. 


Figure 5.55: Stirrers for desulfurization of hot metal [75] (Courtesy of The Iron and Steel Institute of Japan): A) Demag- 


Ostberg process; B) Rheinstah! process; C) KR process. 
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Figure 5.56: Relation between amount of CaC, added and 
[IS] content after treatment (75] (Courtesy of The Iron and 
Steel Institute of Japan). [S] content before treatment 
(1350 °С): О 0,02%; x 0.03%; ө 0.04%. 


If magnesium is used as a desulfurizing 
flux, magnesium-coke [80], a plunging bell 
[80-82] injection of a magnesium aluminum 
alloy, surface-coated magnesium, or a mixture 
of CaO and Mg with gas [83-85] are used to 
suppress the vaporization loss of magnesium. 


Since some problems remain unsolved in 
magnesium desulfurization (such as violent 
scattering of hot metal and resulfurization 
which requires a too long treatment time) the 
operation techniques must be improved. The 
advantages of this method in comparison to 
other methods are the very small amounts of 
flux required, ca. 1 kg/t, and the easy disposal 
of the slag. 


It is very difficult to compare the various 
desulfurization processes for the pretreatment 
of hot metal, because many factors such as fa- 
cility cost, operation cost, amount and cost of 
desulfurizing flux, degree of desulfurization, 
workability, and iron loss must be considered. 
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Figure 5.59 shows the relationship between 
degree of desulfurization and operation cost. 
To reduce the cost of desulfurization, effective 
and inexpensive desulfurization fluxes and 
desulfurization processes requiring less flux 
must be developed. 


70t ladle 





Figure 5.57: Desulfurization ladle with porous plugs [78] 
(Courtesy of The Iron and Steel Institute of Japan): a) Sur- 
face of hot metal; b) Porous plugs. 
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Figure 5.58: Schematic diagram of the gas lift mixing re- 
actor for desulfurization [79] (Courtesy of The Iron and 
Steel Institute of Japan): a) Dust collecting duct; b) Com- 

_ pressed nitrogen; c) Inlet of flux; d) Cover for dust catch; 
e) Desulfurizing flux; f) Hot metal; g) Ladie; h) Main part 
of gas-lift mixing reactor. 
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Figure 5.59: Relation between desulfurization degree and 
relative cost of treatment [76] (Courtesy of Dept. of Mate- 
tials Science and Engineering McMaster University, 
Hamilton, Canada) Sulfur content before treatment: 
0.030%. a) Mag-coke process; b) Porous plug process; с) 
KR process; d) Top blowing process; e) Soda-ash pouring 
process. 


5.6 Plant Layout 


A blast furnace plant consists of numerous 
units beside the furnace itself (Figure 5.60). 
The most important units are the following: 


5.6.1 Dust-Recovery System 


The blast furnace gas may contain up to 
170 kg of dust per-ton of pig iron produced. 
This dust must be captured for two reasons: 

e To recover its valuable metal content 


e To prevent pollution of the environment. 


Gas cleaning is conducted in two steps: 

e Removal of large particles in dust catchers 
followed by cyclones. 

e Removal of fine particles in spray towers, 
venturi scrubbers, or electrostatic precipita- 
tors. 


5.6.1.1 Dust Catchers 


The gas is allowed to pass through a large 
chamber to reduce its velocity and cause the 
dust to drop out by gravity. To enhance the 
separation, the direction of gas flow is reverse. 
A typical gravity chamber is shown in Figure 
5.61. It is а 10-12-m diameter, brick-lined 
vessel. 
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Figure 5.60: Blast furnace plant. 
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Figure 5.61: Dust catcher. 


5.6.1.2 Cyclones 


This equipment is more efficient than the 
previous type and occupies less space. The 
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dust-laden gas enters a cylindrical or conical 
chamber tangentially. The centrifugal force 
causes the dust particles to travel outward to 
the wall of the chamber, where they collide 
and fall downward to a receiver at the bottom, 
while the gas escapes from an opening at the 
top (Figure 5.62). 


5.6.1.3 Spray Towers 


In these towers (Figure 5.63) the gas passes 
upwards countercurrent to a descending spray 
of water. To increase the contact between the 
two phases, the tower is packed with wooden 
grates, ceramic tiles, or metal spirals. The part 
of the tower above the water spray is for sepa- 
rating the water droplets from the exit gases. A 
typical unit consists of a contact zone where 
the dust laden gas and the water are brought 
together, followed by a separation zone where 
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the gas is separated from the wetted slurry. In 
the contact zone, the particles increase their 
weight and size and adhere together when they 
are moistened thus making their separation 
easy. 
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Figure 5.63: Spray towers for dust removal. 
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Figure 5.64: Venturi scrubber. 


5.6.1.4 Venturi Scrubbers 


In this system, water is introduced at the 
throat of a venturi perpendicular to gas flow 
and is atomized into tiny droplets; thus a large 
surface area is created. The venturi is followed 
by a separating section usually in the form of a 
centrifugal eliminator for the removal of the 
entrained droplets and collected dust particles 
(Figure 5.64). 


5.6.1.5 Electrostatic Precipitators 


Dust separation in this equipment is based 
on the fact that if the solid particles carried in a 
gas are given an electrical charge, they will be 
attracted to a collection device carrying the 
opposite charge. The type most commonly 
employed consists of a series of ionizing elec- 
trodes and an oppositely charged series of col- 
lecting electrodes housed in a chamber 
through which the exhaust gas is routed (Fig- 
ure 5.65). The ionizing electrodes are rods 
while the collecting electrodes are grounded 
plates or shells that have a large surface area 
compared to the ionizing electrodes. A high 
voltage of 50 000 to 80000 volts is applied 
across the two sets of electrodes to maintain 
the highest electrostatic field without spark- 
ing. 

Under the influence of the electrostatic 
field, the gas molecules get electrically 
charged and move away from these electrodes 
toward the collecting electrodes. As the sus- 
pended dust particles collide with thesé mole- 
cules, the electric charge is transferred to the 
dust. 
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Figure 5.65: Electrostatic precipitator. A) Principle; B) Industrial installation. 
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Figure 5.66: Stoves for heat recovery from blast furnace gas. 





Figure 5.67: Arrangement of refractory brick in a regen- 
erator. : 

The particles are then attracted to the col- 
` lecting electrodes, where they lose their 
charge and fall into hoppers below, or become 
dislodged by automatic intermittent tapping. 
Electrostatic precipitations are expensive but 
efficient equipment. 


5.6.2 Heat Economy System 


Gases leaving a blast furnace are not at high 
temperature but have a high calorific value 
due to their CO content. The gases after being 
purified of their dust content are then burned 
in stoves and the heat of combustion is used to 
heat fire brick chambers. Once the chambers 


are hot, the blast furnace gas is switched over 
to another stove and air is introduced in the hot 
chamber to take away the heat before entering 
the furnace. The cycle is then repeated. A typi- 
cal unit is 7-9 m diameter and about 36 m high 
with a dome-shaped top and consists of two 


parts (Figure 5.66): 
e The combustion chamber where the blast 
furnace gas is burned. 


e The refractory chamber where the hot com- 
bustion gases pass before their exit (Figure 
5.67). 


The heating surface in the chambers is usu- 
ally 22 000-25 000 m?. There are usually 3 
units per furnace, and they are provided with a 
common stack. The air blast for the furnace 
passes through the heated stove countercur- 
rent to the gas. One stove is “on blast” for ] to 
2 hours at a time while the other two stoves are 
“on gas" for 2 to 4 hours. This is achieved by 
means of automatic valves. With the advance- 
ment of gas cleaning, the use of refractory 
bricks with small openings became feasible, 
thus resulting in a high efficiency. 
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5.7 Refractory Materials 


Refractory materials must meet the follow- 
ing requirements: 
ə Mechanical stability under load at high 
temperatures (up to and beyond 1800 °C, 


depending on quality), 
ə Resistance to slags and dusts at high temper- 
ature, and А 


e Specific thermal properties, such as thermal 

conductivity, specific heat, and resistance to 

-sudden temperature changes, depending on 
application. 

These properties can be tested in the labora- 
tory under conditions similar to the service 
conditions. Some methods are internationally 
standardized (PRE, ie, Fédération eu- 
ropéenne de produits réfractaires and ISO rec- 
ommended test methods) [86]. Refractories 
are classified by chemical-mineralogical crite- 
ria and by process requirements. The basic 
distinction 1s between shaped products 
(bricks) and unshaped ones (mixtures, mor- 
tars, castables). Another basis for classifica- 
tion is the type of binding. Here a distinction 
must be made between fired products (firing 
temperatures 800-1800 °С) and unfired, 
chemical bonded refractories (phosphate 
binders, resin binders, refractory cements, wa- 
ter glass, magnesium sulfate). 

In the iron and steel industry in Germany, 
the classification of the “Steel and Iron Mate- 
rial Data Sheets” (Stahl-Eisen-Werkstoffblàt- 
ter) is used. 

Table 5.27 shows the consumption of re- 
fractory materials (kg per tonne of crude steel) 
for Germany and Japan in 1970, 1980, 1990, 
and 1993. The steep decline is mainly ac- 
counted for by new steelmaking technologies 
(oxygen-injection process replacing the Sie- 
mens- Martin furnace, introduction of contin- 
uous casting) and by improvements in 
refractory qualities. 

This progression is also clear from Table 
5.28, which lists the outputs of the main quali- 
ties of refractory bricks in Japan. The 1970 
and 1993 figures show the decrease in fireclay 
brick and silicate brick production and the in- 
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crease in high-grade refractories (magnesia— 
carbon, high-alumina castable). 

The world steel industry is the principal 
consumer of refractories (ca. 60%). 

Pig-iron production includes (1) blast fur- 
naces with hot blast stoves, and (2) torpedo la- 
dles, with a molding capacity of 150 600 t of 
molten pig iron, as transport containers from 
the blast furnace to the steelworks. This sector 
employs mainly the following refractory qual- 
ities: carbon and graphite bricks, silicon car- 
bide bricks, materials containing more than 
50% alumina, fireclay, and silica. 

In steelworks the most important qualities 
are magnesia—carbon bricks, bricks and mix- 
tures based on magnesia and dolomite, zircon 
material, and high-alumina castables. 

Table 5.27: Consumption of refractories in Germany and 
Japan (kg per tonne of crude steel). 
Germany Japan 
1970 1980 1990 1993 1970 1980 1990 1993 


Bricks 19 129 88 71 24 95 55 49 
Mixtures 16 10.5 5.9 6.3 5 58 60 64 
Total 35 23.4 14.7 134 29 153 11.5 113 


Table 5.28: Production of refractories in Japan in 1000 t. 


Bricks 1970 1980 1990 1993 
Fireclay 1800 829 325 200 
5096 AL,O, 191 173 155 125 
Silica 260 66 7 5 
Chrome-magnesia 284 278 126 99 
Magnesia—carbon 52 123 107 
Dolomite-magnesia 251 104 13 8 
Zircon 61 91 52 31 
Silicon carbide 53 27 18 
Insulants 88 55 27 15 
Others 75 44 35 37 
Unshaped Products 

(Mixtures) 570 907 836 845 


Blast Furnaces. Molten pig iron and slag are 
present in the lower part of the blast furnace 
(bottom and hearth). Repairs cannot be made 
to this part of the furnace during operation. 
Chemical and mechanical attacks on the re- 
fractory material occur here. Graphite and car- 
bon bricks are the most important structural 
refractories for this portion of the blast fur- 
nace. Carbon bricks have a higher cold-crush- 
ing strength than graphite bricks and those 
containing some graphite (part-graphite and 
semi-graphite bricks). Carbon bricks have a 
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lower porosity than graphite bricks. Mi- 
croporous carbon and part-graphite bricks 
with additions of alumina and silicon have 
higher alkali and pig-iron resistance [91, 98]. 
The current state of the art is the "ceramic 
cup”, which comprises sintered mullite bricks 
placed in front of the carbon on the bottom, 
and large-size prefabricated panels of corun- 
dum concrete in front of the carbon on the 
wall. This type of lining protects the carbon 
bricks and prolongs their service life greatly. 
In the other zones of the blast furnace (bosh, 
belly, stack), a variety of brick qualities are 
used. These include bricks containing over 
50% alumina, corundum bricks, and silicon 
carbide bricks with various binders. Hard fire- 
clay bricks are usually employed in the stack. 
Furnaces often differ greatly in their refractory 
linings. The properties of some refractory 
structural materials are given in Table 5.29. 


Runner and Taphole Mixtures. Tar-free un- 
shaped products containing > 50% alumina, 
silicon carbide, and carbon are used in cast, vi- 
brated or rammed form. Numerous and very 
different mixtures are in use, including spinel 
(MgALO,)-containing material in the metal 
level and mixtures up to 8096 SiC in the slag 
level. 


Hot Blast Stoves. The standard lining consists 
of silica bricks in the dome (temperatures up 
to 1500 °C), bricks with > 50% alumina in the 
combustion chamber, and silica and fireclay 
bricks (depending on thermal stress) in the 
checkerwork shaft. | 


Torpedo Ladles [90, 99]. In the lining design, 
the following factors relating to stresses on the 
refractory must be considered: temperature of 
pig iron (1450-1520°C), distance trans- 
ported, slag composition, and metallurgical re- 
actions such as desiliconization, dephospho- 
rization and desulfurization in the ladle. 
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Lining bricks mostly contain > 5096 ALO, 
(andalusite and bauxite bricks). If the slag has 
a CaO:SiO, ratio > 1, unfired pitch-bonded 
dolomite bricks can also be used with success. 
The increase in metallurgical reactions in tor- 
pedo ladles has led to new types of lining, 
which have been adopted in an attempt to ex- 
tend the service life (100 000—400 000 t pig 
iron transported). In zone lining, resin-bonded 
corundum-carbon-silicon carbide bricks are 
used in the slag zone (especially in Japan), 
with resin-bonded andalusite carbon bricks in 
the bottom. Linings differ from plant to plant, 
depending on service conditions. 


5.8 Iron from Pyrite Cinder 


[74] 


Pyrite is mainly used for the manufacture of 
sulfuric acid. It is oxidized in fluidized bed re- 
actors whereby the following reaction takes 
place:. 


2FeS, + 17,0, — 4S0, + Ee 


While SO, can be readily converted to SO, 


.and then to H,SO,, iron oxide (called cinder) 


cannot be used directly for manufacturing iron 
because of the presence of impurity metals. 
Table 5.30 shows analysis of cinder. As a re- 
sult, methods have been developed to purify 
the cinder and at the same time to recover the 
nonferrous metals present. The recovery of 
nonferrous metals from the cinder is achieved 
by two routes: the chloride and the sulfate pro- 
cesses, 


5.8.1 The Chloride Route 


In this route, the nonferrous metals are 
transformed into water-soluble chlorides by 
heating with a solid chloride. At low tempera- 
ture the chlorides remain in the residue while 
at high temperature they are volatilized. 
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Table 5.29: Properties of blast-furnace lining bricks. 
Microporous 7 
А Mullite Corundum concrete 
Carbon carbon (1094 Graphite 
ALO, dA я Si P (70% Al,O;) (9096 ALO;) 

Bulk density, g/cm? 1.53-1.57 1.63-1.73 1.55-1.60 2.45 3.30 
Open porosity, % 14-18 14-18 25-28 15-18 9-12 
Micro porosity > 1 шп, % 8-11 
Ash, 96 «7 35-40 «1 
Cold compression strength, N/mm? 30-40 60-90 15-25 70 60 
Thermal conductivity, W m"! K”, 

at 20°C 28 ` 5—7 130 2 5 

at 500°C 5-12 * 8-10 95 1.8 4 

at 1000 °C 8—14 11-13 65 1.7 3 
Table 5.30: Typical analysis of pyrite cinder. chlorides (Table 5.31). These are scrubbed in 

Main components, % Trace metals, ppm water from the exit gases and the solution 
Fe 54-58 Co 300-1500 treated for metal recovery. 
Gangue 6-10 Ag 25—50 
Си 0.8—1.5 Ап 0.5-1.5 
Zn 2.0-3.5 Cd 40-100 5.8.2 The Sulfate Route 
S 2.54.0 Ni 15-1500 р Я . 
Pb 0.3-0.7 Mn 300-3000 This route is mainly used for the recovery 


Table 5.31: Data on the treatment of pyrite cinder by 
Kowa-Seiko process. 


Heated pellets, Volatilizatio: 
Dry pellets, % P n 


% % 
Cu 0.47 0.04 91 
Pb 0.18 0.01 92 
Zn 0.59 0.01 o 
As 0.05 0.05 Sea 
S 0.61 0.03 96.5 
Fe 592 61.5 — 
Au (g/t) 0.94 0.05 95 

- Ag(g/) 33.6 7.00 80 





DK Process. This process has been used in 
Germany for nearly a century at the Duis- 
burger Kupferhütte in Duisburg (operations 
ceased in 1980s). The pyrite cinder is mixed 
with NaCl and heated continuously in а multi- 
ple hearth furnace at 800 °C to transform non- 
ferrous metals into water-soluble chlorides. 


Each batch requires about 2 days for leaching ` 


in vats. The concentrated leach solution ob- 
tained in the first 15 to 20 hours is sent for 
copper and other metals recovery, while that 
subsequently obtained, being poor in metal 
content, is recycled. The residue, called purple 
ore, now a high-grade iron ore (61-63% Fe), 
is sintered and delivered to the blast furnace. 


Kowa-Seiko Process. This is a Japanese pro- 
cess in which the cinder is mixed with calcium 
chloride, pelletized, then heated in a rotary 
kiln at 1100 °С to volatilize nonferrous metal 


of cobalt from the cinder. It is based on a care- 
ful temperature control during the oxidation of 
pyrite. If the temperature is kept at 550 °C, co- 
balt in the pyrite will be converted to sulfate 
and therefore can be leached directly from the 
cinder with water. At least two plants are using 
this process: 


e At the Bethlehem Steel plant, Sparrows 
Point, Maryland, the hot pyrite cinder is 
quenched with water to give a slurry con- 
taining 6-8% solids. When the solids are fil- 
tered off, the solution contains 20-25 g/L 
Co; it is processed further for metal recov- 
ery. In the cinder the Fe:Co ratio is 50:1; in 
solution it is 1:1. This plant supplies the 
only domestic source of cobalt in USA. 


ө In Finland at the Outokumpu Company 
plant, the sulfated pyrite cinder contains 
0.8-0.9% Co and other nonferrous metals. 
It is leached with water to get a solution at 
pH 1.5 analyzing 20 g/L Co, 6-8 Ni, 7-8 
Cu, 10-12 Zn, and trace amounts of iron, 
which is treated for metal recovery. 


5.9 Iron from llmenite [1] 


Ilmenite, FeTiO,, is the major titanium 
mineral. It represents 90% of the world tita- 
nium ore reserves while rutile, DO. accounts 
for the remaining 10%. IImenite occurs either 
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as massive deposits, e.g., in the Province of The concentrate is mixed with a certain 
Quebec, or as sand at the mouth of rivers, e.g., amount of carbon which is just enough to re- 
in India. The Quebec deposits are one of the duce the iron oxide component of the ore, then 


Table 5.34: World direct reduction plants (plant list is correct as of December 31, 1995) [102] This list does not include 
plants that are inoperable or have been dismantled.. 





Process Plant Location prose Modules Start-up Status“ 


largest in the world. However, when compared 



















: . where iron oxide is reduced to metal while ti- Georgetown Steel Georgetown, SC, USA . 0.40 1 1971 
with other ilmenite ores, the Quebec ore is a tanium is separated as a slag (Figure 5.68) пш ыа Hamburg, a ; 20 | о 
А : И s : Sidbec Dosco ontrecceur, QC, Canada ; 1973 О 
low-grade ore (Table 5.32). It is beneficiated This method is used by the QIT Fer et Titane SIDERCA Campana Argentina 0.40 j 1076 os 
by physical methods to a concentrate contain- incorporation at its plant in Sorel near Mont- Sidbec Dosco 2 Contrecceur, QC, Canada 0.60 1 1977 о 
ing 36.8% TiO,, 41.8% Fe (total), and a small réal and at Richards Bay in South Africa. It is оге a е ы nee | ms о 
. ` H A Ша Constitucion, entina . 
amount of sulfur. also used in Ukraine at Zaporozhye and in Ja Qatar Steel Co. Umm Said, Qatar 0.40 1 О 
рап. British Steel Hunterston, Scotland 0.80 2 1979 I 
A small amount of TiO, is reduced to 11,03 a sem зы & Tobago i р ; 1980-1982 D 
Table 5.32: Analysis of ilmenite ores. and will be found in the slag. The slag is Delta Steel Warri, Nigeria 1.02 2 1982 on 
% mainly titanates of iron, magnesium, and cal- Hadeed I Al-Jubail, Saudi Arabia 0.80 2 1982-1983 О 
23-59 cium together with some calcium and alumi- OEMK Stary Oksol, Russia 1.67 4 1983-1988 О 
Ge 9-38 num silicates; its titanium dioxide content Amsteel Mills Labuan Island, Malaysia 0.65 1 1984 O 
Fe,0, 5-25 varies between 72 and 9896. The analysis of DES ME 1.20 : 13857132 ZO 
er À GER . eila, Egypt 0.72 1 1986 о 
SiO, mus iron produced at Sorel is given in Table 5.33. LISCO Misurata, Libya 1.10 2 1929-1990 О 
А0» uo "pen The slag is high in titanium and low in iron Essar Steel I & II Hazira (India) 0.88 2 1990 о 
үт KEN 04-2 and is therefore preferable to ilmenite in man- MEO A ud е ee Uc 1 P 
d a В А ЕЕ atanzas, Venezuela } 
E ufacturing TiO; pigment or titanium metal. Essar Steel III Hazira, India 0.44 1 1992 o 
NISCO Mobarakeh, Iran 3.20 5 1992-1994 о 
A . Hadeed П Al-Jubail, Saudi Arabia 0.65 1 1992 о 
та тие 5.10 Direct Reduction HDIL Raigad, India 1.00 1 1994 o 
P ANSDK II El Dikheila, Egypt 0.80 1 1997 C 
госеѕѕеѕ Hanbo Steel Asan Bay, South Korea 0.80 1 c 
IMEXSA Lázaro Cárdenas, Mexico 1.20 1 C 
The name “direct reduction” is misleading, Total | 24.08 5 
because these reduction processes do not con- E See iini MEO den à Doc С 
: m : э ylsa onterrey, Mexico . 
stitute a ^more direct" route to steel than does IMEXSA Lázaro Cárdenas, Mexico 200 4 1982-1990 С 
Tailings the blast furnace. Nor does the term have any- Grasim Raigad, India 0.75 1 1993 o 
| thing to do with direct reduction in the blast PT Krakatau Steel Kota Baja, Indonesia 135 2 1993-1994 о 
Anthracite furnace. Despite all these objections, however, PSSB Kemaman, Malaysia ` 1.20 2 1993 о 
Аї SE ed in international Usiba Salvador, Bahia, Brazil 0.31 1 1994 о 
Oxidation of so, the term has become accepted Hylsa 2P5 Puebla, Mexico 0.61 1 1995 o 
Dryer sulfide impurity usage. Total 6.97 13 
Table 5.34 lists the plants for direct reduc- Tamsa Veracruz, Mexico 0.28 1 1967 I 
tion of iron ore that were in operation or under Der Seen ү Venezuela 036 1 1976 9 
: P Н eir loca- ylsa2 ebla, Mexico ; 1 1977 
construction in 1995, Ge m their РТ Krakatau Steel Kota Baja, Indonesia 1.68 3 1978-1982 ОЛ 
tions and the processes employed. SIDOR П Matanzas, Venezuela 1.70 3 1980-1981 О 
Selective Table 5.33: Analysis of iron produced from Quebec il- m Ahwaz, Iran e i 1993-1995 о 
reduction menite at Sorel (also known as Sorelmetal). ota С 
Е Piratini Charquedas, Brazil 0.06 1 1973 I 
= SIL Paloncha, India 0.03 1 1980 о 
C 1.82.5 Siderperu Chimbote, Peru 0.09 3 о 
S 0.11 ISCOR Vanderbijlpark, South Africa 0.72 4 1984 о 
Desulfurization Р.О, 0.025 BSILI Chandil, India 0.15 1 1989 о 
MnO trace Prakash Industries I Champa, India 0.15 1 1993 O 
У,0; 0 4, Nova Iron & Steel Bilaspur, India 0.15 1 1994 O 
Titanium slag Iron Cr 0.05 Prakash Industries П Champa, India 0.15 1 1996 Cc 
Si 0.08 BSILII Chandil, India 0.15 1 1998 C 
Figure 5.68: Selective reduction of ilmenite. TiO, trace Total 1.65 14 


charged in an electric furnace at 1650 °C 
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А Capacity, A 
Process Plant Location Mt/year Modules Start-up ` Status 

Jindal Jindal Strips Raigarh, India 0.40 4 1993-1995 О 
Monnet Ispat I Raipur, India 0.10 1 1993 O 
Jindal Strips Raigarh, India 0.20 2 1996-1997 Cc 
Monnet Ispat П Raipur, India 0.10 1 1997 Cc 
Total 0.80 8 

DRC Scaw Metals I Germiston, South Africa 0.18 2 1983-1989 О 
Tianjin Iron & Steel Tianjin, China 0.30 2 1996 C 
Scaw Metals ЇЇ Germiston, South Africa 0.15 1 C 
Total 0.63 5 

Codir Dunswart Benoni, South Africa 0.15 1 1973 О 
Sunflag Bhandara, India 0.15 1 1989 O 
Goldstar Mallividu, India 0.22 2 1992 О 
Total 0.52 4 

Fior Fior de Venezuela Matanzas, Venezuela 0.40 1 1976 о 

OSIL OSIL Keonjhar, india 0.10 1 1983 O 
Lloyd’s Steel Ghugus, India 0.30 2 1996-1997 C 
Total 0.40 3 

Purofer ASCO Ahwaz, Iran 0.33 1 1977 O 

SIIL SIL Paloncha, India 0.06 2 1980-1985 о 
Bellary Steels Bellary, India 0.06 2 1992-1993 о 
НЕС Borai, India 0.06 2 1992 о 
Kumar Met. Nalgonda, India 0.03 1 1993 о 
Raipur Alloys Raipur, India 0.03 1 о 
Tamilnadu Sponge Salem, India 0.03 1 о 
Aceros Arequipa Pisco, Peru 0.06 2 1996 C 
Total 0.33 11 

Iron Carbide Nucor Steel Point Lisas, Trinidad & Tobago 0.30 1 1994 О 

Tisco Ipitata I Joda, India 0.12 1 1986 о 
Ipitata П Јода, India 0.12 1 1998 C 
Total 0.24 2 

Dav Davsteel Cullinan, South Africa 0.04 1 1985 O 

Kinglor- Мо. 3 Mining Enterprise Maymo, Burma 0.04 2 1981—1984 О 





* Status codes: О = operating; I= idle; C = under construction. 


Table 5.36 contains technical data for the 
direct reduction processes described in this 
chapter and certain other processes. The stated 
capacities should be regarded as approximate, 
as some of the processes have been further de- 
veloped. The annual plant outputs often vary 
from the original design capacity. In particu- 
lar, the demand of the client (1.е., of the elec- 
tric steel mill), a low scrap price, or a shortage 
of spare parts may lower the annual output. 


In most direct reduction processes, up to 
92-95% of the iron oxide is reduced to metal- 
lic iron. The degree of metallization Fe, 
uw Fe, in % is an important variable for 
characterizing the direct-reduced iron (DRI) 
produced by the process in question. 


5.10.1 Fuels and Reducing Agents 
[103, 104] 


A considerable amount of heat input is re- 
quired in the production of iron, because es- 
sentially all the processes involved are 
pyrometallurgic. Part of the heat is used to 
heat up the raw materials to be processed and 
part of it is required for endothermic chemical 
reactions. The majority of this energy is ob- 
tained by combustion of fossil fuels. Approxi- 
mately one-quarter of the annual output of 
steel is derived from scrap in electfic arc fur- 
naces which pose a correspondingly high de- 
mand for thermoelectric energy. 














iron 


Fuels. Fossil fuel, especially in the form of 
coke constitutes the primary reducing agent in 
blast furnaces; this coke cannot be replaced ar- 
bitrarily by substitutes such as coal. Coke 
‘functions both as a support material and as a 
matrix through which gas circulates in the 
stock column. A portion of the fuel can be in- 

troduced into the tuyére along with the air sup- 

ply. Figure 5.69 provides detailed insight into 

the demand for the fossil fuels in iron‘manu- 

facture, indicating its percentage distribution 

by various fuel types and consumers. 


The illustration is based on an integrated 
production facility in which all the coke and a 
portion of the required electrical energy is pro- 
duced on site, the extent of the latter being a 
function of the availability of excess off-gas 
[105]. 

All energy data in Figure 5.69 relate to total 
energy input, including that from external 
sources of electricity. Approximately 88% of 
the imported energy is derived ultimately from 
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coal, 83% of which is converted into coke. 
Gas is derived as a by-product: 15% from the 
coke ovens, 20% from the blast fumace and 
4% from the steel mill. This gas is in turn pro- 
cessed in the coke oven plant and distributed 
to power plants and other appropriate units 
within the facility for subsequent processing. 


A number of requirements must be met by 


coke that is intended for use in iron manufac- 
ture: . с 


e The ash, moisture, and sulfur content should 


be as low as possible, and should show little 
variation. 


e Coke strength should be consistently high 
with the lowest possible variation. 


e The coke should be as unreactive as possi- 


ble, in particular toward carbon dioxide and 
steam. 


e Particle size should be kept in the range of 


40-80 mm, but at least in the range of 20-80 
mm. 


NM Total energy 
Electricity input 
oue dE E 18.9 GJ 












1. 


s; 
Energy consumption 
16.0030 Crude steel 
including subsequent 


3.8) processing 

















Figure 5.69: Energy demand distribution in an integrated steel mill based on 1 t of crude steel, 


Energy 
crediting 
0.90) 
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Table 5.35: Important characteristics of coke. 


Blast furnace coke 
Drum index" (96) > 90 
Dust М 10* (%) < 6 
Moisture Gab < 5 
Ash (96) <10 
Sulfur (?6)* «1 


Volatiles (2%) 


"Based on DIN 51 717, equivalent to ISOIR 556. 
*96 of crude weight. 
* Of dry weight. 


10? 


10° 


Rate constant Ku, 1/5 ——» 





1000 1200 1400 1600 
Temperature, °C ——» 


Figure 5.70: Limiting curves for the effective rate con- 
stant in the Boudouard reaction shown for two types of 
coke; — — coke type а; ~ ~ — coke type b (the curve pa- 
rameter is the grain diameter in mm): a) Chemical surface 
reaction; b) Boundary layer diffusion; c) Pore diffusion. 

Coke characteristics are the subject of nu- 
merous norms, including ISOIR 556, DIN 
51 717-51 719, DIN 51729, and DIN 51730. 
Typical values for coke intended for iron man- 
ufacture (reflecting these norms) are presented 
in Table 5.35. 

Coke reactivity is determined on the basis 
of the norm ST/ECE/Cool/12. Specifications 
supplied with respect to ash and sulfur content 
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are applicable not only to coke but also to in- 
jection coal. 

Depending on coke temperature and parti- 
cle size, the principal determinant in the rate 
of the Boudouard reaction 


C + CO, = 2CO (29) 


is the varying resistance to reactivity In the 
case of blast-furnace coke with a particle size 
between 40 and 80 mm, and at low tempera- 
ture (< 1050 °C), the limiting factor is the re- 
sistance of the interfacial reaction. For 
particles « 8 mm in diameter the resistance of 
the interfacial reaction is rate-limiting up to ca 
1200 *C. Between 1050 and ca. 1350 *C the 
resistance of pore diffusion becomes the rate- 
determining factor in the Boudouard reaction. 
Above 1350°C the rate of reaction is governed 


by the diffusion of carbon dioxide through the 


gaseous layers adhering to the coke particles. 
The corresponding relationships are illustrated 
in detail in Figure 5.70. 

Carbon conversion 7, in molm™s” may be 
computed on the basis of the rate constant Ke 
derived from Figure 5.70 [103] 


dn 
re = Gy = kaleo,- лыр (30) 


-Jol 


where neo is the CO, concentration in the 
gas phase (mol/cm? ) and neo, the CO, con- 
éentration in equilibrium with c and CO 
(Boudouard reaction). 

Furthermore 


‘Kez = Eer fier" (31) 


where me is the mass of carbon (g) per cubic 
meter of charge and т the pore utilization fac- 
tor according to Thiele. Within the tempera- 
ture range in which the interfacial reaction is 
rate determining 


Ка = Hc + g-360/RT Em sl (32) 


where Не is the reactivity factor. Moreover, 
because 7 = 1 


Kg = тє. Нс e730/RT 5-1 (33) 
The activation energy of 360 kJ/mól is uni- 


formly applicable with respect to any fuel 
[86]. Depending on reactivity and charge size, 
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the product тс x Нс may range from 0.4 x 
1013 51 to 0.4 x 105 s $1 

Gaseous and liquid CH used in iron man- 
ufacture are described elsewhere. 


Reducing Agents. Assuming that iron oxide 
is present in the solid state, industrial-scale re- 
duction of iron ore with carbon monoxide or 
hydrogen takes place according to 


FeO, + (CO, H;) э Fe + n(CO,, Н.О) ^ G4) 


If iron oxide is present as a liquid, a second re- 
action is also possible: 


FeO, * nC — Fe + пСО (35) 


Carbon monoxide is produced in the blast fur- 
nace from the reaction of oxygen in the blast 
air with hot coke and other reducing agents 
such as injected coal or oil 


C440, CO (36) 


Carbon monoxide is also the product of the 
Boudouard reaction 


C+CO, = 2CO (29) 


Carbon dioxide required by Equation (29) 
is formed during the reduction of iron oxide 
according to Equation (34). In some cases, 
coal is utilized as the reducing agent, which 
means that the gases actually responsible for 
reduction arise both from coal pyrolysis and 
from coal gasification inside the reduction re- 
actor. 

Coal pyrolysis may lead to varying quanti- 
ties of hydrogen and hydrocarbons, which in 
turn serve partly as reducing agent and partly 
as fuel. The majority of the reducing gas in 
such a case originates from the solid carbon 
contained in the coal, where ore reduction and 
the Boudouard reaction are linked through 
Equations (29) and (34). 

Gaseous reducing agents other than those 
formed in the reduction reactor itself are de- 
rived from natural gas, oil, or coal. Stoichio- 
metrically, the large number of processes that 
are actually suitable for gas production, is lim- 
ited significantly because a low content of 
steam and carbon dioxide as well as a specific 
hydrogen:carbon monoxide ratio is required 
in the reducing gas. 
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An appropriate gas for reduction above the 
decomposition temperature of carbon monox- 
ide is that produced by steam reforming, with 
a composition of 73% hydrogen, 13% carbon 
monoxide, 1% water, 8% carbon dioxide, and 
5% methane: 


CH,+H,0 2 CO * 3H, 


In the Midrex process a 1.5:1 ratio of hy- 
drogen and carbon monoxide is requiréd. This 
ratio is achieved by reaction of natural with 
blast furnace top gas which results in a better 
utilization of input energy (composition after 
condensation of steam: 20% CO, with the bal- 
ance being CO and H,O at equal ratios): 


CH, * CO, + 2CO * 2H, 


Reduction gas should contain as little steam 
and carbon dioxide as possible. Even rela- 
tively small amounts of these substances dras- 
tically limit the utility of the gas, because 
according to Equation (34) the reduction of 
iron oxide itself produces carbon dioxide and 
water. Their presence in the reduction gas 
would therefore shift the equilibrium to the 
side of iron oxide. At the temperatures nor- 
mally employed for converting iron oxide to 
iron, the ratio CO: CO; or H5: HO must not 
fall significantly below 2.3. In addition, reduc- 
tion gas should contain as little undecomposed 
hydrocarbons as possible. 


The use of fossil fuels in iron manufacture 
is currently the subject of careful reevaluation, 
and new reduction techniques are in the devel- 
opment stage. It is quite likely that coal will 
come to play an increasingly important role as 
a source of reduction gas. This can be accom- 
plished by partially combusting coal with оху- 
gen іп an iron bath. The resulting hot gas is 
then used to reduce iron oxide in a separate 
vessel (see the equations above). Then the re- 
duced iron is itself transferred to the iron bath 
where it is melted. Gas generation on the basis 
of nuclear energy is expected to remain eco- 
nomic for many years, although some effort is 
currently being directed toward the use of a 
plasma arc for converting carbon sources into 
reduction gas. 
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5.10.2 Shaft Furnace Processes 
for Direct Reduction 


Wiberg-Sóderfors Process. The oldest shaft 
furnace process for direct reduction of iron 
ore, the Swedish Wiberg process, is based on a 
patent issued in 1918. Up to the end of the 
1950s, it was technologically improved and 
adapted to changed conditions on the ore and 
fuel markets. Nowadays, the Wiberg process 
is only of historical significance. 


The development of the process was pro- 
moted above all by the growing shortage of 
very low-sulfur charcoal pig iron, the raw ma- 
terial for swedish high-quality steel. In addi- 


C=83% . Recycle 
S S=1.5% gas 
NA Ash=12.5% о, 65k 
Coke circuit | Water C0,-23 e g 
30 kg 61 kg CO254.7 o | 
Ee? H,=15.7% 















1.0 kg 
Electrode 
consumption 


Excess coke 65kg 


230mm <30 mm 
30 kg . 35kg 
C=82% С=30% 
$=0,8% S=1.1% 
Ash=17% Аѕһ=68% 


Dotomite 175m? 
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tion, it was intended that coke would only be 
used for the reduction process, the process 
heat being supplied by cheap electricity avail- 
able because of the geographical location. 


In the Wiberg process (Figure 5.71) the iron 
ore is preheated in the top section of the fur- 
nace (a) to the reduction temperature of ca. 
950 °C by hot gases generated by combustion 
of part of the so-called excess gas. In the zone 
immediately below, the ore is reduced to wus- 
tite with ca. one third of the reducing gas vol- 
ume. The reduction to metallic iron takes 
place in the bottom section of the furnace at 
ca. 950 °C with ca. 1300 m? (STP) gas/t DRI. 

Pellets 


1290kq 
Ғе 62% 


{ Тор gas 








Excess gas 


(0,=40% 
CO=38% 
` Mell SE, 
H,0=10.5% 


CO,=3.2% 
CO=7h.4% 
Н;=211% 
Н;0=12% 


Dolomite waste Sponge iron 


40kg 1000 kg 
$=5% metallic Fe=70% 
: total Fe=80% 
C=0.5% 
$=0.010% 
P=0.010% 
Reduction grade=87% 


Figure 5.71: Flow Sheet and material balance (based on 1 t sponge iron) of the Wiberg process. All volumetric values of 
the gases refer to standard conditions [101]. a) Reduction shaft; b) Carburetor; c) Desulfurization shaft; d, e, f) Fans; g, h, 


i) Charging bins for pellets, dolomite, and coke; j) Electrodes; A) Preheating zone; B) Pre-reduction zone; C) Main re- 


duction zone. 
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Figure 5.72: Schematic of the Purofer process: a) Shaft furnace; b) Top-gas scrubber; c) Gas reformer; d) Stack. 


Lump ore-pellets 


Flue gas 


e" Process gas 
Natural gas 


Figure 5.73: Schematic of the Midrex process: a) Shaft furnace; b) Reduction zone; c) Cooling zone; d) Scrubber; e) Gas 
compressor; f) Gas reformer; g) Recuperator. i 
Table 5.36: Typical consumption figures for direct reduc- in the carburetor (b) over a hot column of 


tion processes. ; к 
processes coke. The energy required for the endothermic 


Consump- Electrical ; reactio 
Process Reductant tion, GJt energy, Metalli: Ee 
DRI  kWh/tDRI 70n% — CO,«C—2CO 
Midrex  naturalgas 100 i0 ^ 9x94 ҤО+СәэСО+Н, 


HyLI пага раѕ 18.9 85 is supplied by resistance-heating electrodes. 


НУШ natural gas 10.5 90-93 DAR : : 
Pur паша ps The gas, which is contaminated with sulfur 
oil 14.3 93 95 from coke, is passed through dolomite in a 


Nippon | shaft furnace for desulfurization (c). The re- 


steel natural gas 10.5 90-92 ; : . 
Fior natural ваз — 160 90 ducing gas contains 95% carbon monoxide 
SL/RN coal 14.8 80 93 and hydrogen in a ratio of ca. 3:1. 


The Wiberg process, which was developed 
Two thirds of the reducing gas is withdrawn for the special conditions of the Swedish iron 
by means of a hot gas fan (e) and regenerated industry, was a pioneering technology. The 
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high cost of coke and electrical energy to gen- 
erate the reducing gas is the reason why this 
process is no longer in use. 

The principle of generating the reducing 
gas by a chemical reaction between the off-gas 
of the reduction shaft (the top gas) and natural 
gas has been applied in two processes: the 
Purofer and the Midrex process. - 


Purofer Process. This process (Figure 5.72) 
was developed at Hüttenwerke Oberhausen 
(later Thyssen Niederrhein); the ICEM pro- 
cess developed by the Romanian Research In- 
stitute for Metallurgy is similar to it. The ore 
(preferably pelletized) passes vertically down- 
ward through the shaft furnace in countercur- 
rent to the hot reducing gas. The gas is used 
for heating the charge and for reduction. The 
reducing gas is generated catalytically in re- 
generative-type gas generators. After cooling 
and purification, the top gas is used partly for 
heating up the gas generators and partly for 
chemical conversion of the natural gas at 900— 
1000 °С to reducing gas according to the 
equations 

CH, + CO, 2 2CO «2H, 

CH, + H,0 > CO * 3H, 


The carbon from methane reforming that is 
deposited on the catalyst of the regenerator 
during reducing-gas production is burned off 
during heating-up. This regenerative phase 
causes slight variations in reducing gas tem- 
perature and composition. In the Purofer pro- 
cess, the DRI is discharged hot and can be 
transported in containers either directly to an 
electric steel mill or to a hot briquetting plant. 

In addition to the pilot plant in Oberhausen 
(capacity 500 t/d), one plant was built in Bra- 
zil (but with a Texaco heavy-oil gasifier as gas 
generator) which is now dismantled. The only 
plant in operation in Iran is designed for oper- 
ation with natural gas. 


Midrex Process. The most successful gas- 
based direct reduction process is the Midrex 
process developed by Midland-Ross Corp. of 
Toledo, Ohio (Figure 5.73) [107]. 

In this process, natural gas continually un- 
dergoes catalytic conversion to hydrogen and 
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carbon monoxide (ratio ca. 1.5:1) at ca. 
900 °C using a partial stream (ca. 2/3) of the 
top gas, which is cleaned and cooled to lower 
its water-vapor content. Reduction is accom- 
plished in the cylindrical part of the shaft fur- 
nace at 780-900°C, depending on the 
temperature at which sintering ("sticking") of 
the reduced ore or the pellets occurs. In the 
conical discharge section of the shaft furnace, 
the DRI is cooled to ca. 45 °C by recirculated 
cooling gas. Here the carbon content of the 
product can also be adjusted to between 1.2 
and 2.5%. There are also Midrex plants featur- 
ing hot discharge followed by hot briquetting. 

One third of the top gas is used to heat the 
gas reformer, whereas the hot flue gases serve 
to preheat the combustion air and the feed gas 
mixture prior to reforming. 

With increasing heat recovery in the recu- 
perator and reduction temperatures of ca. 
900 °C, energy consumption per tonne of DRI 
may fall to 9.6 GJ in the Midrex process. 

The reducing gas can also be generated by 
steam reforming of natural gas. The first shaft 
furnace direct-reduction process to employ 
steam reforming was the Armico process. Here 
natural gas undergoes continuous catalytic 
conversion with excess steam according to the 
reaction: 


CH, + xH,O э CO +3H, + (x DO 


After removal of the water vapor, the ER gas 
is used as cooling gas. 

Only one commercial plant was ever built 
because of the difficulty of achieving com- 
plete mixing of the cooling gases entering the 
lower part of the shaft with the hot top gases 
from the reduction zone, the low reducing po- 
tential of the gases, and a range of technical 
problems. 


Nippon Steel (NSC) Process. The reducing 
gas containing over 95% carbon monoxide 
and hydrogen is generated by steam reforming 
with only a slight excess of water vapor and 
addition of top gas freed from water and car- 
bon dioxide (see Figure 5.74). Like the Puro- 
fer process, the NSC process ha$ a hot 
discharge facility, from which DRI can be 
filled into containers and taken either directly 


H 





Iron 


to a steel mill or to a hot briquetting plant. 
Only one plant in Malaysia with a design ca- 
pacity of 1000 t/d has been built which was 
later modified into an HyL -III plant. 


HyL-IH Process. Hojalata y Lamina S.A. 
(HyL) of Mexico has also developed a shaft- 
furnace process based on steam reforming of 
natural gas (HyL-III process, Figure 5.75). 
This process represents a further development 
of HyL’s retort process (see Section 5.10.3). 
Because of the large quantity of excess steam 


Oxide feed 






DRI to hot briquetting S | 


Cooling gas Steam 
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produced in continuous catalytic conversion 
of the natural gas, the generated gas must first 
be cooled to remove the excess water vapor. 
After addition of water- and carbon dioxide- 
free top gas and indirect heating to ca. 850 °C, 
the reducing gas is fed into the reduction shaft. 
In the bottom section of the shaft furnace, the 
DRI is cooled down to < 50 °C as in the Mi- 
drex process. HyL-III plants can also be oper- 
ated with hot discharge and hot briquetting. 


Natural gas 


Figure 5.74: Schematic of the Nippon Steel process: a) Shaft furnace; b) Heat exchanger; c) Gas heater; d) Dust remover; 


e) CO, scrubber, f) Reformer, g) Stack; h) Cooling zone. 





Figure 5.75: Schematic of the HyL-III process: a) Shaft furnace; b) Gas scrubber, c) Reformer; d) Cooler, e) Recupera- 


tor; f) Stack; g) CO, scrubber. 
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The degree of metallization of the DRI pro- 
duced by the various shaft furnace processes 
ranges from 92-95%. The carbon content is 
usually 1.5-2%. 


5.10.3 Retort Processes 


HyL Process (HyL-I Process). A number of 
plants employing this process were built up to 
1975 before the shaft-furnace processes be- 
came established. The development of this 
process began in 1951 at Hojalata y Lamina 
S.A., Monterrey (Mexico). It operates with 
four reactors simultaneously, each one being 
at a different point in the reduction cycle at a 
particular time. Figure 5.76 shows the stage at 
which product DRI is cooled with cold reduc- 
ing gas in retort 1. At this point, the carbon 
content of the DRI is adjusted to ca. 2%. After 
cooling and water-vapor condensation, the 
off-gas from this retort is reheated to reduction 
temperature and passed through retort II, 
where pre-reduced material is fully reduced. 
The gas is then recooled to remove any newly 
formed water vapor, reheated and fed to retort 
III containing freshly charged ore, which is 
then pre-reduced. The off-gas from this stage 
is cooled and freed from water vapor; it is then 
available for use as fuel gas for steam raising. 
Retort IV is simultaneously emptied from DRI 
and charged with ore. 


As lump ore or pellets are stationary in the 
retorts during reduction, the risk of sticking is 
high. Sophisticated removal devices are re- 
quired for emptying the retorts. 


The degree of metallization of the DRI is 
often lower at the bottom of the retorts than in 
the upper layers. Thus the target average de- 
gree of metallization is often only ca. 86%. As 
gas generation is carried out with a large ex- 
cess of steam and cooling and reheating of 
each retort is very costly, an energy consump- 
tion of ca. 21 GJ per tonne DRI must be taken 
into account. 
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Höganäs Process. This process has been in 
operation since 1911 and has undergone no 
significant technical modifications since the 
1950s, nor has its use become any more wide- 
spread. In this process, iron ore is reduced 
with coal in hermetically sealed crucibles with 
indirect heating (by combustion of the carbon 
monoxide escaping from the crucibles). The 
sulfur content of the DRI is minimized by add- 
ing limestone or dolomite to the charge mix 
and rapidly cooling the product. It is thus suit- 
able for use in powder metallurgy or stainless- 
steel production. The capacity of plants oper- 
ating on the Höganäs process is relatively low, 
ca. 35 000 t/a. 


Kinglor-Metor Process. This process occu- 
pies a category between the shaft furnace and 
the retort processes. The development of this 
process (Figure 5.77) by Co. Kinglor-Metor 
S.p.a., Mineraria & Metallurgica, Italy, began 
in 1971 but was based on the Echeverria pro- 
cess which had been in operation in Spain 
since 1957 [108]. Like the rotary kiln pro- 
cesses (see Section 5.10.5) and in contrast to 
the gas-based direct reduction processes de- 
scribed so far, it uses a solid carbon-contain- 
ing reductant, which is charged together with 
the ore (6—25 mm size) and, where applicable, 
limestone or dolomite is used for desulfuriza- 
tion. The heat for the strongly endothermic re- 
action 


FeO, * xC 2 Fe * xCO 


which in this case takes place at ca. 1050 °C, 
is supplied through the wall of the shaft fur- 
nace, which must therefore have a high ther- 
mal conductivity. Silicon carbide satisfies the 
requirements as to thermal conductivity, heat 
resistance, and abrasion resistance. The shaft 
heating burners are designed for gaseous and 
liquid fuels. The reduced material is indirectly 
cooled with gas in the bottom zone of the 
shaft. Commercial plants consist of a:group of 
six reduction chambers, each with a capacity 
of ca. 20 t/d DRI. 

















Iron 


115 











To clarification ptant к aes 





Ore {ес ee СТ 
© 1 
1 C» 
Water | | | 
3 И 
Steam | | 
MUNI | 
Natural gas E ri | 
©) I< A = re 1 
EP БО 
Wo sëlle 
ww S7 7 ; 
| cl А ү? 
a | и = 
А VÀ C i 
From cooling water CE м4 
regeneration з n 





H 





j 


Figure 5.76: Flow sheet of the HyL-I process: a) Ore conveyor belt; b) Retort I at cooling stage; c) Retort II at final re- 
duction stage; d) Retort Ш at pre-reduction stage; е) Retort IV at discharging and charging stage; f,-f,) Cooler; g,—g;) 
Gas preheating; h,-h,) Intermediate container for sponge iron; i) Conveyor belt for sponge iron; j) Air compressor; К) Air 
preheating; I) Reduction gas generator; m) Superheated steam generator; n) Cooler; o) Saturated steam generator; p) 


Connection between cooler f, and preheater g4. 
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Figure 5.77: Shaft fumace of the Kinglor-Metor process 
(dimensions in mm): a) Silicon carbide shaft; b) Gas dis- 
charge pipe; c) Fireclay outer wall; d) Burner; e) Gas or 
oil pipe: f) Air cooling; g) Extruding screw discharge; h) 
Hopper, i) Sponge iron discharge; j) Charging hopper. 


5.10.4  Fluidized-Bed Processes 


Fluidized-bed processes for direct reduc- 
tion exploit the lower cost of fine ores com- 
pared with lump ores and pellets. However, 
the disadvantages of these processes are that 
(1) the fine ores have a tendency towards 
sticking above ca. 700 °C and that (2) below 
600 °C the susceptibility to reoxidation of the 
DRI is so high that it must be stored under in- 
ert gas or hot-briquetted. 


Fluidized-bed processes that operated with 
pure hydrogen were the Novalfer process and 
the H-Iron process; however, they did not at- 
tain any major technological significance. In 
the HIB-process, reduction was carried out in 
several stages with a gas containing ca. 8596 
hydrogen. The ore of 0.2 mm size underwent 
only ca. 65% metallization and was then hot- 


: briquetted. The sole commercial plant has 


been converted by Midrex Corp. into a shaft 
furnace plant with hot discharge/hot briquet- 
ting. 
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Figure 5.78: Schematic of the Fior process: a) Reformer; 


b) Gas cooler; c) Heater; d) Fluidized-bed reactor; e) 
Scrubber, f) Stack. 


Fior (Fluidized Iron Ore Reduction) Pro- 
cess. Development of the Fior process (Figure 
5.78) started in the 1950s at Esso Research 
and Engineering in collaboration with Arthur 
D. Little. Following the building and opera- 
tion of a 300 t/d pilot plant in Dartmouth, 
Nova Scotia, from 1965 to 1969, a 400 000 t/a 
commercial plant operating on this process 
was built in Puerto Ordaz, Venezuela. 


After drying and preheating to ca. 880 °C, 
the fine ore (mostly < 5 mm) is metallized to a 
degree of ca. 92% in a three-stage fluidized 
bed. The reducing gas is generated by steam 
reforming of natural gas in continuously oper- 
ating catalytic reformers. The reduced fine ore 
is hot-briquetted, the briquettes being cooled 
and. shipped to the end-users without further 
passivation. 
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The Finmet process is a further develop- 
ment of the Fior process, taking advantage of 
the experience gained in more than 10 years of 
Fior plant operation. 


fron Carbide Process (Figure 5.79) [109]. In 
NUCOR’s Iron Carbide process, fine iron ox- 
ide (0.1—1 mm) is reduced by a hydrogen- and 
methane-containing gas to iron carbide ac- 
cording to: 


ЗЕе,О, + 5H, + 2CH, > 2Fe,C + 9H,O 


The iron oxide is heated to 700 °C prior to 
feeding into the fluidized bed reactor in which 
the reduction of the iron oxide and the forma- 
tion of iron carbide occurs at a temperature of 
approx. 570 °C and at a pressure of approx. 3 
bar(g). | 

In the fluidized bed reactor baffles are ar- 
ranged, which cause the solids to move from 
the inlet to the outlet. The relatively low re- 
duction temperature required to form iron car- 
bide results in a retention time of about 16 
hours in the first 900-t/day plant built in Trini- 
dad. At a gas-to-solids ratio of about 10 000 
Nm?/t oxide, the gas volumes to be handled 
are very high compared to shaft-furnace pro- 
cesses. 


The fines carried over with the reduction 


-gases are partially recovered in a cyclone and 


recycled into the reactor. After heat exchange 
with the cold reduction gas, the off-gases are 
scrubbed, cooled for water condensation, 
compressed, and recycled via heat exchanger 
and a gas heater. Make-up gas is hydrogen. 
The reduction gas consists of 60% CH,, 34% 
Hz, 2% CO, 1% H,O, and minor amounts of 
CO, and N,. The iron carbide formed in 
NUCOR's plant contains 90% Fe total (90% 
as Fe,C, 8% as FeO, 2% as Fe metal), 6.2% C, 
29^ gangue. 

Iron carbide is listed as a nonpyrophoric 
material, therefore handling and shipping do 
not require briquetting or other treatment to 
avoid reoxidation. 
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Figure 5.79: Flowsheet of the Iron Carbide process: a) Oxide heater; b) Reduction reactor, c) Cyclone; d) Heat ex- 
changer; e) Scrubber/cooler, f) After-cooler, g) Compressor; h) Gas heater; i) Product cooling. 


Circored® Process (Figure 5.80) [110]. In 
Lurgi's Circored? process fine iron oxide ores 
(0.1-1 mm) are reduced by hydrogen accord- 
ing to: 

Fei, - 3H, > 2Fe +3H,O 


The ore, preheated to approx. 800 °C, is first 
prereduced to about 65% metallization in a 
circulating fluidized-bed reactor (CFB) within 
20 minutes. 


The final reduction to 90-93% metalliza- 
tion is achieved in a following fluidized-bed 
reactor (FB) with several compartments at 
lower gas velocities over a period of up to 4 
hours — depending on the desired metalliza- 
tion and the reducibility of the oxides. 

The reactors are operated at temperatures 
generally below 650 °C to avoid sticking. The 
off-gases from the final reduction step in the 
FB as well as make-up hydrogen are passed 


into the CFB reactor. Most of the solids in the 
off-gases from the CFB are recovered in the 
recycle cyclone. 


The gases are then passed through a heat 
exchanger, dedusted, cooled for water vapor 
condensation, and compressed to the plant 
pressure of approx. 4 bar(g). After heat ex- 
change with the hot off-gases from the CFB 
the reduction gas is heated to 750 °C before 
being reintroduced into the two reduction re- 
actors. 


Hot make-up hydrogen is first used to 
transport and further heat up the reduced fines 
from the FB into a briquetting plant before be- 
ing passed into the CFB. The reduced DRI 
fines are hot briquetted if the product is in- 
tended for export. It is also possible to directly 
charge it into smelting furnaces. 
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Figure 5.78: Schematic of the Fior process: a) Reformer, 


b) Gas cooler, c) Heater, d) Fluidized-bed reactor, e) 
Scrubber, f) Stack. 


Fior (Fluidized Iron Ore Reduction) Pro- 
cess. Development of the Fior process (Figure 
5.78) started in the 1950s at Esso Research 
and Engineering in collaboration with Arthur 
D. Little. Following the building and opera- 
tion of a 300 td pilot plant in Dartmouth, 
Nova Scotia, from 1965 to 1969, a 400 000 t/a 
commercial plant operating on this process 
was built in Puerto Ordaz, Venezuela. 


After drying and preheating to ca. 880 °C, 
the fine ore (mostly < 5 mm) is metallized to a 
degree of ca. 92% in a three-stage fluidized 
bed. The reducing gas is generated by steam 
reforming of natural gas in continuously oper- 
ating catalytic reformers. The reduced fine ore 
is hot-briquetted, the briquettes being cooled 
and. shipped to the end-users without further 
passivation. 
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The Finmet process is a further develop- 
ment of the Fior process, taking advantage of 
the experience gained in more than 10 years of 
Fior plant operation. 


Iron Carbide Process (Figure 5.79) [109]. In 
NUCOR’s Iron Carbide process, fine iron ox- 
ide (0.1—1 mm) is reduced by a hydrogen- and 
methane-containing gas to iron carbide ac- 
cording to: 


ЗЕе,О, + 5H, +2CH,  2Fe,C + 9H,O 


The iron oxide is heated to 700 °C prior to 
feeding into the fluidized bed reactor in which 
the reduction of the iron oxide and the forma- 
tion of iron carbide occurs at a temperature of 
approx. 570 °C and at a pressure of approx. 3 
bar(g). | 

In the fluidized bed reactor baffles are ar- 
ranged, which cause the solids to move from 
the inlet to the outlet. The relatively low re- 
duction temperature required to form iron car- 
bide results in a retention time of about 16 
hours in the first 900-t/day plant built in Trini- 
dad. At a gas-to-solids ratio of about 10 000 
Nm3/t oxide, the gas volumes to be handled 


are very high compared to shaft-furnace pro- . 


cesses. 


The fines carried over with the reduction 
gases are partially recovered in a cyclone and 
recycled into the reactor. After heat exchange 
with the cold reduction gas, the off-gases are 
scrubbed, cooled for water condensation, 
compressed, and recycled via heat exchanger 
and a gas heater. Make-up gas is hydrogen. 
The reduction gas consists of 60% CH,, 34% 
Н,, 2% CO, 1% H,O, and minor amounts of 
CO, and N, The iron carbide formed in 
NUCOR’s plant contains 90% Fe total (90% 
as Fe,C, 8% as FeO, 2% as Fe metal), 6.2% C, 
2% gangue. 

Iron carbide is listed as a nonpyrophoric 
material, therefore handling and shipping do 
not require briquetting or other treatment to 
avoid reoxidation. 
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Figure 5.79: Flowsheet of the Iron Carbide process: a) Oxide heater, b) Reduction reactor, c) Cyclone; d) Heat ex- 
changer, e) Scrubber/cooler, f) After-cooler, g) Compressor, h) Gas heater, i) Product cooling. 


Circored? Process (Figure 5.80) [110]. In 
Lurgi's Circored? process fine iron oxide ores 
(0.1—1 mm) are reduced by hydrogen accord- 
ing to: 


Ее,О, + 3H, — 2Fe + ЗН,О 


The ore, preheated to approx. 800 °C, is first 
prereduced to about 6596 metallization in a 
circulating fluidized-bed reactor (CFB) within 
20 minutes. 


The final reduction to 90-9396 metalliza- 
tion is achieved in a following fluidized-bed 
reactor (FB) with several compartments at 
lower gas velocities over a period of up to 4 
hours — depending on the desired metalliza- 
tion and the reducibility of the oxides. 

The reactors are operated at temperatures 
generally below 650 °C to avoid sticking. The 
off-gases from the final reduction step in the 
FB as well as make-up hydrogen are passed 


into the CFB reactor. Most of the solids in the 
Off-gases from the CFB are recovered in the 
recycle cyclone. 


The gases are then passed through a heat 
exchanger, dedusted, cooled for water vapor 
condensation, and compressed to the plant 
pressure of approx. 4 bar(g). After heat ex- 
change with the hot off-gases from the CFB 
the reduction gas is heated to 750 °C before 
being reintroduced into the two reduction re- 
actors. 


Hot make-up hydrogen is first used to 
transport and further heat up the reduced fines 
from the FB into a briquetting plant before be- 
ing passed into the CFB. The reduced DRI 
fines are hot briquetted if the product is in- 
tended for export. It is also possible to directly 
charge it into smelting furnaces. 
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Figure 5.80: Flowsheet of the Circored® process: a) Oxide heater, b) Circulation in fluidized bed; c) Cyclone; d) Heat ex- 
changer, e) Scrubber/cooler, f) Compressor, g) Gas heaters; h) Fluidized bed; i) Briquetting machine. 


А 500 000-tpy Circored? plant is under 
construction in Trinidad. By using a CO/CH,- 
containing reduction gas, the Circored® pro- 
cess can also be applied for production of a 
carbon containing HBI with approx. 1-3% C 
or iron carbide with approx. 6.5% C. 


Circofer? Process (Figure 5.81). Another flu- 
idized bed process developed by Lurgi Metall- 
urgie operating with a CFB prereduction and a 
final FB reduction step is based on coal as the 
basic energy source. Fine coal is partially 
burned in a “gasifier/heater” and the semicoke 
produced is used as a heat carrier into the CFB 
as well as to prevent sticking of the iron parti- 
cles at the reduction temperature of > 900 °C. 
The final reduction is achieved at lower tem- 
peratures in the FB with recycled off-gases 
from the CFB. The gas treatment is rather sim- 


ilar to the Circored® process, however, a CO,- © 


absorber step had to be included as the reduc- 
tion is achieved mainly with CO-containing 
gases No commercial plant has been built so 
far. 


5.10.5 Rotary Kiln Processes 


The internal kiln temperature is continu- 
ously recorded by thermocouples installed 
along the entire length of the kiln and project- 
ing into the kiln freeboard. The power supply 
to the shell fans and the transmission of the 
data recorded by the individual thermocouples 
is accomplished by means of slip rings 
mounted on the kiln shell. Юеуісеѕ ог taking 
samples of material during operation are also 
mounted on the kiln shell. 
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Figure 5.81: Flowsheet of the Circofer® process: a) Preheating cyclone system; b) •«•; c) Circulating fluidized bed; d) 
Heat exchanger; e) Scrubber/cooler; f) СО, removal; в) Compressor; h) Gas heater, i) Fluidized bed; К) Magnetic separa- 


tion; 1) Briquetting machine.. 


Rotary kiln processes for direct reduction 
of iron oxides are based on coal as reductant. 
Typical features of rotary kiln processes are 
their high flexibility with regard to feedstocks 
and their capability for economic production 
of even small quantities of DRI. All non-cak- 
ing coals ranging from lignite through bitumi- 
nous coals up to anthracite or coke breeze are 
suitable as reductants. In addition to the pellets 
and lump ores that are the main iron-bearing 
materials, iron sands, and ilmenite concen- 
trates are also industrially used. 


Of the various rotary kiln processes [111], 
the Krupp Codir process and the Lurgi SL/RN 


process have attained the greatest technologi- 
cal significance. The two processes operate 
according to similar principles. As most of the 
DRI currently produced in rotary kilns world- 
wide is manufactured by the SL/RN process 
(see Table 5.36), the principle of the rotary 
kiln processes will be explained with refer- 
ence to this process. 


The SL/RN process was developed in 1964 
out of the combination of two separate pro- 
cesses: the Stelco-Lurgi (SL) process for pro- 
ducing DRI from high-grade ores and the 
Republic Steel National Lead (RN) process 
for beneficiation of low-grade ores. 








cial seals between the rotating kiln and the 
fixed feed and discharge heads. These seals 
essentially prevent inleakage of air and thus 
reoxidation. A number of fans are installed on 
the shell of the kiln; these supply the necessary 
process air via so-called air tubes or via air in- 
jection nozzles in the feed zone of the rotary 
kiln. 

The central burner installed at the kiln dis- 
charge end is used to dry out the refractory 
kiln lining during the initial start-up and to 
heat up the system after a shutdown. Under 
normal operating conditions, only air without 
fuel is fed through the central burner. How- 
ever, if low-reactivity coals (anthracite) are 
used, it may be necessary to continuously fire 
a small amount of supplementary fuel via the 
central burner to satisfy the overall heat re- 
quirement. 


Fresh coal, recycle carbon, ore or pellets, 
and dolomite or limestone as desulfurizing 
agent are charged in a predetermined ratio at 
the kiln feed end by a gastight charging sys- 
tem. 


The charge passes through the kiln in ca. 8- 
12h. The retention time mainly depends on 
the slope, degree of filling, and the rotational 
speed of the kiln. For each combination of 
iron-bearing material and reductant, a mini- ` 
mum retention time is necessary to achieve the 
desired degree of metallization; this is deter- 
mined with laboratory tests. 
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Figure 5.83: Temperature and degree of metallization as a 

function of the location in the kiln: a) Gas temperature; b) 

Charge temperature; c) Metallization. 


Iron ore 


Fe 
54 
58 
67 
66 
63 
66 
67.4 


Type 
Mapochs lump ore 
Itabira pellets 
Marcona pellets 
Bayaram lump ore 
Sishen lump ore 
Bihar lump ore 


Iron sand 


Country 
South Africa 
South Africa 


New Zealand 
India 


Brazil 
Peru 
India 


City 
Charqueadas 
Chimbote 
Vanderbijlpark 
Chandil 


Glenbrook 
Paloncha 


Witbank 


Table 5.37: Iron ores and coals processed in SL/RN plants. 
Plant 
Siderperu 
SIL 
*Prereduction only. 


Highveld? 
Iscor 


NZS 
Piratini 
BSIL 
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TE cS T For example, the necessary retention time 
ES "m 5 |< 955555 for a combination of “porous” pellets and 
( aste d highly reactive lignite is low, whereas that for 
z Ж еее "compact" lump ores and low-reactive anthra- 
S mm cite is high. 

Mure In simplified terms, the rotary kiln can be 

Sle 9 | A divided into a preheati d a reducti 
are PER preheating and a reduction zone 

ЕИ TS assa (Figure 5.83). 

Е B In the preheating zone, the feed materials 
E $z aesgan * аге dried, and coal volatiles escape, .and the 
i charge is heated to reducing temperature (ca. 

950-1100 °C). А 
. ag Ss An overview of the coals and ores used in 
: & |g 88284 SL/RN plants is given in Table 5.37. The usual 

0) ^ Nonmag- E [8 BERGER in sizes of the feed j 
DRI dE с Pee gaa grain sizes of the feed materials are < 15 mm 
o ss zm . 2 
Figure 5.82: Lurgi SL/RN process: а) Bins for raw materials; b) Afterburning chamber; c) Waste-heat boiler; d) Gas 5 5551288 n ins dn qe дие o DER 
cleaning; е) Underbed air injection; f) Rotary kiln; g) Air tubes; h) Injection coal; i) Rotary cooler; j) Product separation. жанчы and < 3 mm for the desulfurizing 
; "o" agent. 

In the SL/RN process (Figure 5.82), reduc- Up to ca. 35% of the total fresh coal re- е Eag The charge is heated through exchange of 
tion of iron oxide is carried out in a refractory- quired is fed into the kiln from the discharge 8 [8 EL heat with the kiln waste gases flowing 
lined rotary kiln (f) inclined from the feed to end with a special pneumatic injection system B m counter-currently to the charge. The energy is 
the discharge end. The slope of the Кіп is ca. (h). This improves the ва bs nio 5 ô mE supplied by the sensible heat of the waste 

у a : : ES aN . 
1.5-2.5% depending on the feed materials. pes d "s Sen Bed cape: “| б 5255855 gases from the reduction zone, by the partial 
> d > i i 1 

The kiln is equipped at both ends with spe- — T in'the case of very long kilns =| a combustion of the coal volatiles, and by direct 

cially . + 9 = burning of carbon in the preheating zone. 


If high-volatile coals are used, injection of 
air into the charge can bring about partial com- 
bustion of the volatiles within the charge, 
which accelerates preheating. 

In the preheating zone, a certain degree of 
prereduction is accomplished through the coal 
volatiles. However, the greater part of the re- 
duction occurs in the reduction zone at near- 
constant temperature according to ` 
Fe,O, + CO — Fe,0,_, * CO, 


zl 

The carbon dioxide formed during reduc- 

tion reacts within the charge with fixed carbon 
according to the Boudouard reaction 


C * CO, 2CO 


and forms the carbon monoxide required for 
the reduction process. 

The necessary heat in the reduction zone is 
supplied through combustion of the surplus 
carbon monoxide from reduction, of the vola- 


tiles in the injected coal, and of fixed carbon. 


The desired temperature profile is estab- 
lished by controlled addition of combustion 
air along the length of the kiln. 
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Ғе0+С0 = Feta 
COC = 2C0 
FeO+C ztFe«CO 


Figure 5.84: Gas composition in the kiln freeboard (A) and kiln charge (B) measured in an industrial kiln of 50 m length. 


Inside the kiln, an oxidizing atmosphere 
above the charge and a reducing atmosphere 
within the charge prevail in close proximity 
(Figure 5.84). Accordingly, the reactions oc- 
curring above the charge in the kiln freeboard 
are exothermic and those taking place in the 
material bed are endothermic. Separation of 
the two atmospheres is ensured by the gas gen- 
erated in the material bed, which also prevents 
reoxidation of particles of DRI at the charge 
surface. | 

After leaving the rotary kiln, the DRI is 
cooled to ca. 100 °C together with the excess 
coal in an indirectly cooled rotary cooler. The 
DRI is separated from the nonmagnetic kiln 
discharge material by screening and magnetic 
separation. 

The > 3 mm fraction of the magnetic por- 
tion can be directly used for steel production, 
the < 3 mm fraction is normally briquetted be- 
fore further use. 

The > 3 mm fraction of the nonmagnetic 
portion is mostly char and can be recycled to 
the process. The « 3 mm fraction, containing 
ash, calcined desulfurizing agent, and char, 1s 
disposed of. 

In particular cases, e.g. if the ash content of 
the coal is very low, it is advantageous to 
charge the entire kiln discharge material di- 
rectly into a downstream electric furnace with- 
out cooling and separation. This brings 

considerable savings in electric energy for the 
melting down process. 


The waste gases leave the kiln at the feed 
end at ca. 850-1000 °C. They pass through a 
dust-settling chamber to remove coarse dust 
and enter an afterburning chamber, where 
combustible gases and carbon particles are 
bumt off. The waste gases are then cooled, 
cleaned and discharged to the atmosphere. Al- 
ternatively, the sensible heat of the gases leav- 
ing the afterburning chamber may be 
recovered in a downstream steam boiler for 
generation of process steam or combined for 
production of steam and electric power. ` 

Since 1984, a four-strand SL/RN plant with 
а capacity of 600 000 t/a DRI and waste-heat 
recovery has been in operation at the Vander- 
bijlpark Works of ISCOR in South Africa. Ap- 
proximately 1.9 t of process steam (1.6 MPa, 
260 *C) per tonne of DRI are generated for the 
steel mill. | 

Taking into account a variety of reducing 
agents, the energy requirement (without char 
recycling) referred to as the lower heating 
value of the coals, is ca. 19.3 GI/t DRI for lig- 
nite briquettes (A), ca. 18.4 GJ for bituminous 
coal (B), and ca. 17.8 GJ fora mixture consist- 
ing of 70% anthracite (C) and 30% bitumi- 
nous coal (B) [112]. The analyses of these 

coals are shown in Table 5.38. 

If a combination C:B = 50:50 with recy- 
cled char is used, the energy requirement 1s 
only 14.8 GI DRI [112]. Л 

Further typical. consumption figures are 
given below: 


Ore or pellets (Fe, 67%) 1.42-1.44t 


i 
al 








fron 


Fixed carbon 380—475 kg 
Electric power 70-90 kWh 

Water 1.5-2.5 m? 
Manpower . 0.4-0.6 man hours 
Repair and maintenance $8-10 


In addition to DRI production, SL/RN ro- 
tary kilns are commercially used for prereduc- 
tion of iron ore at Highveld Steel in Witbank, 
South Africa (13 units with an ore capacity of 
200 000 t/a each, 30-35% metallization) and 
for reduction of ilmenite concentrates at Wes- 
tralian Sands Ltd. in Capel, Western Australia 
(one unit, ilmenite throughput 180 000 t/a, 
95-97 % metallization). 

Table 5.38: Coal analyses. 





Coal A B C 
Fixed carbon, 96 44 59 88 
Volatile matter, 96 51 27 8 
Ash, 90 5 14 4 


Lower heating value (dry), GJ/kg 23.3 27.0 32.7 


5.11 Smelting-Reduction 
Processes 


Smelting-reduction processes are multi- 
stage processes where hot metal is produced 
directly with coal, particularly noncoking 
coal. 

The main reasons for developing smelt-re- 
duction processes (since 1970) was to find 
processes which produce /iquid iron economi- 
cally at low capacity and use coal directly. The 
processes should be more flexible regarding 
raw material and operation and should cause 
less pollution than a blast furnace. 

The ore, fine ore, or lump ore is prereduced 
with the gas produced in the melting vessel. 
The prereduced ore (sponge iron) is melted 
down in a melting vessel where melting en- 
ergy is generated by oxidation of coal. Some 
processes use also electrical energy in the 
melting stage. 

Simulations with computer models were 
performed for different smelt reduction pro- 
cess configurations [113-115] to find an opti- 
mum process and to estimate the influence of 
postcombustion and prereduction on coal con- 
sumption. (Postcombustion is defined as the 
partial oxidation of a gas previously generated 
in the melting vessel, whereby the energy pro- 
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duced by this combustion is transferred to the 
bath with high efficiency.) Economical and 
technical comparison can be found in the liter- 
ature [116—118]. 


Characteristics of Coals for the Smelting- 
Reduction Processes. The most important 
property of the coal for the smelting reduction 
processes is its volatile content, because this 
determines the gasification temperature of the 
reaction 


coal +O, = CO +H, 


Coals with. /ow volatile content generate a 
high temperature when gasified with oxygen, 
the released energy being used for sponge iron 
melting. Gasification of coals with a high vol- 
atile content such as lignite results in a low 
temperature because the volatile hydrocarbons 
must be cracked before gasification can occur. 

Figure 5.85 shows the calculated adiabatic 
gasification temperature (gasification to CO + 
H,) as a function of the H:C and О:С molar 
ratio of the coal. The higher the gasification 
temperature the better the coal is suited for 
smelt reduction process, i.e., the lower is the 
coal consumption. The classification of coals 
by the aforementioned molar ratio is more ac- 
curate than by volatile content because coals 
with the same volatile content can show re- 
markable differences in their gasification tem- 
perature. The coal rank classification shown in 
Figure 5.85 gives only a rough estimation. 

For converter-type melters the degree of 
postcombustion must be increased when using 
highvolatile coal, but there are some limita- 
tions with respect to the movement of the bath. 
For processes with countercurrent flow of coal 
and gas, besides energetic limitation, prob- 
lems with tar formation can also occur. 

The ash content of the coal is less critical 
than its volatile content. The mainly acidic 
ashes of the coal must be compensated for by 
additives so that basic slags can be formed. 
Thus, processes which require a high slag ba- 
sicity are more sensitive to the ash content. 
The additives (limestone, dolomite) enter the 
melter stage in most cases in the calcined 
form. Otherwise the influence of the ash con- 
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tent on the coal consumption is too high and 
extra energy for calcining the additives and for 
the endothermic Boudouard reaction is 
needed. 


The moisture content of the coal (ca. 10%) 
decreases the gasification temperature drasti- 
cally because of the endothermic water-gas re- 
action. Hence, most of the processes use dried 
coal. 


Other properties of the coal such as the 
melting behavior of the ash, the swelling in- 
dex, or the reactivity are of little or no con- 
cern. The Hardgrove index influences the 
grinding cost when grinding is necessary (con- 
verter processes). 
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Figure 5.85: Adiabatic gasification temperatures (Н, + 
CO) for coals in dependence on the atomic number ratio: 
a) Lignite; b) Subbituminous coal; c) High volatile bitu- 
minous coal; d) Medium volatile bituminous coal; e) Low 
volatile bituminous coal; f) Anthracite; g) Coke. 


The sulfur content of the coal should be of 
course as low as possible (< 1%). However, 
the tolerable range must be evaluated for each 
smelt reduction process separately. 


Classification of Smelting-Reduction Pro- 
cesses. The first developments in smelting re- 
duction on a laboratory scale failed in the 
1960s because the conversion of coal and fine 
ore in a melting vessel was tried without prer- 
eduction [119]. The next development was in 
Sweden in the 1970s, where the energy was 
introduced into the melting vessel in the form 
of electrical energy. Further developments 
were the converter processes with and without 
postcombustion. Processes which are closest 
to the blast furnace are those with a char-or 
coke-bed melter-gasifier (Table 5.39). 
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Processes which only modify the blast fur- 
nace technique such as the oxygen-coal blast 
furnace of BSC and NKK or the plasmaheated 
blast furnace Pirogas [117] are not discussed 
here. 

In the case of processes using fine ore gen- 
erally only the smelting reactor 1s developed. 
The integration of the fine-ore reduction into 
the process and therefore directly into the 
smelting reactor has not yet been realized in 
any ofthe existing pilot plants. 


5.11.1 Processes Using Electrical 
Energy 


These processes were developed in Sweden 
and consist of a prereduction stage of the fine 
ore and a final reduction which use electrical 
energy. The electrical energy is introduced via 
plasma burners (Plasmamelt), electric arc (El- 
red), or electric resistance heating (Inred). The 
only process which has a technical application 
is the Plasmamelt process in a modified form 
(Plasmadust and Plasmachrome). Because of 
the high electricity consumption these pro- 
cesses can only be considered for iron produc- 
tion in countries with cheap electricity. 


Plasmamelt. The Plasmamelt process [142, 
137] was developed by SKF Steel Engineering 
AB. The flow sheet is shown in Figure 5.86. 
Fine ore is prereduced with a reduction gas 
generated in the smelting reduction stage. The 
prereduced material (reduction degree 50- 
60%) is injected together with powdered coal 
into a coke-filled shaft furnace (melter) pro- 
vided with plasma generators. Recycled pro- 
cess gas is used as injection gas. The final 
reduction and melting occur inside the coke 
column which also protects the refractory. A 
proportion of the spent reduction off-gases is 
combusted to dry and preheat the ore fines. 
The Plasmamelt process requires a low 
coke intake (consumption 50-100 kg per 
tonne of hot metal), 1100 kWh of electricity 
and 200 kg coal per tonne of hot metal. The 
prereduction stage was developed separately 
in a 1 t/h pilot plant. Integrated operation of 
melting and reduction has not yet been tested. 





Si 
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Table 5.39: Smelting-reduction processes [118]. 








Ore Prereducti duc- 
Process ion (reduc : ; D - 
type Fuel tion degree) Final reduction See References 
Char or coke bed melter—gasifier 
Corex lump lumpcoa!  shaftfurnace (9096) fluidized bed 
) 1 1000 t/d [120-123] 
Sumitomo SC lump coke (30%) shaft furnace (60%) сиро! 
s ms св (60%) cupola Sud [124, 125] 
{awas fine lumpcoal circulating fluidized fluidized bed 1 
Otd 
bed (40-80%) Se 
Converter with postcombustion : 
HIsmelt (CRA) fine finecoal fluidizéd bed horizontal cylindrical con- 10t [128-130] 


verter (C-injection) 


МІР and melting fine  finecoal ^ hotand melting cy- horizontal cylindrical con- 201 [131] 


cyclone clone (30%) verter (C-injecti 
ne -injection) 
NKK fine fine coal fluidized bed(15%) converter (C-top blowing) 5t [132, 133] 
NSC fine fine coal _ Circulating fluidized converter (C-top blowing) 5t [134] 
bed (30%) 
Kobe Steel lump un coal, shaft furnace converter (C-injection) 0.51 [117] 
4 
Without postcombustion | 
Coin (Krupp) fine fine coal  . circulating fluidized -injecti 
ү i mers 905) idized converter (C-injection) 3t [135-137] 
CBF (British lump finecoal shaft furnace two-stage converter [117] 


Steel/Hoogovens) (> 90%) 
Process with electrical energy 
ELRED (ASEA) fine fine coal 


(C-top blowing) 


8th melting, [138, 139] 
: 0.5 t/h red. 
arc furnace 8t/h 
submerged electric 


SR fluidized d.c. arc furnace 
e 


Inred (Boliden) fine fine coal melting chamber 


Combismelt(Lurgi) lump lump coal rotary kiln [140, 141] 





PI (SKF) f fine coal furnace 
asmamelt ine coke fluidized bed shaft furnace ; 
fine coal 8th melting [142, 143] 
Coke To are drier 





Slag Crude iron 


Fi 5.86: S S ion; 
cimi x The Plasmamelt process: a) Prereduction; b) Shaft furnace; c) Compressor; d) Pressure control; €) Plasma 
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Figure 5.87: The Inred process: a) Flash-smelting chamber; b) Submerged-arc furnace; c) Coke bed with sponge iron - 
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To gas 
cleaning 


and slag; d) Slag; e) Iron; f) Waste-heat boiler; g) Boiler drum; h) Cyclone. 


A melter with a capacity of 8 t/h is inte- 
grated in a modified process (Plasma dust) 
where waste oxides from steelworks are pro- 
cessed in Southern Sweden. 


` The Inred process [140, 141] was devel- 
oped by Boliden and tested from 1982-1 984 
in a pilot plant with a capacity of 8 th. Fine 
ore, coal, and fluxes are fed together with oxy- 
gen in a flash-melting chamber giving temper- 
atures of 1900 °С. Superheated liquid FeO 
together with some coal char fall into the elec- 
tric furnace with submerged arc, where final 
reduction takes place (Figure 5.87). Because 
of the high FeO content in the slag (7-8%) a 
sulfur content of 0.15—0.296 must be expected 
for a commercial plant. 

In the Elred process [138, 139] fine ore is 
prereduced to 60-70% in a single-stage fast- 


fluidized bed at 950-1000 °C before being 
melted down in an electric arc furnace (hollow 
Sóderberg electrode). The reducing gas is pro- 
duced by partial combustion of coal with air 
within the fluidized bed. The prereduction pi- 
lot plant was built by Lurgi with a capacity of 
500 kg/h and the electric arc furnace by ASEA 
(capacity 8 t/h) (Figure 5.88). Up to now this 
process has found no technical application for 
iron production. 

The Combismelt process combines the 
Lurgi prereduction rotary kiln and a sub- 
merged electric arc furnace (DEMAG). The 
electric energy is generated by waste heat and 
off-gas. 


^ 











Iron 


Flue gas 






Concentrates —- 


Fluidizing gas = o 


Prereduced 
material 





Figure 5.88: The Elred process. 


5.11.2  Char-Coke-Bed Melter— 
Gasifiers 


In these processes the melting stage is a 
fixed bed or fluidized bed of char or coke. Pre- 
reduction is performed in a shaft furnace 
(Corex, Sumitomo) or fluidized bed (Ka- 
wasaki). 
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The Corex process (formerly called KR 
process) is the most advanced smelting reduc- 
tion process with a 1000 t/d plant in operation 
in South Africa since 1988 [120-123]. This 
process was developed by Deutsche Voest-Al- 
pine Industrieanlagenbau (formerly Korf En- 
gineering) and its parent company Voest- 
Alpine in Austria to a 60 000 t/a pilot plant 
from 1981 to 1987. 


The Corex process (Figure 5.89) separates 
the iron-ore reduction and melting steps into 
two reactors: 


e Generation of reducing gas and liberation of 
energy from coal for melting occur in the 
melter—gasifier. 


e Reduction of iron ore occurs in a s/iaft fur- 
nace. 


The Corex process is designed to operate 
under elevated pressure, up to 0.5 MPa. 


Coal is fed into the gasifier (a) where it 
comes into contact with a reducing gas atmo- 
sphere at a temperature of ca. 1000—1100 °C. 
Instantaneous drying and degasification of the 
coal particles occur in this upper portion of the 
melter—gasifier. Reducing gas is generated in a 
fluidized bed, by the partial oxidation of coal. 


At first carbon is oxidized to carbon diox- 
ide. Then, carbon dioxide reacts with free car- 
bon to form carbon monoxide. The gas 
temperature in the fluidized bed is in the range 
of 1600—1700 °C. The temperature conditions 
in the freeboard zone above the fluidized bed 
guarantee production of a high-quality reduc- 
ing gas which contains ca. 65—7096 carbon 
monoxide, 20-25% hydrogen, and 2-4% car- 
bon dioxide. The remaining constituents are 
methane, nitrogen and steam. 


After leaving the melter-gasifier, the hot 
gas is mixed with cooling gas to obtain a tem- 
perature suitable for direct reduction, ca. 850— 
900 °C. The gas is then cleaned in hot cy- 
clones (d) and fed to the shaft furnace as re- 
ducing gas. A small amount of the cleaned gas 
is converted to cooling gas in a gas cooler. The 
fines captured in the hot cyclone are reinjected 
into the melter—gasifier. | 
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iron ore additives 


Export gas 


Hof metal, slag 





Figure 5.89: The Corex process, basic flow sheet with export gas: a) Melter-gasifier; b) Reduction shaft furnace; c) Coal 
feed system; d) Hot dust cyclone; e) Cooling-gas scrubber; f) Top-gas scrubber. 
Ore 1611kg/t 


Sinter=85% 
. РеЦеї=8°% 






Byproduct gas 939 m'(STP)/t 


[7 T=200°C 
Ж С0=316% 





, 4 C0,=40.9% 
Air 80 mISTPYVt [Reduction Furnace Н,27.89% ° 
п=56% 


Coke 218 kg/t 


F.C. 28776 
V.M.=1%o 


Coal 302kg/t 


F.C.=54% 
V.M.234% 


0, 227m{STP)/t 


Fuel 520 kg/t Ni 


Air TI7mSTP)/t 


Pig iron 2400t/d Slag 296kg/t 


7=1500°C T-15009C 

(24.5% Ca0=43.3% 

Sis0.5% Si0,=34.7% ; Р, 
50.03% Mg0=6.0% 


Figure 5.90: Expected material flow sheet for a Sumitomo SC commercial plant (F.C. = fixed carbon; V.M. = volatile 
matter). 
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The reducing gas is fed into the reduction 
furnace and countercurrently ascends through 
the iron burden. 

The iron ore, charged into the shaft furnace 
through a lock hopper system, descends by 
gravity. The reduction reaction in the shaft fur- 
nace, using gas with ca. 70% carbon monox- 
ide and 25% hydrogen is exothermic, leading 
to temperatures in the burden which are above 
the reducing gas temperature. Because of car- 
bon monoxide decomposition, carbon depos- 
its will form on the iron and act as a lubricant. 
Formation of Fe,C occurs as well and cluster 
formation is avoided. The top gas is cleaned 
and cooled in a scrubber, and is then available 
for various purposes. Metallization of the DRI 
averages 90-95%, and its carbon content is in 
the range of 3—596, depending on the raw ma- 
terial used and operating conditions. 

The continuous transfer of the hot DRI 
(temperature 800—900 °C) from the reduction 
furnace to the melter gasifier is carried out by 
a special controllable transport system which 
discharges into connected downcomers. The 
velocity of the descending sponge iron parti- 
cles is lowered in the fluidized bed, further're- 
duction is completed, heating and melting 
occurs. Hot metal and slag drop to the bottom 
of the melter-gasifier. Analogous to the prac- 
tice in the blast furnace hot metal and slag are 
discharged by conventional tapping proce- 
dures. Tapping is carried out every 2.5-3 h on 
an average. For a good desulfurization a slag 
basicity > 1 is required. 

Temperature and silica content of the hot 
metal can be adjusted by various process pa- 
rameters, i.e., coal particle size, height of the 
fluidized bed, system pressure, and rate of hot 
metal production. 

The melter-gasifier may generate a certain 
amount of surplus gas depending on the coal 
selected. This surplus gas becomes part of the 
cooling gas stream, and can be either used sep- 
arately or mixed with the top gas from the 
shaft furnace. When using a high volatile bitu- 
minous coal, the resulting gas mixture (export 
gas) approximates 1800 m? (STP) per tonne of 
hot metal with a lower heating value of ca. 
8000 kJ/m’? (STP). 
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According to the composition and quality 
of the coal, the specific oxygen consumption 
is ca. 450—550 m? (STP) per tonne of hot 
metal. The energy for the oxygen production 
can be supplied from about one third of the ex- 
port gas of the Corex plant. The coal con- 
sumption depends on the coal quality and is 
са. 0.5-0.7 t fixed carbon per tonne of hot 
metal. 


If the export gas cannot be used economi- 
cally, it is converted to reducing gas by re- 
moval of carbon dioxide and recycled. This 
process route offers the advantage of a lower 
coal and oxygen consumption. 


The Sumitomo SC process [124—125] uses a 
combination of two shaft fumaces (Figure 
5.90), the reduction furnace which produces 
DRI from lump ore and a coke-bed melting 
furnace which generates the reducing gas. Ox- 
ygen, air, and pulverized coal are blown into 
the coke bed. Low-grade coke is charged at 
the top of the melting furnace which corre- 
sponds to the lower part of a blast furnace or a 
cupola. 


The gas coming out of the melting furnace 
with a temperature of 600 °C is cleaned in a 
cyclone, then it must be heated up by partial 
combustion with air to the reducing tempera- 
ture of 800 °C. 


The melting furnace was developed in a pi- 
lot plant with a capacity of 8 t/d in 1982. In 
1984 the reduction furnace was integrated. 
Expected consumption figures (Figure 5.90) 
for a commercial plant are given on the basis 
of the result obtained by the pilot plant. The 
expected coke consumption of 218 kg per 
tonne of hot metal (in the pilot plant much 
higher) is nearly as high as that of a modern 
blast furnace with a high coal-injection rate. 
So the goal of a cokeless process is not 
achieved. ; 

Kawasaki developed a smelting reduction 
process for ferrochrome production on the ba- 
sis of a coke-bed melter with two-stage 
tuyéres, the XR process [126, 127]. Powdered 
ore was prereduced in a fluidized-bed reactor 
and injected into the furnace through the upper 
tuyére. For iron production, this process was 
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modified to feed coal from the top as schemat- 
ically shown in Figure 5.91. 

Small-size degassed coal forms a fluidized 
bed in the upper part of the furnace and the 
lumpy char forms a packed bed in the lower 
part. The pilot plant for the XR process with a 
capacity of 10 t/d was started 1987. It is 
planned to reduce the fines in a circulating flu- 
idized bed to a reduction degree of 8096. 






Prereduced 
ore 


Figure 5.91: The Kawasaki XR process: a) Fluidized bed 
prereduction furnace; b) Coke-bed melter; c) Upper 
tuyére; d) Lower tuyére. 


5.11.3 Converter-Type Melters 


The converter-type melters are under de- 
velopment from the experience of the oxygen 
LD-BOF converter for steelmaking. Coal is 
injected with or without oxygen in a liquid 
iron bath. 

In most of the processes the carbon monox- 
ide hydrogen gas mixture coming out of the 
melt is partially combusted (postcombusted) 
to generate heat (up to 1900 °C) which is 
transferred to the bath. Processes using fine 
ore prereduce the ore in fluidized beds to a re- 
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duction degree of 15-90%. In most cases the 
process pressure is low (ca. 50 kPa). At 
present only the melting stage is developed for 
most of the processes. Integrated operation of 
melting and reduction has not been tested. 
Apart from the latter the most critical areas of 
these processes are refractory lifetime, gas- 
handling system (accretions), and foaming 
and splashing of the melt. Because of the high 
FeO-content in the slag the sulfur content of 
the hot metal is higher and the silicon content 
lower than in the blast furnace process. 


Processes with Postcombustion. The most 
advanced converter process has been devel- 
oped by Klóckner, Germany, and CRA, Aus- 
tralia, since 1981 [128-130]. After pretests а 
pilot 10 t-converter started operation in 1984 
with a capacity of 4 t/h where especially post- 
combustion was investigated. The prereduc- 
tion stage was not tested in this plant. In 1987 
Klockner was bought out and CRA formed a 
joint venture with Midrex to further develop 
the process under the name H/sme/t. The flow- 
sheet of the HIsmelt process is shown in Fig- 
ure 5.92. Coal is injected from the bottom into 
the melt. The energy for melting and final re- 


duction is generated by partial combustion of ` 


the converter gas with preheated air. The con- 
verter off-gas is used for prereduction of the 
fine ore. Because of the high oxidation degree 
of the gas it is only possible to reduce the ore 
to iron(II) oxide which is separated in a cy- 
clone and fed to the converter. The main prob- 
lem of this process is whether the high 
postcombustion degrees, up to 65% depend- 
ing on coal quality, and reduction degree can 
be maintained for continuous operation and 
whether the huge amount of hot gas can be 
handled. 


The МКК process [132, 133] is another 
converter type process which also operates 
with a high postcombustion degree (see Figure 
5.93). Coal and oxygen are blown in'from the 
top to the bath. The fine ore is prereduced only 
to a low degree. 
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Figure 5.92: Flowsheet of HIsmelt process for the case 


47% postcombustion and reduction to FeO: a) Air pre- 
heaters; b) Cyclone; c) Prereducer; d) HIsmelt converter. 
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Figure 5.93: The NKK's smelting reduction process for 
ironmaking: a) Smelting reduction furnace; b) Preheating 
and prereduction furnace. 
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Figure 5.94: COIN concept of a coal-based smelting reduction process for iron ore fines: a) Hot cyclone; b) Gas cooler; 


с) Bag filter; d) Screw conveyor; e) Whirl box; f) Pneumatic conveyor; g) Melter-gasifier; h) Charring; i) 1 t directly re- 
duced iron and 85 kg carbon. 
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Since 1986 tests have been performed in a 5 
t-converter. In 1988 a prereduction stage was 
integrated in the pilot plant with a capacity of 
100 t/d. 


Processes Without Postcombustion. The 
Coin process [135—136] developed by Krupp 
operates without post combustion and with a 
high reduction degree. In the first published 
flow sheets the prereduction stage was a shaft 
furnace. The latest one (see Figure 5.94) 
shows a multistage prereduction of fine ore 
which was tested separately in a pilot plant. 
The prereduction stage is a combination of en- 
trained-bed and fluidized-bed reactors. 

The converter pilot plant is a 3 t-converter. 
To achieve a high degree of metallization a 
high reduction temperature is needed. Sticking 
of the ore is prevented by carbon monoxide 
decomposition in a prereduction stage at 500— 
600 °C. Oxygen and degassed coal is blown 
into the bath from the bottom. As no postcom- 
bustion delivers energy, the coal (especially 
high volatile coal) must be preheated and 
charred by injecting in the converter off-gas 
and recycling via a cyclone. The process is 
very complex and integration of the multistage 
prereduction, the coal devolatilizer, and the 
converter is not easy. 


5.12 Aspects of 
Environmental Protection 


In the recent past, the rapidly increasing en- 
vironmental consciousness has led to consid- 
erably tightened environmental standards in 
many countries. In Germany, for instance, a 
limiting value for dust emissions of 150 
mg/m? (STP) was stipulated as early as 1974 
in the TA Luft for the prevention of air pollu- 
tion. The amendment to the TA Luft in 1986 
further reduced dust emissions in waste gases 
to 50 mg/m? (STP) [144]. This limit applies to 
total dust emissions. Lower limits have been 
set for individual components, such as heavy 
metals, e.g., 0.2 mg/m? (STP) for cadmium, 
mercury, and thallium; 1 mg/m? (STP) for ar- 
senic, cobalt, nickel, selenium, and tellurium; 
and 5 mg/m? (STP) for antimony, lead, chro- 
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mium, manganese, vanadium, and copper as 
well as cyanide and fluoride. Urged by strin- 
gent requirements, the steel industry has made 
substantial investments in environmental tech- 
nology in recent years [145]. In Germany, for 
instance, from 1975 to 1984 са. 2.4 x 10? DM 
(10% of the steel industry's resources for new 
investments) were spent on environmental 
protection. The lowering of dust emissions | 
from 10 kg per tonne of raw steel in 1960 to 
the present value of 1.4 kg per tonne of crude 
steel serves as an example for the success of 
new techniques in controlling air pollution 
[146]. 

The endeavors towards pollution control 
are not limited to the air pollution control, but 
also include water pollution control, reduction 
of noise, and waste management. The division 
of capital expenditure between the individual 
areas in Germany (1975-1984) is as follows: 


Air pollution control 67.796 
Water pollution control 21.496 
Noise reduction 9.596 
Waste management 1.496 
Total 2354 x 105 DM 


It can be seen that the investment in air-pol- 


lution control represents two thirds of the total ` 


capital expenditure. 


Apart from the direct measures taken to 
control pollution, the saving or recovery of en- 
ergy also has a favorable effect on the environ- 
ment because the corresponding amounts of 
energy can only be produced at the expense of 
the environment. The most important exam- 
ples of these measures are (1) the reduction of 
the specific fuel consumption during sintering 
by half since the 1950s, (2) the expansion of 
blast-furnace top gas in turbines and its utili- 
zation for heating, (3) dry coke quenching, 
and (4) CO gas recovery. 

Pollution-control techniques being cur- 
rently employed in pig-iron production and in 
related auxiliary plants will be described with 
a series of examples. However, in view of the 
diversity of processes available, a complete 
survey cannot be presented here. 
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5.12.1 Air Pollution Control 


Virtually all areas of ironworks make use of 
gas dedusting techniques. Apart from mechan- 
ical and filtering dust separators and scrub- 
bers, electrostatic precipitators are frequently 
used today [147—149]. 


Sintering Plants. In the past, dust Separation 
from off-gases in iron-ore sintering plants was 
carried out with cyclones. Today’s demands 
are essentially fulfilled by three-field horizon- 
tal dry electrostatic precipitators, which are 
operated on the suction side of the sinter 
waste-gas fan. The waste-gas flow rate of a 
sinter belt with a reaction area of e.g., 400 m? 
is in the range of 1.8 x 105 m?/h. As shown in 
Figure 5.95, the waste-gas dedusting in that 
case is achieved in two parallel electrostatic 
precipitators. ` 
The electrical resistance of sinter dust, 
which in most cases is very high, frequently 
impedes electrostatic dust precipitation [150]. 
Increasing the humidity of the gas, by adding 
water either to the off-gas or to the sinter belt, 
can improve dust separation by reducing the 
electrical resistance of the dust. Dust emission 
can be reduced by 20-50% of the starting val- 
ues by conditioning the waste gas with sulfur 
trioxide [149]. In this process sulfur dioxide, 
obtained, e.g., by combustion of sulfur, is oxi- 
dized to sulfur trioxide and added to the waste 
gas in front of the electrostatic filter. A level of 
l 0-30 ppm of sulfur trioxide in the waste gas 
13 sufficient to reduce the electrical resistance 
of dust and thus cause the improvement in de- 
dusting efficiency mentioned above. The re- 
quired amount of sulfur trioxide is so low that 
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only ca. 33 kg/h of sulfur are needed to pro- 
duce e.g., 20 ppm of sulfur trioxide for the 
conditioning of the waste gas of a 400 m? sin- 
ter belt. Extra sulfur trioxide emission does 
not occur because it is bound to the dust by 
chemisorption (sulfate formation). The effect 
of this process depends on the basicity of the 
sinter feed and on the composition of the raw 
materia]. 


| Simple housings at feeding points, at the 
sinter discharge end, at Screening machines 
and at numerous transport devices cannot cf- 
fectively prevent the escape of dust into the ' 
surroundings. For this reason, suction hoods 
are installed that are connected by means of 
branched ducts to a central dedusting system, 
which is often an electrostatic precipitator. 
The schematic of a so-called room dedusting 
System of this type is presented in Figure 5.96. 
In many cases, the dust-laden off-gas from the 
sinter cooler is passed through the room de- 
dusting plant, however, it may sometimes be 
led to a separate electrostatic precipitator. 


Blast Furnace. A blast furnace with an open 
top 1s not used any longer. Dedusting systems 
have allowed the cleaning of top-gas to dust 
loading values of « 10 mg/m? (STP), and thus 
have permitted the utilization of the energy 
contained in this gas in turbines and for the 
heating of hot blast stoves. Apart from the di- 
rect protection of the environment brought 
about by top-gas purification compared to an 
open top, an indirect effect is achieved by sav- 
Ing energy which would have to be produced 
at the expense of the environment. 






igure 5.95: Sinter plant waste-gas dedusting: a) Sintering machine; b) Feed point; c) Igniter; d) Sinter; e) Wind boxes: 


f) Manifold: g) Electrostatic precipitator; h) Fan; i) Stack. 
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Figure 5.96: Sinter plant room dedusting: a) Sintering machine; b) Hot screening; c) Cooler, d) Cold screening and 
crushing; e) Sinter product; f) Return fines; g) Suction system: h) Electrostatic precipitator; i) Fan; j) Stack. 






Blast furnace 
dust 


Effluent 


Figure 5.97: Top-gas cleaning: a) Blast furnace; b) Gravity dust catcher; c) Cyclone; d) Scrubber; e) Wet electrostatic 


precipitator, f) Fan. 


The top-gas leaving the blast furnace (a) is 
loaded with 10-40 g/m? (STP) of dust. The 
volumetric flow rate of a blast furnace that 
has, e.g., an output of 5000 t of hot metal per 
day is ca. 420000 m?/h (STP). Figure 5.97 
shows the components of the top-gas purifica- 
tion plant of a blast furnace that is operated at 
a slight overpressure. The larger particles of 
dust are first separated in a gravity dust 
catcher (b), i.e., a settling chamber with flow 
deflection, and subsequently in a cyclone (c). 
Further cleaning of the blast-furnace gas oc- 
curs in a single- or multiple-stage scrubber (d) 
and in a wet electrostatic precipitator (e), 
which carries out both fine purification as well 
as removal of droplets. If the top-gas volumet- 


ric flow rates are very high, several purifica- 
tion plants are installed in parallel. 

The top-gases from blast furnaces that are 
operated at higher pressures can be freed from 
dust to the desired degree of purity by using a 
pressure difference of ca. 20 kPa in high per- 
formance scrubbers without an electrostatic 
precipitator. Another method of top-gas dust 
separation, which has been repeatedly and 
successfully used recently, is dry dust removal 
in electrostatic precipitators. This method has 
the advantage of involving low pressure losses 
and consequently has a lower energy require- 
ment for gas transport and, in addition, water 


. and sludge treatments are no longer nécessary. 


Dry top-gas purification represents the latest 
technological development. 
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Figure 5.98: Cast house dedusting: a) Blast furnace, area of tapping hole; b) Main runner with skimmer; c) Hot metal 
runner with transfer points; d) Slag runner with transfer points; e) Suction lines; f) Electrostatic precipitator; g) Fan; h) 


Stack. 


In the area of raw material handling a room 
dedusting plant prevents dust emissions. The 
burden bunkers and conveyors are connected 
by a suction system to a bag filter or an elec- 
trostatic precipitator. Р 

The smoke that arises during the tapping of 
the blast furnace represents a minor environ- 
mental problem as far as emission protection 
is concerned. However, it is a nuisance for the 
operating personnel and makes working con- 
ditions on the casting platforms very difficult. 
Cast house dedusting is being carried out for 
some years now to improve working condi- 
tions. In fact, even older blast furnaces are be- 
ing equipped with dedusting systems [151, 
152]. The enclosing of the skimmer, iron, and 
slag runners and their points of transfer with 
easily removable hoods having fire-proof lin- 
ings is characteristic for a casting house de- 
dusting plant The enclosed areas are 
connected to suction lines, which are prefera- 
bly installed below the casting platform. The 
region of the tapping hole cannot be enclosed 
because it has to remain accessible to the drill- 
ing and plugging machines. In this case, 
smoke is usually caught with a suction hood 
placed near the tapping hole and then led to 
the precipitator. The flow diagram of the main, 


hot metal, and slag runners on a casting plat- 
form as well as the suction system is shown in 
Figure 5.98. The hatched parts of the diagram 
represent the enclosed areas. It can be seen 
that each suction point has a damper. When 
the plant is in operation, only the suction 
points at which smoke is to be trapped are 
opened. For instance, if no slag is discharged 
in the first phase of tapping, all the dampers on 
the slag runner remain closed. 


In blast furnace tapping, the flow volume 
that has to be trapped, dedusted, and trans- 
ported is 500 000-800 000 m?/h. The power 
consumption of a casting house dedusting sys- 
tem can reach 0.8 MW, hence, modern plants 
are automatically controlled. Control dampers 
in the suction lines and variable-speed blowers 
draw off as little air as necessary. For example, 
a minimum amount of air is withdrawn during 
tapping pauses and maximum amounts at the 
start and termination of tapping. Bag filters or 
electrostatic precipitators are employed as 
dust collectors. The advantages of electro- 
static precipitators are the substantially lower 
pressure loss and the fact that they can be op- 
erated during tapping pauses with minimal 
power input. 
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Dry Coke Quenching. As mentioned above, 
dry quenching of coke also has a positive ef- 
fect on the environment, because of the fact 
that, in contrast to wet quenching, the waste 
heat of the coke is utilized and no cooling 
clouds are produced. The heat is removed 
from the coke with the help of recirculating 
gas and used for steam generation in a waste- 
heat boiler. In an ironworks in Germany, two 
70 t/h dry coke quenching plants produce 36 
t/h of steam each, which is then used as a fuel 
substitute in a neighbouring power plant 
[153]. The fuel saved in this way contributes 
to environmental protection. An equivalent of 
7 20 MW of electrical power is produced. 


Direct Reduction Plants. In direct reduction 
plants the waste gases leaving the furnace are 
freed from dust in an electrostatic precipitator, 
bag filter or scrubber, depending on the re- 
quirements in the operational areas. Electro- 
static precipitators or bag filters are used for 
room dedusting plants. 


Regarding the emissions of the dust com- 
ponents mentioned above, cadmium, lead, and 
possibly manganese can be of relevance in the 
making of pig iron, however, the limiting val- 
ues for these metals are generally adhered to. 


5.12.2 Prevention of Water 
Pollution 


In the course of pig iron production, mod- 
ern ironworks cause practically neither water 
pollution, nor warming up of waters. Only 
small amounts of water are required in sinter- 
ing plants for rolling the burden and, if neces- 
sary, for sinter cooling or gas conditioning. 
The water used is released into the atmosphere 
in the gaseous state through the waste gas 
stack. Generally, direct reduction plants do not 
produce wastewater. 


Blast furnaces, on the other hand, have a 
considerable water requirement for cooling. In 
the past, up to 60 m? of water were consumed 
per tonne of pig iron [154]. Another water- 
consuming process pertaining to the blast fur- 
nace is wet top-gas purification. It is becoming 
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increasingly rare today that the wastewater of 
this process is released into the atmosphere. In 
fact, the introduction of a closed water circula- 
tion with the appropriate water conditioning 
plant [155, 156] for top-gas purification and 
blast furnace cooling contributes to the 
marked decrease in the water requirement for 
steelmaking, which is today ca. 30 m? per 
tonne of raw steel [146]. 


Blast-furnace cooling with a closed circula- 
tion requires water-cooling plants. Usually the 
circulation water is evaporated in the blast fur- 
nace coolers and condensed and cooled in 
cooling towers. 


The essential components of a scrub- 
ber/precipitator effluent for top-gas purifica- 
tion are shown in Figure 5.99. The 
clarification of the effluent can be carried out 
in a thickener and the dewatering of the sludge 
in a filter press. However, other dewatering 
machines, such as drum or rotary disk filters 
may be applied. 


5.12.3 Noise Reduction 


As in other industrial plants, numerous 
sources of noise exist in ironworks, which 
contribute to the total noise emission. Many of 
these noise sources are not specific to the pro- 
duction of pig iron. These include fans, com- 
pressors, pumps and ore-dressing plants. The 
noise abatement measures consist of, e.g., the 
use of low-vibration motors, the enclosing of 
machines or other apparatus, or even entire 
parts of the plant, such as the sinter waste-gas 
fans [157]. 

Special measures are required to dampen 
the feeding and expansion noises at hot blast 
stoves. Considerable noise reduction can be 
achieved here by covering the valves and the 
expansion line with a sound-absorbing mate- 
rial and by using sound absorbers or perfo- 
rated disks in the blowoff line [158]. Emission 
values of ca. 40 dB(A) can be achieved at a 
distance of 1000 m from a blast furnace or sin- 
tering plant if noise damping measures are 
used consistently [159]. 
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Blast furnace sludge 


Figure 5.99: Effluent treatment for top-gas cleaning: a) Thickener; b) Filter press; c) Cooling tower. 


5.12.4 Waste Management 


Blast furnace slag is quantitatively the most 
important waste material created in the pro- 
duction of pig iron. This material is com- 
pletely utilized. About two thirds of the total 
amount is employed in road construction. The 
remainder is used by the cement industry for 
the production of blast furnace cement [160]. 

The recycling of the dry dust obtained in 
top gas purification also causes no problems 
because it can be recycled to the sintering 
plant. However, blast furnace sludge is for the 
most part still being dumped, in amounts of 
130 000 t/a in Germany [161]. The reason for 
this is the high content of lead, zinc, and alkali 
found in the sludge. If the sludge were recircu- 
lated, these substances would accumulate in 
the blast furnace. Today, various processes are 
available which reduce the environmental im- 
pact caused by these dumps by allowing the 
recycling of blast furnace sludge and other 
waste containing lead and zinc. 

One way of expelling the unwanted accom- 
panying substances is the reprocessing of 
dusts and sludge in rotary kilns [162—165]. 
The product thus obtained consists essentially 
of metallic iron, which can, e.g., be briquetted 
and returned to the pig iron production [166]. 

Most of the dust separated in the waste-gas 
precipitators of sintering plants can usually be 
led back into the process. Only the dust arising 


in the last field of the electrostatic precipitator 
must be removed from the circulation because 
of alkali enrichment. 

The prime goal is always the avoidance or 
minimizing of residual substances. For exam- 
ple the specific amount of slag has decreased 
from 800 kg/t at the beginning of the 1950s to 
300-350 kg/t of pig iron today. In a modern 
steel plant, ca. 90% of the total amount of 
waste products is recycled. 


5.13 Economic Aspects 


Pig Iron. The conventional and by far the 
most common approach to iron manufacture 
involves reducing and smelting the iron ore in 
a blast furnace together with coke, the imme- 
diate product being pig iron. Pig iron, in turn, 
1s the principal raw material for the manufac- 
ture of commercial iron and steel. Production 
of a tonne of steel requires ca. 700 kg of pig 
iron in addition to scrap and flux. 

World production of pig iron in 1988 
reached a level of 532 x 10? t, derived from ca. 
960 x 10$ t of iron ore (Tables 5.40 and 5.41) 
[167]. The European Community alone pro- 
duced 93.7 х 10?t of pig iron in 1988, using 
142 x 10° t of ore and sinter together with 44 x 
10%: of coke [168]. The major cost factors in 
pig iron manufacture are related to raw materi- 
als (41%), fuel (34%), and processing (2594). 
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Table 5.40: Iron ore production and fraction of world output, reported by country. 
Production, 10% 


Country 


France 
United Kingdom 
Germany 
Spain 
Sweden 
Turkey 
Norway 
Austria 
Finland 
United States 
Canada 
Brazil 
Venezuela 
Mexico 

Peru 

Chile 
Argentina 
Other Latin America 
South Africa 
Liberia 
Mauretania 
Algeria 
Egypt 
Tunisia 
Morocco 
Zimbabwe 
India 

Tran 

South Korea 
Japan 

Other Asia 
Australia 
New Zealand 
Former Soviet Union 
China 

North Korea 
Yugoslavia 

Rumania 

Bulgaria 


Former Czechoslovakia 


Hungary 
Albania 

EEC 

Western nations 
Socialist nations 
World total 





Fe content, 96 


*Preliminary figures, in some cases estimates. 


1986 
12.6 
0.3 
0.7 
6.1 
20.5 
4.0 
3.5 
3.1 
0.7 
39.6 
37.3 
129.5 
16.7 
8.0 
5.3 
6.3 
0.6 
0.4 
24.5 
15.6 
9.2 
3.4 
2.0 
0.3 
0.2 
0.8 
48.8 
0.3 
0.5 
0.3 
0.3 
97.3 
2.6 
250.0 
142.5 
8.0 
6.8 
2.0 
2.1 
1.8 


0.8 
19.7 
501.1 
433.7 
954.5 


1987 
11.3 
0.3 
02 
33 
19.6 
4.5 
3.1 
3.1 
0.7 
47.0 
37.8 
134.0 
17.2 


70. 


3.4 
6.2 
0.7 
0.6 
22.0 
13.8 
9.0 
3.4 
2.0 
0.3 
0.2 
0.9 
48.4 
0.3 
0.5 
0.3 
0.3 
104.6 
2.3 
251.0 
157.0 
8.0 
4.2 
2.0 
1.9 
1.8 


0.8 
16.5 
495.2 
426.7 
921.9 


1988" 
10.0 
0.2 
0.1 
3.9 
20.4 
4.8 
2.6 
23 
0.6 
57.4 
40.2 
145.0 
182 
8.5 
43 
73 
0.7 
0.6 
22.7 
12.8 
9.7 
3.5 
2.0 
0.3 
0.1 
1.0 
52.5 
0.5 
0.8 
0.2 
0.3 
95.4 
3.0 
250.4 
153.8 
8.0 
5.6 
2.0 
2.1 
1.8 


0.8 
14.2 
535.5 
424.5 
960.0 


% of World Output 
1986 1987 1988" 
13 1.2 1.0 
0 0 0 
0.1 0 0 
0.6 0.4 0.4 
2.1 2.1 2.1 
0.4 0.4 0.5 
0.4 0.4 0.3 
0.3 0.3 0.2 
0.1 0.1 0.1 
4.1 5.1 6.0 
3.9 4.1 4.2 
13.6 14.5 15.1 
1.7 1.9 1.9 
0.8 0.8 0.9 
0.6 0.6 0.4 
0.7 0.7 0.8 
0.1 0.1 0.1 
0 0.1 0.1 
2.6 2.4 2.4 
1.6 1.5 1.3 
1.0 1.0 1.0 
0.4 0.4 0.4 
0.2 0.2 0.2 
0 0 0 
0 0 0 
0.1 0.1 0.1 
5.1 53 5.5 
0 0 0.1 
0.1 0.1 0.1 
0 0 0 
0 0 0 
10.2 11.3 9.9 
0.3 0.3 0.3 
26.2 27.2 26.1 
14.9 17.0 16.0 
0.8 0.9 0.8 
0.7 0.5 0.6 
0.2 0.2 0.2 
0.2 0.2 0.2 
0.2 0.2 0.2 
0.1 0.1 0.1 
2.1 1.8 1.5 
52.5 53.7 55.8 
45.4 4634 442 
100 100 100 
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Table 5.41: Pig iron production and fraction of world output, by country. 





Country 


EEC 
Germany 
Belgium/Luxembourg 
France 
United Kingdom 
Italy 
The Netherlands 
Portugal 
Spain 
Finland 
Norway 
Austria 
Sweden 
Switzerland 
Turkey 
United States 
Canada 
Japan 
Australia 
OECD Nations 
Former Soviet Union 
German Democratic Republic 
Bulgaria 
Poland 
Rumania 
Former Czechoslovakia 
Hungary 
Comecon Nations 
Former Yugoslavia 
South Africa 
Zimbabwe 
Argentina 
Brazil 
Chile 
Colombia 
Mexico 
Peru 
Venezuela 
China 
India 
North Korea 
South Korea 
World 








Production, 105t % of World Output 
1986 1987 1988* 1986 1987 1988* 
85 324 85 603 93 681 17.45 16.94 17.62 
29 018 28 517 32 453 5.94 5.64 6.11 
10 724 10 559 9182 2.19 2.09 1.73 
13982 13 449 14 786 2.86 2.66 2.78 
9812 11914 13 235 2.01 2.36 2.49 
11 886 11355 11376 2.43 2.25 2.14 
4628 4575 4994 0.95 0.91 » 0.94 
463 431 445 0.09 0.08 0.08 
4811 4804 4691 0.98 0.95 0.88 
1978 2 063 2173 0.41 0.41 0.41 
570 370 367 0.12 0.07 0.07 
3 349 3 451 3 664 0.69 0.68 0.69 
2 435 2314 2 494 0.50 0.46 0.47 
65 70 70 0.01 0.01 0.01 
3 666 4 068 4 437 0.75 0.81 0.83 
39 772 43 917 50 457 8.14 8.68 9.49 
9 249 9719 9 486 1.89 1.92 1.78 
74 651 73 418 79 295 15.27 14.53 14.92 
5 853 5 579 5 723 1.20 1.10 1.08 
232 181 230 497 251 837 47.50 45.61 47.38 
113 600 113 900 114 000 23.24 22.53 21.45 
2625 2743 2750 0.54 0.54 0.52 
1600 1656 1650 0.33 0.33 0.31 
10 200 *10 023 10 000 2.09 1.98 1.88 
9 500 9 500 9 500 1.94 1.88 1.79 
9 600 9 788 9 800 1.96 1.94 1.84 
2075 2 109 2050 0.42 0.42 0.39 
149 200 149 770 149 750 30.52 29.64 28.17 
3067 2868 2912 0.64 . 0.57 0.55 
5 774 6317 6 112 1.18 1.25 1.15 
644 560 545 0.13 0.11 0.10 
1639 1752 1610 0.34 0.35 0.30 
15 838 21335 23 627 3.24 4.22 4.44 
591 617 778 0.12 0.12 0.15 
319 326 310 0.07 0.06 - 0.06 
3728 3698 3642 0.76 0.73 0.69 
216 179 202 0.05 0.04 0.04 
49] 471 506 0.10 0.09 0.10 
47 000 50 200 51 000 9.62 9.93 9.59 
10 509 10 920 11 709 2.15 2.16 220 
5750 5900 5900 1.18 1.17 1.11 
9 003 11 057 12 585 1.84 2.19 2.36 
488 836 505 514 531 575 100 100 100 


"Preliminary figures, in some cases estimates. Source for EEC data: ЗАЕС; for all other nations: DSL 
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55-75$/t for nearly 20 years. It finally began 
to climb at the time of the 1974 oil crisis as a 
result of increasing energy prices, subse- 
quently reaching a level of 190—260$Л. 

The largest exporter of pig iron, and by a 
wide margin, is Brazil at 2 x 106 t/a, followed 
by Canada and Germany with ca. 0.5 x 10° va 
each (Table 5.42) [169]. 
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Sponge Iron. The direct reduction process 
(see Section 5.10) has recently provided the 
market with a new form of pig iron: sponge 
iron, available in significant quantity since the 
1970s and produced from lump ore or pellets. 
Current world output of sponge iron is esti- 
mated at 14 x 10$ t/a. 
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Figure 5.100: Development of blast furnace burden com- 
position (A) and fuel rate (B) in Germany since 1950 for 
basic pig iron. 

In view of the massive requirements for 
raw material and energy, and investment costs, 
the potential for savings through optimization 
of scale and exploitation of more economical 
sources of raw material is extremely attrac- 
tive. Environmental protection measures have 
also come to play an increasingly important 
economic role in iron manufacture in recent 
years. 

Careful organization and quality control on 
the input side of pig iron production is also im- 
portant with respect to the properties of the 
principal end product—steel—and conse- 
quently on the market picture as it relates to 
steel vs. alternative materials. Economic fac- 
tors and quality are therefore closely linked. 

Several recent developments deserve spe- 
cial mention as determinants of the competi- 
tiveness of steel, especially from the 
standpoint of cost reduction: 


| P (&) e Increased emphasis on major sources of ore 
displaying a high iron content, a consider- 

E aut к ation WEE helps to minimize fluctuations 

3 ; е іп ore quality. 

Ee ee 

= e Significant improvement in the facilities for 

в 40 | handling and transporting ore in increas- 

5 sinter ingly large unit amounts. Intercontinental 

= 20 marine ore transport today involves units as 

E б large as 350 000 dwt (i.e. dead weight), tep- 

Ф 4950 1955 1960 1965 1970 1975 1980 1985 resenting a three-fold increase in maximum 


load in the course of 20 years. 


e Steady improvement in the preparation of 


the furnace charge in terms of ore classifica- 
tion, sintering, and pelleting. For example, 
the use of lump ore has decreased in Ger- 
many from 35% in 1970 to « 10% currently. 
Sinter input, on the other hand, has in- 
creased to 6096, and pelletized ore—virtu- 
ally unknown before 1965—now represents 
309^ of the charge (Figure 5.100). 


e Significant reduction in fue! consumption 
and more variety in the nature of the fuel 
employed for reduction. 

Fuel consumption has dropped by a total of 
ca. 2096 over the last 20 years, now amounting 
to only 480 kg per tonne of pig iron. Coke con- 
tinues to constitute the major source of fuel 
(415 kg/t), although since about 1986 inex-. 
pensive coal has increasingly been used as a 
coke substitute (40 kg/t). Petroleum fuel cur- 
rently accounts for ca. 25 kg/t. 

By far the largest part of the pig iron output 
goes into steel production: ca. 91 х 106t 
(97%) in the case of the EEC with an addi- 
tional 2 x 10$ t consumed by foundries. About 
0.7 x 106 t in the form of spiegel eisen and 
high-carbon ferromanganese are being used 
for the production of alloyed steel. 

In Europe essentially по open market exists 
for basic pig iron, because the steel industry is 
effectively self-supporting. Iron of this type is 
purchased only rarely and in times of shortage, 

as when demand is particularly strong or some 
industrial mishap causes supply problems. By 
contrast, there is a lively trade in, such prod- 
ucts as foundry iron, hematite iron, and sphe- 
roidal pig iron. The list price of foundry iron, 
for example, remained steady in the range of 








Table 5.42: Development of import and export of pig iron (worldwide). 





Country 1981 1982 1983 1984 1985 1986 1987 + 1988 
Import" 
EEC* 1550 1672 1430 1541 1698 1885 1906 2363 
Germany 285 303 279 295 348 379 364 324 
Belgium/Luxembourg 172 132 89 135 160 159 182 309 
Denmark 52 66 31 38 61 77 79 113 
France . 435 399 385 447 505 413 424 325 
United Kingdom 148 165 168 102 124 148 119 233 
Ireland 1 2 1 1 1 1 1 3 
Italy 348 437 319 400 335 475 530 745 
Netherlands 51 50 39 64 62 61 60 72 
Greece 17 14 17 7 14 25 21 i 
Spain 41 104 102 52 88 147 126 8 
Austria 95 89 51 66 6 5 42 62 
Sweden 64 83 61 64 69 77 62 25 
Switzerland 65 74 72 71 78 42 34 46 
Former Czechoslovakia 843 901 780 745 869 809 717 685 
Japan 1068 1337 952 771 604 921 1443 2917 
United States 857 633 456 925 307 603 378 811 
Poland 1449 1273 1135 1188 1354 1323“ 1338 
Hungary 291 235 295 281 321 255 263 
Former Yugoslavia 71 99 65 75 57 57° 27 
Export* 
EEC" 1420 1013 996 1145 1281 690 697 713 
Germany 821 622 497 590 705 542 540 464 
Belgium/Luxembourg 19 17 16 27 26 23 30 38 
Denmark 1 
France . 538 332 389 475 451 121 54 55 
United Kingdom 35 31 60 34 59 33 43 31 
Ireland 2 1 
Italy 1 3 22 10 22 61 20 37 
Netherlands 6 5 12 9 18 18 10 4 
Norway 280 213 183 160 212 185 191 134 
Austria 1 1 7 
Sweden 45 30 27 3 7 10 3 12 
Australia 158 300 350 150 
Japan 12 61 341 285 1083 1058 51 30 
Canada 523 526 389 449 654 602 523 388 
United States 33 59 14 61 40 50 53 70 
Hungary 5 21 
Brazil 714 693 1801 2473 2476 2369 2445 2532 


*Pig iron including spiegel iron and blast furnace ferromanganese. 
к Including internal exchange, 1988 without Greece. 
‘Preliminary. 

Export not totally broken down because of security reasons. 
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Figure 5.101: Specific investment costs for steel mills 
based on coal. 
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Figure 5.102: Comparison of specific gross energy con- 
sumption (D), net energy consumption (E), and con- 
sumption of primary energy referred to net energy (©) for 
different production processes (for the production of 1 t of 
crude steel based on ore). 


This newer production method represents a 
significantly more economical route to pig 
iron than that involving coke when alternative 
forms of energy are available in abundance 
(e.g., natural gas, as in the case of Indonesia, 
Malaysia, the Middle East, Mexico, and Vene- 
zuela). Indeed, sponge iron can often be pro- 
duced for 120$/t under appropriate 
conditions, and most of the direct reduction fa- 
cilities currently in operation are located in the 
regions cited [170]. 


Sponge iron is devoid of elemental silicon 
and phosphorus, and it contains only little car- 
bon i.e., it lacks any source of energy for the 
subsequent conversion to steel. In this sense it 
is comparable to steel scrap, and it is highly 
priced as a charge for electric furnaces where 
these can be operated economically. 
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Alternative Production Methods. So far, no 
other alternative routes to iron manufacture 
have achieved any significance. The current 
trend in technical innovation is suggested by 
the Corex method utilizing a melter—gasifier 
which was developed in Germany and first in- 
troduced in South Africa in 1988. One impor- 
tant advantage of the process is a significant 
reduction in environmental pollution, and it 
also avoids the expensive construction of cok- 
ing pelletizing, and sintering facilities. The 
potential cost saving has been estimated at as 
much as 30%. 


Size of the Production Facility. One way of 
classifying the various manufacturing meth- 
ods is in terms of dimension (scale, capacity). 
For example, blast furnaces today may be as 
large as 15 m in diameter, with a working vol- 
ume of 5580 m? (Cherepovets, Novolipetsk). 
Nevertheless, massive facilities such as these 
are not always optimal from an economic 
standpoint, nor do they necessarily match the 
needs in a given situation. Local factors and a 
desire for flexibility may well dictate smaller 
units. Thus, the average blast furnace in Japan 
has a diameter of 12 m, while in Germany 9 m 
is more typical. 


For technical reasons, direct reduction fa- ` 


cilities are much smaller, with a typical maxi- 
mum annual output of 600000 t. The first 
smelting reduction Corex units are currently 
producing only ca. 300 000 t/a. 


Lower investment costs are responsible for 
the fact that smaller steel mills in particular 
(i.e., those with an annual output < 1 x 106 t) 
tend to utilize a direct-reduction or smelting- 
reduction iron process (Figure 5.101) in con- 
trast to the blast furnaces at larger integrated 
steel mills, where the Joer fuel consumption 
associated with a conventional blast furnace is 
the decisive factor [171] (Figure 5.102). 

The principal economic factors addressed 
here with respect to iron intended as a precur- 
sor to steel—performance of the production 
unit, investment costs, energy consumption, 
advantages of scale—all suggest that the blast 
furnace will continue to retain its primacy 
over the long term. Only where unusual local 
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conditions favor other sources (through cheap 
sources of energy or limited demand) is the 
otherwise efficient and economical blast fur- 
nace likely to be displaced. 


5.14 Pure Iron 


The pure metal is not often encountered in 
commerce, but is usually alloyed with carbon 
or other metals. Chemically pure iron бап be 
prepared either by the reduction of pure iron 
oxide (best obtained for this purpose by heat- 
ing the oxalate in air) with hydrogen, or by the 
electrolysis of aqueous solutions of iron(II) 
salts, e.g., of iron(II) ammonium oxalate. On 
the technical scale, pure iron is prepared 
chiefly by the thermal decomposition of iron 
pentacarbonyl. The so-called “carbonyl iron” 
prepared in this way initially contains some 
carbon and oxygen in solid solution. These 
impurities can be removed by suitable after 
treatment. 


Table 5.43: Some physical properties of iron. 


Density at 20 °C, g/cm? 7.874 
Thermal expansion coefficient at 20 °С 11.7 x 10% 


[172, 173] 


Lattice constant, cm 2.861 x 10% « 
Melting point, °C 1539 
Boiling point, °C = 3200 
Temp. of o. y transformation (4,) on 

heating, °C 910 
Temp. of y,5 transformation (4,) on 

cooling, °C 1400 
Resistivity at 20 °C, Ост 9.7x 10$ 

for commercial iron 11х10 


Temperature coefficient of resistance 0.0065 


Compressibility, cm"/kg 0.60 x 10% 
Specific heat, cag К”! 0.105 
Heat of fusion, cal/g 64.9 
Heat of æy transformation, cal/g 3.86 
Heat of 4.6 transformation, cal/g 1.7 
Linear correction at œ yon heating 0.0026 
Linear correction at y,5 on heating 0.001—0.003 
Modulus of elasticity, Ib/in? 30 x 105 
dynes/cm? 21х10" 
Modulus of rigidity, Ib/in? 12 x 10° 
Proportional limit for annealed iron, 
but? 19 x 10° 
Tensile strength, Ib/in? 25-100 x 10? 
Brinell hardness number (annealed) 50-90 


Pure iron is a lustrous, rather soft metal 
(hardness 4.5). Some of its physical properties 
ate given in Table 5.43. Iron is ferromagnetic, 
Le., itis strongly magnetized when placed in a 
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magnetic field. Unlike iron which contains 
carbon, pure iron has a very low remanence, 
i.e., it instantly loses its magnetization when 
the applied electric field is removed. For this 
reason it finds certain applications in electro- 
technology, e.g., for electric motors and trans- 
formers, in which rapid fluctuations must 
occur in the magnetism of an iron core. In the 
solid state, iron can have several allotropic 
forms depending primarily on its temperature. 
These are: 


e с-Ігоп: magnetic and stable to 768 °C, crys- 
tallizes in a body centered cubic lattice, i.e., 
iron atoms are arranged at the centre and the 
apexes of unit cubes. It dissolves very little 
carbon (0.025% at 721 °C). Alpha iron with 
the carbon traces dissolved in it is called fer- 
rite. 

e D-Iron: it is a form stable between 768 and 
910 °C. It is alpha iron that has lost its mag- 
netism. It does not dissolve carbon. 


e y-lron: this form is stable between 910 and 
1390 *C. The crystallographic appearance is 
a face centered cubic lattice, i.e., iron atoms 
are arranged at the apexes and centers of the 
sides of unit cubes. It is nonmagnetic and 
dissolves 296 carbon at 1102 *C. Gamma 
iron with carbon in solution is called austen- 
ite. i 


e &Iron: the last of the allotropic forms, it is 
nonmagnetic and stable between 139] and 
1537 °C, melting point. The crystallo- 
graphic arrangement is in the form of a 
body-centered cubic lattice. 


The physical properties of iron are changed 
by the presence of foreign elements (metal- 
loids or metals) in very small amounts. 


Iron has a great affinity for oxygen. It rusts 
in moist air, Le., the surface gradually be- 
comes converted into iron oxide hydrate. 
Compact iron reacts with dry air only above 
150 °C. When heated in air it forms the inter- 
mediate oxide, Ее;О,, which is also formed 
during the forging of red hot wrought iron. In a 
very finely divided state — such as is ob- 
tained, for example, when iron oxalate is 
heated in hydrogen — iron is pyrophoric. 
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Iron objects are protected from rusting by 
covering them with coatings of other metals 
(e.g., zinc, tin, chromium, nickel) or with paint 
(red lead). A particularly effective protection 
from rust can be achieved by converting the 
iron superficially to iron(II) phosphate (“‘phos- 
phatizing"). This is done by treatment with a 
solution of acid manganese or zinc phosphate, 
Mn(H,PO,), or Zn(H,PO,),. Iron dissolves in 
dilute acids with the evolution of hydrogen 
and the formation of iron(II) salts. The normal 
potential of iron in contact with iron(II) salt 
solutions is +0.440 V at 25 °C, relative to the 
normal hydrogen electrode. If iron is dipped 
into a copper sulfate solution, it becomes cov- 
ered with metallic copper: 


Fe + Cu** — Fe* + Cu 


At ordinary temperature, iron is hardly at- 
tacked by air-free water. If air has access, 
however, the porous ігоп(ШП) oxide hydrate is 
formed, and corrosion goes on continuously as 
a result. Concentrated sodium hydroxide at- 
tacks iron, fairly strongly, even in the absence 
of air, especially at high temperatures, since 
the Fe(OH), goes into solution through the 
formation of hydroxo salts. 

Iron combines energetically with chlorine 
when heated, and also with sulfur and phos- 
phorus, but not directly with nitrogen. It has a 
strong tendency, however, to unite or alloy 
with carbon and silicon. These alloys are most 
important for the properties of technical iron. 
Oxygen is dissolved by molten iron, as FeO; 
some of this is retained in solid solution on 
cooling (6-iron can dissolve up to 0.12%, a- 
iron only up to 0.04% of O in solid solution). 
The oxygen content of iron reduces its work- 
ability when hot. Nitrogen is absorbed from 
the air by molten iron only in minimal 
amounts. However, if iron is heated in ammo- 
nia gas, an iron—nitrogen compound, Fe.N, is 
formed, which displays a considerable solubil- 
ity in solid iron, and confers great hardness. 
This property is utilized in the surface-harden- 

ing of iron articles, by heating them in ammo- 
nia (nitriding process) In addition to the 
foregoing, there is a second compound, Fe,N, 
with a rather narrow range of homogeneity. 
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Above 660 ?C, this is transformed without 
change of composition into crystals of Fe;N, 
in which only one half of the available lattice 
positions are occupied by nitrogen atoms. 

Hydrogen 1s also absorbed by iron at a red 
heat. The amount absorbed is small, and is 
proportional to the square root of the pressure. 
Electrolytic iron, however, may contain larger 
amounts of hydrogen, which make it hard and 
brittle. The hydrogen is driven off on heating, 
and the iron then becomes ductile. 


5.15 Iron—Carbon System 


A variety of textural constituents can be 
distinguished in solidified iron containing car- 
bon. The most important are the following: 


Austenite, a solid solution of carbon in iron 

(more precisely, in y-iron). The formation of 
austenite depends on the fact that carbon at- 

oms can take up positions at the center and in 

the middle of the cell edges of the unit cube of 
y-iron (Figure 5.103). If these sites were occu- 

pied in every unit cell, a compound FeC, with 
50 atom% C, would be produced. However, 

the crystal lattice of austenite is stable only be- 
low 8 atom% C. The C atoms thus built into 
the crystal lattice distribute themselves statis- 
tically between the cell centers and cell edges, 
and austenite has the characteristics of a “solid 
solution". The crystal lattice of y-iron is ex- 
panded uniformly in all directions by the in- 
corporation of the C atoms, but the expansion 
is small. 


Martensite, a metastable conversion product 
of austenite, formed by rapid cooling, can be 
regarded as a (supersaturated) solid solution of 
carbon in a-iron. Like all supersaturated solu- 
tions, it is unstable (or metastable). As shown 
in Figure 5.103, only a fraction of the sites 
available for C atoms is occupied in the mar- 
tensite structure also. If all lattice positions 
were occupied, a compound FeC would result 
in this case also. As compared with the a-iron 
structure, the crystal lattice of martensite has 
undergone tetragonal distortion; it is stretched 
in one direction, and contracted a little in the 
two others. ` 
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Figure 5.103: Detailed structure of the textural constitu- 
ents in iron-carbon system. iron: a = 3.59 А (extrapo- 
lated to room temperature); austenite: a = 3.63 A (for 8 
atom% С); martensite: a; = 2.84, cy = 3.00 A (for 6 
atom% C); a(6)-iron: a = 2.86 A. 

Cementite, a compound of iron and carbon, 
Fe,C (contains 6.6896 C), has a considerably 
more complex structure; the Fe atoms form 
prisms, with the C atoms located at their mid- 
points. 


Ledeburite, an eutectic mixture of cementite 
with austenite (saturated with carbon). An eu- 
tectic is formed by the cooling of a melt. 


Pearlite, am eutectoid mixture of ferrite and 
cementite. An eutectoid is applied to a mixture 
which is formed in the solid state. 

Figure 5.104 represents the phase diagram 
of the iron-carbon system up to a content of 
576 by weight of C. The melting point of iron 
is first lowered by the addition of carbon, from 
A to E, and is then raised again with further in- 
crease of carbon content. The eutectic point E 
corresponds to 4.296 C, and a temperature of 
1140 *C. A melt of iron containing 4.296 of 
carbon solidifies in the form of ledeburite. 
From melts with a lower carbon content, 
mixed crystals of y-iron with carbon (austen- 
ite) first separate. The mixed crystals have a 
lower carbon content than the melt, so that a 
melt having the composition corresponding to 
the point b on the liquidus curve AE is in equi- 
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librium with mixed crystals having the com- 
position given by the point a on the solidus 
curve AC. The melt is thus enriched in carbon 
through the deposition of austenite. At the 
same time, the concentration of carbon in the 
austenite deposited rises continuously until, at 
the point C, with a carbon content of 1.796 C, 
this phase is saturated with carbon. The melt 
has then reached the point E, and the remain- 
ing melt solidifies as ledeburite. p 


Melts containing up to 1.796 of carbon 
therefore yield only austenite, and those with a 
higher content (up to 4.296) give ledeburite as 
well. Austenite, however, is only stable at high 
temperatures. When the alloy is slowly 
cooled, it undergoes transformation into a 
mixture of ferrite and pearlite, at temperatures 
between F (the transformation temperature of 
y-ron into 6-iron) and Н (or D), depending on 
its carbon content (G is the transformation 
temperature of -iron into a-iron). Martensite, 
which is characterized by its.extreme hard- 
ness, is formed as an intermediate product in 
this transformation, and persists at ordinary 
temperature if cooling is effected rapidly 
(“quenching”). Under microscopic examina- 
tion on a polished section, martensite stands 
out clearly in the form of dark needles from 
the light, not yet transformed austenite. 
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Figure 5.104: Phase diagram of iron-carbon alloys (sim- 
plified). 
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On passing to a melt with more than 4.296 
of carbon, cementite, Fe,C, first separates on 
rapid cooling. When the carbon content of the 
residual melt has thereby been reduced to 
4.2%, the rest solidifies as ledeburite. If cool- 
ing is allowed to take place slowly, however, 
graphite crystallizes out, for the most part, in 
place of cementite. This is because, at temper- 
atures below the melting point, a mixture of 
iron and graphite is more stable than a mixture 
of iron and cementite. Hence the latter is 
slowly converted into the former at about 
1000 °C. As a result of this transformation 
within the solid alloy, the graphite is deposited 
in an extremely finely divided state ("temper 
carbon"). This fact, as already mentioned, is 
taken advantage of in malleabilizing. 


5.16 Technical Varieties of 
Iron 


Ordinary technical iron contains silicon, 
manganese, and other impurities, as well as 
carbon, and the properties of the iron-carbon 
alloys may be modified to a considerable ex- 
tent by these other constituents. Thus silicon 
represses the formation of cementite and fa- 
vors the deposition of graphite, whereas man- 
ganese acts in the opposite manner. The 
influence of silicon, manganese, etc. on the 
range of existence of the various modifica- 
tions of iron, becomes practically important 
only when these elements are present in con- 
siderable concentration, as in the special 
steels. 


Pig Iron or Cast Iron. This is iron which con- 
tains more than 2.3%, and usually 5-10% of 
foreign constituents, with a carbon content of 
2-5%. It melts without previous softening, 
and therefore cannot be forged, but it casts 
well, since it fills the molds sharply. The melt- 
ing point of pig iron lies between 1100 and 
1200 °C. Pig iron is brittle at ordinary temper- 
ature. Ordinary grey cast iron contains the car- 
bon chiefly in the form of graphite (typically 
0.9% “combined carbon", 2.8% graphite). 
White cast iron, contains its carbon essentially 
as cementite (e.g., 3% "combined carbon”, 
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0.1% graphite). Since it is harder and more 
brittle than grey cast iron, it is less suitable for 
castings (except for malleable cast iron), and 
is used almost exclusively as raw material for 
the production of malleable iron. 


Malleable iron has a lower carbon content 
than pig iron, and contains fewer impurities. 
The carbon content is usually between 0.04 
and 1.596. Malleable iron melts at a higher 
temperature than pig iron. It softens gradually 
at high temperatures, and can therefore be 
forged and welded, as well as rolled or 
stretched into wires. 


Soft Iron. This iron contains 0.596 of carbon 
at the most. It is tough and relatively soft, and 
can therefore be worked particularly well. It 
approaches pure iron in its properties, but dif- 
fers from the latter in that, when magnetized, it 
loses its magnetism with a greater or less delay 
(hysteresis). 


Steel. Steel has a higher carbon content than 
soft iron — usually between 0.5 and 19^. It 
can be forged and welded less readily than soft 
iron. It is also harder than the latter, and not 
tough but elastic at ordinary temperature. The 
most important characteristic of steel is that it 
may be hardened. If it is heated to bright red- 


ness, and suddenly cooled (by plunging it into ` 


water or oil), it becomes extraordinarily hard 
and brittle. The brittleness can be removed 
without any reduction in hardness, by “tem- 
Deng" the steel — that 15, by hearing it care- 
fully for a short time to a moderately high 
temperature (250—300 °C). 

The possibility of hardening steel is based 
on the fact that iron-carbon alloys with a car- 
bon content below 1.796 can be converted into 
austenite by heating them. When this is sud- 
denly cooled (“quenched”) it passes over, par- 
tially or completely into the very hard 
martensite. As follows from the phase dia- 
gram (Figure 5.104), the temperature neces- 
sary for hardening varies, according to the 
carbon content of the steel. It is usually about 
900 °C. The effect of tempering is t release or 
diminish the internal strains that result from 
quenching. 
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If, in course of tempering, the temperature 
is raised higher, so that pearlite begins to sepa- 
rate out in a state of very fine subdivision, the 
hardness decreases to some extent but the ten- 
sile strength is increased. It is essential, how- 
ever, that the heat treatment should not be 
continued so long that the martensite decom- 
poses completely into pearlite, as the hardness 
and strength would then be lost once more. 


5.17 Compounds 


5.17.4 General 


5.17.1.1 Ferrous Compounds 


When iron is dissolved in nonoxidizing ac- 
ids such as hydrochloric or dilute sulfuric, so- 
lutions containing ferrous ion are obtained. 


Fe + 2H’ 2 Fe” +H, 


When a solution of a pure ferrous salt is 
treated with an alkali hydroxide, a white, ge- 
latinous precipitate of ferrous hydroxide, 
Fe(OH), is formed. In the presence of air, fer- 
rous hydroxide quickly turns green, and then 
slowly becomes reddish-brown as it is oxi- 
dized to hydrous ferric oxide. 

4Fe(OH), + O, — 2Fe,0, + 4Н,0 


Because of this fact it is difficult to obtain pure 
white ferrous hydroxide, and ferrous oxide, 
FeO, is prepared by the thermal decomposi- 
tion of ferrous oxalate: 


FeC,0, — FeO + CO + СО, 


rather than by the dehydration of ferrous hy- 
droxide. Solutions containing ferrous ion have 
a pale green color. In the presence of air, fer- 
rous ion is slowly oxidized to ferric. This oxi- 
dation takes place much more readily in 
alkaline than in acidic solution, as is indicated 
by the standard potentials for the following 
half-reactions: 


Fe* 5 Fe* +e E=0.77V 
Fe(OH), + OH-— Fe(OH} +e” E-0.56 V 


The most important ferrous compound is 
the sulfate, which crystallizes from aqueous 
solution as the heptahydrate, FeSO,-7H,0. 
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Because of the ease with which ferrous com- 
pounds are oxidized, particularly in alkaline 
solution, ferrous sulfate is widely used in 
chemical industry and in the laboratory as a re- 
ducing agent. 

When equimolar proportions of ferrous sul- 
fate and ammonium sulfate are brought to- 
gether in aqueous solution, and the solution is 
evaporated until crystallization takes place, a 
double salt of the formula (МН,),50,:РеЅо, · 
6Н„О, known as Mohr's salt, is obtained. In 
the solid state, Mohr's salt is not oxidized by 
the air, and it is useful, therefore, as a depend- 
able source of ferrous ion free from ferric. 

The ferrous halides are most readily pre- 
pared by the action of solutions of the corre- 
sponding hydrogen halides upon metallic iron. 
The chloride crystallizes as the green hydrate 
FeCL-4H,O when its solution is evaporated 
out of contact with the air. 

Ferrous sulfide, FeS, is obtained either by 
direct union of iron and sulfur or by the action 
of hydrogen sulfide on neutral or basic solu- 
tions of ferrous ion. The black precipitate of 
FeS obtained in this reaction is readily soluble 
in even weakly acidic solutions. A black pre- 
cipitate is obtained by the action of S% ions on 
iron(IIT) salt solutions. This is practically in- 
soluble in water, but is soluble in dilute acids, 
and has a composition corresponding to the 
formula Fe,S,. It decomposes readily in air 
when it is moist, with the formation of iron ox- 
ide hydrate and the deposition of sulfur. Sulfur 
is also deposited when the precipitate is 
treated with hydrochloric acid: | 


Ег„5, + 4HCI — 2FeCl, + 2H,S + S 


5.17.1.2 Ferric Compounds 


The iron atom has only two electrons in its 
outer (4s) shell. It may, however, lose or share 
in addition an electron from the incomplete 3d 
subshell, thereby attaining an oxidation state 
of 3+. Solutions of many ferric salts contain 
the hydrated ferric ion, Pet OZ". Because of 
the small size and high charge on the ferric 
ion, the hydrated ion reacts with water to give 
acid solutions. 
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Fe(H,0)3* + H,O — Fe(H,0),(OH)*  H,O" 


When solutions of ferric salts are boiled, basic 
ferric salts or hydrous ferric oxide may be pre- 
cipitated. The yellow color of solutions of fer- 
ric salts is due to complex hydrated ions or to 
colloidal hydrous ferric oxide. When a solu- 
tion of a ferric salt is treated with ammonia, or 
with a soluble hydroxide, a red-brown gelati- 
nous precipitate of hydrous ferric oxide is ob- 
tained which readily goes into the colloidal 
condition. Since its composition varies with 
the method of preparation. It is best repre- 
sented as Ее.Оз:хН,О. Hydrous ferric oxide 
does not dissolve in basic solutions. 


When hydrous ferric oxide is strongly 
heated, it loses all its water and yields the an- 
hydrous oxide, Ее,О,. This oxide exists in a 
number of crystalline modifications, the par- 
ticular form depending upon the method by 
which it is obtained. As the mineral hematite, 
ferric oxide occurs in large quantities in the 
earth's crust. Finely divided ferric oxide ob- 
tained by the burning of pyrite is used as a тей. 
pigment or as a mild abrasive under the names 
of Venetian red. When ferric oxide is heated to 
a very high temperature, or when iron bums in 
oxygen or is heated in steam, ferroxoferric ox- 
ide, Fe4O, is obtained. This compound occurs 
naturally as the ore called magnetite, some 
samples of which are highly paramagnetic and 
are known as lodestones. This oxide may also 
be regarded as ferrous ferrite, and its formula 
accordingly may be written Fe(FeO;).. 


The most important salt of ferric ion is fer- 
ric chloride. It is a true salt only when hy- 
drated; the physical properties of the 
anhydrous form indicate that it is covalent. 
Anhydrous ferric halides are obtained by the 
passage of a current of the corresponding 
halogen gas over heated iron. Under these 
conditions, ferric chloride, for example, crys- 
tallizes in black crystals in the cold parts of the 
tube. The density of the vapor formed when 
these crystals are volatilized (280 °C) indi- 
cates that the compound is Fe,Cl,. Anhydrous 
ferric chloride dissolves readily in water to 
yield a yellow solution of the hydrated com- 
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pound. Several solid hydrates are obtainable, 
the most familiar being FeC1,-6H,0. 

On evaporation of solutions containing 
equimolar proportions of ferric sulfate and the 
sulfate of an alkali metal or ammonium, vio- 
let-colored ferric alums are obtained, e.g., 
(NH,),SO,:Fe,(SO,)3"24H,0. Ferric nitrate, 
also, may be obtained in violet-colored crys- 
tals, having the formula Fe(NO,);°9H,0. ` 


5.17.1.5 Complex Compounds 


Iron in both the 2+ and 3+ oxidation states 
forms many complex compounds. Of these, 
the complex cyanides, because of their high 
stability, are particularly important. 

When solutions containing ferrous ion are 
treated with an excess of cyanide ion, the pale 
yellow complex ferrocyanide ion is obtained. 
This ion is so stable that solutions of ferrocya- 
nides have none of the properties either of fer- 
rous or of cyanide ion: 


Fe” + 6CN- — Fe(CN 


The most familiar ferrocyanides are the 
readily soluble sodium and potassium salts, 
Na,Fe(CN);10H;,O and K,Fe(CN)4 3H;0. 
Likewise, when solutions containing ferric ion 
are treated with an excess of cyanide ion, the 
very stable red ferricyanide complex is ob- 
tained: 


Fe" + 6CN- 2 Fe(CN} 


The most important ferricyanide is the potas- 
sium salt K,Fe(CN),, which is obtained indus- 
trially by the oxidation of the ferrocyanide 
with chlorine: 

2K,Fe(CN), + Cl, — 2K;Fe(CN), + 2KCI 


These complex cyanide ions form precipi- 
tates with a number of metal ions and are 
therefore useful in analytical chemistry. 
When a solution of a ferrocyanide reacts with 
a soluble ferric salt, a dark blue precipitate of 
complex structure, called Prussian blue, is ob- 
tained. Likewise, when a solution of a ferricy- 
anide is treated with a soluble ferrous salt, a 
complex dark blue precipitate known as Tum- 
bull's blue is obtained. The compositions of 
these precipitates vary considerably with the 
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conditions under which the reaction is carried 
out. The important fact, however, is that fer- 
rous ion reacts with ferricyanide ion to give a 
dark blue precipitate, whereas ferric ion reacts 
with ferrocyanide ion to give a precipitate of 
practically identical color. On the other hand, 
pure ferrous ion forms a white precipitate with 
ferrocyanide ion, and ferric ion reacts with fer- 
ricyanide ion to yield a brown solution con- 
taining a complex of unknown composition. 
These reactions provide a convenient method 
for testing for ferrous and ferric ions and for 
distinguishing between them. 

The addition of a solution containing thio- 
cyanate ion, SCN’, to a solution containing 
ferric ion produces a deep red color. More than 
one colored complex ion is formed but in each 
of these complexes, thiocyanate ions are coor- 
dinated to the ferric ion. This reaction consti- 
tutes a very sensitive test for ferric. 


5.17.2 1Іғоп(П) Sulfate 


Properties. Iron(II) sulfate heptahydrate, fer- 
rous sulfate, copperas, green vitriol, 
FeSO,:7H40, mp 64 °С, р 1.898 g/cm’, crys- 
tallizes from aqueous solution as green, mono- 
clinic crystals, which are readily soluble in 
water and glycol but insoluble in alcohol, ace- 
tone, and methyl acetate. On being heated to 
60—70 ?C, 3 mol of water is driven off to form 
the tetrahydrate, FeSO,-4H,O. In the absence 
of air, at ca. 300 °C, iron(II) sulfate monohy- 
drate, a white powder, is formed. When heated 
to ca. 260 °C in the presence of air, the mono- 
hydrate is oxidized to iron(III) sulfate. De- 
composition of iron(II) sulfate begins at about 
480°C. Iron(II) sulfate is efflorescent in dry 
air. In moist air, the surface of the crystals be- 
comes covered with brownish basic iron(II) 
sulfate. Aqueous solutions of iron(II) sulfate 
are slightly acidic due to hydrolysis. The rate 
of oxidation by air increases in alkaline solu- 
tion and on raising the temperature. Iron(II) 
sulfate reduces copper(II) ions to copper(I) 
ions and gold or silver ions to the correspond- 
ing metal. With univalent cations (e.g., K, Rb, 
Cs, NH, and Т1) and divalent cations (eg. 
Cd, Zn, Mn, and Mg), double salts (alums) are 
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readily formed; an example is Mohr’s salt, 
iron(II) ammonium sulfate, FeSO CND, GC. 
6H,0. This green salt is soluble in water, eas- 
ily purified, and more stable to oxidation than 
iron(II) sulfate heptahydrate. 


Production. Iron(II) sulfate is produced by 
dissolving scrap iron in dilute sulfuric acid or 
by oxidizing moist pyrites in air. 

Iron(II) sulfate is also obtained as a byprod- 
uct from steel pickling and from the produc- 
tion of titanium dioxide (sulfate process, with 
ilmenite asraw matenal). It is recovered from 
pickling liquors in a relatively pure form. The 
purity of iron(II) sulfate from the production 
of titanium dioxide depends on the source of 
the ilmenite. A typical composition is 87-90% 
FeSO,-7H50, 6-7% MgSO,-7H;0, 0.6—0.7 9 
TiOSO,. 0.2% MnSO,-7H4O, 3-696 water, 
and depending upon the type of ilmenite used, 
traces of nickel, chromium(III), vanadium, 
copper, zirconium, and others. 


Uses. Iron(II) sulfate is used for the prepara- 
tion of other iron compounds. It is employed 
to a lesser extent in writing inks, wood preser- 
vatives, desulfurizing coal gas, and the pro- 
duction of Turnbull's blue, Prussian blue, and 
other iron pigments; as an etchant for alumi- 
num; for process engraving and lithography; 
and as an additive to fodder. 

_ AS sensitivity to environmental protection 
increased, other uses had to be found for 
iron(II) sulfate, because the above mentioned 
applications did not consume the amounts 
available as a byproduct from industrial pro- 
cesses. Large amounts of iron(II) sulfate are 
used for the clarification of community efflu- 
ents. With an additional clarification step, up 
to 90% of the phosphate in the effluent can be 
eliminated. Sludge formed in clarification 
tanks may be used as fertilizer [174—175]. 
Iron(II) sulfate can also be recycled. After dry- 
ing to the monohydrate, it is decomposed in a 
calciner: 


4FeSO, — 2Ее„О; + 450, + O, 


Sulfur dioxide is converted by the contact pro- 
cess to sulfuric acid [176]. The conversion of 
iron(II) sulfate to gypsum and iron(II) chloride 
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by treatment with calcium chloride has also 
been proposed. The iron(II) chloride is then 
decomposed to iron(III) oxide and hydrochlo- 
ric acid [177]. To convert surplus iron(II) sul- 
fate to a product that can be disposed on a 
dump site, it can be neutralized with one 
equivalent of calcium hydroxide. The conver- 
sion is reportedly 9796 [178]. To regulate the 
setting characteristics of cement, gypsum can 
be replaced by iron(II) sulfate [179]. As an ad- 
ditive to cement, iron(II) sulfate can reduce 
the content of water-soluble chromates sub- 
stantially [180]. Iron(II) sulfate solutions can 
be used to eliminate chlorine in waste gases 
[181]. Effluents containing cyanides and chro- 
mates may be decontaminated with iron(IT) 
sulfate [182]. Iron(II) sulfate can be used to 
combat chlorosis, a disease of vines [179]. Itis 
also used to treat alkaline soil and to destroy 
moss [179]. 


Toxicology. If swallowed, iron(II) sulfate can 
cause disturbances of the gastrointestinal tract. 
Ingestion of large quantities by children may 
cause vomiting, hematemesis, hepatic dam- 
age, and peripheral vascular collapse [183]. 


The acute oral toxicity (LD50) of iron(II) 
sulfate in the rat is 1389-2778 mg/kg, and the 
in rabbit, 2778 mg/kg [184]. 


5.17.3 Iron Sulfate 


Properties. Anhydrous iron(III) sulfate, fer- 
ric sulfate, Fe,(SO,);, is a yellowish-white 
solid. It dissolves in water, hydrolyzing at the 
same time, to yield a brownish solution. Basic 
iron(III) sulfate precipitates when the solution 
is boiled. With alkali metal (M) sulfates, 
iron(II) sulfate forms alums, M'Fe(SO,),° 
12H,O. Alums are almost colorless but nor- 
mally have a violet tinge. 


Production. Iron(III) sulfate is prepared by 
treating iron(II) sulfate with boiling concen- 
trated sulfuric acid, or by evaporating a mix- 
ture of iron(III) oxide and sulfuric acid. 
Iron(III) sulfate solutions are produced indus- 
trially by injecting chlorine gas into an iron(II) 
sulfate solution [185]. The solution thus ob- 
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tained contains a mixture of ironii) sulfate 
and iron(II) chloride. 


Uses. Ferric sulfate is used to prepare alums 
and iron oxide pigments, and as a coagulant 
for the treatment of liquid effluents. Ammo- 
nium ferric sulfate is used for tanning. Solu- 
tions of iron(III) compounds are used to 
reduce the volume of sludge from effluent 
treatment plants. By using a mixture of 
iron(III) sulfate, iron(II) chloride, and cal- 
cium hydroxide it is possible to achieve a dry- 
matter content of the sludge, after filtration, of 
at least 35% [186]. 


5.17.4 Iron(III) Chloride 


Iron(III) chloride, ferric chloride, is a by- 
product of some metallurgical and chemical 
processes, such as the chlorinating decompo- 
sition of iron-bearing oxide ores. Its ready 
availability and the cheap feeds used to pro- 
duce it (iron and chlorine) have made iron(II) 
chloride, especially its aqueous solution, a sig- 
nificant feed stock for many industries, in par- 
ticular, water treatment and the production of 
iron oxides or other iron compounds. 


Properties. Iron(IIT) chloride, FeCl,, sublima- 
tion temperature ca. 305 °C, bp 332 °C [2.1]; 
АН? (25 `С) —399.67 kJ/mol [187], p (25°C) 
2.89 g/cm? [188], is an almost black crystal- 
line solid. 

It is dimeric (Fe,Cl,) in the gas phase up to 
about 400 °C, dissociates at higher tempera- 
ture, and is monomeric at 750 °C in the pres- 
ence of excess chlorine. If chlorine is not 
present in excess, the compound decomposes 
to iron(II) chloride and chlorine above 200 °C 
[189]. 

Anhydrous iron(II) chloride has a hexago- 
nal layer structure and forms dark, almost 
black, microcrystalline platelets with a metal- 
lic luster. The strongly hygroscopic crystals 
form a series of hydrates in humid air 
(FeCl, -xH.0, x = 6, 3.5, 2.5, 2) [190] and deli- 
quesce on absorbing more moisturé. The crys- 
talline commercial product is iron(II) 
chloride hexahydrate, FeCl,-6H,O, mp ca. 
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37 °C. It forms yellow crystals and occurs as 
[FeCL (ELO), CT - 28,0. 

Iron(IIT) chloride is very soluble in water: 
430 g of FeCl, per kilogram of solution at 
0 °C, 480 g/kg at 20 °C, and 743 g/kg at 40 °C 
[191]. The enthalpy of solution of anhydrous 
iron(II) chloride is 95 kJ/mol for the forma- 
tion of a 40% solution at 20 °C. The aqueous 
solution is strongly acidic. If a solution of 
iron(III) chloride is diluted and neutralized 
slowly with alkali, [Fe(H,0),]** is deproto- 
nated to give yellow [Fe(OH)(H,0),]* and 
dimeric [Fe,(OH),(H,0),]*. Brown, colloi- 
dal B-FeOOH is formed upon further neutral- 
ization; at higher temperature, iron hydroxide 
precipitates [192]. 

Iron(III) chloride is readily soluble in liq- 
uids having donor properties, such as alcohols, 
ketones, ethers, nitriles, amines, and liquid 
sulfur dioxide, but only sparingly soluble in 
nonpolar solvents such as benzene and hex- 
ane. The reaction of iron(II) chloride with hy- 
drochloric acid or chlorides yields the 
tetrachloroferrates [FeCl] and  [FeCl, 
(HOP. Because complexes are also formed 
with donor solvents, iron(II) chloride can be 
extracted from aqueous solutions in the pres- 
ence of hydrochloric acid by using ether [193]. 

Tron(III) chloride is a strong oxidizing 
agent. Thus, many metals (for example, Fe, 
Cu, Ni, Pd, Pt, Mn, Pb, and Sn) are dissolved 
by aqueous iron(II) chloride, with the forma- 
tion of iron(II) chloride; magnesium dissolves 
with evolution of hydrogen. Iron(III) chloride 
solution liberates carbon dioxide from alkali- 
metal carbonates. When iron(III) chlonde is 
heated in air, iron(III) oxide and chlorine are 
produced. Above 200 °C, iron(III) chloride is 
rapidly reduced by hydrogen to iron. It is also 


_ reduced by coal. 


Production. Anhydrous iron(III) chloride is 
produced industrially by reaction of dry chlo- 
rine with scrap iron at 500—700 °C [194]. The 
process is known as direct chlorination. Pre- 
heated scrap is charged into the top of a water- 
cooled iron shaft furnace, while chlorine (or a 
mixture of chlorine and nitrogen) is admitted 
at the bottom. To prevent formation of iron(II) 
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chloride, a 10-30% excess of chlorine is used. 
Iron scrap is added continuously at a rate de- 
pending on the reaction temperature and the 
amount of chlorine remaining in the exit gas. 
The iron(III) chloride vapor produced passes 
through water- or air-cooled condensation 
chambers. The crystals obtained are removed 
continuously from the walls by vibration or 
knocking. They are then ground, screened, 
and packaged with exclusion of moisture. 
Chlorine in the waste gas is removed either by 
scrubbing with iron(II) chloride solution, to 
give iron(II) chloride, or by reacting with so- 
dium hydroxide solution, to yield sodium hy- 
pochiorite and sodium chloride. 


In another process, carried out in a reactor 
with an acid-resistant liner, iron scrap and dry 
chlorine gas react in a eutectic melt of iron(IIT) 
chloride and potassium or sodium chloride 
(e.g., 70% FeCl, and 30% KCI) [195]. First, 
iron scrap is dissolved in the melt at 600 °C 
and oxidized to iron(II) chloride by iron(II) 
chloride. Iron(IT) chloride then reacts with 
chlorine to yield iron(II) chloride, which sub- 
limes and is collected in cooled condensation 
chambers. 


The advantages of direct chlorination in- 
clude higher space time yields, lower capital 
cost, and less waste. The melt process gives a 
purer product because impurities remain 
largely in the melt; however, for this reason 
the melt must be changed and disposed of fre- 
quently. 


Гоп(П) chloride solutions are prepared by 
dissolving iron in hydrochloric acid and oxi- 
dizing the resulting iron(II) chloride with 
chlorine. In a continuous, closed-cycle pro- 
cess, iron(III) chloride solution is reduced 
with iron and the resulting iron(II) chloride so- 
lution is reoxidized with chlorine. Iron(IIT) 
chloride solution is also produced by solving 
iron(II) oxide in hydrochloric acid. Solid 
iron(II) chloride hexahydrate is crystallized 
by cooling a hot concentrated solution. 


Quality Specifications and Analysis. Com- 
mercial forms of iron(III) chloride include 
sublimed anhydrous iron(III) chloride (2 99% 
FeCl,), iron(III) chloride hexahydrate (ca. 
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60% FeClj, and iron(IIT) chloride solution 
(ca. 40% FeCl,). Iron(III) chloride for potable 
water treatment must comply with DIN 19602 
(February 1987). 

Trivalent iron is determined by iodometric 
titration with sodium thiosulfate; chloride ion 
is determined by argentometry. 


Occupational Health. Iron(IIT) chloride irri- 
tates the skin and, especially, eyes. Therefore, 
workers handling it must wear protective 
glasses, facial protection, and rubber gloves. 
The TLV for iron(II) chloride is that for solu- 
ble iron salts: 1 mg of iron per cubic meter. 


Storage and Transportation. Anhydrous 
iron(II) chloride can be stored in standard 
steel containers. It is shipped airtight in sheet- 
iron drums or plastic barrels, and loose in tank 
trucks. Moist iron(III) chloride and iron(II) 
chloride solutions attack ordinary metals. The 
following materials are suitable for containers 
to hold iron chloride solutions: rubberized 
steel; plastics such as polyethylene, poly(vinyl 
chloride), and polytetrafluoroethylene; fiber- 
reinforced plastics; glass; stoneware; porce- 
lain; and enamel. The only suitable metallic 
materials are titanium, tantalum, and Hastel- 
loy C. 

The transport classification for anhydrous 
iron(II) chloride is UN No. 1773, RIDCADR 
Class 8.11с and for iron(II) chloride solution, 
UN No. 2582, RID-ADR Class 8.5c. 

Iron(III) chloride spilled by accident must 
be collected and forwarded to a sewage plant 
for disposal. Contaminated soil must be 
cleaned with a large amount of water and neu- 
tralized with lime. Iron(III) chloride is a Class 
1 hazard to water quality. 


Uses. Anhydrous ігоп(Ш) chloride is used in 
organic chemistry as a chlorinating agent for 
aliphatic hydrocarbons and for aromatic com- 
pounds. It also acts as a catalyst in Friedel- 
Crafts syntheses and condensation reactions. 
Iron(III) chloride is also used occasionally as 
an oxidizing agent [196, 197]. 

Because solutions of iron(III) chloride dis- 
solve metals such as copper and zinc without 
troublesome evolution of hydrogen, they are 
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used for the etching or surface treatment of 
metals (e.g., in the manufacture of electronic 
printed circuits, copperplate rotogravure print- 
ing, textile printing rolls), and for making 
signs. Iron(III) chloride solutions are also used 
in leaching the copper ore chalcopyrite. 

Iron(TIT) chloride is used as a starting mate- 
rial in the preparation of other iron com- 
pounds, particularly oxides and hydroxides. 
However, most iron(III) oxide pigments ob- 
tained by hydrolysis of iron(III) chloride at 
high temperature have weak colors and a blu- 
ish cast, so these processes have not achieved 
commercial importance. 

The largest use of iron chloride is in the 
form of dilute solutions that are employed as 
flocculating and precipitating agents in water 
treatment [198]. In processing surface waters 
into potable and process water 5-40 g of 
iron(III) chloride is added to 1 m? of crude wa- 
ter at pH 6—7. The precipitated iron(III) hy- 
droxide adsorbs finely divided solids and 
colloids (e.g., clays and humic acids). If decar- 
bonization or the precipitation of heavy metals 
is to be carried out at the same time, slaked 
lime is added to adjust the pH to 9-11. 

In municipal and industrial wastewater 
treatment, iron(III) chloride is particularly ef- 
fective because it precipitates heavy metals 
and sulfides, whereas contaminants such as 
oils and polymers, which are difficult to de- 
grade, are adsorbed on the iron hydroxide 
flocs. Phosphates are also lowered to a level of 
ca. 1 mg of phosphorus per liter of water in the 
clarifier discharge. Preliminary treatment with 
iron(II) chloride can increase the capacity of 
overloaded clarifier plants. 

Sludge conditioning with iron(II) chloride 
and lime improves the dewatering of filter 
sludge, so that drier sludges, better suited to 
disposal or incineration, are obtained. 

Consumption ‘of ігоп(Ш) chloride in the 
United States in 1994 was as follows [199]: 
Sewage and wastewater treatment: 65% 

Water treatment: 25% 
Catalyst, etchant, and other: 10% + 

Solutions of iron chlorosulfate, FeCISO,, 
obtained by chlorinating iron(II) sulfate, are 
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also used extensively as flocculents in water 
treatment [201]. 


Economic Aspects. Of the few anhydrous 
iron(II) chloride producers worldwide, the 
most important in Europe is BASF. Most of 
the iron(IIT) chloride is obtained as a by-prod- 
uct when iron-bearing raw materials are chlo- 
rinated or when steels are pickled with 
hydrochloric acid; the major commercial form 
is the 40% solution. 

Outputs (by year, as 100% FeCl;) and ma- 
jor producers are 


Europe (1994) estimated 150 000 t (Solvay, 
Atochem, BASF, SIDRA) 
USA(1994)[199] 200 000t (Du Pont, PVS, Imperial 


West Chem.) 3 
Japan (1987) [200] 322 000t 
The most important European producers of 
iron chlorosulfate are Kronos Titan and Thann 
et Mulhouse SA. 


5.17.5  Iron(II) Chloride 


Iron(II) chloride, ferrous chloride, is much 
less important industrially than iron(III) chlo- 
ride. The etching of steel with hydrochloric 


acid yields large amounts of iron(II) chloride, . 


which is chlorinated in solution or thermally 
decomposed to iron oxide and hydrochloric 
acid. A solution of iron(II) chloride is also ob- 
tained as a by-product from the chloride pro- 
cess for the production of titanium dioxide. 


Properties. Iron(ID chloride, FeCl, mp 
677 °С, bp 1074 °C, АН? (25 °С) -342.1 
kJ/mol, р (25 °С) 3.16 g/cm?, forms pale 
green, rhombohedral crystals which are 
readily soluble in water, alcohol, and acetone, 
but only sparingly soluble in ether and ben- 
zene. The compound occurs naturally as the 
mineral lawrencite. It forms several hydrates, 
FeCL-xH50 (х= 1, 2, 4, 6). 

_ When heated in air, iron(II) chloride forms 
iron(IIT) chloride and iron oxides. Iron(IT) 
chloride solution undergoes virtually no hy- 
drolysis; it is oxidized readily by air. 
Production. Anhydrous iron(II) chloride is 
produced from iron filings heated to red heat 


in a stream of hydrogen chloride or from iron 
and chlorine at 700°C. The product is ob- 
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tained as a sublimable white mass. Iron(II) 
chloride can also be prepared by passing hy- 
drogen over heated ігоп(Ш) chloride. 

Solutions of iron(II) chloride are prepared 
by dissolving iron in hydrochloric acid or by 
reducing iron(II) chloride solutions with iron. 
When a hot saturated solution is cooled to 
О °С, pale green, monoclinic crystals of the 
hexahydrate are obtained; cooling to room 
temperature yields the blue-green ‘tetrahy- 
drate. If the solution is concentrated at 90 °C, 
the green dihydrate is obtained; above 120 °C 
or on vacuum evaporation, the dihydrate is 
converted to the monohydrate, ЕеС1„.Н„О. In 
the absence of air, the monohydrate is con- 
verted to anhydrous iron(II) chloride at 230 °С 
[202]. | 


Quality Specifications. Iron(II) chloride is 
sold as an anhydrous powder (2 96% FeCl,), 
as the dihydrate (> 75% FeCL,), as the tetrahy- 
drate (> 60% FeCl,), and as an aqueous solu- 
tion (ca. 30% FeCl). 


Transportation. Solid iron(II) chloride is 
shipped in sheet-iron drums, plastic bags, or 
glass containers, and its solution is transported 
in rubberized containers or plastic barrels. 


Uses. Ттоп(П) chloride is used as a reducing 
agent and for the production of other iron 
compounds. Increasingly, iron(II) chloride so- 
lution serves as a precipitating and flocculat- 
ing agent with reducing properties for use in 
water treatment; it is especially effective with 
wastewater containing chromate, for example. 

Pure поп(П) chloride solution is an impor- 
tant starting material for the preparation of ac- 
icular goethite, a-FeOOH, and lepidocrocite, 
Y-FeOOH, which are further processed to y- 
Fe,0, magnetic pigments. Pure iron(II) chlo- 
ride is also employed in the preparation of 
pure iron. 


5.17.6 Iron Pentacarbonyl 


Metal carbonyls are complexes in which 
carbon monoxide is coordinated to the central 
metal atom. Of the iron carbonyls, only iron 
pentacarbonyl, Fe(CO),. is economically sig- 
nificant. 
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M. BertHELoT [203] and, independently, L. 
Мохр and L. Quincxe [204] discovered iron 
pentacarbonyl in 1891 [205]. Only after BASF 
had developed high-pressure technology for 
ammonia synthesis was its industrial produc- 
tion feasible. In 1925, a large plant was built in 
Germany by BASF to make iron pentacarbo- 
nyl which had proved to be a very effective 
antiknock agent for gasoline engines. When 
the compound was replaced shortly afterwards 
by lead alkyls, which were beneficial to mo- 
tors, the production of iron powder from iron 
pentacarbonyl came to the fore. 

In 1940, GAF began producing the pentac- 
arbonyl in the United States under license 
from BASF. A BASF plant was moved to the 
Soviet Union in 1945. Plants built in England 
(1944) and France (1952) have ceased produc- 
tion. In addition to iron powder, BASF has 
been producing pure iron oxide from the car- 
bony] since about 1930. 


Physical Properties. Iron pentacarbonyl is a 
clear, yellow, mobile liquid with an indistinc- 
tive odor. The molecule has a trigonal-bipyra- 
midal structure [206]. 

Endothermic decomposition to iron and 
carbon monoxide begins at ca. 60 °С. Al- 
though decomposition becomes marked at the 
boiling point, iron pentacarbonyl can be dis- 
tilled at atmospheric pressure with slight 
losses. 

Some physical properties of iron pentacar- 
bony! are as follows: 


mp -20 °С 

bp 103 °C 
Critical temperature 285-288 °C 
Critical pressure 2.90 MPa 
Heat of fusion 69.4 KJ/kg 
Heat of vaporization 190 kJ/kg 
Specific heat (20 °C) 12XJkg ! K^ 
Viscosity (20 °C) 76 mPa:s 
Surface tension (20 °C) 0.022 N/m 


Coefficient of linear expansion (20 °C) 0.00125 
Refractive index (15) 1.518 
Thermal conductivity 0.139 Wm Kk" 
Enthalpy of dissociation (vapor) 994 KJ/kg 
Heat of combustion (to CO, and Fe,O,) -8200 kJ/kg 
Density, g/cm? 

at 0 °C 1.495 


at 20 °C 1.457 
at 40 °C 1.419 
at 60 °C 1.380 
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Vapor pressure, kPa 


at 20 °C 3.49 
at 60 °C 21.33 
at 100 °C 87.58 


Iron pentacarbonyl is completely miscible 
with petroleum ether, hexane, benzene, pen- 
tanol and higher alcohols, ethyl ether, acetone, 
acetic acid, and ethyl acetate. It is partially 
miscible with paraffin oil and lower alcohols 
up to butanol [207]. 

Water solubility data for iron pentacarbonyl 
are contradictory; a value of 50-100 mg/L сап 
be assumed [208]. The solubility of water in 
iron pentacarbonyl is 200-400 mg/kg. 

The most complete documentation on iron 
pentacarbony] is given in [209]; for earlier lit- 
erature, see [210]. 


Chemical Properties. Iron pentacarbonyl is 
an easily combustible substance. It does not 
react with water or with weak or dilute acids. 
With concentrated acids, the corresponding 
iron salts are formed with the evolution of car- 
bon monoxide and hydrogen. Reactions with 
halogens yield iron halides. Iron pentacarbo- 
nyl also reduces organic compounds; for ex- 
ample, nitrobenzene is reduced to aniline; a 
ketone, to an alcohol; and indigo, to indigo 
white. The Hieber base reaction yields iron 
carbonyl hydride or its salts [212-216]: 


Fe(CO), + 4NaOH — Na,Fe(CO), + Na,CO, + 29,0 


The salt Na,Fe(CO), is a strong reducing 
agent. 

Visible-light photolysis of pure iron pentac- 
arbony] or its solutions yields diiron nonacar- 
bonyl, which precipitates as golden 
hexagonal platelets [217, 218]: 


2Fe(CO), э Fe,(CO), + CO 


The trinuclear iron carbonyl Fe,(CO),. is also 
known [219-224]. 

As a highly reactive and readily available 
compound, iron pentacarbonyl is used for the 
preparation of many complexes, but these are 
not very significant industrially [211]. 

The most important industrial reactions of 
iron pentacarbonyl are thermal decomposi- 
tion in the absence of air, yielding ifon powder 
and carbon monoxide, and combustion to 
iron(III) oxide, Fe,03. 
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Table 5.44: Equilibrium data for the formation of iron 
pentacarbonyl. 
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à Fe(CO),, к = ZO 
TC ра vol% (at equi- Pre(co), 
librium) | — —————————————— 
Observed Calculated 
60 0.69 22.4 0.86 0.363 
80 1.47 21.8 20.1 3.39 
160 38.83 9.0 24x10! 10x10 
200 132.68 5.7 5.5х10° 126x105 





Production. Although nickel carbonyl can be 
obtained from nickel and carbon monoxide at 
atmospheric pressure and moderate tempera- 
ture, the production of iron pentacarbonyl re- 
quires a pressure of 5—30 MPa, a temperature 
of 150—200 ?C, and the presence of reactive 
iron. 

Values reported for the reaction equilibrium 
are not in good agreement with those calcu- 
lated [225-228]. Table 5.44 lists experimental 
data for the equilibrium constant along with 
values calculated from the Nernst approxima- 
tion [228]. 

Even at high temperature and pressure, 
massive iron reacts sluggishly with carbon 
monoxide, so iron sponge, with its greater sur- 
face area, is used as starting material [229]. 
Better yields are said to be obtained with iron 
quenched and granulated from the melt and 
containing 2-4% sulfur [230], which has a 
catalytic action [231]. For the reaction kinet- 
ics, see [232]. 

The exothermic reaction 
Fe + 5CO —Fe(CO)q. АН =~226.92 kJ/mol 


is carried out in high-pressure batch equip- 
ment with a vertical reactor charged with iron. 
The gas, circulated by a pump, is preheated 
and admitted to the reactor. It leaves the reac- 
tor hot and loaded with iron pentacarbonyl 
which is condensed in a heat exchanger and al- 
lowed to expand into the unpressurized purifi- 
cation system under low pressure. To mainiain 
the pressure in the system, the carbon monox- 
ide used is replaced with fresh gas. Most of 
this is obtained when the carbonyl is decom- 
posed to iron powder. This closed operating 
cycle removes carbonyl from the reaction 
equilibrium [233]. 
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Carbon monoxide pressure, temperature, 
and flow rate are controlled carefully through- 
out the batch to avoid spontaneous decompo- 
sition of carbon monoxide, which would result 
in a sharp temperature increase and the depo- 
sition of carbon black [234]. 

The liquid carbonyl contains some lubricat- 
ing oil (from the pump), water, and iron dust. 
Depending on the starting material, volatile 
carbonyls of nickel, chromium, molybdenum, 
and tungsten may also be present. These are 
removed by distillation. 

The batch process is rather expensive and 
requires inert gas purging at the beginning and 
end of each batch. Nonetheless, other ap- 
proaches have not been implemented. In a wet 
process, carbon monoxide was reacted with 
solutions of iron(1I) salts in aqueous ammonia 
at 11.5 MPa and 80 °C, giving iron pentacar- 
bonyl in yields of 40-50% [235, 236]. A solu- 
tion of ігоп(П) chloride in methanol 
containing a sulfur compound and Mn powder 
is said to form iron pentacarbony! on reaction 
with carbon monoxide [237]. Another process 
uses three fluidized beds in series, for iron ore 
(e.g., hematite) reduction, high-pressure car- 
bonylation, and carbonyl decomposition; 
however, the process has not been adopted 
commercially [238, 239]. 


Quality Specifications and Analysis. Com- 
mercial pure iron pentacarbonyl is brought to 
high purity by double distillation. The levels 
of contaminants, metals that form volatile car- 
bonyls, and sulfur are at or below the thresh- 
old of detectability [208]. 

To test for trace contaminants, a sample is 
solidified by cooling, treated with excess bro- 
mine, and brought slowly to room tempera- 
ture. After the reaction stops, the residue is 
dissolved in dilute nitric acid. Techniques suit- 
able for analyzing the solution (e.g., for Cr, Ni, 
Mo, or Pb) are atomic absorption spectros- 
copy and emission spectroscopy with induc- 
tively coupled plasma. Iron pentacarbonyl 
can be analyzed in a similar fashion after be- 
ing dissolved in concentrated nitric acid. 

Iron pentacarbonyl in gases, including air, 
can be oxidized with a hydrogen peroxide 
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methanol mixture and analyzed as iron hy- 
droxide [208]. Bromine water and concen- 
trated nitric acid are also suitable as oxidizing 
agents. The exposure of individual workers to 
iron pentacarbonyl is measured using a per- 
sonal air sampler, consisting of a charcoal- 
filled tube and a small battery operated gas 
pump. The iron pentacarbonyl is catalytically 
oxidized on the activated charcoal to give iron 
oxide, which can be determined as iron after 
combustion of the charcoal. The average con- 
tent of iron pentacarbonyl in the air is then cal- 
culated. 

Indoor air can be continuously monitored 
by radiometry with ionization detectors. Iron 
pentacarbonyl is atomized to an aerosol in a 
measuring chamber at 150 °C; the aerosol di- 
minishes the ionization current generated by a 
radioactive source. The change in current is a 
measure of the carbonyl concentration. The 
detection threshold is ca. 0.1 ppm [240]. 

Gas chromatography with an electron-cap- 
ture detector has been used to determine iron 
pentacarbonyl and nickel tetracarbonyl in syn- 
thesis gas. The limit of detection for nickel tet- 
racarbonyl has been found to be 0.001 ppm 
and that for iron pentacarbonyl somewhat less 
[241]. 


Safety. Two potential hazards must be consid- 
ered in relation to iron pentacarbonyl: toxicity 
and combustion. These can be controlled only 
if the product is handled in sealed equipment 
[208]. The fire hazard can be summarized as 
follows: 


Flash point <-15 °C 
Ignition point <65 °C 
Lower explosion limit 2.64.5 vol% 


On substances with a high surface area, such 
as activated charcoal, ignition is possible even 
at room temperature. 

Because the heat of combustion of iron 
pentacarbonyl is only one-fifth that of fuel oil, 
iron pentacarbonyl fires are easy to extin- 
guish. The best extinguishing agent is water, 
which removes heat and forms an airtight 
cover. Water that has been used to extinguish 
tires must not be discharged into natural wa- 
ters. 
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Iron pentacarbonyl burns completely to 
iron(III) oxide and carbon dioxide only when 
it is atomized with air. Open combustion (e.g., 
in a dish) does not go to completion, and car- 
bon monoxide is formed. 

The best protection against the occurrence 
of iron pentacarbonyl concentrations that 
might present a danger of poisoning or explo- 
sion is continuous air monitoring. Carbon 
monoxide alarms respond only at much 
higher, toxic concentrations. 


Storage. At industrial plants, iron pentacarbo- 
nyl is stored and processed in the absence of 
air in metallic (usually steel) equipment. Suit- 
able seals and fittings are recommended by the 
carbonyl producer [208]. 

In unpressurized tanks, the carbonyl is cov- 
ered with a protective gas (CO, N,, Ат, CO,). 
Tanks are connected to a gas reservoir so that 
the pressure does not drop below atmospheric 
even when the tank is cooled. 

When the product is stored in pressurized 
vessels, the liquid is withdrawn through a sub- 


. merged tube, not through valves in the tank 


bottom. 
Tanks and pumps are installed in liquid- 
tight collecting basins. 


Cleaning of Equipment and Disposal. Pro- 


cess equipment can be cleaned before opening 
by flushing with steam and then condensing 
the iron pentacarbonyl and water. 


Carbonyl residues are collected and reused 
whenever possible. Because of the density dif- 
ference, the product can easily be separated 
from water. 

Laboratory carbonyl residues can be col- 
lected in a bottle partly filled with water. 
Glassware is washed several times with a 
small amount of acetone, which is poured into 
water for phase separation. 

Small amounts of iron pentacarbonyl can 
be disposed of by burning in a sheet-metal tub. 
The presence of carbon monoxide in the off- 
gas must be taken into account. 4 


"Transportation. Because of fire and toxicity 
hazards, stringent regulations apply to the 
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transportation of iron pentacarbonyl. Contain- 
ers must be airtight and stable. 

In Germany, the same regulations apply as 
in the case of nickel carbonyl. Both substances 
are assigned to Class 6.1, No. 3 under RID and 
GGVE for rail shipment, and under ADR and 
GGVS for road shipment. These regulations 
allow pressurized containers up to 250 L rated 
at 1 MPa. They are subject to inspection as 
pressure vessels (e.g., by TÜV) before being 
placed in service and at five-year intervals 
thereafter. The contents are limited to 1 kg of 
iron pentacarbony] per liter of capacity. Every 
pressurized container must bear a nameplate 
with the following information: name of sub- 
stance, owner, empty weight, year of first in- 
spection and year of most recent inspection, 
inspector's stamp, maximum filling weight, 
and rated pressure. 

The largest producer of iron pentacarbonyl, 
BASF, sells it in 20- and 250-kg pressurized 
containers. Each container has two valves or a 
double valve, so that liquid can be withdrawn 
through a submerged tube. 

Also used as nonreturnable packaging in 
Europe are 1-L pressurized aluminum bottlés, 
with a rated pressure of 1 MPa and a filling 
weight of 1 kg. 

For international shipment by sea, iron pen- 
tacarbonyl is classified as follows: UN No. 
1994, Class 6.1, IMDG Code. Air shipment 
and mailing are forbidden. 

Similar regulations now apply in ‘he United 
States. Although iron pentacarbonyl is a Poi- 
son B, because of the risk of inhalation it must 
be packaged in gas containers under pressure 
as prescribed for a Poison A under DOT Haz- 
ardous Materials Regulations. The containers 
hold 300 pounds of carbonyl. 


Carbonyl Iron Powder. By far the largest use 
of iron pentacarbonyl is for the production of 
carbonyl iron powder. The equilibrium reac- 
tion 


Fe(CO),, = Fe+5CO, AH = +194.7 kJ/mol 


goes from left to right at standard pressure 
above 200 °C. The iron deposited on hot sur- 
faces is brittle hard, and not commercially us- 
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able. In hot liquids such as paraffin oil, finely 
dispersed iron is obtained [242]. The only pro- 
cess that has become industrially important is 
decomposition in cavity decomposers, which 
yields spherical iron particles of 1—10 рт di- 
ameter [243]. 

The decomposer is a pipe, externally heated 
by electricity or gas, into which iron pentacar- 
bonyl vapor is admitted from the top. The car- 
bonyl decomposes not on the wall, which is 
heated to > 300 °C, but on iron particles circu- 
lating in the gas stream. These particles grow 
to 3-8 um and are then discharged along with 
the carbon monoxide generated. Carbon and 
oxygen produced by the decomposition of car- 
bon monoxide are incorporated in the iron. 
Addition of ammonia reduces the carbon and 
oxygen content but leads to incorporation of 
nitrogen in the iron particles. 

The cavity decomposer, invented by BASF 
in 1924, has not changed fundamentally. A va- 
riety of practices have been adopted to control 
the product, above all its particle size. Zinc 
particles are obtained by admitting oil vapor 
into the decomposer [244], by diluting the car- 
bonyl vapor with recycled carbon monoxide 
gas [245], or by applying a temperature gradi- 
ent from the top to the bottom of the decom- 
poser [246]. Fine particles result if the rate of 
flow of iron pentacarbonyl is high; larger 
ones, if the rate is low [247]. Inlet velocity is 
also a factor [248]. 

Carbon, nitrogen, and oxygen can be 
largely eliminated from the iron powder by 
treatment with hydrogen at ca. 450 °C [249]. 
The spheres, which were previously very hard 
(Vickers Lardness 800—900), become soft 
(100—150 Vickers) and can be deformed by 
pressure. Hard and soft types are marketed for 
diverse applications [250]. 

Carbonyl iron powder is made into mag- 
netic cores for electronic components (251, 
252]. In powder metallurgy, pure iron and iron 
alloys are made into parts by pressing [253, 
254] and by metal injection molding [255, 
256], carbonyl iron powder being an impor- 
tant component of powders and feedstocks 
[257, 258]. Carbonyl iron powder is also em- 
ployed for the fortification of foods such as 
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white bread and in the production of iron-con- 
taining pharmaceuticals. It is used as a reduc- 
ing agent in organic chemistry, and is 
incorporated in rubber or plastic sheets that 
are used for microwave attenuation [259— 
261]. For preparation, use, particle-size distri- 
bution, and behavior on heat treatment, see 
[262—266]. 


Carbonyl Iron Oxide. Only BASF converts 
iron pentacarbonyl to iron oxides. The pro- 
cesses are harmless to the environment, be- 
cause the only by-product is carbon dioxide, 
and no pollution of the wastewater with salts 
occurs, unlike when iron oxides are precipi- 
tated from solutions of iron salts. 

Red iron oxide, in a finely divided form 
similar to carbon black, is obtained by atomiz- 
ing iron pentacarbonyl and burning it in an ex- 
cess of air [267]. By varying temperature and 
residence time in the reactor, transparent or 
highly transparent red pigments can be pro- 
duced [268-270]. The highly transparent pig- 
ments are nearly X-ray amorphous and have 
BET surface areas of 80-160 m*/g. The less 
transparent grades have surface areas of 10—35 
m?/g and clearly show a hematite structure. 
The iron oxide is used to make high-quality 
ferrites and similar ceramic materials. Be- 
cause the content of other metals and electro- 
lytes is extremely low and little energy is 
needed for dispersion, the oxide is particularly 
suitable for use as a lightfast, UV-blocking red 
pigment for paints, wood varnishes, fiber dye- 
ing, and color printing. 

Water injection [271] and passage through 
an intense centrifugal force field [272] during 
production improve both separation and com- 
pactibility. 

Air oxidation of iron pentacarbonyl to mag- 
netite is possible at higher temperature [273]. 
At 100—400 °С, magnetic black Pei, or 
brown y-Fe,O, can be obtained, as desired. 
The carbon monoxide formed undergoes vir- 
tually no oxidation if the reaction takes place 
in a mechanically agitated fluidized bed of 
product oxide [274]. Finely dispersed ү-Ее,О; 
pigments and Fe,O, pigments (particle size 2 
to 200 nm) are produced by BASF to be used 
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in aqueous suspension as contrasting agents in 
nuclear magnetic resonance tomography 
[275]. 

To obtain mixed oxides with iron as pri- 
mary component, iron pentacarbonyl is atom- 
ized together with a compound of the other 
metal (in liquid or dissolved form) that is con- 
verted to the oxide at high temperature. For 
example, by atomizing the carbonyl with an 
aqueous solution of chromic acid, iron chro- 
mium oxide can be obtained for use as a cata- 
lyst or as a brown pigment [276, 277]. 


Other Uses. Polycrystalline iron whiskers can 
be made by decomposing iron pentacarbonyl 
іп a magnetic field [278-288]. The whiskers 
are remarkably strong and said to be suitable 
for making composites or for catalysts. An- 
other process for producing iron whiskers em- 
ploys an empty space decomposer at 
temperatures higher than 360 °C for thermal 
decomposition of iron pentacarbonyl [289]. 
Novel effect pigments ranging from bright 
yellow to brilliant red are prepared in a fluid- 
ized bed of aluminum powder, which is coated 
with iron oxide when iron pentacarbonyl va- 
рог and air are admitted [290, 291]. Novel 
brilliant pigments are produced by coating 
aluminum flakes with nanometer films of he- 


matite deposited from iron pentacarbonyl and ` 


optionally a second layer of colorless metal 
oxide [292]. Other pigments are made on a 
mica base [293]. These pigments are lightfast 
and corrosion resistant and are therefore suit- 
able for use in automobile paints. 

Carriers for the toner in photocopiers are 
obtained by coating fine spherical particles of 
iron or glass [294], respirable plastics [295], 
or porous silico-containing material [296]. 
Colored single component toner powders are 
made of dispersions of carbonyl iron powder, 
reflecting pigments or dyes and other sub- 
stances in a binder [297, 298]. 

Suspensions of finely divided iron [299] or 
its alloys [300] are prepared by decomposing 
iron pentacarbonyl in solution. This process 
can be used to produce magnetic liqüids [301]. 

If iron pentacarbonyl is decomposed on, for 
example, gold ore, the iron deposits preferen- 
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tially on the metal, which could then be recov- 
ered by magnetic separation [302]. 

Iron pentacarbonyl is not an important in- 
dustrial catalyst [303]; for its use as a catalyst 
in organic chemistry, see [304]. Iron pentacar- 
bonyl has been described as a catalyst for the 
hydrogenation of coal [305, 306]. The cataly- 
sis of partial subsurface combustion of heavy 
crude oil by iron pentacarbonyl, with the aim 
of lowering the viscosity, has been reported 
[307, 308]. 

The complex Na,Fe(CO), formed in solu- 
tion by the Hieber base reaction [309], recom- 
mended long ago for reducing vat dyes [310], 
has met with renewed interest. For example, 
chlorate can be removed from diaphragm-cell 
caustic soda with this product [311]. The use 
of Na,Fe(CO), to reduce organic compounds 
has been described [312]. Operation of a fuel 
cell using iron pentacarbonyl and an aqueous 
alkali hydroxide of pH « 9 has been proposed 
[313]. 

If iron carbonyl is added during thermal 
degradation of hydrocarbons to carbon fibers, 
subsequent high-temperature treatment gives 
a higher yield of better graphitized, more con- 
ductive fibers [314]. 

Pyrite films are obtained from iron penta- 
carbonyl and sulfur or hydrogen sulfide by 
chemical vapor deposition. The films are pho- 
toactive and can be used to make solar cells 
[315]. 


Economic Aspects. Three companies produce 
iron pentacarbonyl: BASF (Germany) with a 
capacity of over 9000 t/a, GAF (Huntsville, 
Alabama) with an estimated 1500—2000 t/a, 
and a plant in the former Soviet Union. 

These plants also produce carbonyl iron 
powder, with capacities of ca. 1500 t/a 
(BASF) and 500 t/a (GAF). The BASF plant 
has an iron oxide capacity of ca. 1000 t/a. 

Consumption of the carbonyl for other pur- 
poses is insignificant compared to inplant con- 
sumption. 


Toxicology and Occupational Health. Based 
upon the limited data that is available from 
laboratory animal studies, iron pentacarbonyl 
must be classified as highly toxic. 
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The first laboratory study demonstrated 
that a 45.5 min inhalative exposure to 0.025 
vol% (250 ppm) of iron pentacarbonyl is fatal 
to rabbits [316]. Studies by BASF showed that 
30-min exposure to 40 ppm of iron pentacar- 
bonyl is already lethal to rabbits [317]. Cats 
reacted with considerably less sensitivity and 
survived exposure to 300 ppm. In guinea pigs, 
rats, and mice, fatalities began after exposure 
to 140 ppm. After 30-min exposure, LC, val- 
ues of 2.190 mg/m? (275 ppm) for mice and 
910 mg/m? (115 ppm) for rats were found in 
later acute toxicity studies [318]. The four- 
hour median lethal concentration was deter- 
mined to be 10 ppm in rats [319]. 


The oral LD;, of iron pentacarbonyl is 
0.012 mL/kg (0.018 mg/kg) in rabbits and 
0.22 mL/kg (0.033 mg/kg) in guinea pigs 
[320]. After percutaneous application, the 
LD; in rabbits is 0.24 mL/kg [320]. In BASF 
experiments, the following ТЮ, values were 
determined for acute oral toxicity: rabbit, 20 
mg/kg; rat, 25 mg/ kg; mouse, 100 mg/kg; cat, 
100 mg/kg. Iron pentacarbonyl was found to 
be not mutagen in an Ames test. No skin and 
eye irritation was observed in OECD 404, 
OECD 405 tests [317]. 


Depending on carbonyl concentration, leth- 
argy, respiratory symptoms, and lung edema 
were found in rats in further inhalation experi- 
ments [321]. No data are available on the 
chronic toxicity of iron pentacarbonyl Only 
one six-month feeding study with rats, in 
which 13 mg/d did not lead to any toxic ef- 
fects, has been reported (322]. The clinical 
symptomatology of iron pentacarbonyl intoxi- 
cation is similar to that of nickel carbonyl poi- 
soning. It is marked by immediate onset of 
disorientation and vomiting. Fever, coughing, 
and difficulty in breathing occur after 12—36 h. 
Fatalities usually occur 4—11 d after exposure 
to a lethal dose. Pathological lesions are found 
in the lungs and in the vascular and nervous 
systems [323]. Although iron pentacarbonyl 
and nickel carbonyl intoxications have similar 
symptoms, iron pentacarbonyl is probably less 
toxic (see Table 5.45) [324]. Furthermore, the 
use of iron pentacarbonyl should result in less 
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exposure than nickel carbonyl because of its 
lower vapor pressure. 

Safety precautions are, however, required 
when working with iron pentacarbony] to pre- 
vent oral, inhalatory, and dermal exposure, be- 
cause of the relatively high acute toxicity. The 
MAK value for iron pentacarbonyl is 0.1 ppm. 
The TLV-TWA is 0.1 ppm (0.8 mg/m’), as Fe. 


Table 5.45: Acute rat inhalation toxicity. 


Substance LC, mg/m? Exposure time, min 
Ni(CO), 240 30 
Fe(CO), 910 30 


5.47.7 Iron Compounds, 
Miscellaneous 


Iron Acetates. When scrap iron reacts with 
acetic acid, it dissolves to form acetate salts 
[325]. If the initial black solution is concen- 
trated to 12%, solid iron acetate can be ob- 
tained. This salt is a mixture of iron(II) and 
iron(II) oxidation states of indefinite propor- 
tions best formulated as Fe,(CH;COO), It is 
used as a catalyst for acetylation and carbony- 
lation reactions. 

Iron(II) acetate, Fe(C4H405)^, is colorless. 
It is used in textile dyeing as an iron base for 
dark brown, dark blue, and black colors. 

Iron(Ill) acetate, Fe(C;H405),, is prepared 
industrially by reacting scrap iron with acetic 
acid, followed by oxidation of the solution 
with air; it is very sensitive to light. Ттоп(Ш) 
acetate is used for dyeing and printing textiles, 
as a mordant in dyeing, as a catalyst in organic 
oxidation reactions, and in dyeing chamois 
leather. 

Basic іғоп(Ш) acetate, Fe(OH)(C4H40,)», 
is obtained by boiling a solution of ont? 
acetate and allowing the hydroxy salt to pre- 
cipitate. This brownish-red compound is used 
as a mordant in dyeing, for weighting silk and 
felt, as a conservation additive for timber, and 
as a colorant for leather. 


Ттөп(П) carbonate, FeCO,, forms as a white 
precipitate when solutions of alkali-metal car- 
bonate salts are added to solutions of iron(II) 
salts. It is used as a supplement in animal diets 
and as a flame retardant [325]. 
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Iron Citrates. Iron citrate is a complex of in- 
definite formula, containing both iron(II) and 
iron(II). Jron(II) citrate and іғоп(Ш) citrate 
are also of indefinite stoichiometry. bon) 
citrate (1:1 Fe-citric acid) is also known. Iron 
citrates are readily soluble in hot water and ex- 
hibit complex solution chemistry. These com- 
pounds have been used as supplements to 
animal diets and to soil. 

Iron(III) ammonium citrate also has an in- 

definite formula. The brown hydrated form 
contains 16.5-18.5% iron, са. 9% ammonia, 
and 65% citric acid, whereas the green hy- 
drated form contains 14.5—1696 iron, ca. 7.5% 
ammonia, and 75% citric acid [325]. Iron am- 
monium citrates are very soluble in water but 
insoluble in ethanol. They are used as iron ad- 
ditives in food for human consumption (e.g., 
bread and milk) and for the treatment of iron 
deficiency in small animals and cattle. They 
are sensitive to light and are used in light-sen- 
sitive paper [325]. 
Iron Halides. The iron(II) halides (fluoride, 
bromide, and iodide) are used as catalysts for 
fluorination, bromination, and iodination in 
organic reactions. Iron(II) iodide is used as a 
source of iron and iodine in veterinary medi- 
cine. 


Iron(llI) fluoride is used as a catalyst in or- — 


ganic reactions. Iron(III) bromide is used in 
the catalytic bromination of aromatic com- 
pounds. 


Iron Nitrates. Iron(II) nitrate hexahydrate, 
Fe(NO4),'6H,O, mp 60.5 °C, forms green, 
rhombohedral crystals. It is prepared by dis- 
solving iron in cold nitric acid (d « 1.034 
g/cm?). With increasing density, a greater pro- 
portion of iron is oxidized to iron(II). Іоп(П) 
nitrate is used as a catalyst for reductions. 

Iron(1lI) nitrate nonahydrate, 
Fe(NO4),:9H;O, forms colorless or pale violet 
monoclinic crystals. It is made by dissolving 
iron in nitric acid (d > 1.115 g/cm’). 

Iron(1lI) nitrate hexahydrate, 
Fe(NO,);°6H,0, forms colorless, cubic crys- 
tals (mp 35 °C). Iron(III) nitrate is used as a 
mordant, in tanning, and as a catalyst for oxi- 
dation reactions. 








Iron 


Iron(H) phthalocyanine is synthesized from 
1,2-dicyanobenzene and an iron(II) complex 
in refluxing l-chloronaphthalene and is puri- 
fied by sublimation at 450 °C. This green 
compound is insoluble in most solvents. Be- 
cause it can exist in many oxidation states, 
iron(II) phthalocyanine is used as a catalyst 
for a variety of chemical and electrochemical 
redox reactions. It is also an important pig- 
ment [326]. R 


Iron Compounds for the Treatment of Ane- 
mia [327, 328]. Sufficient iron in the diet of 
humans and animals is essential for tissue 
growth. Iron is found at the active site of many 
important proteins in the human body. These 
include hemoglobin (oxygen transport), myo- 
globin (storage of oxygen), cytochrome c oxi- 
dase (converts oxygen to water), cytochrome 


P450 (hydroxylation of poisonous or un-. 


wanted chemicals) and other cytochromes 
such as cytochrome c (part of the electron- 
transport system). In addition, iron is neces- 
sary for the biosynthesis of iron-sulfur pro- 
teins such as rubedoxin. 

Although a sufficient amount of iron can 
usually be found in the diet, the level of ab- 
sorption of this element from food is generally 
low. Therefore, the supply of iron can become 
critical in a variety of conditions. Iron-defi- 
ciency anemia is commonly encountered in 
pregnant women and may also be a problem in 
the newborn, especially in animal species such 
as the pig. Some diseases (e.g., rheumatoid ar- 
thritis, hemolytic diseases, and cancer) result 
in poor distribution of iron in the body and 
thus lead to chronic anemia. 


More than 34 iron-containing preparations 
are used as hematinics for the treatment of 
iron-deficiency anemia [328]. Oral iron ther- 
apy is usually the preferred method of treat- 
ment unless good reasons exist for using 
another route. The daily oral dosage of ele- 
mental iron should be 100—200 mg. Iron(II) 
salts are more commonly used than iron(III) 
salts because they are assumed to be more sol- 
uble in the pH range 3-7. Solubility is essen- 
tial if the compound is to permeate cell 
membranes. The rate of regeneration of hemo- 
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globin appears to be independent of the salt 
used, provided sufficient iron 1s given. Factors 
affecting the choice of preparation are the inci- 
dence of side effects and the cost. If side ef- 
fects occur, an alternative iron preparation or a 
reduced dosage can be tried. The main iron 
compounds used in iron supplements are 
iron(IT) fumarate, iron(II) gluconate, iron(IT) 
sulfate, iron(II) succinate, iron(II) chloride 
solution, and iron(II) ammonium citrate. In 
addition, iron dextran and iron sorbital are 
used in injectable hematinics. Iron(II) sulfate 
is often preferred because it is the cheapest 
form and is at least as effective as any other. A 
number of oral preparations contain ascorbic 
acid (vitamin C) to stabilize the iron(II) state. 
However, the therapeutic advantage is mini- 
mal and the cost may be increased. Folic acid 
is used in conjunction with an iron salt for the 
prevention of anemia in pregnant women. 

Tron(II) complexes have a major disadvan- 
tage, however, in that they are sensitive to oxi- 
dation, especially in aqueous environments. 
This can be hindered initially by protectively 
coating iron(II) compounds in tablet form. 
However, when they dissolve in the gut, oxi- 
dation still occurs to give insoluble iron(IIT) 
salts (containing hydroxide). These fre- 
quently cause irritation and gastrointestinal 
distress. Such side effects are often severe, be- 
cause large doses are necessary to ensure that 
enough iron is absorbed. Nausea and epigas- 
tric pain may occur and are said to be dose-re- 
lated, although the relationship between 
altered bowel behavior (constipation) and dos- 
age is unclear [328]. 

Soluble iron(III) complexes are thus pre- 
ferred (because oxidation is not a problem). 
Unfortunately, such complexes are likely to be 
charged (which is unsatisfactory for passive 
membrane diffusion). Even if these complexes 
were neutral, they may still be toxic. 

The ideal properties of an iron(II) chela- 
tion complex for treating iron-deficiency ane- 
mia аге: (1) solubility in the pH range 6-9, (2) 
a ligand with a high affinity for iron(III), (3) a 
neutral iron(II) complex, and (4) nontoxicity. 
Furthermore, after absorption into the body 
the complex must enter into an equilibrium 


162 


with transferring (the iron-transport protein) 
so that iron is available for utilization in meta- 
bolic pathways. This means that the chelator 
must be metabolized rapidly to ensure that 
iron is freshly available. 

One such complex currently under trial is 
iron(II) maltol, [FeL,] (maltol(HL) = 3-hy- 
droxy-2-methyl-4H-pyran-4-one). Recently, 
iron(II) maltol and similar complexes [328— 
332] have been shown to possess the desirable 
properties outlined above for the treatment of 
iron-deficiency -related diseases. 

Another iron-related disease in Wind 15 
severe tissue iron overload. This may occur 
during the treatment of anemia, mainly as a re- 
sult of a large number of blood transfusions. 
This condition is treated by injections of des- 
ferrioxamine mesylate, which is a good 
chelating agent for iron(III), and is also used 
to treat cases of accidental iron poisoning. 


5.18 Relationships Between 
the Different Forms of Iron 
Oxides 


Fe,O, loses oxygen on heating at about 
1390 °C to give Fe,O, 


3Fe,0, > 2Fe,0, + /,0, 


Fe4O, can be considered as a compound of fer- 
rous oxide, FeO, and ferric oxide, Fe;O,. It 
crystallizes in the cubic system and can be ob- 
tained by heating iron fillings in air. it is also 
formed during the forging of red hot wrought 
iron. In pure water in the absence of oxygen, 
steel forms a film of FeO, at about 50 °C: 


Fe 2H,0 — Fe(OH), + H, 
3Fe(OH), э Fei, + Н, + H,O 


It is a black powder, insoluble in dilute acids, 
strongly ferromagnetic, and has a high electri- 
cal conductivity. That is why it is sometimes 
used as electrodes. 

It was once thought that synthetic Pe, be- 
haves differently from natural magnetite on 
oxidation in that an intermediate phase Y- 
Fe;O, is observed in the synthetic sample but 
not in the natural mineral: 
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Fe Олум)  Y-Fe;O, > 9-Ғе,Оз 

Ее;О, аар  G-Fe;O; 

This was later resolved when it was found that 
the oxidation is dependent on the particle size 
of Fe40,; only extremely fine particles 3000 A 
yield ү-Ее„О,. 

Ferrous oxide, FeO, is known as the wüstite 
phase, Fe, ,O, after its discover Fritz Wüst. It 
has a cubic lattice of NaCl type, and unstable 
below 570 °C when it decomposes as follows: 
4FeO — Fe, + Fe 


However, it can be cooled rapidly to prevent 
the decomposition. It can be obtained as a 
black pyrophoric powder in the following 
ways: 

e Heating ferrous oxalate in the absence of 
air: 

(COO),Fe 2 FeO +CO+CO, 

e Heating stoichiometric amounts of Fe and 
Fe, in an inert atmosphere at 1100 °C, 
then cooling rapidly: 

Fe + Fe,O, — 4FeO 

Iron(IT) hydroxide, Fe(OH), or ЕеО.Н„О, 
is formed by treating iron(II) salts with alkali 
hydroxide in absolutely air-free solution. It 
precipitates as a white flocculent material 


which has a great affinity for oxygen. It . 


thereby turn green, which progressively dark- 
ens and eventually passes into the red brown 
color of iron(IIT) oxide hydrate. The green 
color may be an intermediate product such as 
Fe(OH),:FeOOH. Pure Fe(OH), when 
washed and dried in the absence of air decom- 
poses at 200 °C to give FeO with some Pei. 
It is slightly soluble in concentrated NaOH 
forming sodium hydroxoferrate, 
Na.[Fe(OH),]. If oxygen is passed through a 
strongly alkaline suspension of Fe(OH), a- 
FeOOH is produced. 

Iron D hydroxide, Fe(OH),, is formed by 
adding ammonia to iron(1II) salt solutions, as a 
red-brown slimy precipitate which yields a gel 
of variable water content when it is dried. 
When freshly precipitated, it is amorphous to 
x-rays. It dissolves readily in dilute acids, and 
also dissolves to some extent іп hot concen- 
trated NaOH forming sodium ferrite, NaFeO.. 
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As aging takes place, the diffraction pattern 
characteristic to FeOOH develops but is never 
complete: 


Fe? + ЗОН” 2 Fe(OH), 
Fe(OH), > FeOOH + H,O 


Two types of iron oxide hydroxide can be ob- 
tained in this way: o-FeOOH from sulfate, ni- 
trate (Figure 5.105), and B-FeOOH from 
chloride and fluoride solutions (Figure 5.105). 

Freshly precipitated ferric hydroxide when 
filtered and washed, then examined by differ- 
ential thermal analysis shows endothermic 
peak at low temperatures (100—250 °C) due to 
the loss of water, followed by exothermic peak 
at about 300 °С. X-ray diffraction before 
300 °C shows no pattern, but after 300 °C 
shows that of a-Fe,O,, thus indicating that the 
exothermic peak is due to the crystallization of 
о-Ее,О;: 


а-ЕгООН — о-Ре,О, „ароз > G-F6:O sy aatino 


A sample aged for 28 months showed similar 
behavior, but the transition amorphous to crys- 
talline took place at about 400 °C and is less 
defined, demonstrating that during aging only 
partial crystallization took place. 

If the oxide hydrate is prepared at room 
temperature by precipitation, the transition 
temperature of crystallization is about 300 °C 
as indicated previously; but, if prepared at 
90 *C by hydrolysis, the transition tempera- 
ture is about 450 °C. Electron micrographic 
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studies showed that the transition process 
amorphous-crystalline is accompanied by an 
increase in the particle size from below 50 A 
to about 300 A. This phenomena is not re- 
stricted to iron oxides but to other oxides as 
well. 


B-FeOOH is obtained as a light brown de- 
posit when a ferric solution containing CT" ion 
is hydrolyzed by boiling. It entraps variable 
amounts of CT ions within its crystal Structure 
which can be partly washed with water. The 
amount of CT has an important influence on 
the thermal behavior of the material and its in- 
frared spectrum but not on the x-ray diffrac- 
tion pattern. 


Y-FeOOH occurs in nature to a minor extent 
as the mineral lepidocrocite. When heated be- 
low 500 °C it loses water giving y-Fe;O, 


2Y-FeOOH — y-Fe,0; + H,O 


It is artificially prepared by adding NaOH to 
dilute FeSO, solutions until pH 6 followed by 
blowing air through the solution for 2 hours 
and is then allowed to age for 2 days. The dif- 
ferential thermal analysis pattern of y-FeOOH 
shows an endothermic dehydration peak at 
330 °C followed by the exothermic transfor- 
mation of be, to Ge, at 535 °C. At 
room temperature and in weak acid or neutral 
medium, FeS is oxidized slowly to *-FeOOH 
as follows: 


4FeS + ЗО, + 2Н,0 — 41-FeOOH + 45 





Figure 5.105: Left: a-FeOOH obtained by aging iron hydroxide gel for 155 days (precipitation took place at pH 10); 


Right: B-FeOOH. 


~ 
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Oxidation of Fe4O, below 400 °C also yields 
Y-Fe40,. 

8-FeOOH is obtained from Fe(OH), by 
rapid oxidation with an excess of H,O, or am- 
monium persulfate. It is a brown strongly 
magnetic material that loses about 10% of its 
water at 100 °C and is partially transformed to 
hematite, complete transformation takes 
place at 200 *C. 

FeCO, can be formed artificially when 
(NH,),CO, is added to a ferrous solution. 
Freshly precipitated ferrous carbonate when 
oxidized by excess Н,О, is transformed to 
Fe(OH),; however, this hydroxide is dark yel- 
low instead of red brown. It also undergoes 
crystallization during aging to a-FeOOH. Fer- 
rous carbonate reacts with NaOH to form a 
surface layer of Fe(OH), which on oxidation 
results in the formation of magnetic iron ox- 
ides: 

FeCO, + 2NaOH — Fe(OH), + Na,CO, 
2Fe(OH), + '/,0, — y-Fe;O, + 29,0 
3Fe(OH), + 1,0, — Ее;О, + ЗН,О 


This is the basis of a beneficiation method for 
low-grade siderite ore, whereby the magnetic 
iron oxides formed are separated from the 
gangue minerals by magnetic methods. 


5.19 The Aqueous Oxidation 
of Iron Sulfides [333] 


The behavior of pyrite and arsenopyrite 
during leaching is different from other sulfides 
due to the presence of the disulfide ion, Ge 
Arsenopyrite contains in addition, the diars- 
enide ion, As?-. The presence of the disulfide 
ions is manifested on heating the minerals in 
absence of air: pyrite loses an atom of sulfur, 
while arsenopyrite loses an atom of arsenic: 


FeS, > FeS + S 
FeAsS — FeS + As 


5.19.1 Pyrite 
Pyrite dissociates in water as follows: 


PES a 2- 
Fe84,, * Feg + Saag 
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When the disulfide ion reacts further, the equi- 
librium is shifted to the right, and more pynte 
goes into solution. Disulfide ion is similar to 
peroxide ion, OF, which may undergo autoox- 
idation! to elemental sulfur and sulfide ion: 


52—25 +2е- 

82-+2е- > 252 

Overall reaction: 

82-55 +5? 

Hence, three paths may arise depending оп ће 
conditions: 


e High acidity and the absence of oxygen. In 
this case H,S is formed: 


S^ + 2H’ > H,S 
or 
FeS, + 2H’ — Fe” +5 + H,S 
e High acidity and low oxygen concentration. 
In this case, elemental sulfur is formed: 
5-5 +2е7 
110, + 2H’ + 2e — H,O 
Overall reaction: 
S7 + 1/0, +2H* 2 S + H,O 
or 
FeS, + 1,0, + 2H* 2 Fe* + 2S + H,O 


In this case, the aqueous oxidation of pyrite 
may be considered to take place by an elec- 
trochemical mechanism like other sulfides 
in acid medium and can be represented by: 


Anodic reaction: FeS, > Ее?* + 28 + 2e 
Cathodic reaction: HO, + 2H’ rie — H,O 


e Inneutral medium and high oxygen concen- 
tration: In this case, it seems that the autoox- 
idation of the disulfide ion does not take 
place because in neutral medium, thiosul- 
fates and other lower oxidation products 
were identified. Thiosulfates may, therefore, 
form directly from the disulfide ion by the 
following reaction: 





1 The autooxidation of peroxide ion is as follows: 
OF > O, + 27 OF + 2е- 20% 
Overall reaction: 

207 30,+20° or 2Н;0, +0, +2H,0 





fron 


gs? +3/,0,— 5,07 

which oxidizes further to sulfate: 
5,02 + 5H,O — 2807 + 10H" + Se 

1/,0, + H,O + ie — 20H" 

H' «OH 2 H,O 

The overall reaction in this case is: 
5.02 + 20, + H,O 2 2807 + 2H* 


which leads to the global oxidation reaction 
of pyrite in neutral medium 


SZ +7/,0, + H,O 2 2807 + 2H* 
or 
FeS, + 7,0, + H,O > Ее? + 2807 + 2H* 


Two points should be noted from the above 
scheme: 

Pyrite takes up one eighth of its oxygen re- 
quired for oxidation to sulfate from the wa- 
ter and the remaining from molecular 
oxygen. This was confirmed experimentally 
by using radioactive oxygen in following up 
the reaction. 

e Under certain conditions hydroxyl ions are 
formed during the oxidation. This was cen- 
firmed when pyrite was in contact with wa- 
ter containing agar-agar thus minimizing the 
diffusion of OH™ ions. Cathodic regions 
form on pyrite whereby oxygen is reduced 
according to: 


1/,0, + HO + 2e: > 20H* 


while at the anodic zone the following reac- 
tions would take place: 


FeS, — Fe” + S27 
SP +3/,0, > 8,07 
8,03 + 5H,O — 2807 + 10H" + 8e7 


The presence of thiosulfates in waste solu- 
tions raises an environmental problem be- 
cause these are usually not precipitated by 
standard methods like sulfates, e.g., when add- 
ing Ca(OH),. Hence they escape the mine site 
and may contaminate surface waters. This 
topic was the subject of an extensive research 
project in Canada. 

Sulfites were also identified in deaerated 
solutions. The relation between disulfide, 
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thiosulfate, sulfites, and sulfate ions is shown 
schematically below: 


2- DÉI 2 





0.1 JI. 

oe oe CN :5:8:0: 15:0: 

[is] :6: tor 
Disulfide ^ Thiosulfate Sulfite Sulfate 


5.19.2  Arsenopyrite 


Arsenopyrite may dissociate in water as 
follows: 


2FeAsS,, = 2Ее „+ Asi + Sian 
The behavior of disulfide ion is probably the 
same as in the case of pyrite 1n acid and in neu- 
tral medium, while the diarsenide ion forms 
arsenic acid: 
2- +30, + 2H* + 2H,0 > 2H,AsO, 
The overall reactions are: 
e Inacid medium: 
4FeAsS + 70, + 8H* + 2H,O 2 4H,AsO, + 4Fe?* + 45 
e In neutral medium: 
4FeAsS + 130, + 6H,O — 4H, AsO, + 4Fe?* + 4502- 


Ferrous ion formed in the above reactions oxi- 
dizes further to form ferric arsenate precipi- 
tates: : 

2Fe^ + 0,0, + 2H* 2 2Fe* + H,O 


Fe* + H,AsO, + 2H,O > FeAsO, + 2H,0 + 3H* 


5.19.3 Pyrrhotite 


Pyrrhotite is slowly solubilized in water at 
110 *C and 200 kPa oxygen pressure as fer- 
rous sulfate: 

FeS + 2044 — FeSO4qa 


If, however, the reaction is conducted in pres- 
ence of dilute acid (0.1 M), the formation of 
elemental sulfur and ferric oxide takes place: 


н 
2FeS + 3,04, — Fe;O, + 28 


It will be also observed that the acid initially 
added will be present unchanged at the end of 
reaction. In fact the acid 1s consumed at the 
initial stage of the reaction and then regener- 
ated later. The reason is that the oxidation of 
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ferrous ion to ferric is possible only in pres- 
ence of acid: 


2Fe* + 2H* +'/,0, ә Fe'* + HO 


Hydrolysis of ferric ion then follows with gen- 
eration of acid: 


Fei" + 3H,O 5 Fe(OH), + 3H* 
2Fe(OH), 2 Fe,0, + 3H,0 


That is why FeS suspended in water will yield 
only a solution of FeSO, when oxidized but in 
presence of acid the formation of Fe** be- 
comes possible. Because of hydrolysis, FeO, 
is formed and the acid is regenerated. It should 
be observed that the oxygen utilization in the 
presence of acid is less than in the first case. 


5.20 Regeneration of Iron- 
Containing Pickling Baths 


In Germany in 1987, the output of rolled 
steel products from base, high-grade, and 
stainless steels averaged 2.0 х 10°t per month. 
Approximately 60% of this is pickled at least 
once. 

Pickling removes the oxide layer that ad- 
heres to the steel surface. The oxide layer 
arises as scale in heat-treatment processes or 
as rust through the corrosive action of water, 
with its load of dissolved susbstances, or 
through humid atmospheric corrosion. 

Whereas rust consists largely of Ее,О,, 
scale is made up of the three iron oxides (wus- 
tite FeO, magnetite Fe, and hematite 
Fe,O,) in a ratio that depends on steel compo- 
sition, annealing conditions (temperature, 
heating time, furnace atmosphere), final tem- 
perature of rolling, and rate of cooling after 
rolling. 

The “picklability” of a steel and the acid 
consumption for pickling also depend on 
many factors: adherence of scale, composition 
of the steel, mode and magnitude of mechani- 
cal working, type and composition of pickling 
solution, and pickling conditions. The selec- 
tion of pickling acid is dictated by the required 
surface quality and by economic factors. The 
most important pickling acids for iron and 
steel are sulfuric and hydrochloric. Phospho- 
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ric, nitric, and hydrofluoric acids are used for 
special purposes and stainless steels. 

Iron(1IT) ions that dissolve during pickling 
are reduced by metallic iron, so that the pick- 
ling acid contains primarily iron (II) salts. The 
quantity of iron dissolved during pickling is 
called chemical pickling loss; it accounts for 
0.2—1.2% of the iron or steel being pickled 
and accounts for approximately three-quar- 
ters of the weight loss during pickling. 

Jf iron salts are removed from the pickling 
liquor, the unconsumed pickling solution can 
be returned to the pickling unit after the addi- 
tion of an amount of acid equivalent to the 
quantity of salts precipitated. 

The acid consumed in pickling can also be 
completely regenerated from the iron salts. 
The pickling liquor recycled between the pick- 
ling tanks and the regeneration unit is thus not 
consumed, apart from evaporation losses. 


5.20.1 Sulfuric Acid Pickling 
Solutions 


When steel is pickled with sulfuric acid, the 
scale oxides dissolve to give iron sulfates. The 
rate of dissolution of the three oxides in sulfu- 
ric acid increases in the order Ее,О,, Fe, 
FeO. The reaction of sulfuric acid with metal- 
lic iron to give iron(II) sulfate and hydrogen is 
inhibited by pickling additives (inhibitors). 

Two processes are employed to regenerate 
sulfuric acid pickling liquor, whose descrip- 
tion follows. 


5.20.1.1 Crystallization 


In industrial plants, spent pickling solution 
is usually cooled by using brine. The cooling 
effect depends strongly on the cleanness of the 
cooling surface, on which salt crust can easily 
form. These systems, therefore, require very 
careful upkeep. Frequent shutdowns must be 
expected. 


Vacuum Crystallization (Figure 5.106). A 
vacuum equal to the vapor pressure of water at 
the desired final temperature is maintained in 
the crystallization vessel. 


— 


eege 


i 





Tron 


Cooli Stea 
ooling 2. 
water d HS0, 





Spent pickling 
solution Fest, 79,0 
Regenerate 

Figure 5.106: "Vacuum crystallization (Keramche- 
mie/Lurgi): a) Suction tank; b, c) Precoolers; d) Crystal- 
lizer; e) Steam-jet compressor; f) Salt-slurry pump; g) 
Thickener; h) Centrifuge; i) Direct-contact condenser; j) 
Auxiliary condenser; k) Steam-jet venting device; 1) Vac- 
uum pump; m) Water receiver; n) Pickling solution re- 
ceiver, о) Acid direct-contact condensers. 

Part of the pickling solution is pumped con- 
tinuously from the pickling tank to the vac- 
uum  crystalüzer, where it is cooled 
evaporatively to 5 °C and then to 0 °C to crys- 
tallize iron(II) sulfate. Water vapor flows di- 
rectly, or after compression in a high- 
performance steam-jet apparatus, to a direct- 
contact condenser. The salt-liquid mixture is 
removed continuously by a salt-slurry pump 
and separated in a centrifuge. After the mother 
liquor has been freshened with concentrated 
sulfuric acid and water, it is returned to the 
pickling tank. The vacuum in the evaporator is 
maintained by a vacuum pump connected to 
the direct-contact condenser. 

À modified design omits the steamjet appa- 
ratus; therefore, only electrical energy is 
needed for its operation, which may be an eco- 
nomic advantage because in this case no fuel 
is required for steam generation. 


Cyclone Crystallization (Figure 5.107). In 
the cyclone crystallizer (b), fine droplets of 
spent pickling solution are sprayed counter- 
current to a stream of air. In this way, rapid 
evaporation and cooling are accomplished. If 
the iron content of the pickling solution is to 
be kept low, a second cooling stage is added. 
Indirect cooling with water or brine takes 
place in the cooling vessel (c). A blower in- 
jects air to prevent the crystals from settling 
and forming a crust on the vessel wall. Iron(II) 
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sulfate crystals are separated in the centrifuge 
(d); the filtrate (regenerate) is returned to the 
pickling plant. 

The iron(II) heptahydrate can be used in the 
production of cyanoferrates, as a flocculent in 
wastewater treatment, in the production of gas 
adsorbents, as a pesticide, as a chemical fertil- 
izer, and in the production of iron-oxide pig- 
ments. 







Spent pickling 
solution 


Regenerate 


FeSO,-7H,0 


Figure 5.107: Cyclone crystallizer (Andritz-Ruthner): a) 
Acid pump; b) Cyclone crystallizer; c) Cooling vessel; d) 
Centrifuge; e) Vent; f) Blower; g) Pickling liquor tank; h) 
Cooling system. 


Regenerate 


Figure 5.108: Regeneration by electrolysis: a) Pickling 
tank; b) Electrolysis cell; c) Diaphragms; d) Cascade rins- 
ing: е) Spent pickling solution. . 

The heptahydrate can also be converted to 
the monohydrate. A continuous apparatus for 
the preparation of very pure monohydrate is 
built by Mannesmann Anlagenbau/Messo- 
Chemietechnik. 

The heptahydrate is dehydrated to the 
monohydrate at a well-defined acid concentra- 
tion at ca. 90 °C. After separation of the crys- 
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talline monohydrate in a centrifuge, iron 
sulfate-poor mother liquor is returned to the 
reactor. The water vapor resulting from the de- 
hydration is removed from the cycle. 


5.20.1.2 Electrolysis 


An electrolytic process has recently been 
developed [334]. Cathode and anode compart- 
ments are separated by a diaphragm (Figure 
5.108). Metallic iron is deposited at the cath- 
ode; sulfuric acid and oxygen are produced at 
the anode. Electrolysis is facilitated by addi- 
tion of an electrolyte, which is not consumed 
and does not affect the pickling process, but 
allows iron to be recovered most effectively 
from the acidic solution. Sulfuric acid either 
flows directly from the anode compartment 
back to the pickling tank or is detained tempo- 
rarily in a holding tank. 

Evaporation and electrochemical decompo- 
sition result in a continual loss of water. Using 
multiple countercurrent cascade rinsing after 
pickling allows the quantity of water to be ad- 
justed so that no wastewater is produced. The 
unit is marketed by Keramchemie. 


5.20.2 Hydrochloric Acid Pickling 
Solutions 


Because of its technical advantages, hydro- 
chloric acid has largely replaced sulfuric acid 
in pickling baths, especially in large plants. 

Hydrogen is produced when iron is dis- 
solved. Ігоп(Ш) chloride, formed by dissolu- 
tion of Ее,О, and Fei, is reduced by the 
hydrogen to yield FeCl,, so that virtually the 
only chloride present in the pickling liquor is 
iron(II) chloride. Spent pickling solution can 
be regenerated completely by thermal decom- 
position. Iron chloride is converted to iron ox- 
ide and hydrochloric acid: 
4FeCl, + 4H,O + О, > 2Fe,O, + 8HCI 


Gas or oil is used as fuel. The heat consump- 
tion is ca. 3 MJ for the simultaneous regenera- 
tion of 1L of pickling solution and 1L of 
rinse liquor. 

In large-scale operations, the two processes 
that have found widespread application are (1) 
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the fluidized-bed process and (2) the spray- 
roasting process. 

Each is employed in more than 100 indus- 
trial plants. The efficiency of the acid recovery 
is ca. 9996. 


Fluidized-Bed Process. In the Lurgi-Keram- 
chemie fluidized-bed regeneration process 
[335] (Figure 5.109), spent pickling solution is 
led via the settling tank and the venturi loop 
into the fluidized bed in the reactor. The bed 
consists of granulated iron oxide. Residual 
acid and water are evaporated at 850 ?C, and 
iron chloride is converted to iron oxide and 
hydrogen chloride. Growth and new formation 
of iron oxide grains in the fluidized bed are 
controlled so that a dust-free granulated prod- 
uct is obtained, with a particle diameter of 1—2 
mm and a bulk density of ca. 3.5 g/cm?. The 
granular product is discharged continuously at 
the bottom of the reactor and transported by a 
vibrating cooling chute and a vibrating spiral 
conveyor to the storage bin. In smaller units, 
the granular product can also be discharged di- 
rectly into shipping containers. 





Fresh water 
and rinse liquar 


Spent pickling 
solution 
Figure 5.109: Fluidized-bed process for regeneration of 
hydrochloric acid pickling solutions: a) Separating tank; 
b) Venturi scrubber, c) Reactor; d) Cyclone; e) Absorber; 
f) Scrubbing stage; g) Off-gas blower, h) Stack; i) Mist 
collector. 

The hot gases from the reactor contain hy- 
drogen chloride and a small amount of iron 
oxide dust, which is collected in the cyclone 
and returned to the fluidized bed. In the ven- 
turi scrubber, the off-gas is then cooled to ca. 
100 *C. The thermal energy of the off-gases is 
used to concentrate the pickling solution by 
evaporation before it is fed to the reactor. Fine 
dust particles in the gas stream are removed by 
scrubbing. 
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From the venturi scrubber, the cooled gas 
stream goes to the absorber, where hydrogen 
chloride is absorbed adiabatically with rinse 
liquor and fresh water. The hydrochloric acid 
thus produced has a concentration of ca. 18%. 
It is recycled to the pickling unit or held in a 
storage tank. After passing through a scrub- 
bing stage and a mist collector, the off-gas is 
virtually free of hydrochloric acid and is re- 
leased to the atmosphere. à 


Spray-Roast Process. The spray-roast pro- 
cess is often employed for the recovery of 
metal oxides from metal chloride solutions. It 
can also be used for the regeneration of iron 
chloride-laden hydrochloric acid solution 
[336]. The pure spray-roast oxide obtained in 
this way is used in the ferrite industry 
(150 000 t in 1987). 

As shown in Figure 5.110, spent pickling 
solution goes to the venturi scrubber where 
hot gases concentrate it hy evaporation of wa- 
ter. In the next step, the highly concentrated 
pickling liquor is injected into the spray-roast 
reactor at a pressure of 0.3—0.5 MPa as a fine 
spray either cocurrent or countercurrent to hot 
combustion gases. The cocurrent arrangement 
is common for pickling acids that contain zinc 
and lead, because their chlorides have high va- 
por pressures and are separated after a shorter 
retention time. 

Spent 
Pickling solution 













Concentrafed 
pickling solution 


Rinse liquor 


pickled 


Figure 5.110: Spray-roast process for regeneration of hy- 
drochloric acid pickling solutions: a) Venturi scrubber: b) 
Spray-roast reactor; c) Cyclone; d) Absorber; e) Rinse 
tanks; f) Pickling tanks. 

The temperature of the roasting gas outlet 
from the spray tower is about 400 °C. The 
gases proceed to the cyclone. Fine iron oxide 
powder, together with the oxide collected in 
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the cyclone, is discharged continuously (bulk 
density 0.3-0.4 g/cm?). 

When some silicon-rich steels are pickled, 
the silicon dioxide content of the pickling so- 
lution does not permit the iron(IIT) oxide prod- 
uct to be used in the ferrite industry. The 
quantity of silica can be reduced in an addi- 
tional precleaning step [337], in which silica is 
selectively removed from the pickling solu- 
tion. , 

After passing through the cyclone, the 
roasting gases are cooled and scrubbed in the 
venturi scrubber before going to the absorber, 
where hydrogen chloride is absorbed to pro- 
duce 18-20% hydrochloric acid. The acidic 
iron chloride solution, which is generated 
when the pickled steel is rinsed, is used as the 
absorption liquor. Hydrochloric acid is recy- 
cled to the pickling tank. Residual gases, with 
a low hydrochloric acid content, are dis- 
charged to the atmosphere. 

Spray-roast planis have unit capacities of 
0.3-25 m*/h of pickling acid and a similar 
amount of rinse liquor. 

The Fe,0, generated in the thermal decom- 
position process can be used as raw material in 
various industries. The most important options 
are the production of magnetic materials (e.g., 
soft and hard ferrites), the production of iron 
powder for the fabrication of sintered parts 
and welding electrodes, and use as an additive 
in the manufacture of magnetic tapes, abra- 
sives, tiles, glass, cosmetics, and pigments. 


5.20.3 Nitric and Hydrofluoric 
Acid Pickling Solutions 


Stainless and acid-resistant steels are usu- 
ally pickled with a mixture of nitric and hy- 
drofluoric acids. Nitric acid serves as an 
oxidizing agent, whereas hydrofluoric acid 
forms complexes with metal ions. In contrast 
to the pickling of carbon steel, the permissible 
iron concentration in a pickling solution for 
special steels is limited by the tendency of iron 
and the alloy components to form fluoride 
complexes and thus reduce the concentration 
of fluonde ions in solution. Severe inhibition 
of the pickling process occurs at a total metal 
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concentration of 50 g/L, so that pickling solu- 
tions must be topped up with fresh hydrofluo- 
ric acid, and eventually neutralized and 
discarded, even though only about half the 
acid content has been consumed. 

When the pickling bath is neutralized with 
caleium hydroxide, the resulting metal hy- 
droxides and calcium fluoride form a sludge 
that can be disposed of without treatment, but 
nitrates remain in solution and contribute to 
eutrophication in receiving waters. 

The following regeneration processes have 
been devised in recent years. 

Water 











Regenerate 


Byproduct to 
neutralization plant 


pickling solution 


Figure 5.111: Regeneration of HF-HNO, pickling liquors 
by liquid—liquid extraction: a) Heat exchanger; b) Extrac- 
tion column; c) Storage tank; d) Reextraction column; е) 
Storage tank; f) Adsorber. 

Liquid-Liquid Extraction. Liquid-liquid 
extraction [338] makes use of the fact that ni- 
tric and hydrofluoric acids form adducts with 
tributyl phosphate that are soluble in hydro- 
carbon solvents. Addition of sulfuric acid also 
renders extractable acid anions bound in the 
form of metal salts. Around 93% of the nitric 
acid and 6096 of the hydrofluoric acid can be 
recovered. The flow sheet for the process is 
shown in Figure 5.111. 

After sulfuric acid has been added to the 
spent pickling solution and the mixture has 
been cooled, it is directed to the top of an ex- 
traction tower; the organic phase enters at the 
bottom. The aqueous raffinate, containing sul- 
furic acid, is discharged at the bottom. From 
the top of the tower, the organic phase, laden 
with extracted acid, goes to the foot of a re-ex- 
traction tower. The water inlet at the top 
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washes out the acids. The organic phase dis- 
charged at the top goes back to the extraction 
tower. In an adsorber, traces of tributyl phos- 
phate are removed from the aqueous regener- 
ate before it is returned to the pickling tank. 
The tributyl phosphate is returned to the tank 


(c). 


Fluoride-Crystallization. In this process, the 
recovery of nitric acid is ca. 90% (Figure 
5.112) and that of hydrofluoric acid, 55%, de- 
spite the fact that metals precipitate as fluo- 
rides, so that corresponding amounts of 
hydrofluoric acid are consumed. The filter res- 
idue can be employed as a feedstock for the 
production of hydrofluoric acid or for the re- 
covery of nickel. 


Concentrated 
pickling liquor 








а vapor, HF, HNO, 






Condensate 


Filtrate 
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Figure 5.112: Regeneration of HNO,—-HF pickling solu- 
tions by fluiride crystallization: a) Particle collector; b) 
Flow-through evaporator; c) Condenser, d) Crystalliza- 
tion tanks; e) Filter; f) Storage tank. 

Spent pickling solution is led through a par- 
ticulate collector and a flow-through evapora- 
tor, where it is evaporated within minutes to 
about half its volume by electrical heating. 
The water vapor, which contains part of the ni- 
tric and hydrofluoric acids, is condensed by 
indirect cooling. The sparingly soluble fluo- 
rides of iron and of the alloy constituents pre- 
cipitate from the concentrated, supersaturated 
solution in crystallization. tanks and are re- 
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moved periodically by filtration. The filtrate is 
led to a storage vessel where it is combined 
with condensate from the condenser. After ad- 
dition of fresh nitric and hydrofluoric acid, the 
liquor is returned to the pickling tank. 


Bipolar Membrane Process. In the bipolar 
membrane process [339] (Figure 5.113), the 
free acids are first recovered in an electrodial- 
ysis cell and then returned to the pickling tank. 
Metal ions are then precipitated as metal hy- 
droxides by neutralization with potassium hy- 
droxide. Metal hydroxide sludge is collected 
in the downstream filter press. The filtered salt 
solution (potassium fluoride and potassium ni- 
trate) goes to a bipolar membrane module 
where HF, HNO,, and KOH are separated 
from the potassium salts. The acid mixture is 
returned to the pickling tank, whereas potas- 
sium hydroxide is reused for neutralization. 
The dilute salt solution (KF, KNO,) is desalted 
by reverse osmosis. Part of it is used as wash 
liquor for the filter press, and the rest is recy- 
cled to the membrane unit to obtain the highest 
possible yield of acids and potassium hydrox- 
ide. The residue from the filter can be reused 
as raw material in iron and steel works, de- 
pending on its content of metal hydroxides. 


KOH, KF 


Metal 
hydroxides 





Regenerate 


Figure 5.113: Regeneration of HNO,—HF pickling solu- 
tions in a bipolar membrane cell: a) Pickling tank; b) Elec- 
trodialysis cell; c) Neutralization; d) Filter press; e) 
Bipolar membrane module (Aquatech cell); f) Reverse os- 
mosis. 


Retardation Process. The retardation process 
can generally be employed for separating 
strong inorganic acids from their salts. By 
loading a strongly basic ion-exchange resin 
with spent pickling solution and then eluting 
with water, separation into a high-salt fraction 
and a subsequent high-acid fraction is 
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achieved. The flow sheet for the process is 
shown in Figure 5.114. 

Acid retardation can probably be accounted 
for by diffusion of undissociated acid into the 
ion-exchange resin grains so that upon elution 
with water, it must diffuse back out; the result 
is that elution of acid is retarded [340]. 

For nitric and hydrofluoric acid pickling 
solutions, most of the free acids can be recov- 
ered in this way. Partial regeneration of pick- 
ling solutions reduces disposal costs. 

Regenerate 


Spent pickling liquor 
Water 





Byproduct 
to neutralization 
plant 


Figure 5.114: Regeneration of HNO,-HF pickling solu- 
tions by acid retardation: а) Sedimentation tank; b) Buffer 
tank; c) Pickling-liquor metering tank; d) Water metering 
tank; e) Resin bed. 


5.21 Pigments 


5.21.1 Iron Oxide Pigments 


The continually increasing importance of 
iron oxide pigments is based on their nontox- 
icity; chemical stability; wide variety of colors 
ranging from yellow, orange, red, brown, to 
black; and low price. Natural and synthetic 
iron oxide pigments consist of well-defined 
compounds with known crystal structures: 

e C-FeOOH, goethite, diaspore structure, 
color changes with increasing particle size 
from green-yellow to brown-yellow 

e y-FeOOH, lepidocrocite, boehmite struc- 
ture, color changes with increasing particle 
size from yellow to orange 

e O-Fe,O,, hematite, corundum structure, 
color changes with increasing particle size 
from light red to dark violet 
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erbei, maghemite, spinel super structure, 
ferrimagnetic, color: brown 


eF eO + magnetite, spinel structure, ferrimag- 
netic, color: black 


Mixed metal oxide pigments containing 
iron oxide are also used. Magnetic iron oxide 
pigments and transparent iron oxide pigments 
are described later. 


5.21.1.1 Natural Iron Oxide 
Pigments 


Naturally occurring iron oxides and iron 
oxide hydroxides were used as pigments in 
prehistoric times (Altamira cave paintings) 
[341]. They were also used as coloring materi- 
als by the Egyptians, Greeks, and ancient Ro- 
mans. 


Hematite (o:-Fe,O,) has attained economic 
importance as a red pigment, goethite (a- 
FeOOH) as yellow, and the umbers and sien- 
nas as brown pigments. Deposits with high 
iron oxide contents are exploited preferen- 
tially. Naturally occurring magnetite (Fe}0,) 
has poor tinting strength as a black pigment, 
and has found little application in the pigment 
industry. 

Hematite is found in large quantities in the 
vicinity of Málaga in Spain (Spanish red) and 
near the Persian Gulf (Persian red). The Span- 
ish reds have a brown undertone. Their water- 
soluble salt content is very low and their Fe;O; 
content often exceeds 9096. The Persian reds 
have a pure hue, but their water-soluble salt 
content is disadvantageous for some applica- 
tions. Other natural hematite deposits are of 
only local importance. A special variety oc- 
curs in the form of platelets and is extracted in 
large quantities in Karnten (Austria). This mi- 
caceous iron oxide, is mainly used in corro- 
sion protection coatings. 


Goethite is the colored component of yel- 
low ocher, a weathering product mainly of 
siderite, sulfidic ores, and feldspar. It occurs in 
workable amounts mainly in South Africa and 
France. The Fe4O, content gives an indication 
of the iron oxide hydroxide content of the 
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ocher, and is ca. 20% in the French deposits 
and ca. 5596 in the South African. 

Umbers are mainly found in Cyprus. In ad- 
dition to Fe4O, (45-70%), they contain con- 
siderable amounts of manganese dioxide (5— 
20%). In the raw state, they are deep brown to 
greenish brown and when calcined are dark 
brown with a red undertone (burnt umbers). 

Siennas, mainly found in Tuscany, have an 
average Fe,O, content of ca. 50%, and contain 
< 1% manganese dioxide. They are yellow- 
brown in the natural state and red-brown when 
calcined [342]. 


The processing of natural iron oxide pig- . 


ments depends on their composition. They are 
either washed, slurried, dried, ground, or dried 
immediately and then ground in ball mills, or 
more often in disintegrators or impact mills 
[343]. 

Siennas and umbers are calcined in a di- 
rectly fired furnace, and water is driven off. 
The hue of the products is determined by the 
calcination period, temperature, and raw ma- 
terial composition [344]. 

Natural iron oxide pigments are mostly 
used as inexpensive marine coatings or in 
coatings with a glue, oil, or lime base. They 
are also employed to color cement, artificial 


stone, and wallpaper. Ocher and sienna pig-. 


ments are used in the production of crayons, 
drawing pastels, and chalks [345]. 

The economic importance of the natural 
iron oxide pigments has decreased in recent 
years in comparison with the synthetic materi- 
als. 


5.21.1.2 Synthetic Iron Oxide 
Pigments 


Synthetic iron oxide pigments have become 
increasingly important due to their pure hue, 
consistent properties, and tinting strength. 
Single-component forms are mainly produced 
with red, yellow, orange, and black colors. 
Their composition corresponds to that of the 
minerals hematite, goethite, lepidocrocite, and 
magnetite. Brown pigments usually consist of 
mixtures of red and/or yellow and/or black; 
homogeneous brown phases are also pro- 
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duced, e.g., (Fe, Мп),О; and y-Fe,0,, but 
quantities are small in comparison to the 
mixed materials. Ferrimagnetic y-Fe,O, is of 
great importance for magnetic recording ma- 
terials. 

Several processes are available for produc- 
ing high-quality iron oxide pigments with con- 
trolled mean particle size, particle size 
distribution, particle shape, etc. (Table 5,46): 


e Solid-state reactions (red, black, brown) 


e Precipitation and hydrolysis of solutions of 
iron salts (yellow, red, orange, black) 


e Laux process involving reduction of ni- 
trobenzene (black, yellow, red) 


The raw materials are mainly by-products 
from otber industries: steel scrap obtained 
from deep drawing, grindings from cast iron, 
FeSO,:7H4O from TiO, production or from 
steel pickling, and FeCL, also from steel pick- 
ling. 

Iron oxides obtained after flame spraying 
of spent hydrochloric acid pickle liquor, red 
mud from bauxite processing, and the product 
of pyrites combustion are no longer of impór- 
tance. They yield pigments with inferior color 
properties that contain considerable amounts 
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of water-soluble salts. They can therefore only 
be used in low-grade applications. 


Solid-State Reactions of Iron Compounds. 
Black iron oxides obtained from the Laux pro- 
cess (see below) or other processes may be 
calcined in rotary kilns with an oxidizing at- 
mosphere under countercurrent flow to pro- 
duce a wide range of different red colors, 
depending on the starting material. The pig- 
ments are ground to the desired particle size in 
pendular mills, pin mills, or jet mills, depend- 
ing on their hardness and intended use. 

The calcination of yellow iron oxide pro- 
duces pure red iron oxide pigments with a high 
tinting strength. Further processing is similar 
to that of calcined black pigments. 


High-quality pigments called copperas reds 
are obtained by the thermal decomposition of 
FeSO,-7H,O in a multistage process (Figure 
5.115). If an alkaline-earth oxide or carbonate 
is included during calcination, the sulfate can 
be reduced with coal or carbon-containing 
compounds to produce sulfur dioxide, which 
is oxidized with air to give sulfuric acid [346— 
349]. The waste gases and the dissolved impu- 
rities that are leached out in the final stage 
present ecological problems, however. 


Table 5.46: Reaction equations for the production of iron oxide pigments. 


Color Reaction Process 

Red 6FeSO,'xH,O + "LO. ә Fe,O, + 2Fe,(SO,), + 6Н,О copperas process 
2Fe.(SO4, E 2Fe,O, + 650, 
2Fe40, + 1,0, > 3Fe40, calcination 
2FeOOH э . Fehr HO calcination 
2FeCl, +2H,O + !/,0, > Fe,O, + AHC Ruthner process 
2FeSO, + 1,0, + 4NaOH > Fe, + 2Na,SO, + 2H,O precipitation 

Yellow 2FeSO, + 4NaOH + HO, 3 2a-FeOOH + 2Na,SO, + H,O precipitation 
2Fe + 2H,SO, E 2FeSO, * 2H, 
2FeSO, + 1,0, + 3H,O > 2a-FeOOH + 2H.SO, Penniman process 
2Fe + 10, + 3H,O > 2a-FeOOH + 2H, 
2Fe + C,H,NO, + 2H;O ә 2a-FeOOH + C,H,NH, Laux process 

Orange 2FeSO, + 4NaOH + !/,О, > 2Y-FeOOH + 2Na,SO, + H,O precipitation 

Black 3FeSO, + 6NaOH + !/,0, > Fe,O, + 3Na,SO, + 3H,O 1-step precipitation 
2FeOOH + FeSO, + 2NaOH > Fe,O, + Na,SO, + 2H,O 2-step precipitation 
9Fe + 4C,H,NO, + AO > 3Fe40, + AC,H.NH, Laux process 
3Fe,0, + H, > 2Fe,0, + H,O reduction 

Brown 2Fe40, + 140, > 3y-Fe,0, calcination 
3Fe40, + Ғе,О, + MnO, + 1⁄0, > (Fe,;.Mn)Oj, calcination 
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Figure 5.115: Production of copperas red: a) Dryer; b) 
Rotary kiln (dewatering); c) Rotary kiln, d) Tank; e) 
Thickener; f) Filter. 

Lower quality products can be obtained by 
single-stage calcination of iron(II) sulfate hep- 
tahydrate in an oxidizing atmosphere. The 
pigments have a relatively poor tinting 
strength and a blue tinge. Decomposition of 
iron(II) chloride monohydrate in air at high 
temperatures also yields a low-quality red iron 


oxide pigment [350]. 
eo [I 
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Figure 5.116: Production of yellow iron oxide by the precipitation (A) and Penniman (B) processes: a) Tank; b) Pigment 
reactor; c) Seed reactor; d) Pigment reactor with scrap basket; e) Filter; f) Dryer; g) Mill. 
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In a new process, micaceous iron oxide is 
obtained in high yield by reacting iron(II) 
chloride and iron at 500—1000 °C in an oxidiz- 
ing atmosphere in a tubular reactor [351]. 


Black Fe4O, pigments with a high tinting 
strength can be prepared by calcining iron 
salts under reducing conditions [352]. This 
process is not used industrially because of the 
furnace gases produced. 


Controlled oxidation of Fe4O, at ca. 500 °С 
produces a single-phase brown y-Fe,0, with a a 
neutral hue [353]. 


Calcination of a-FeOOH with small quan- 
tities of manganese compounds gives homo- 
geneous brown pigments with the 
composition (Fe, Mn),O, [354]. Calcination 
of iron and chromium compounds that decom- 
pose at elevated temperatures yields corre- 
sponding pigments with the composition (Fe, 
C50, [355]. 


Precipitation Processes. In principle, all iron 
oxide hydroxide phases can be prepared from 
aqueous solutions of iron salts (Table 5.46). 
However, precipitation with alkali produces 
neutral salts (e.g., Na,SO,, NaCl) as by-prod- 
ucts which enter the wastewater. 
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Precipitation is especially suitable for pro- 
ducing soft pigments with a pure, bright hue. 
The manufacture of a-FeOOH yellow is de- 
scribed as an example. The raw materials are 
iron(ID) sulfate (FeSO,-7H,0O) or liquors from 
the pickling of iron and steel, and alkali 
[NaOH, Ca(OH), ammonia, or magnesite]. 
The pickle liquors usually contain appreciable 
quantities of free acid, and are therefore first 
optionally neutralized by reaction with'scrap 
iron. Other metallic ions should not be present 
in large amounts, because they have an ad- 
verse effect on the hue of the iron oxide pig- 
ments. 

The solutions of the iron salts are first 
mixed with alkali in open reaction vessels 
(Figure 5.116 Route A) and oxidized, usually 
with air. The quantity of alkali used is such 
that the pH remains acidic. The reaction time 
(ca. 10-100 h) depends on the temperature 
(10—90 °C) and on the desired particle size of 
the pigment. This method yields yellow pig- 
ments (&-FeOOH) [356, 357]. If yellow nuclei 
are produced in a separate reaction (Route A 
in Figure 5.116, tank c), highly consistent yel- 
low iron oxide pigments with a pure color can 
be obtained [358]. 

If precipitation is carried out at ca. 90 °C 
while air is passed into the mixture at ca. pH 2 
7, black iron oxide pigments with a magnetite 
structure and a good tinting strength are ob- 
tained when the reaction is stopped at a 
FeO:Fe.0, ratio of ca. 1:1. The process can 
be accelerated by operating at 150 °C under 
pressure; this technique also improves pig- 
ment quality [359]. Rapid heating of a suspen- 
sion of iron oxide hydroxide with the 
necessary quantity of Fe(OH), to ca. 90 *C 
also produces black iron oxide of pigment 
quality [360, 361]. 

Orange iron oxide with the lepidocrocite 
structure (y-FeOOH) is obtained if dilute solu- 
tions of the iron(II) salt are precipitated with 
sodium hydroxide solution or other alkalis un- 
til almost neutral. The suspension is then 
heated for a short period, rapidly cooled, and 
oxidized [362, 363]. 

Very soft iron oxide pigments with a pure 
red color may be obtained by first preparing 
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o-Fe,O, nuclei, and then continuously adding 
solutions of iron(II) salt with atmospheric oxi- 
dation at 80 °C. The hydrogen ions liberated 
by oxidation and hydrolysis are neutralized by 
adding alkali and keeping the pH constant 
[364]. Pigment-quality a-Fe,0, is also ob- 
tained when solutions of an iron(II) salt, pref- 
erably in the presence of small amounts of 
other cations, are reacted at 60—95 °C with ex- 
cess sodium hydroxide and oxidized with air 
[365]. 


The Penniman process is probably the most 
widely used production method for yellow 
iron oxide pigments [366, 367]. This method 
considerably reduces the quantity of neutral 
salts formed as by-products. The raw materi- 
als are iron(II) sulfate, sodium hydroxide solu- 
tion, and scrap iron. If the sulfate contains 
appreciable quantities of salt impurities, these 
must be removed by partial precipitation. The 
iron must be free of alloying components. The 
process usually consists of two stages (Route 
B in Figure 5.116). 


In the first stage, nuclei are prepared by 
precipitating iron(II) sulfate with alkali (e.g., 
sodium hydroxide solution) at 20-50 °C with 
aeration (c). Depending on the conditions, yel- 
low, orange, or red nuclei may be obtained. 
The suspension of nuclei is pumped into ves- 
sels charged with scrap iron (d) and diluted 
with water. Here, the process is completed by 
growing the iron oxide hydroxide or oxide 
onto the nuclei. The residual iron(II) sulfate in 
the nuclei suspension is oxidized to iron(II) 
sulfate by blasting with air at 75—90 °C. The 
iron(II) sulfate is then hydrolyzed to form 
FeOOH or o-Fe,03. The liberated sulfuric 
acid reacts with the scrap iron to form iron(II) 
sulfate, which is also oxidized with air. The re- 
action time can vary from ca. two days to sev- 
eral weeks, depending on the conditions 
chosen and the desired pigment. At the end of 
the reaction, metallic impurities and coarse 
particles are removed from the solid with 
sieves or hydrocyclones; water-soluble salts 
are removed by washing. Drying is carried out 
with band or spray dryers (f) and disintegra- 
tors or jet mills are used for grinding (g). The 
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main advantage of this process over the pre- 
cipitation process lies in the small quantity of 
alkali and iron(II) sulfate required. The bases 
are only used to form the nuclei and the rela- 
tively small amount of iron(II) sulfate required 
initially is continually renewed by dissolving 
the iron by reaction with the sulfuric acid lib- 
erated by hydrolysis. The process is thus con- 
sidered environmentally friendly. The iron 
oxide pigments produced by the Penniman 
process are soft, have good wetting properties, 
and a very low flocculation tendency [366- 
374]. 


Under suitable conditions the Penniman 
process can also be used to produce reds di- 
rectly. The residual scrap iron and coarse par- 
ticles are removed from the pigment, which is 
then dried [375] and ground using disintegra- 
tors or jet mills. These pigments have unsur- 
passed softness. They usually have purer color 
than the harder red pigments produced by cal- 
cination. 


The Laux Process. The Béchamp reaction 
(ie. the reduction of aromatic nitro com- 
pounds with antimony or iron) which has been 
known since 1854, normally yields a black- 
gray iron oxide that is unsuitable as an inor- 
ganic pigment. By adding iron(II) chloride or 
aluminum chloride solutions, sulfuric acid, 
and phosphoric acid, LAux modified the pro- 
cess to yield high-quality iron oxide pigments 
[376]. Many types of pigments can be ob- 
tained by varying the reaction conditions. The 
range extends from yellow to brown (mixtures 
of a-FeOOH and/or a-Fe;O, and/or Fe,0,) 
and from red to black. If, for example, ігоп(П) 
chloride is added, a black pigment with very 
high tinting strength is produced [376]. How- 
ever, if the nitro compounds are reduced in the 
presence of aluminum chloride, high-quality 
yellow pigments are obtained [377]. Addition 
of phosphoric acid leads to the formation of 
light to dark brown pigments with good tinting 
strength [378]. Calcination of these products 
(e.g., in rotary kilns) gives light red to dark vi- 
olet pigments. The processes are illustrated in 
Figure 5.117. 
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The type and quality of the pigment are de- 
termined not only by the nature and concentra- 
tion of the additives, but also by the reaction 
rate. The rate depends on the grades of iron 
used, their particle size, the rates of addition of 
the iron and nitrobenzene (or another nitro 
compound), and the pH value. No bases are re- 
quired to precipitate the iron compounds. 
Only ca. 3% of the theoretical amount of acid 
is required to dissolve all of the iron. The aro- 
matic nitro compound oxidizes the Fe” to 
Fe% ions, acid is liberated during hydrolysis 
and pigment formation, and more metallic 
iron is dissolved by the liberated acid to form 
iron(II) salts; consequently, no additional acid 
is necessary. 

The iron raw materials used are grindings 
from iron casting or forging that must be virtu- 
ally free of oil and grease. The required fine- 
ness is obtained by size reduction in edge 
runner mills and classification with vibratory 
sieves. The iron and the nitro compound are 
added gradually via a metering device to a 
stirred tank (a) containing the other reactants 
(e.g., iron(II) chloride, aluminum chloride, 
sulfuric acid, and phosphoric acid). The sys- 
tem rapidly heats up to ca. 100 °C and remains 
at this temperature for the reaction period. The 


nitro compound is reduced to form an amine. 


(e.g., aniline from nitrobenzene) which is re- 
moved by steam distillation. Unreacted iron is 
also removed (e.g., in shaking tables, c). The 
pigment slurry is diluted with water in settling 
tanks (d) and the pigment is washed to remove 
salts, and filtered on rotary filters (e). It may 
then be dried on band, pneumatic conveyor, or 
spray dryers to form yellow or black pigments, 
or calcined in rotary kilns (h) in an oxidizing 
atmosphere to give red or brown pigments. 
Calcination in a nonoxidizing atmosphere at 
500-700 °С improves the tinting strength 
[379]. The pigments are then ground to the de- 
sired fineness in pendular mills, pin mills, or 
jet mills, depending on their hardness and ap- 
plication. 

The Laux process is a very important 
method for producing iron oxide because of 
the coproduction of aniline; it does not gener- 
ate by-products that harm the environment. 
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Figure 5.117: Production of iron oxide pigment by the Laux process: a) Reactor; b) Condenser, c) Classifier, d) Thick- 


ener; e) Filter; f) Dryer, g) Mill; h) Rotary kiln. 


Other Production Processes. The three pro- 

cesses already described are the only ones that 

are used on a large scale. The following pro- 

cesses are used on a small scale for special ap- 

plications: 

e Thermal decomposition of Fe(CO), to form 
transparent iron oxides [380] 

e Hydrothermal crystallization for the produc- 
tion of a-Fe,O, in platelet form [381] 


5.21.1.3 Toxicology and 
Environmental Aspects 


The Berufsgenossenschaft der Chemischen 
Industrie (Germany) has recommended that 
all iron oxide pigments should be classified as 
inert fine dusts with an MAK value of 6 


mg/m?. This is the highest value proposed for 
fine dusts. 


Iron oxide pigments produced from pure 
starting materials may be used as colorants for 
food and pharmaceutical products [382]. Syn- 
thetic iron oxides do not contain crystalline 
silica and therefore are not considered to be 
toxic, even under strict Califomian regula- 
tions. 


5.21.1.4 Quality 


The red and black iron oxide pigments pro- 
duced by the methods described have an Fe;O; 
content of 92-96%. For special applications 
(e.g., ferrites) analytically pure pigments with 
Ее,О, contents of 99.5~99.8% are produced. 
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The Fe;O, content of yellow and orange pig- 
ments lies between 85 and 87% corresponding 
to FeOOH contents of 96-97%. Variations of 
1-2% are of no importance with respect to the 
quality of the pigments. Pigment quality is 
mainly determined by the quantity and nature 
of the water-soluble salts, the particle size dis- 
tribution (hue and tinting strength are ef- 
fected) and the average particle size of the 
ground product. The hue of red iron oxide is 
determined by the particle diameter, which is 
ca. 0.1 um for red oxides with a yellow tinge 
and ca. 1.0 um for violet hues. 

The optical properties of the yellow, usu- 
ally needle-shaped, iron oxide pigments de- 
pend not only on the particle size, but also on 
the length to width ratio (e.g., length = 0.3-0.8 
pm, diameter = 0.05—0.2 um, length: diameter 
ratio = ca. 1.5-8). In applications for which 
needle-shaped particles are unsuitable, sphe- 
roidal pigments are available [383]. Black iron 
oxide pigments (Fe,O,) have a particle diame- 
ter of ca. 0.1-0.6 um. 

Some iron oxide pigments have a limited 
stability on heating. Red iron oxide is stable 
up to 1200 °C in air. In the presence of oxy- 
gen, black iron oxide changes into brown y- 
Ее-О, at ca. 180 °C and then into red a-Fe,0, 
above 350 °C. Yellow iron oxide decomposes 
above ca. 180 °С to form red о-Ее„О, with 
liberation of water. This temperature limit can 
be increased to ca. 260°C by stabilization 
with basic aluminum compounds. The thermal 
behavior of brown iron oxides produced by 
mixing depends on their composition. 


5.21.1.5 Uses 


All synthetic iron oxides possess good tint- 
ing strength and excellent hiding power. They 
are also lightfast and resistant to alkalis. These 
properties are responsible for their versatility. 
The principle areas of use are shown in Table 
5.47. 

Iron oxide pigments have long been used 
for coloring construction materials. Concrete 
roof tiles, paving bricks, fibrous cement, bitu- 
men, mortar, rendering, etc. can be colored 
with small amounts of pigment that do not af- 
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fect the setting time, compression strength, or 
tensile strength of the construction materials, 
Synthetic pigments are superior to the natural 
pigments due to their better tinting power and 
purer hue. 

Natural rubber can only be colored with 
iron oxides that contain very low levels of 
copper and manganese (Cu < 0.005%, Mn < 
0.02%). Synthetic rubber is less sensitive. 

In the paint and coating industries, iron ox- 
ide pigments can be incorporated in many 
types of binders. Some reasons for their wide 
applicability in this sector are pure hue, good 
hiding power, good abrasion resistance, and 
low settling tendency. Their high temperature 
resistance allows them to be used in enamels. 

The use of iron oxide as a polishing me- 
dium for plate glass manufacture has de- 
creased now that other methods of-glass 
production are available. 


Table 5.47: Main areas of use for natural and synthetic 
iron oxide pigments. 


Amount, 96 
Use Europe кш World 
Coloring construction materials 64 37 60 
Paints and coatings 30 48 29 
Plastics and rubber 4 14 6 
Miscellaneous 2 1 5 


§.21.1.6 Economic Aspects 


Accurate production figures for natural 
and synthetic iron oxide pigments are difficult 
to obtain, because statistics also include non- 
pigmentary oxides (e.g., red mud from bauxite 
treatment, intermediate products used in fer- 
Tite production) World production of syn- 
thetic iron oxides in 1985 was estimated to be 
between 500 000 and 600 000 t; production of 
natural oxides was ca. 100 000 t. The most im- 
portant producing countries for synthetic pig- 
ments are Germany, the United States, the 
United Kingdom, Italy, Brazil, and Japan. The 
natural oxides are mainly produced in France, 
Spain, Cyprus, Iran, Italy, and Austria. 

The most important manufacturers are 
Bayer, Deanshanger, SILO (Europe); Colum- 





CH 
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bian Chemicals, Harcross, Miles (USA); 
Globo (Brazil); and Toda (Japan). 


5.21.2 Iron Blue Pigments 


The term iron blue pigments as defined in 
ISO 2495 has largely replaced a variety of 
older names which were either related to the 
place where the compound was produced or 
represented particular optical properties, e.g., 
Berlin blue, Bronze blue, Chinese blue, Milori 
blue, Non-bronze blue, Paris blue, Prussian 
blue, Toning blue, and Turnbull’s blue. These 
names usually stood for insoluble pigments 
based on microcrystalline Fe(IT)Fe(IIT) cyano 
complexes which do not differ significantly in 
their composition; many were associated with 
specific hues. À standardized naming system 
has been demanded by users and welcomed by 
manufacturers, and has led to a reduction in 
the number of names [384]. 


Iron blue, С.І. Pigment Blue 27:77510 (sol- 
uble blue is С.І. Pigment Blue 27:77520), was 
discovered in 1704 by Dessacu in Berlin by a 
precipitation reaction, and can be regarded as 
the oldest synthetic coordination compound. 


Мт. ов was the first to produce it as a pig- 
ment on an industrial scale in the early nine- 
teenth century [385]. 





9 Fe? in [Fe(CNIJ*" 
О Fe3* 


Figure 5.118: Crystal structure of iron blue [388]. 
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5.21.2.1 Structure 


X-Ray and infrared spectroscopy show 
that iron blue pigments have the formula 
M'Fe"Fe"(CN),‘H,O [386]. M! represents 
potassium, ammonium, or sodium, of which 
the potassium and ammonium ions are pre- 
ferred because they produce excellent hues in 
industrial manufacture. 

The crystal structure of the Fe"Fe™(CN), 
grouping is shown in Figure 5.118. A face- 
centered cubic lattice of Fe?” is interlocked 
with another face-centered cubic lattice of 
Fe? to give a cubic lattice with the corners oc- 
cupied by iron ions. The CH" ions are located 
at the edges of the cubes between each Fe?” 
ion and the neighboring Fei". the carbon atom 
of the cyanide is bonded to the Fe?* ion and the 
nitrogen atom is coordinatively bonded to the 
Fe* ion. According to [387] the deep blue co- 
lour is the result of electron transfer from 
iron(II) and ігоп(Ш) with the absorption of 
light energy ("Charge Transfer Complex"). 

The wide-mesh lattice of the crystal con- 
tains relatively large spaces which can be oc- 
cupied alternately by alkali ions and water 
molecules. In order to retain the crystal struc- 
ture — and also the optical properties — water 
molecules must be present. Loss of water be- 
yond a certain limit brings about fundamental 
changes in the pigment properties. A bonding 
mechanism for the coordinating water mole- 
cules assumes that both zeolitic and adsorptive 
states are possible. 

Many investigations helped to elucidate the 
structure of iron blue [390—393]. 


§.21.2.2 Production 


Iron blue pigments are produced by the pre- 
cipitation of complex iron(II) cyanides by 
iron(II) salts in aqueous solution. The product 
is a whitish precipitate of iron(II) hexacyano- 
Ғепаіє(П) MiJFe"[Fe(CN),] or Mire! 
[Fe"(CN),], (Berlin white), as an intermediate 
stage, which is aged and then oxidized to the 
blue pigment [388]. 

Potassium hexacyanoferrate(IT) or sodium 
hexacyanoferrate(IT) or mixtures of these salts 
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are usually used. When the pure sodium salt or 
a calcium hexacyanoferrate(IT) solution is 
used, the pigment properties are obtained by 
adding a potassium or ammonium salt during 
the precipitation of the white paste product or 
prior to the oxidation stage. 

The iron(II) salt used is crystalline iron(II) 
sulfate or iron(II) chloride solution. The oxi- 
dizing agent can be hydrogen peroxide, alkali 
chlorates, or alkali dichromates. Industrial 
precipitation is carried out batchwise in large 
stirred tanks by simultaneous or sequential ad- 
dition of aqueous solutions of potassium 
hexacyanoferrate(IT) and iron(II) sulfate to a 
dilute acid. The filtrate from the white paste 
product must contain a slight excess of iron. 
Temperature, pH, and concentration of the 
starting solutions have a decisive influence on 
the size and shape of the precipitated particles. 
The suspension of white paste is aged by heat- 
ing. The ageing period varies in length and 
temperature depending on the required prop- 
erties of the finished pigment. This is followed 
by the oxidation to form the blue pigment by 
adding hydrochloric acid and sodium or potas- 
sium chlorate [394]. Finally, the suspension of 
the blue pigments is pumped into filter presses 
either immediately or after having been 
washed with cold water and decanted. After 
filtering, it is washed until free of acid and 
salt — 

Depending on the pigment type, the filter 
press-cakes (35-60% solids) are either moul- 
ded into cylindrical pellets and dried to a fin- 
ished dust-free product, or liquefied and spray 
dried, or dried and then ground to form a pow- 
der pigment. 

Dispersibility can be improved by adding 
organic compounds to the pigment suspension 
before filtering to prevent the particles from 
agglomerating too strongly on drying [395, 
396]. In another method (the Flushing pro- 
cess), the water in the wet pigment paste is re- 
placed by a hydrophobic binder [397]. 


Although these and other methods of pigment 


preparation produce fully dispersible prod- 
ucts consisting mainly of iron blue and a 
binder [398—400], they have not become es- 
tablished on the market. 
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A "water-soluble" blue can be manufac- 
tured by adding peptizing agents (the latter 
improve the water solubility via an emulsify- 
ing action). This forms a transparent colloidal 
solution in water without the use of high shear 
forces [388]. 


5.21.2.3 Properties 


Hue, relative tinting strength, dispersibility, 
and rheological behavior are the properties of 
iron blue pigments with the most practical sig- 
nificance. Other important properties are the 
volatiles content at 60 ?C, the water-soluble 
fraction, and acidity (ISO 2495). Pure blue 
pigments are usually used singly (e.g. in 
printing inks) and do not need any additives to 
improve them. Finely divided iron blue pig- 
ments impart a pure black tone to printing ink. 

Owing to their small particle size (see Table 
5.48 and Figures 5.119 and 5.120), iron blue 
pigments are very difficult to disperse. A 
graph of particle size distribution is given in 
Figure 5.121 for a commercial quality iron 
blue and for a micronized grade with similar 
primary particle size. The micronized grade 
gives greater tinting strength in dry mixtures 
than the blues obtained from standard grind- 
ing. The average size of the aggregates in the 


micronized material is ca. 10 um compared 


with ca. 35 рт for the normal quality product. 

Iron blue pigments are thermally stable for 
short periods at temperatures up to 180 *C, 
and therefore can be used in stoving finishes. 
The powdered material presents an explosion 
hazard, the ignition point is 600-625 °C 
(ASTM D 93-52). The pigments are combusti- 
ble in powder form, ignition in air being possi- 
ble above 140 °C [388]. 
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Figure 5.120: Electron micrograph of an iron-blue pig- 
ment of normal particle size (Vossen Blau? 705). 


Figure 5.119: Electron micrograph of an iron blue pig- 
ment of small particle size (Manox Blue? 460 D). 


Table 5.48: Physical and chemical properties of iron blue pigments (Vossen-Blau® and Manox® grades). 











Type Vossen Blau? Vossen Blau? VossenBlau? ^ Manox? Manox Easisperse? 
705 70515" 724 Blue 480 D HSB2 

Colour Index Number 77510 77510 77510 77510 77510 

Colour Index Pigment 27 27 27 27 27 

Tinting strength 100 100 100 115 95° 

Hue pure blue pure blue pure blue pure blue ` pure blue 

Oil absorption’, 2/100 g 36-42 40-50 36-42 53—63 22—28 

Weight loss on йгуїпр°*, % 2-6 2-6 2-6 2-6 2-6 

Tamped density’, g/L 500 200 500 500 550 

Density®, g/cm? 1.9 19 1.9 1.8 1.8 

Mean diameter of primary particles, nm 70 70 70 40 80 

Specific surface area", m?/g 35 35 35 80 30 

Thermal stability, °C 150 150 150 150 150 

Resistance to acids very good very good ` very good very good very good 

Resistance to alkalis poor poor poor poor poor 

Resistance to solvents very good very good very good very good very good 

Resistance to bleeding very good very good very good very good very good 


‘LS = LufistrahImühle (air jet mill). 

DIN ISO 787/XVI and DIN ISO 787/XXIV. 
,Surface-treated easily dispersible type. 
DIN ISO 787/V, ASTMD 281, or JIS K 5101/19 (JIS: Japanese Industrial Standard). 
ІМ ISO 787/0, ASTM D 280, or JIS К 5101/21. 

DIN ISO 787/Х1 ог JIS К 5101/18. 
*DIN ISO 787/X or SIS К 5101/17. 
^DIN 66131. 


Iron blue pigments have excellent light- апа color after a short weathering period. The 
and weatherfastness. When mixed with white pigments are resistant to dilute acid and oxi- 
pigments, these properties can disappear  dizing agents, and do not bleed. They are de- 





[401]. Recent investigations have shown that a 
topcoat (as commonly applied in automobile 
manufacture) overcomes this problem [402]. 
Figure 5.122 shows changes in residual gloss 


composed by hot, concentrated acid and 
alkali. Other properties are listed in Table 
5.48. 
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Figure 5.121: Cumulative particle size distribution curve 
of a normal (705) and a micronized (705 LS) iron blue 
pigment of equal primary particle size. LS — Luftstrahl- 
mühle (air jet mill). 
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Figure 5.122: Residual gloss and ДЕЎ, values for isocy- 
anate-cross-linked polyacrylate resins that contain 15% 
Vossen-Blau? 2000 (older pigment type which has been 
replaced by Manox* Blue 460 D) relative to the binder 
and 1596 TiO, (rutile) relative to the iron blue pigment af- 
ter 1000 h fast exposure to UV [402]: a) Without 
clearcoat; b) With clearcoat but without UV protection; c) 
With clearcoat and UV protection. 


5.21.2.4 Uses 


Total production of iron blue in 1975 was 
ca. 25000 t/a, but in 1991 it was only ca. 
15 000 t/a. The main consumer in Europe and 
the United States is the printing industry. The 
second largest use in Europe, especially of mi- 
cronized iron blue pigments, is for coloring 
fungicides, but use in the paint industry is de- 
creasing. 
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Printing Ink Industry. Iron blue pigments 
are very important in printing, especially roto- 
gravure, because of their deep hue, good hid- 
ing power, and economic cost/performance 
basis. Iron blue is often mixed with phthalocy- 
anine pigments for multicolor printing. An- 
other important use is in controlling the shade 
of black printing inks. Typical amounts used 
are 5-8% for full-shade retogravure inks and 
2-8% for toning black gravure and offset inks. 

Iron blue pigments are used in the manufac- 
ture of single- and multiple-use carbon papers 
and blue copying papers, both for toning the 
carbon black and as blue pigments in their 
own right [388]. 


Toning of Black Gravure Inks. For the ton- 
ing of black gravure inks, for example, 2 to 
6% of Vossen-Blau 705 are used together with 
6 to 12% of carbon black. Combinations with ` 
red pigments with a blue undertone are also 
common. When using organic pigments, resis- 
tance to solvents must be taken in account. Be- 
cause of the poor dispersibility of iron blue 
compared with carbon black it is both eco- 
nomical and practical to disperse the blue pig- 
ment in a separate step. 

While the visual judgement of black is in- 
fluenced by the individual ability of the ob- 


server to distinguish small colour differences ` 


in deep black, it is possible, with the help of 
photometric measurements, to graphically in- 
terpret objective evaluations by means of 
physical data [389]. 

Figure 5.123 illustrates the colour changes 
of a low structure LCF-type carbon black by 
addition of Pigment Blue 27 (Vossen-Blau 
705) and Pigment Violet 27 or by toning with 
a 4:1 combination of Pigment Blue 27 and 
Pigment Red 57:1. A mixture of asphalt resin, 
calcium/zinc resinate and phenol resin was 
used as a binder. The pigment concentration 
for all was 13.2%. The toner was added in 
2.2% steps up to 6.6% with a simultaneous re- 
duction from 13.2 to 6.6%. 


Toning of Black Offset Printing Inks. The 
basic requirements for the successful use of 
iron blue as a toning agent in offset printing 
inks are resistance to damping or “fountain” 








Iron 


solutions and good dispersibility. “Resistance” 
is understood here as the hydrophobic charac- 
teristics of the pigment. 

This property prevents wetting of the pig- 
ment by water and therefore its peptization. 
Non-resistant iron blue can render the ink use- 
less by adsorbing water to above the normal 
content. À negative side-effect of peptization 
is the "dissolution" of the blue pigment from 
the printing ink and the resulting blue.coloura- 
tion of the fountain solution with the familiar 
problems of printing-plate contamination, also 
known as scumming or toning. 
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Figure 5.123: Colour coordinates of black gravure inks 
with different toning. + 2-4: Pigment Black LCF*/Vos- 
sen-Blau 705; @ 5-7: Pigment Black LCF/[VB 705-Pig- 
ment Red 57:1(4:1)]; x 1-10: Pigment Black LCF*/[VB 
705 Pigment Violet 27 (2:1)]; в 1: Pigment Black LCF = 
Printex 35. 

The combined dispersion of pigments is 
only practical with colourants of similar dis- 
persibility. Toning agents with a considerable 
higher resistance to dispersion than carbon 
black are therefore delivered by the manufac- 
turer in the form of a predispersed paste or 
must be ground separately by the user. 

Developments in the fields of iron blue 
technology have overcome these problems. A 
new generation of pigments has been gener- 
ated which covers both the demand for a suffi- 
cient resistance against damping solutions and 
the request for a good dispersibility. Easily 
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dispersible iron blue is preferred to be used for 
combined dispersion with carbon black in the 
so-called *Co-Grinding" process. 

In the following section, the coloristic ef- 
fects ‘of those iron blue pigments are de- 
scribed, as obtained in toning experiments 
involving a LCF-type carbon black, in com- 
parison with Pigment Blue 15:3 and Pigment 
Blue 61. 

The pigment concentration of the"inks is 
24%, i.e. the amount of carbon black was re- 
duced correspondingly with the addition of 3, 
6, or 996 of blue pigment. Black inks contain- 
ing 15 to 2496 of carbon black are excluded 
from this experiment, and are presented to 
give an additional coloristic description of 
“pigment” black as regards the development 
of the hue when used as a self-colour pigment 
in Increasing concentrations. 


4oL- 
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Figure 5.124: Colour locations of black offset printing 
inks with different toning. Bj 1—4: Pigment Black LCF (= 
Printex 35); + 5-7: Pigment Black LCF/Manox Eas- 
isperse; x 8-10: Pigment Black LCF/[Manox Eas- 
isperse/Pigment Red 57: 1(4:1)]; & 11-13: Pigment Black 
LCF/Pigment Blue 61; A 14-16: Pigment Black LCF/Pig- 
ment Blue 15:3. 

i In the visual and the colorimetric evalua- 
tion the colour location change of the carbon 
black when used as a self-colour pigment is 
noticeable since there is a tendency to a black 
with a blue undertone at higher pigment con- 
centration, even without the addition of toning 
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agent. In Figure 5.124 these are the colour lo- 
cations 1—4, starting with 1596 carbon black 
and in increasing additions in steps of 3% to a 
maximum concentration of 24%. 

However, it is also clear that without the 
addition of a blue pigment the achromatic 
point cannot be achieved. 

By adding various toning agents the desired 
colour hue is achieved - although with varying 
red/green spread. Iron blue (Manox Easisperse 
154) brings about a clear shift towards green 
with a relatively small shift in the blue direc- 
tion (see colour locations 5—7). The required 
target is more successfully achieved by the use 
of a mixture of iron blue an Pigment Red 57:1 
in the ratio 4:1. The colour locations 8—10 il- 
lustrate useful ways of approaching the achro- 
matic point with the addition of 396, 696, and 
9% of the mixture. 

The addition of 3% of Pigment Blue 61 al- 
ready results in a significant step towards 
blue/red and shows almost identical incremen- 
tal changes with further additions (see colour 
locations 11—13). In addition, the bronze effect 
occurs which intensifies with increasing dis- 
tance from the achromatic point. With Pig- 
ment Blue 15:3 in numerically equivalent 
increments, the hue of the black ink moves to- 
wards blue/green in the opposite direction 
from the achromatic point and with a negative 
shift (colour locations 14—16). 


Agriculture. Since ca. 1935 and especially in 
Mediterranean countries, blue inorganic fun- 
gicides based on copper and used for treating 
vines have largely been replaced by colorless 
organic compounds. Micronized iron blue pig- 
ments are used to color these fungicides (nor- 
mally at a concentration of 3-8%), so that 
even small amounts become visible due to the 
high color intensity, and precise control is pos- 
sible. The fungicide is usually milled or mixed 
with.a micronized iron blue pigment [403]. 

A welcome side effect of treating fungi 
(e.g., peronospora plasmopara viticola) with 
iron blue is the fertilizing of vines in soils that 
give rise to chlororsis. Leaf color is intensi- 
fied, aging of the leaves is retarded, and wood 
quality (“ripeness”) is also improved [404— 
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406]. Iron is necessary for chlorophyll synthe- 
sis, which improves grape quality and yield. 
Other iron salts do not have this effect [405]. 


Paints and Coatings. Iron blue pigments are 
used in the paint industry, especially for full, 
dark blue colors for automotive finishes. A 
full shade with good hiding power is produced 
by 4-8% iron blue pigments. 


Paper. Blue paper can be produced by adding 
"water-soluble" iron blue pigment directly to 
the aqueous phase. Alternatively, a suitable 
iron blue pigment can be ground together with 
a water-soluble binder, applied to the paper, 
dried, and glazed (quantity applied: ca. 8% in 
the finished product). 


Pigment Industry. The importance of iron 
blue in the production of chrome green and 
zinc green pigments has greatly increased 
worldwide (see Section 46. 10.2.3). 


Medical Applications. Iron blue has become 
important as an agent for decontaminating 
persons who have ingested.radioactive mate- 
rial. The isotope "Cs which would otherwise 
be freely absorbed via the human or animal di- 
gestive tract exchanges with the iron(II) of the 
iron blue [407, 408] and is then excreted in the 
feces [409]. Gelatin capsules containing 500 
mg iron blue are marketed as Radiogardase-Cs 
(Heyl). Thallium ions have been found to be- 
have similarly [410-412]. The gelatin cap- 
sules for this purpose are sold as “Antidotum 
Thalii” (Heyl) [413]. 


5.21.2.5 Toxicology and 
Environmental Aspects 


Blue pigment compounds show no toxicity 
in animal studies therefore it is not expected to 
cause any adverse effects on human health. No 
toxic effects were reported in humans when 
blue pigment compounds were used. experi- 
mentally or therapeutically. | 

Toxikokinetic studies showed, that the ad- 
sorption of iron blue pigments is very low. 
Following intravenous injection of a ??Fe-ra- 
dio labelled iron blue pigment, the 
[?Fe(CN)g* ion was rapidly and virtually 
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completely excreted with the urine. After oral 
administration of ferric cyanoferrate (Fe) ap- 
prox. 2% of the labelled hexacyanoferrate ion 
was absorbed by the gastro-intestinal tract 
[414]. Most of the substance is excreted with 
the feces [415] and there was no evidence of 
its decomposition. 

The decomposition of blue pigment salts to 
toxic cyanide in aqueous systems is very low. 
The CN-release of KFe[Fe(CN),] in artificial 
gastric or intestinal juice was 141 or 26 рр/(р - 
5 hours) respectively and in water 37 ug/(g : 5 
hours. The corresponding figure of 
Fe,[Fe(CN),] were 64, 15 and 22 ug/(g - 5 
hours) [416]. 

In the breath of rats after i.p. injection of 
MC-labelled KFe[Fe(CN),] less than 0.01% 
(detection limit) was found, whereas in an- 
other study 0.04-0.08% of the orally adminis- 
tered dose was found in the exhaled air [417]. 
It can be concluded, that the hexacyanofer- 
rate(II) complex disintegrates only to a small 
extent in the intestinal tract after oral adminis- 
tration. This is confirmed by the results of 
acute oral toxicity studies which show in high 
doses no clinical symptoms or lethality. The 
La values are above 5000-15 000 mg/kg 
(limit tests) [418—420]. 


In primary irritation tests no or only slight 
effects were seen at the skin or in the eyes of 


the treated rabbits respectively [420, 421]. No - 


skin sensitisation occurred in a Guinea pig 
maximisation test [418]. 

The subchronic (90-120 days) consump- 
tion of iron blue pigments at concentrations of 
1-2% in the food or drinking water influenced 
slightly the body weight gain, but no other 
clinical signs or histopathologial changes 
were observed [422—425]. After the adminis- 
tration of daily doses of 200 or 400 mg/kg for 
ten days to dogs the body weight gained and 
the general condition remained unaffected 
[426]. 

In a bacterial test system (ames test) no in- 
crease of mutagenicity was detected without 
or in presence of a metabolic system [420]. 

In human volunteers who received 1.5 or 
3.0 g ferric cyanoferrate for up to 22 days ap- 
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part from a slight obstipation no effects were 
reported [426, 427]. 

Fe,[Fe(CN),] can bind cesium therefore 
iron blue pigments are used in clinical practice 
as an antidote for the treatment of humans 
contaminated with radioactive cesium (see 
also section 5.21.2.4). Clinical use of iron(II) 
ferrocyanide in doses up to 20 g/d for decon- 
taminations of persons exposed to radio ce- 
sium has not been associated with any 
reported toxicity [428]. 

Blue pigment salts are also used as an effec- 
tive antidote for thallium intoxications. Ferric 
cyanoferrate interferes with the enterosys- 
temic circulation of thallium ions and en- 
hances their faecal excretion [429]. 

In a semistatic acute fish toxicity test (Leu- 
ciscus idus, melanotus, fresh water fish) a sat- 
urated solution with different blue pigment 
compounds (with unsolved material on the 
bottom or filtrated solution) no death occurred 
within 96 hours. Based on the quantity 
weighed the No Observed Effect Level 
(NOEL) is greater than 1000 mg/L (nominal 
concentrations) [430]. 

The bacterial toxicity was measured ac- 
cording DEV, DIN 38 412, L3 (TTC [2,3,5- . 
triphenyl-2H-tetrazolium chlorid] test). The 
result gives an EC, (effective concentration) 
varying between 2290 and 14 700 mg/L, and 
estimated NOEC values in the range of « 10 to 
100 mg/L [431]. 

There are no harmful effects on fish, but the 
toxic effects on bacteria constitude a slight 
hazard when iron blue pigments are present in 
water. 


5.21.3 Iron Magnetic Pigments 


5.21.3.1 Iron Oxide Magnetic 
Pigments 


, Ferrimagnetic iron oxide pigments are used 
in magnetic information storage systems such 
as audio and videocassettes, floppy disks, hard 
disks, and computer tapes. Cobalt-free 
iron(TIT) oxide and nonstoichiometric mixed- 
phase pigments have been used since the early 
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days of magnetic tape technology. Currently, 
Y-eO, and Fe, (the latter in small 
amounts) are mainly used in the production of 
low-bias audio cassettes [iron oxide operating 
point [EC I standard (International Electro- 
technical Commission)| and studio, broad- 
casting, and computer tapes. 


Production. The shape of the pigment particle 
is extremely important for ensuring good mag- 
netic properties. Isometric iron oxide pig- 
ments produced by direct precipitation are 
seldom used. Since 1947, needle-shaped y- 
Fe,O, pigments have been prepared with a 
length to width ratio of ca. 5:1 to 20:1 and a 
crystal length of 0.1—1 ша [432]. 

Anisometric forms of Fe4O, with the spinel 
structure or y-Fe,O, with a tetragonal superlat- 
tice structure do not crystallize directly. They 
are obtained from iron compounds that form 
needle-shaped crystals (usually œ- and Y- 
FeOOH) [433-435]. The oxyhydroxides are 
converted to Fe4O, by dehydration and reduc- 
tion. Reducing agents may be gases (hydro- 
gen, carbon monoxide) or organic compounds 
(e.g., fatty acids). The particle geometry is re- 
tained during this process. 

Since the pigments are subjected to consid- 
erable thermal stress during this conversion, 
the FeOOH particles are stabilized with a pro- 


Handbook of Extractive Metallurgy 


tective coating of sintered material (usually 
silicates [436], phosphates. [437], chromates 
[438], or organic compounds such as fatty ac- 
ids [439]). 


Finely divided stoichiometric Fe4O, pig- | 


ments are not stable to atmospheric oxidation. 
They are therefore stabilized by partial oxida- 
tion or by complete oxidation to '-Fe;O, be- 
low 500 °С. 

In an alternative process, the starting mate- 
nal consists of needle-shaped particles of о- 
Ғе,О, instead of FeOOH pigments [440, 441]. 
The synthesis is carried out in a hydrothermal 
reactor, starting from а suspension -of 
Fe(OH), and crystal growth is controlled by 
means of organic modifiers. 


Properties. Magnetic pigments with very dif- 
ferent morphological and magnetic properties 
that depend on the field of application and 
quality of the recording medium, are used. 
The largest particles (length ca 0.6 шп) are 
used in computer tapes. The noise level of the 
magnetic tape decreases with decreasing parti- 
cle size. Fine pigments are therefore being 
used increasingly for better quality compact 
cassettes. 

The magnetic properties may be deter- 
mined by measurement of hysteresis curves on 
the powder or magnetic tape. 


Table 5.49: Some quality requirements for iron oxide and metallic iron magnetic pigments. 


Approxi- 
Pigmenttype mate particle surface field strength magnetization M/M, 
length, mm area, m"g H,kA/m M,,mT-m’/kg 


Field of application 


Specific Соегсіуе Saturation 


Computer tapes t Fe;O; 0.60 13-17 23—25 y 0.80-0.85 
Studio radio tapes y-Fe,0, 0.40 17-20 23-27 85-92 0.80—0.85 
IEC I compact cassettes | 
standard (iron oxide operating 
point) ¥-Fe.O; 0.35 20-25 27-30 87-92 0.80-0.90 
high grade Со-ү-Ее„О, 0.30 25—37 29-32 92-98 0.80-0.90 
TEC II compact cassettes (CrO, op- Со-ү-Ее.О,, 
erating point) Co-Fe,O, 0.30 30—40 52—57 94-98 0.85-0.92 
IEC IV compact cassettes (metal 
operating point) metallic iron 035 35-40 88-95 130-160 0.85-0.90 
Digital audio (R-DAT)* metallic iron 0.25 50-60 115~127 130-160 0.85-0.90 
М" Video Co--Fe,O,, 
| Co-Fe,O, 0.30 25—40 52—57 94-98 0.80-0.90 
Super-VHS video Co-3-Fe;O, 0.20 45-50 64—72 94-96 0.80-0.85 
8-mm video metallic iron 0.25 50-60 115-127 130-160 0.85-0.90 


* R-DAT: rotary digital audio tape. 
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Table 5.49 shows some quality require- 
ments for the most important applications of 
magnetic pigments. Column 4 gives the coer- 
cive field strength (H) required for informa- 
tion storage materials. The coercive field is the 
magnetic field required to demagnetize. the 
sample. 

The saturation magnetization M, is a spe- 
cific constant for the material and for mag- 
netic iron oxides is principally determined by 
the Fe* ion content. The ratio of remanent 
magnetization to saturation magnetization 
(M/M) for the tape depends mainly on the 
orientation of the pigment needles with re- 
spect to the longitudinal direction of the tape, 
and should approach the theoretical maximum 
value of unity as closely as possible. 

Apart from the morphological and mag- 
netic properties, usual pigment properties such 
as pH value, tap density, soluble salt content, 
oil absorption, dispersibility, and chemical sta- 
bility are of great importance for the manufac- 
ture of magnetic recording materials. 

Producers of magnetic iron oxides include 

BASF and Bayer (Germany); Ishihara, Sakai, 
Showa Denko, Titan K., and Toda K (Japan); 
3M, Magnox (USA); and Saehan Media (Ko- 
rea). 
. World production of cobalt-free magnetic 
iron oxides in 1990 was ca. 24 000 t, of which 
ca. 74% was used in compact cassettes and au- 
dio tapes, and ca. 25% in computer tapes. 


5.21.3.2 Cobalt-Containing Iron 
Oxide Pigments 


Cobalt-containing iron oxides form the 
largest proportion (ca. 6096) of magnetic pig- 
ments produced today. Due to their high coer- 
civity they can be used as an alternative to 
chromium dioxide for the production of video 
tapes, high-bias audio tapes (CrO, operating 
point), and high-density floppy disks. 
Production. The iron oxide pigments de- 


scribed above are either doped or coated with 
cobalt: 


ө Body-doped pigments contain 2-596 cobalt 
that is uniformly distributed throughout the 
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hulk of the pigment particles. It is either in- 
corporated during production of the FeOOH 
precursor or precipitated as the hydroxide 
onto one of the intermediate products [442] 
using cobalt(IT) salts as the cobalt source. 


e Cobalt-coated pigment particles (2-496 Co) 
consist of a core of y-Fe;O, or nonstoichio- 
metric iron oxide phase, and a 1—2 nm coat- 
ing of cobalt ferrite with a high coercivity 
[443]. The coating can be produced by ad- 
sorption of cobalt hydroxide, or epitaxial 
precipitation of cobalt ferrite in a strongly 
alkaline medium [444, 445]. Surface- ` 
coated pigments show better magnetic sta- 
bility than doped pigments. 


Properties. Pigments with a coercive field 
strength of 50—56 kA/m are used in video cas- 
settes, high-bias audio cassettes (chromium 
dioxide operating point IEC П), and hi gh-den- 
sity floppy disks. Depending on the quality of 
the tape, the particle size varies between 0.2 
and 0.4 um (Table 5.49). 

Pigments with a higher coercive field 
strength (ca. 70 kA/m) and smaller particle 
size (particle length ca. 0.15—0.2 um) are used 
for super VHS cassettes. 

Pigments treated with only small amounts 
of cobalt (0.5% Co, coercive field strength ca. 
31 kA/m) are used as an alternative to cobalt- 
free "Fe, pigments for high-quality low- 
bias audio cassettes, . 

Cobalt-containing pigments are mainly 
produced by the magnetic iron oxide produc- 
ers. World production for 1990 was 45 000 t, 
of which the highest proportion (ca. 85 9/0) was 
used for video tapes. 


5.21.3.3 Metallic Iron Pigments 


The magnetization of iron is more than 
three times higher than that of iron oxides. 
Metallic iron pigments can have a coercive 
field strength as high as 150 kA/m, depending 
on particle size. These properties are highly 
suitable for high-density recording media. Ox- 
idation-resistant products based on metallic 
Perrin first became available in the late 

S. ` А 
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Production. Metallic iron pigments are com- 
mercially produced by the reduction of acicu- 
lar (needle-shaped) iron compounds [446]. As 
in the production of magnetic iron oxide pig- 
ments, the starting materials are iron oxide hy- 
droxides or iron oxalates, which are reduced to 
iron in a stream of hydrogen either directly or 
via oxidic intermediates. 

Due to their high specific surface area, me- 
tallic pigments are pyrophoric, so that passiva- 
tion is necessary. This can be achieved by 
slow, controlled oxidation of the particle sur- 
face [447]. 


Properties. The coercive field strength of me- 
tallic iron pigments is primarily determined by 
their particle shape and size, and can be varied 
between 30 and 150 kA/m. Pigments for ana- 
log music cassettes (H, = 90 kA/m) usually 
have a particle length of 0.35 um (Table 5.49). 
The length to width ratio of the pigment nee- 
dles is ca. 10:1. Finely divided pigments (par- 
ticle length ca. 0.25 jm) with a coercive field 
strength of 120 kA/m are used for 8-mm video 
and digital audio cassettes (R-DAT), tapes 
used by television organizations (ED Beta, 
Betacam SP MP, M II, Digital Video D2), and 
for master video cassettes (mirror master 
tapes). In the field of data storage, a small 
quantity is used in micro floppy disks. 

Metallic pigments have a higher specific 
surface area (up to 60 m?/g) and a higher satu- 
ration magnetization than oxidic magnetic 
pigments. Their capacity for particle align- 
ment corresponds to that of the oxides (Table 
5.49). 


Economic Aspects. The largest producers of 
metallic iron pigments are Chisso, Dowa Min- 
ing, Kanto Denka K., Mitsui Toatzu, and Nis- 
san Chemicals (Japan). 

World consumption in 1990 was ca. 1000 t, 
of which ca. 7596 was used in the manufacture 
of video tapes and ca. 2596 for audio tapes. 
Consumption is expected to increase. 


5.21.3.4 Barium Ferrite Pigments 


Barium ferrite pigments have been consid- 
ered for several years for high-density digital 
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storage media [448, 449]. They are very suit- 
able for preparing unoriented (e.g., floppy 
disks), longitudinally oriented (conventional 
tapes), and perpendicularly oriented media. In 


the latter the magnetization is oriented perpen- ^ 


dicular to the coating surface. They are re- 
quired for perpendicular recording systems 
which promise extremely high data densities, 
especially on floppy disks. Barium and stron- 
tium ferrites are also used to prevent forgery 
of magnetic stripes, e.g., in cheque and iden- 
tity cards. 


Properties. Hexagonal ferrites have a wide 
range of structures distinguished by different 
stacking arrangements of three basic elements 
known as M, S, and Y blocks [450]. For mag- 
netic pigments, the M-type structure (barium 
hexaferrite BaFe,,0,,) is the most important. 
The magnetic properties of M-ferrite can be 
controlled over a fairly wide range by partial 
substitution of the Fei! ions, usually with 


. combinations of di- and tetravalent ions such 


as Co and Ti. Barium ferrite crystallizes in the 
form of small hexagonal platelets. The pre- 
ferred direction of magnetization is parallel to 
the c-axis and is therefore perpendicular to the 
surface of the platelet. The specific saturation 
magnetization of the undoped material is ca. 
72: Am?fkg and is therefore somewhat lower 
than that of other magnetic oxide pigments. In 
banum ferrite the coercive field strength is pri- 
marily determined by the magnetocrystalline 
anisotropy and only to a limited extent by par- 
ticle morphology. This is the reason why 
banum ferrite can be obtained with extremely 
uniform magnetic properties. Barium ferrite 
pigments have a brown color and chemical 
properties similar to those of the iron oxides. 


Production. There are three important meth- 
ods for manufacturing barium ferrite on an in- 
dustrial scale: the ceramic, hydrothermal, and 
glass crystallization methods. The main pro- 
ducers are Toshiba and Toda. 


Ceramic Method. Mixtures of barium carbon- 
ate and iron oxide are reacted at 1200— 
1350 *C to produce crystalline agglomerates 
which are ground to a particle size of ca. | рт. 
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This method is only suitable for the high-coer- 
civity pigments required for magnetic strips 
[451]. 


Hydrothermal Method. Iron [Fe(II])], barium, 
and the dopants are precipitated as their hy- 
droxides and reacted with an excess of sodium 
hydroxide solution (up to 6 mol/L) at 250- 
350 °C in an autoclave. This is generally fol- 
lowed by an annealing treatment at ‚750— 
800 °C fo obtain products with the desired 
magnetic properties. Many variations of the 
process have been described [452-456], the 
earliest report being from 1969 [457]. In later 
processes, hydrothermal synthesis is followed 
by coating with cubic ferrites, a process re- 
sembling the cobalt modification of iron ox- 
ides. The object is to increase the saturation 
magnetization of the material [458—460]. 


Glass Crystallization Method. This process 
was developed by Toshiba [461]. The starting 
materials for barium ferrite production are dis- 
solved in a borate glass melt. The molten ma- 
terial at ca. 1200 °C is quenched by pouring it 
onto rotating cold copper wheels to produce 
glass flakes. The flakes are then annealed to 
crystallize the ferrite in the glass matrix. In the 
final stage the glass matrix is dissolved in 
acid. In a variation of this process, the glass 
matrix is produced by spray drying [462]. 


Magnetic Recording Properties. Typical 
values of physical properties of barium ferrite 
pigments used in magnetic recording are given 
in Table 5.50. 

Barium ferrite is highly suitable for high- 
density digital recording mainly because of its 
very small particle size and its very narrow 
switching field distribution. It also has a high 
anhysteretic susceptibility and is difficult to 
overwrite [463]. This is partly explained by 
positive interaction fields between particles in 
the coating layer [464]. The high anhysteretic 


Table 5.50: Typical properties of barium ferrite pigments. 


ZS Speci 
Application P нт 
Unoriented (floppy disk) 25-40 40—70 
Oriented 25-60 40-120 
Magnetic strips 12-15 100-300 
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susceptibility makes barium ferrite media par- 
ticularly suitable for the anhysteretic (bias 
field) duplicating process [465]. Unlike many 
other magnetic materials used in high-density 
recording, barium ferrite, being an oxide, is 
not affected by corrosion [466]. Processing of 
the pigment can be problematic, e.g., applying 
orienting fields can easily lead to unwanted 
stacking of the particles which has adverse ef- 
fects on the noise level and the coercive field 
strength of the magnetic tape. A marked tem- 
perature dependence of the magnetic proper- 
ties was a problem in the early days, but this 
can be overcome by appropriate doping [467]. 


5.21.4 Iron Phosphide 


Commercial iron phosphide anticorrosive 
pigments usually consist of Fe;P with traces of 
Feb and SC, The pigment is a powder with a 
metallic gray color and contains 70% Fe, 24% 
P, 2.5% Si, and 3.0% Mn. The density is 6.53 
g/cm? and the mean particle size is ca. 3—5 um. 

Iron phosphide anticorrosive pigments are 
recommended by manufacturers as replace- 
ment materials for zinc dust to reduce the price 
of zinc-rich paints [468]. 

A trade name for iron phosphide is Ferro- 
phos (Hooker Chemicals & Plastics Corp., 
USA). 


5.21.5 Iron Oxide—Mica 
Pigment [469-474] 


Mica can be coated not only with TiO, but 
also with other metal oxides that are deposited 
from hydrolyzable metal salts [469—474]. 
Iron(III) oxide is highly ‘suitable because it 
combines a high refractive index (metallic lus- 
ter) with good hiding power and excellent 
weather resistance [475]. 


Platelet diameter, nm Platelet thickness, nm. H,, kKA/m Мур, Am?/kg 


15-30 ` 50-65 50-65 
10-30 55—100 50—65 
50-100 : 220-440 60—70 
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Aqueous precipitation reactions are used 
for production of commercial Fe,O,-mica 
pigments, starting from Fe?' or Fe?* with sub- 
‘sequent calcination at 700—900 °C. 

Pigments can also be produced by a direct 
CVD fluidized-bed process based on oxida- 
tion of iron pentacarbonyl and deposition of 
Fe,0, on mica and other platelet substrates 
[476, 477]. 

Brilliant, intense colors are obtained with 
50-150 nm layers of Fe;O, (hematite) on mus- 
covite. Absorption and interference colors are 
produced simultaneously and vary with layer 
thickness. Especially the red shades are more 
intense than those of TiO;-mica pigments be- 
cause interference and absorption enhance 
each other. An intense green-red flop with dif- 
ferent viewing angles is possible at a Fe,O, 
layer thickness producing green interference 
[478]. A theoretical investigation is given in 
[479, 480]. 

On account of their good hiding power, 
high chemical inertness, lack of toxicity, and 
brilliant intense color in the bronze, copper, 
and red ranges, these pigments are becoming 
increasingly important in sophisticated end 
uses such as automotive coatings and cosmet- 
ics. 


5.21.6 Transparent Iron Oxides 


Transparent yellow iron oxide has the a- 
FeO(OH) (goethite) structure; on heating it is 
converted into transparent red iron oxide with 
the a-Fe;O, (hematite) structure. Differential 
thermogravimetric analysis shows a weight 
loss at 275 °C. Orange hues develop after brief 
thermal treatment of yellow iron oxide and 
can also be obtained by blending directly the 
yellow and red iron oxide powders. 


Production. Transparent yellow iron oxide, 
CL Pigment Yellow 42:77492, is obtained by 
the precipitation of iron(II) hydroxide or car- 
bonate with alkali from iron(II) salt solutions 
and subsequent oxidation to FeO(OH). On an 
industrial scale, oxidation is usually carried 
out by introducing atmospheric oxygen into 
the reaction vessel. Important factors for good 
transparency are high dilution during precipi- 
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tation, a temperature of « 25 °C during oxida- 
tion, and short oxidation times (< 5h). 
Oxidation can be carried out under acidic or 
basic conditions [481, 482]. The best results 
are obtained by using 6% iron(II) sulfate solu- 
tions and precipitation with ca. 8596 sodium 
carbonate as a 1096 solution. The starting ma- 
terial is usually crystalline FeSO,-7H,O, ob- 
tained as a by-product from ilmenite in the 
pickling of iron or in the production of tita- 
nium dioxide according to the sulfate proce- 
dure. In order to improve pigment properties, 
the suspension is matured for about a day be- 
fore filtration. It is then filtered, dried, and 
carefully ground to a powder. The primary 
particles are needle-shaped and have an aver- 
age length of 50-100 nm, a width of 10-20 
nm, and a thickness of 2—5 nm. 

Transparent red iron oxide, СІ. Pigment 
Red 101:77491, is obtained by heating the yel- 
low pigment (e.g., in a cylindrical rotary kiln) 
at 400—500 °C (Figure 5.125). 


Figure 5.125: Electron micrograph of a transparent red 
iron oxide pigment (Sicotrans Red 2815). 

Transparent red tron oxides containing iron 
oxide hydrate can also be produced directly by 
precipitation. A hematite content of > 85% 
can be obtained when iron(II) hydroxide or 
iron(II) carbonate is precipitated from iron(II) 
salt solutions at ca. 30 °C and when oxidation 
is carried out to completion with aeration and 
seeding additives (e.g., chlorides of magne- 
sium, calcium, or aluminum) [483]. Transpar- 
ent iron oxides can also be synthesized by 
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heating finely atomized liquid pentacarbonyl 
iron in the presence of excess air at 580— 
800 *C [484, 485]. The products have a рп- 
mary particle size of ca. 10 nm, аге X-ray 
amorphous, and have an isometric particle 
form. Hues ranging from red to orange can be 
obtained with this procedure, however, it is 
not suitable for yellow hues. 


Transparent brown iron oxides are pro- 
duced by precipitating iron(II) salt solutions 
with dilute alkali (sodium hydroxide or so- 
dium carbonate) and oxidizing with air. Only 
two-thirds of the precipitated iron hydroxide, 
oxide hydrate, or carbonate is oxidized. Alter- 
natively, the iron oxides can be produced by 
complete oxidation of the precipitate iron 
compounds and subsequent addition of half 
the amount of the initial iron salt solution and 
precipitation as hydroxide [486, 487]. How- 
ever, these products have the composition 
FeO-Fe;,O, and are ferromagnetic; they are 
not of practical importance. 


Properties and Uses. As far as resistance to 
light, weather; and chemicals is concerned, 
transparent iron oxides behave in a similar 
manner to the opaque iron oxides. In addition, 
they show a high UV absorption, which is ex- 
ploited in applications such as the coloring of 
plastic bottles and films used in the packaging 
of UV-sensitive foods [488, 489]. 


Worldwide consumption of transparent iron 
oxides is 2000 t/a. They are mainly used in the 
production of metallic paint in combination 
with flaky aluminum pigments and in the col- 
oring of plastics for bottles and fibers. 


Toxicology. Special toxicological studies on 
transparent iron oxides have not yet been car- 
ried out. The results of opaque iron oxides are 
applicable. 


Trade names and producers include Capelle 
(Gebroeders Cappelle N.V., Belgium), Fas- 
tona Transparent Iron Oxide (Blythe Colours 
Ltd., UK), Sicotrans (BASF and BASF Lacke 
* Farben, Germany), and Trans Oxide (Hilton 
Davis, USA). E 
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5.21.7 Transparent Iron Blue 


Iron blue, C. Pigment Blue 27:77520 
(Milori blue), also occurs in finely dispersed 
forms (primary particle size « 20 nm, specific 
surface area 100 m?/g) that аге more transpar- 
ent than the conventional iron blue pigments. 
They are generally produced by the same pro- 
cedure as the less transparent iron blue pig- 
ments but a higher dilution factor is used. The 
transparency of these pigments is exploited 
solely in the production of printing inks (illus- 
tration gravure). 

Trade names include Manox Iron Blue 
(Manox, UK), and Vossen-Blue 2000 (De- 
gussa, Germany). Transparent iron blue pig- 
ments are also produced by Dainichiseika 
(Japan). ' 


5.22 Coal and Coal Pyrolysis 


5.22.1 Coal Petrology 


Coal Characterization. Coal is an extremely . 
heterogeneous, complex material that is diffi- 
cult to characterize. Coal is a rock formed by 
geological processes and is composed of a 
number of distinct organic entities (macerals) 
and lesser amounts of inorganic substances 
(minerals). Each of the coal macerals and min- 
erals has a unique set of physical and chemical 
properties; these in turn control the overall be- 
havior of coal. Although much is known about 
the properties of minerals in coal, for example, 
the crystal chemistry, crystallography, and 
magnetic and electrical properties, surpris- 
ingly little is known about the properties of in- 
dividual coal macerals. Even though coal is 
composed of macerals and minerals, it is not a 
uniform mixture of these substances. The 
macerals and minerals occur in distinct associ- 
ations called lithotypes, and each lithotype has 
a set of physical and chemical properties that 
also affect coal behavior | 
Coal seams, the basic units in which coal 
occurs, are in tum composed of layers of coal 
lithotypes, and individual coal seams may also 
have their own sets of physical and chemical 
properties. For example, even if two coal 





192 . 


seams have the same maceral and mineral 
composition, the seams may have signifi- 
cantly different properties if the maceral asso- 
ciations in lithotypes in the two seams are 
different. The enclosing rocks immediately 
adjacent to a coal seam can also affect the 
properties of the coal. This aspect is particu- 
larly important in mine design, production, 
and strata control. The compositional charac- 
terization of a coal seam must cover the nature 
of the macerals, the lithotypes, the entire 
seam, and the association of the seam with the 
neighboring strata. 


In addition to compositional factors, coal 
properties also change with the rank or the de- 
gree of coalification of a given sample of coal. 
Coal is part of a metamorphic series ranging 
from peat, through lignite and subbituminous 
and bituminous coal, to anthracite. Tempera- 
ture, pressure, and time alter the original pre- 
cursors of coal through this metamorphic 
series. As the rank of the coal changes, the 
properties of the coal macerals change pro- 
gressively and, therefore, so also do the prop- 
erties of lithotypes and the entire seam. 


Because of these factors, coal characteriza- 
tion requires a detailed knowledge of both the 
maceral composition and the rank of the coal. 
All coal properties are ultimately a function of 
these two factors. 


The Maceral Concept. The term maceral was 
introduced by SrorEs to distinguish the or- 
ganic components of coal (macerals) from the 
inorganic components (minerals) [490]. The 
term is now interpreted in two conflicting 
ways. The interpretation of the International 
Committee for Coal Petrology (ICCP) is that a 
maceral is the smallest microscopically recog- 
nizable component of coal [491]. This concep- 
tion, generally held by most European coal 
petrographers, is based on morphology and 
other criteria such as size, shape, botanical af- 
finity, and occurrence. The ICCP concept im- 
plies that the properties of the macerals 
change with rank. Thus, the same maceral, vit- 
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rinite, can exist in a bituminous coal as well as 
in an anthracite. 


In contrast, the maceral concept of Spack- 


MAN (commonly held in North America) is^ 


based on the idea that macerals are substances 
with distinctive sets of properties [492]. Thus, 
vitrinite in a bituminous coal is viewed as a 
different maceral than vitrinite in an anthracite 
because the two materials have different prop- 
erties. 


The basis of the petrographic study of coal 
composition is the idea that coal is composed 
of a number of distinct macerals. The entire 
body of coal petrographic literature supports 
this idea and is in direct contrast to the earlier 
chemical concept of coal being composed of a 
single unique molecular substance. Although 
the concept and the term “coal molecule" may 
once have been useful, modern chemical stud- 
ies of coal recognize coal's heterogeneous 
maceral composition. 


Maceral Types and Properties. A large num- 
ber of different macerals have been named and 
classified in various systems. The ICCP sys- 
tem is given in part in Table 5.51. Although 
this system is useful for some purposes, it is 


impractical for routine maceral analysis be- . 


cause of the large number of terms. For such 
routine analysis, classification systems with a 
limited number of terms are needed. In the 
standard method for maceral analysis D 2799 
of the American Society for Testing and Mate- 
rials (ASTM), only six terms are required, al- 
though some additional terms are defined in 
ASTM Standard D 2796 (see Table 5.52). 


Although there is no standard method for 
the analysis of fluorescent macerals, some ad- 
ditional terms, listed in Table 5.52, are used 
for this type of analysis. 


As shown in Table 5.52, coal macerals fall 
into three. distinct groups: vitrinite, liptinite, 
and inertinite. Vitrinite macerals are generally 
the most abundant, commonly making up 50— 
90% of North American coals. This group is 
not as abundant in coals that originate in the 
southern hemisphere. 
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Table 5.51: Survey of the macerals of hard coal, according to the ICCP system. 








Maceral group Maceral Maceral type” Maceral variety* Kryptomaceral* 
Vitrinite telinite cordaitotelinite 
fungotelinite 
xylotelinite kryptotelinite 
collinite telocollinite ` kryptocorpocollinite 
gelocollinite 
desmocollinite 
corpocollinite 
vitrodetrinite 
Exinite sporinite А tenuisporinite P 
crassisporinite | 
microsporinite kryptoexosporinite 
= macrosporinite kryptointosporinite 
cutinite 
resinite 
alginite UN 
liptodetrinite 
Inertinite micrinite 
macrinite . 
semifusinite 
fusinite pyrofusinite 
degradofusinite 
sclerotinite plectenchyminite 
corposclerotinite 
pseudocorposclerotinite 
inertodetrinite 





Incomplete, can be arbitrarily extended. 


Table 5.52: Classification of macerals, according to the 


ASTM system, for routine analysis. e 
Maceral Maceral Additional Terms used in 
group ASTMD ASTMD fluorescence 
2799 2796 analyses 
Vitrinite vitrinite pseudo- fluorescing vit- 
vitrinite rinite 
Liptinite exinite sporinite fluorinite 
resinite cutinite bituminite 
alginite exudatinite 
Inertinite micrinite macrinite 
semifusinite sclerotinite 
fusinite 


Most vitrinite macerals are derived from 
the cell wall material (woody tissue) of plants. 
Although the details of the vitrinization pro- 
cess are not well understood, it is generally be- 
lieved that during the coalification process the 
plant cell wall material is chemically altered 
and broken down into colloidal particles that 
are later deposited and desiccated. This pro- 
cess commonly homogenizes the components 
so that the resulting macerals are structureless. 
The variation in vitrinite macerals is usually 
thought to be due to differences in the original 
plant material or to different conditions of al- 


teration at the peat stage or during later coalifi- 
cation. 

Under the microscope, vitrinite macerals 
have a reflectance (brightness) between that of 
the liptinite and inertinite macerals. Because ` 
the reflectance of the vitrinite macerals shows 
amore or less uniform increase with coal rank, 
reflectance measurements for the determina- 
tion of rank are always taken exclusively on 
vitrinite macerals. The reflectance of vitrinite 
macerals is also anisotropic, so that in most 
orientations a particle of vitrinite will display 
two maxima and two minima with complete 
rotation. Two types of vitrinite are usually dis- 
tinguished in North American coals. Normal 
vitrinite is almost always the most abundant 
maceral present and makes up the groundmass 
in which the various liptinite and inertinite 
macerals are dispersed. It has a uniform gray 
color and is always anisotropic. With UV ex- 
citation, some normal vitrinites will fluoresce. 
Pseudovitrinite always has a slightly higher 
reflectance than normal vitrinite in the same 
coal. It also tends to occur in large particles 
that are usually free of other macerals and py- 
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rite. Pseudovitrinite particles commonly show 
brecciated corners, serrated edges, wedge- 
shaped fractures, and  slitted structures. 
Pseudovitrinite does not fluoresce under UV 
light. 

In international practice, the terms desmo- 
collinite, heterocollinite, and vitrinite B are 
used to describe normal vitrinite, and telocol- 
linite, homocollinite, and vitrinite A are used 
for pseudovitrinite. 

Liptinite macerals are derived from the 
waxy and resinous parts of plants, i.e., the 
spores, cuticles, and resins. This group gener- 
ally makes up 5-15% of most North American 
coals, although it dominates some unusual 
types of coal such as cannel and boghead. In 
any given coal, liptinite macerals have the 
lowest reflectance. Liptinite macerals arc the 
most resistant to alteration or metamorphism 
in the early stages of coalification; thus, the re- 
flectance changes are slight up to the rank of 
medium-volatile coal. In this range the reflec- 
tance of liptinite macerals increases rapidly 
until it matches or exceeds the reflectance of 
vitrinite macerals in the same coal and, thus, 
essentially disappears. Sporinite is the most 
common of the liptinite macerals and is de- 
rived from the waxy coating of fossil spores 
and pollen. It generally has the form of a flat- 
tened spheroid with upper and lower hemi- 
spheres compressed until they fuse. The outer 
surfaces of the sporinite macerals often show 
various kinds of ornamentation. In Paleozoic 
coals, two sizes of spores are common. The 
smaller ones, usually < 100 um in diameter, 
are called microspores, and the larger ones, 
ranging up to several millimeters in diameter, 
are called megaspores. Cutinite, found as a 
minor component in most coals, is derived 
from the waxy outer coating of leaves, roots, 
and stems. It occurs as long stringers, which 
often have one fairly flat surface and another 
that is crenulated. Cutinite usually has a re- 
flectance equal to that of sporinite. Occasion- 

ally the stringers of cutinite are distorted. 
Resinite is also common in most coals and 
usually occurs as ovoid bodies with a reflec- 
tance slightly greater than that of sporinite and 
cutinite but still less than that of vitrinite. 
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Some of the larger pieces of resinite may ap- 
pear to be translucent with an orange color. In 
some coals, particularly in those from the 


western United States, a number of different — 


forms of resinite may be distinguished by us- 
ing fluorescent microscopy. Alginite is de- 
rived from fossil algz colonies. It is rare in 
most coals and is often difficult to distinguish 
from mineral matter. However, in UV light it 
fluoresces with a brilliant yellow color and 
can display a distinctive flower-like appear- 
ance. 


Newly Defined Fluorescent Macerals. With 
the use of fluorescence microscopy, ТЕїСН- 
MULLER defined three new macerals: fluorinite, 
bituminite, and exudatinite [493]. Although 
these macerals have some characteristic fea- 
tures in normal white-light microscopy, they 
can be properly identified only by their fluo- 
rescence properties. 

Fluorinite usually occurs as very dark 
lenses that may show internal reflections. Flu- 
orinite is also commonly associated with cu- 
tinite. Fluorinite fluoresces with a very intense 
yellow color. 

Bituminite is difficult to detect in white 
light and is often mistaken for mineral matter. 


It is common in vitrinite-poor detrital coals. It ` 


occurs as stringers and shreads and fluoresces 
weakly with an orange to brown color. This 
material is similar to what organic petrologists 
call amorphous organic matter (AOM). 

Exudatinite is a secondary maceral which 
appears as an oil-like void filling. It has no 
shape of its own, and can usually only be de- 
tected by its weak orange to brown fluores- 
cence in UV light. 

The inertinite maceral groups are derived 
from plant material, usually woody tissue, that 
has been strongly altered by charring in a for- 
est fire or by biochemical processes such as 
composting either before or shortly after depo- 
sition. These macerals can make up 540% of 
most North American coals, with the higher 
amounts occurring in Appalachian coals. In 
southern hemisphere coals, this group com- 
monly is more abundant than vitrinite. The in- 
erünite macerals have the highest magnitude 
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and greatest range of reflectance of all the 
macerals. They are distinguished by their rela- 
tive reflectances and by the presence of cell 
texture. | 

Fusinite is seen in most coals and has a 
charcoal-like structure. It is always the highest 
reflecting maceral present and is distinguished 
by a cell texture that is commonly broken into 
small shards and fragments. 


Semifusinite has the cell texture and gen- 
eral features of fusinite except that it is of 
lower reflectance. In fact, semifusinite has the 
largest range of reflectance of any of the vari- 
ous coal macerals. Semifusinite is also the 
most abundant of the inertinite macerals in 
most coals. 


Macrinite is a very minor component of 
most coals and usually occurs as structureless 
ovoid bodies with the same reflectance as 
fusinite. 

Micrinite occurs as very fine granular parti- 
cles of high reflectance. [t is commonly asso- 
ciated with the liptinite macerals and 
sometimes gives the appearance of actually re- 
placing the liptinite. r 


5.22.2 Coalification 


A unique and often troublesome feature of 
coal that distinguishes it from other fuels and 
bulk commodities is its property of rank. All 
coal starts out as peat, which is then changed 
into progressively higher ranks of coal. This 
transformation is generally divided into two 
phases. The first, which occurs in the peat 
stage, is called diagenesis or biochemical 
coalification. In this phase most of the plant 
material making up the peat is biochemically 
broken down. Specifically, most of the cellu- 
lose in the plant material is digested away by 
bacteria, and the lignin in the plant material is 
transformed into humic acids and humic com- 
pounds, humins. Some plant material is also 
thermally altered by partial combustion or bio- 
chemical charring. Still other plant material, 
such as spores and pollen, survive the diagene- 
sis stage without much change. After diagene- 
sis is complete and the altered peat is buried, 
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geological forces begin to act in the geological 
or metamorphic phase of coalification. 


Because of the common occurrence of 
high-rank coals in geologically deformed ar- 
eas, for example, anthracite in the eastern Ap- 
palachian Mountains and  low-volatile 
bituminous coal in the folded and faulted Ca- 
nadian Rocky Mountains, it was assumed that 


- tectonic pressure was responsible for the high 


rank of most coals. However, this position has 
now lost most of its support because recent 
studies in the folded coal seams of the Ruhr 
Basin show that isorank lines (isovols) follow 
the folds in the seams [495]. This shows that 
the coal achieved its rank before the structural 
deformation and was not altered during or af- 
ter such deformation. Similar studies of strati- 
graphic relationships in the Canadian Rocky 
Mountains showed that the higher rank coals 
correlated with increasing depth of burial and 
not tectonism [496]. Laboratory experiments 
using increased confining pressure have not 
led to increased coalification [497]. 


The majority of the geological evidence 
suggests that temperature is the major factor in 
coalification and that the temperature range in 
which most coalification takes place is 50— 
150 *C. The depth at which these temperatures 
occur is a function of the natural geothermal 
gradient (d7/dZ), which ranges from . 
0.8 °С/100 m to 4°C/100 m. Therefore, at 
these two geothermal gradient extremes, the 
depth at which 150 °C would be reached, if a 
surface temperature of 20°C is assumed, is 
16.25 km (53 300 feet, 10.1 miles) for the low- 
est gradient and 3.25 km (10 700 feet, 2.02 
miles) for the highest. The major lines of evi- 
dence for the importance of temperature in 
coalification are as follows: 


e Àn increase in coal rank and temperature 
with depth is confirmed by thousands of 
bore holes. 


e Lines of equal rank contour igneous intru- 
sions and show an increase in rank in the di- 
rection of the intrusion. In some cases, 
natural coke is found at the contact of a coal 

. Seam with an intrusion. 
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e Laboratory experiments show that wood can 
be coalified by heating in an inert atmo- 
sphere. Increasing the pressure alone has no 
effect on the coalification of wood. 


e When thermodynamic factors are consid- 
ered, it is clear that temperature should have 
more of an effect than pressure While ап in- 
crease in temperature will encourage most 
coalification reactions by increasing the 

. available energy, an increase in pressure 
may often inhibit such reactions by raising 
the energy requirements for such reactions 
to take place. 


It was long thought that time was not a fac- 


tor in coalification, and the example of the : 


Russian paper coals of lignite rank and Car- 
boniferous age was often cited as evidence. 
However, it is now believed that if the peat has 
been buried deeply enough to effect coalifica- 
tion, then time does have a "soaking effect". 
For example, in Venezuela there is a subbitu- 
minous coal of Eocene age that has been bur- 
ied at a depth of 1120-1220 m at 125 ?C for 
(10-20) х 108 years. In Germany there is a 
coal that has been at the same depth and tem- 
perature for 300 x 10° years and is of anthra- 
cite rank [495]. Numerous other examples 
have been found and a number of correlation 
charts relating depths of burial, temperature, 
rank, and time are based on this type of data. 


Changes in the coal rank correspond to 
changes in most of the properties of the coal. 
For example, as rank increases, moisture, vol- 
atile matter, and ultimate oxygen and hydro- 
gen decrease, whereas fixed and ultimate 
carbon, calorific value, and reflectance in- 
crease. All of these measurements and even 
some combinations of these have been used as 
measures of coal rank. However, with the ex- 
ception of reflectance, they all suffer from two 
major drawbacks. First, none actually change 
uniformly across the rank range of coal. Sec- 
ond, they are all bulk properties of coal and, 
thus, can be significantly affected by changes 
in maceral composition having nothing to do 
with rank. For example, a coal with a higher- 
than-normal content of liptinite macerals can 
have a higher-than-normal hydrogen content 
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and, therefore, appear to have a lower rank 
than it actually does on the basis of a rank pa- 


. rameter independent of composition such as 
reflectance. The reflectance parameter of coal 


is based on the amount of light reflected from 

the vitrinite macerals in a coal compared to a 

glass standard of known refractive index and 

reflectance. The vitrinite reflectance of coal 

changes uniformly across most of the coal ` 
rank range. However, it is not very sensitive in 

the lowest rank range (lignite to lower subbi- 

tuminous). 


5.22.3 Occurrence 


Coal Seam Occurrence. Although coal parti- 
cles are scattered throughout many rock units, 
most coal occurs in seams, which can range in 
thickness from a few millimeters to over 30 m. 
In North America and, indeed, most of the 
world, anthracite and bituminous coals occur 
in thinner seams of 1-2 m while the lower 
rank coals, lignite and subbituminous, com- 
monly occur in thicker seams of up to 20-30 
m. While many seams, even minable seams, 
are of a limited size area, some seams continu- 
ously underlie large areas. The Pittsburgh coal 
seam extends over 77 700 km? in Pennsylva- 


nia, Ohio, West Virginia, and Maryland, and it . 


is of minable thickness for over 15 540 km”. 
Although there are hundreds of named coal 
seams in the United States, relatively few are 
of the quality, thickness, and size of area to be 
extensively exploited commercially. In the 
Appalachian anthracite region, the Mammoth 
seam is the major source of production. In the 
northern Appalachian field, the major minable 
seams are the Pittsburgh, Lower Kittanning 
(No. 5 Block), Upper Freeport, Campbell 
Creek (No. 2 Gas), Upper Elkhorn (No. 3), 
Fireclay, Pocahontas, and Sewell seams. All 
of these seams are suitable for use in making 
coke. In the southern Appalachians, the 
Sewanee, Mary Lee, and Pratt seams are the 
most important, and the latter two are used ex- 
tensively as coking coals. In the Illinois Basin, 
the Harrisburg Springfield No. 5 and the Her- 
rin No. 6 are of a minable thickness of over 
38 800—51 800 km?. In the Oklahoma, Kan- 
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sas, Missouri, and Arkansas region, the Weir— 
Pittsburg and Lower Hartshorne seams are the 
most important. In the Powder River Basin, 
the Anderson-D-Wyodak seam is continu- 
ously exposed for 193 km and is estimated to 
contain.at least 91 Gt of coal. In Utah the 
Lower Sunnyside and Hiawatha seams have 
produced the most coal. The former is of cok- 
ing quality, and the latter is characterized by a 
high resinite content, which itself has. been ex- 
ploited. In Colorado the Wadge, Raton- 
Walsen, and Wheeler A, B, C, and D are the 
most important coal seams and some produc- 
tion from the Raton-Walsen and Wheeler 
seams has been used for coking. Finally, in 
Washington state the Roslyn (No. 5) is the 
most mined coal seam. Production from these 
seams accounts for ca. 75-80% of the cumula- 
tive past United States coal production [499]. 


Coal Seam Structures. All coal seams have a 
number of structural features, including part- 
ings, splits, rolls, cutouts, cleats, faults. folds, 
and alterations caused by igneous intrusions. 
These features strongly affect the mining and 
economical recovery of the coal. Partings are 
layers of rock, usually shale or sandstone, that 
occur within a coal seam and were caused by 
an influx of sediment into the original coal 
swamp. In commercial seams, the partings 
must, of necessity, be few and thin (a few cen- 
timeters). However, even in such seams the 
partings can be very extensive. For example, 
near the base of the Herrin No. 6 seam, there is 
a parting known as the blue band that is found 
throughout the entire Illinois Basin. When the 
thickness of a layer of rock within a seam in- 
creases to the point where it is no longer prac- 
tical to mine the parting with the coal, the 
seam can be considered to have split. Al- 
though some seams like the Hiawatha in Utah 
split into three or more minable seams, the 
splitting of one seam into multiple seams can 
present serious problems in mining, including 
correlation (i.e., tracing a given seam across a 
zone, e.g., a valley, where it is missing) and 
loss of minable thickness. 


In addition to partings and splits within the 
coal seam, the upper and lower surfaces of a 
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seam often pinch and swell to change the coal 
seam thickness. Such features have been 
called pinches, rolls, horsebacks, and swells, 
and their occurrence at the base of a seam is 
usually attributed to differential compaction. 
Roof rolls are common and the protrusion of 
rock into the coal causes some serious prob- 
lems with mine roof stability. Cutouts or 
stream washouts are the extreme cases where 
the protrusion actually eliminates the coal 
seam. These features are clearly the result of 
nondeposition or erosion by ancient streams 
associated with the coal swamps. 

Another important feature of coal seams, 
especially in bituminous coals, is the presence 
of closely spaced fractures within the coal. 
These fractures, called cleats, are usually per- 
pendicular to the bedding plane of the coal and 
commonly occur in two sets perpendicular to 
each other. This gives the coal a tendency to 
break into blocks. The cleat controls the ease 
with which the coal breaks up, and it has long 
been used in coal mining. The most prominent 
cleat is called the face cleat because the work- 
ing face of a mine is often parallel to it. The 
other cleat is called the butt cleat. Cleats give 
coal high permeability to gas and groundwater 
and also act as sites of mineral deposition. 
Calcite and pyrite are the most common cleat- 
filling minerals, although other minerals in- 
cluding gypsum can occur. 

Faulting and folding of coal seams by geo- 
logical forces can also be important features. 
Seams that are faulted or folded usually can- 
not be mined by surface methods and are more 
expensive to mine than flat seams. When 
faulting is extensive, even thick seams of high 
quality may be too discontinuous to mine. On 
the other hand, folding can double the minable 
thickness of some seams, thereby increasing 
their value, as with the anthracite seams in 


_ eastern Pennsylvania. 


The alteration of coal seams by igneous in- 
trusions is widespread and is a serious prob- 
lem in some coal fields, such as those in the 
Rocky Mountains of the United States. The al- 
teration is thermal and causes an increase in 
carbon content and a decrease in hydrogen, 
moisture, and volatile matter. In the contact 
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zone, the coal may be transformed into natural 
coke. Although such contact zones are usually 
small, extensive amounts of natural coke are 
known and have been commercially exploited 
in some areas such as the Raton Mesa of Colo- 
rado. 


Coal Seam Distribution. Although coal 
seams are found in rocks of all geologic ages 
since the Devonian, the age distribution is not 
even. Major coal deposits of Carboniferous 
age occur in eastern and central North Amer- 
ica, in the British Isles, and on the European 
continent. Major deposits of Permian age oc- 
cur in South Africa, India, South America, and 
Antarctica. In Jurassic times the major coal ac- 
cumulation was in Australia, New Zealand, 
and parts of Russia and China. The last great 
period of coal deposition was at the end of the 
Cretaceous period and the beginning of the 
Tertiary period. Coals originating at this time 
are found in the Rocky Mountains of North 
America, in Japan, Australia, New Zealand, 
and in parts of Europe and Africa. Because 
they are younger, these coals tend to be of 
lower rank, usually subbituminous, than the 
Carboniferous coals. Since the Cretaceous 
some coal has been deposited in scattered lo- 
cations more or less continuously and tends to 
be lignite or brown coal. 


The distribution of coal seams throughout 
the world is also not uniform. As shown in 
Figure 5.126, most of the world’s coal is lo- 
cated in only three countries, the United 
States, the former Soviet Union, and China. 
Although the figures vary from source to 
source, each of these countries has about 25% 
of the total coal resources, while the rest of the 
world shares the remaining 25%. In the 
United States, bituminous coal seams are con- 
centrated in the Appalachian and Illinois Ba- 
sins. Most of the subbituminous coal occurs in 
the various smaller basins in the Rocky Moun- 
tain region, and the lignite seams are concen- 
trated in the northern Great Plains and the Culf 
Coast area. 
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Figure 5.127: Coal provinces of the conterminous United 
States: a) Eastern; b) Gulf; c) Interior; d) Northern Great 
Plains; e) Pacific Coast; f) Rocky Mountains. 


5.22.4 Classification 


Coal is combustible and should be com- 
posed of more than 50% carbonaceous mate- 
rial [S00]. Commercially, coal is classified in a 
number of ways on the basis of: 


e The original plant or maceral composition, 
sometimes called coal type 


e The degree of maturity or metamorphism, 
called coal rank 


e The amount of impurities such as ash or sul- 
fur, called coal grade 


e The industrial properties such as coking or 

agglomeration. ` 

One of the main classifications by compo- 
sition used by the United States Bureau of 
Mines is based on the relative amounts of pet- 
rographic entities detected in thin-section 
analysis, including anthraxylon (translucent 
material roughly equivalent to vitrinite), trans- 
lucent attritus (roughly equivalent to liptinite), 
and opaque attritus and fusain (roughly equiv- 
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alent to inertinite) [501, 502]. Under this sys- 
tem, coals are divided into two groups: 
panded coals, with > 5% anthraxylon, and 
nonbanded coals, with < 5% anthraxylon. 
The banded coals are subdivided into three 
types: bright coal, consisting mainly of anthr- 
axylon and translucent attritus with < 20% 
opaque matter, semisplint coal, consisting 
mainly of translucent and opaque attritus with 
20-30% opaque matter; and splint coal, con- 
sisting mainly of opaque attritus with > 30% 
opaque matter. The nonbanded coals are di- 
vided into cannel coal, consisting of attritus 
with spores, and boghead coal, consisting of 
attritus with alga. 


The various bands or layers in coal evident 
to the unaided eye have also been classified 
into four types [503]. Vitrain layers appear 
bright and vitreous; clarain appears as rela- 
tively less bright, striated layers; durain is dull 
and featureless; fusain layers are dull gray and 
like charcoal. Although these terms (all end- 
ing іп ain) аге megascopic terms meant to be 
applied to hand-specimen samples, they do 
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have some compositional implications at the 
microscopic level. For example, vitrain layers 
contain mainly vitrinite macerals, fusain lay- 
ers contain mainly inertinite macerals, and 
clarain and durain are mixtures of all three 
maceral types. 


The most important classification for com- 
mercial purposes in the United States is the 
ASTM classification by rank. It is the basis on 
which most of the coal in the United States is 
bought and sold. This classification, ASTM 
Standard D 388 shown in Table 5.53, divides 
coals into 4 classes, anthracite, bituminous, 
subbituminous, and lignitic, which are further 
subdivided into 13 groups on the basis of fixed 
carbon and volatile matter content, calorific 
value, and agglomerating character. The fixed 
carbon and volatile matter values are on a dry, 
mineral-matter-free basis and the calorific val- 
ues are on a moist, mineral-matter-free basis. 
In this system, coals with z 69% fixed carbon 
are classified by fixed carbon content and 
those with « 6994 fixed carbon content are 
classified by calorific value. 


Table 5.53: Classification of coal by rank. This classification does not include a few coals, principally nonbanded variet- 
ies, which have unusual physical and chemical properties and which come within the limits of fixed carbon or caloric 
value of the high-volatile bituminous and subbituminous ranks. All of these coals either contain < 48% dry, mineral-mat- 
ter-free fixed carbon or have > 15 500 Btw/Ib moist, mineral-matter-free. 


Fixed carbon Volatile matter Calorific value lim- 
Class Group limits, % (dry limits, % (dry, its, Btu/lb (moist, Agglomerating 
mineral-matter- mineral-matter- mineral-matter-free character 
free basis) free basis) basis)? 
Anthracite metaanthracite 298 — — <2 — — 
anthracite 292 «98 >2 58 — — 0000 меган 
semianthracite" 286 «92 28 <14 — авв ng 
Bituminous low-volatile bituminous coal 278 <86 >14 <22 — — 
medium-volatile bituminous coal 269 <78 >22 531 — — nl 
high-volatile A bituminous coal — «69 >31] — 214000 — omes ag 
high-volatile B bituminous coal ^ —. — -—— — 213000 <14 000° e 
high-volatile C bituminous coal — — о — 211500 « 13 000* 





Subbitumi- subbituminous A coal — — 
nous subbituminous B coal — — 
subbituminous C coal — — 
Lignitic lignite A — — 
lignite B — — 


210500 «11500 agglomerating 
— . — 210500 «1l 500 
— — 29500 «10500 
— = 28300 «9500 пт oi 
a О 
— 56300 <8300 22 "898 
ze - — «6300 


" Moist refers to coal containing its natural inherent moisture but not including visible water on the surface of the coal. 
If agglomerating, classify in low-volatile group of the bituminous class. 
* Coals having 69% or more fixed carbon on the dry, mineral-matter-free basis shall be classified according to fixed carbon, regardless of 


caloric value. 


It is recognized that there may be nonagglomerating varieties in these groups of the bituminous class, and there are notable exceptions in 


high-volatile C bituminous group. 


200 Handbook of Extractive Metallurgy 201 














| 
| 
Thus, all lignitic and subbituminous coals 5.22.5 Chemical Structure of Coal | as teres AE 
and the lower rank bituminous coals are clas- 7 | BT 22110799 09575. 
Th ts of coal i 24 GE ЈА oye ken m [ra mà 
sified by their calorific value. It is also impor- е organe components of coal consist of | as > E "A 
: a complex mixture of macromolecular carbon .. | ES 3 en 
tant to note that not all coals can be fitted into А : ENS | аЛ lat. S| Eis 
thi This i ‘all na compounds .of varied chemical constitution. ! ЕЕ |8525 |ез- о gl Ë E 
is system. This is especially true of coals The heterogeneity of coal is well-known from | Se (BS ЗЕ аам Elei e 
with a high liptinitic maceral content, such as optical studies of thin coal sections. The mi- 25 ЕЕ Е v 8| 8 8 
cannel and boghead types. croscopically distinct and distinguishable dz $ A 
The other important classification system is Шасега! groups of vitrinite, liptinite, and iner- | E E HE Ee KEEN EE 
the international system of the ISO. In this tinite, their proportions, and the association of | $5 E В " 
КЮЕ Я 1 eg л 
system, coals are divided into two types: hard bled isle ee маны ЕУ SE are | E I5 
А 1 sical, chem- 
coals with greater than 23.86 MJ/kg (10260 ` ra o poc Es Sam $8 
BE End mop р ical, and technological properties of a particu- вя ^| |^ [бое 
= + d = 
Bt ) and brown coals and lignites with cal- аг coa] Preformed macerals derived from SS ! 
orific values less than that amount. In the hard - transformation of the original lipidic, woody, | ER oaleazalea ele le E S 
coal classification shown in Table 5.54, the and waxy plant matter under varying oxidiz- ag Pee жез i. qe iggzcggje n 
coals are divided into classes, groups, and sub- ing and reducing conditions and processes are E 3 d'a S 
groups. The classes are similar to ASTM present in peat and soft lignites. Temperature- | 55 SÄI E a RA g 
groups and based on dry, ash-free volatile mat- induced chemical changes of these macerals EK a zaafa 1 
ter and moist, ash-free calorific value. The Фу Eege ee Se the physi- 53 озо ос іа е |. (EI Pa a 2 
classes are numbered as 045.9 Theclassesare- ТО уул, material undergems coal of ee eren se eli ve ү Е 5 Q3e929|-7 
divided into f bered 0 to 3 fication have led to the formation of lignitic, | 2s ^ = p bd е 
ivided into four groups, numbered 0 to 91  subbituminous, bituminous, and anthracitic | ER o (охааа је" | г Е 
the basis of the swelling properties (free- coals, forming the basis of coal classification ` SS RS Е Е. o e ele F 
swelling index, also called crucible swelling by rank [504, 505]. EE 5 i i о jamana? g 
number, and Roga index). These groups are : : НЕ E 2$29998Ssefzs-í3 || = 
> ga шоёх). group The minerals of coal play a considerable | SC E SESS S$S9S9 s/s g P © 
further broken down into six subgroups num- рагі in the industrial use of coals of all ranks. | Be e $8 ` ARSER[" d 
bered 0—5 on the basis of their Audibert-Arnu ` The mineral content, its distribution within the | 1 : апын асана || SE n 
D D . + ++ D m D 
dilatation number and Gray-King coke type. coal and its composition may affect carboniza- 3 S E JA € чочо | 9 
х ` . ` ` š E m n =. 
The system is set up in such a way that all боп, gasification, combustion, and liquefac- B'E, axle], |= c3 n ласа: 
coals are classified with a three-digit number, tion processes by modifying the process of Я E. эма | as 2l. 
in which the first digit is the class, the second coal depolymenzation and influencing hydro- 5 3 S БЫ SÉ SE 
EE EE EE genation and the thermal behavior of the re- ER Sim || ats © 8 
gn EZE: 8 sulting ash under both oxidizing and reducing EES S cq ыш he 
ётоир. conditions ad el In ace 3 B8 
— i M | 8S 31515 | |BESP б) 
The lignites and brown coals are only di Besides microscopically unidentifiable | Sg e заза 8 
vided into classes and groups. The classes, plant ash, coals contain varying amounts of Er el? | FEE 3 5 t 
numbered from 1 to 6, are based on ash-free ` syngenetic and epigenetic minerals, which en- a4 - Ba 15 ES CR 
moisture; the groups, based on dry, ash-free tered the organic coal substance during the 23 Zei 9 1 Je m n B3 els SI 
. z . - a " a 25 c 
tar yield, are numbered from 0 to 4. This clas- — first or second phase of coalification, respec- i Н A 8° ^ g l4 © х 9 |$ m 23 5 A Ee 
sification is shown in Table 5.55. tively. They have either grown together with i НЕ i by 23 E $2 ER EIE BEER eu 
А the organic substance or are i ara- Z EES * | ХЕБ jg JN "oi ga 
Although the ASTM and International Sys- rB bdtane GE | EB SE Ri + ї jẹ SE à Buss ath |^ aueul Ze 
diff : b ble. Generally, medium to high ash coals con- S8 Elia ^ 9 |4 е, Бара | $222 les Tr 
tems are different, there is a reasonable corre- tajn epigenetic minerals. Structure and | ER BEES E 3 E 3 gE s б is F ЧЕ 
spondence between the ASTM group names hardness bear considerable influence on the 1 vk i E Bl usua Н AER S ES 
and the International System class numbers. distribution in the various fractions of the A PIN аа 4 a |-һЬ!Ё| ЁЗ е5 вмре ER 
This is shown in Table 5.5 tied coal from coal | | 233| Gi 2| 8B | eee 2/25 ЕЕ 
sis shown in Table 5.56. cruslied coal from coal preparation plants. Н EER S öl of |8925 alst é 25 





202 Handbook of Extractive Metallurgy | Iron 203 


The mineral structure of coal ash is ex- 
tremely difficult to determine. Low-tempera- 
ture combustion in oxygen plasma produces 


ceived, dry (d), dry ash-free (daf), or dry min- 
eral-matter-free (imm?) basis. "s 
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-free basis; in the ASTM system, they are on mineral-matter-free basis. 








Table 5.56: Comparison of class numbers and boundary lines of the Intemational System with group names and boundary lines ofthe ASTM system. 
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Therefore, it is often necessary to evaluate 
coal properties further by subjecting samples 
to thermal, extractive, and mechanical tests, 
assessing on a small scale the expected behav- 
ior and at the same time providing for study of 
the types and compositions of specific reac- 
tion products. 

Such experiments that yield fragmental de- 
composition compounds can also be em- 
ployed for the structural identification. of 
coals. 

The determinations include, e.g., pyrolytic 
or progressive devolatilization tests, extrac- 
tion or solubility studies, performance of se- 
lected coking tests, reactivity measurements 
on specially prepared cokes, grain stability 
evaluation, and ash slagging behavior. 


Petrographic Studies 


The determination of the petrographic com- 
position of coals by maceral group analysis is 
a valuable tool for assessing structural aspects 
and predicting coal behavior. Usually it also 
incorporates the determination of the degree 
of coalification by measuring the reflectance 
of the vitrinite as the most important and abun- 
dant group of macerals. This method allows a 
ranking or classification of coals by their de- 
gree of coalification and, hence, identifies the 
type of coal. It also reveals specific phenom- 
ena that may have induced structural coal 
changes within the geochemical stage of coal 
formation, such as aging or contact coalifica- 
tion due to inflowing magma. 


5.22.5.2 Structural Deductions 
from Analytical and Bench-Scale 
Data 


The results of coal analyses predict thermal 
decomposition products (proximate analysis, 
carbonization assay, caking and coking tests) 
and the element composition (ultimate analy- 
sis). Furthermore, the moisture level of run-of- 
mine coals is indicative of the capillary struc- 
ture, allowing a first tentative classification of 
a particular coal. The lack of moisture holding 
capacity of highly coalified coals is proof of 
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an increasingly densified structure. The ele- 
ment ratio, particularly that of H/C and its 
change to lower values as coalification 


progresses, points toward the aromatization.- 


of structural groups. Likewise, the dramatic 
decrease in oxygen within the series peat to 
anthracite strongly suggests the loss of func- 
tional end groups. 

The softening properties of bituminous 
coals (caking and coking tests) reveal the mo- 
bility of fragmented decomposition products, 
observed particularly in coals with high hy- 
drogen and, hence, high vitrinite and liptinite 
contents. On the other hand, oxygen-rich 
coals, i.e., low-rank coals with an associated 
appreciable inertinite content or highly aro- 
matic coals with a high degree of cross-link- 
age, yield recondensed solid depolymerization 
products. The tar and gas composition (car- 
bonization assay, devolatilization, caking, and 
coking tests) shows that hydrogen preferen- 
tially enters liquid and gaseous components 
due to rearrangement [506]. 

Stable fragments, obtained from specific 
pyrolysis or hydropyrolysis studies, indicate 
the major types and the volatility of aromatic 
molecules present in a particular coal. Liquid- 
phase treatment produces larger unit frag- 


ments, which can be determined analytically. . 


A petrographic survey permits selective com- 
position analyses and structural identification 
of individual major maceral groups such as 
vitrinite. 


5.22.5.3 Bonding of Elements in 
Coal 


Thermal depolymerization by controlled 
slow or flash pyrolysis of coals, oxidation, hy- 
drogenation, liquefaction of coals, supercnti- 
cal and selective solvent extraction, as well as 
the application of modern physical techniques 
such as X-ray diffraction, IR spectroscopy, nu- 
clear magnetic resonance, or pyrolysis mass 
spectrometry have furnished extensive data on 
the bonding of elements in coals. Major find- 
ings from these investigations are [507]: 

Carbon: The aromaticity increases from 
40-50% C in subbituminous coals to 70-80% 


——————————— gi 








fron 


C in bituminous coals and is over 90% C in 
anthracites. 

Hydrogen: Aromatic bonding to carbon and 
as aliphatic hydrogen in, e.g., methylene (— 
CH; and methyl (СН) groups occurs. 

Oxygen: Major functional groups are hy- 
droxyl (ОН), carboxyl (СООН), carbonyl 
(>C=0), etheric (-O—) and heterocyclic oxy- 

en. 

А Sulfur: Bonding is predominantly as 
thiophenes, also in the thiolic form (R-SH), 
decreasing with higher rank coals; up to ca. 
2596 S is present as aliphatic sulfides (R-S— 
R). Heterocyclic sulfur compounds are also 
known to exist. 

Nitrogen: Very little information on organic 
nitrogen bonding is available. It appears to oc- 
cur in heterocycles. 


5.22.5.4 Structural Evidence of 
Coals 


Much data on the structural aspects of coal 
has been accumulated and published by nu- 
merous authors, with the aid of the chemical 
and physical techniques available to modern 
science [508, 509]. 

The overall picture, however, is still very 
incomplete. The difficulty is that coal is a 
highly heterogeneous mixture and, as such, is 
not a clearly defined macromolecular aro- 
matic compound of uniform molecular mass 
and structure. Thus, evaluated structural pa- 
rameters refer to isolated fragments, compo- 
nents (vitrinite), or constituents. According to 
the current level of understanding, however, 
coal may be described structurally as a three- 
dimensional skeleton of generally four to five 
highly stable condensed aromatic and hy- 
droaromatic units with cross-linkage by 
weaker short-chain aliphatic groups. Reactive 
functional end groups and aliphatic structures 
are attached to the aromatic skeleton. The av- 
erage molecular mass distribution is ca. 500— 
800 for low-rank coals, increasing to ca. 
3000-6000 for bituminous coals, and possibly 
values in excess of 100 000 for anthracites. 

Various overall models for the complex or- 
ganic structure of coals, combining available 
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experimental data on structural fragment anal- 
ysis, have been tentatively proposed. How- 
ever, none as yet fully accounts for all the 
phenomenological characteristics [507]. 


5.22.6 Hard Coal Preparation 


The ROM (run of mine) coal brought to the 
surface contains various types of accompany- 
ing minerals and interstratifications, which 
must be removed to obtain a coal that com- 
plies with market demands for the different 
types and grades. Grain size, ash content, and 
moisture content can be controlled within a 
narrow range by applying mechanical and 
physical cleaning methods. The ROM coal is 
subjected almost exclusively to mechanical 
wet treatments that are more difficult and ex- 
pensive if the feed is intimately intergrown. 


5.22.6.1 Preliminary Treatment 
and Classification of Raw Coal 


The upper grain size of raw coal is defined 
by the dimensions of the coal cleaning equip- 
ment. Before being fed to that equipment, the 
coal is subjected to preliminary screening and 
crushing to a diameter of 120—150 mm; for- 
eign matter is simultaneously removed. 
Coarse dirt is normally reduced in particle size 
along with the coal, and only in exceptional 
cases is it removed by preliminary treatment. 
Such preliminary removal of coarse dirt is 
done exclusively in drum or inclined separa- 
tors. Dual eccentric and resonance screens are 
used for lump coal; each of these machines has 
a throughput of up to 2 kt/h. 


After preliminary screening and removal of 
foreign matter, the coal in the 0-150 (or 0- 
120) mm diameter range is defined as raw feed 
coal. To an increasing extent, this coal is fed to 
a storage and homogenization plant without 
further treatment. Homogenization then pro- 
duces a consistent grain size and uniform con- 
tents of moisture, dirt, and volatile materials. 
The uniform quality of the coal feed makes 
possible a uniform product and optimal utili- 
zation of the washery capacity [510]. ' 


206 


Homogenization of the raw feed coal can 
be carried out in blending silos or on blending 
yards. Figure 5.132 shows the homogeniza- 
tion results of a silo. A critical factor in ho- 
mogenization is the size of the storage 
location for containing one day's output. 


Moisture 
content, 9 


y^ 


Sulfur 
content, 





Ash con- 
tent, V^ 


Homogenized 
(42 separate samples) 


Unhomogenized 


Figure 5.132: Homogenization of raw coal in a blending 
silo. 

In the washery the coal is first classified to 
ensure optima] utilization of the subsequent 


cleaning equipment for coarse coal and · 


smalls. Normally the raw feed coal is screened 
off between 10 and 12 mm and subdivided 
into coarse raw coal and raw smalls. Such 
classification is carried out either on vibrating 
screens or on tensioned screens equipped with 
varying types of bottoms of perforated plate or 
tissue. The throughput for a unit may be as 
high as 1 kt/h [511]. The raw coarse fraction is 
then subjected to wet mechanical cleaning, 
which completely removes adhering smalls 
and ultrafines by spraying. А 

Prior to cleaning of the raw smalls 0—12 (or 
0—10) mm, the ultrafines are removed by a 
complex method. Normally an air separation 
method, e.g., dry classifying, or wet desliming 
on screens is used. Among the air separators, 
cyclone separators with mechanical dust dis- 
charge have proven to be most successful. 
These are designed for throughputs of up to 
700 t/h. Vibrating separators are used in some 
exceptional cases where dust must be removed 
from all of the raw feed 0-150 (or 0—120) mm 
[512]. With some rare exceptions, the separa- 
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tor dust is added unscreened to the saleable 
products; in the future, however, an increasing 
proportion of the dust will need to be cleaned. 


Ee 


5.22.6.2 Wet Treatment 


Cleaning of the raw feed is done by wet 
treatment in jigs and dense-medium separa- 
tors, which separate according to differences 
in density or flotation (surface) properties. 


Cleaning in Jigs 


Almost all of the jigs used in Germany are 
of the air-pulse type or, in exceptional cases, 
of the wash-box type [513, 514]. They usually 
yield three products. Separation is accom- 
plished by density, under the action of a pul- 
sating flow of water. Pulsation may be applied 
either by a simple stroke or a superimposed 
double stroke. 

During recent years, the Batac jig with 
compressed air chamber underneath the bed 
proved to be the most successful machine. 
With such a system, all of the machine width, 
including the chamber width, is available for 
jigging. An electronic valve control or a me- 
chanical rotational valve is used to adjust the 
compressed-air load. Air pulsation coupled to 


the hydraulic inductive discharge controls en- : 


ables the operator to modify the cut point by 
simply actuating a selector. This allows the 
cleaning of two different coal types succes- 
sively in the same jig. The jigs usually accept 
coarse coal 10—150 (or 10-120) mm in diame- 
ter and smalls < 10 mm. 


Cleaning in Dense-Media Separators 


The coarse fraction is also cleaned by dense 
media, particularly in star-wheel extractors or 
inclined separators [515]. 

Whereas previously baryte, clay, ultrafine 
dirt, loess, and pyrite were used as dense me- 
dia, the more recent equipment runs almost 
exclusively on magnetite and ilmenite. Selec- 

.tion of the dense medium depends on the 
method of regeneration (magnetic separation 
or gravity). The regeneration method also de- 
pends on the grain size of the dense medium. 
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A jig can be controlled by using either 
floaters or a layer of a given weight. It can also 
be fully automatic, controlled by gamma-ray 
counters. Dense-media equipment is con- 
trolled by maintaining the densities constant 
via automatic addition of the dense liquid. 
This adjustment can be set so precisely that it 
approximates separation by a true solution. 
While the cut point with dense-media cleaning 
is, in general, more precise than that with jigs, 
the latest achievements in jig cleaning have re- 
sulted in the widely expanded use of jigs 
within Germany because the coal normally is 
highly amenable to jig cleaning and because 
machine expenditure and costs are lower. 


Cleaning by Flotation 


Currently, some 1496 of the raw coal feed 
in Germany is subjected to flotation. The di- 
verging degrees of wettability of different 
mineral components allow cleaning of very 
fine particles by means of air bubbles. The 
bubbles are created by dispersion of the air 
feed in the dense medium; they remove the 
coal particles that have been rendered hydro- 
phobic by flotation agents [516]. Flotation is 
applied to slurries if they contain an excessive 
percentage of mineral components so that 
their inclusion in the high-grade product is 
economically impossible. 


Flotation plants consist of five to seven sep- 
arate cells or flotation troughs with the corre- 
sponding number of stirrers. Each cell is 
between 5 and 14 m? and has a throughput up 
to 100 t/h particulate matter corresponding to 
1000 m*/h of pulp. Flotation is done either in 
one or two steps. The current flotation agent is 
of the collecting and foaming type. A ton of 
particulate matter requires 0.3—0.8 kg of flota- 
tion agent for the process. 


Other Cleaning Methods 


Cleaning on tables and in dense-media cy- 
clones has been used in certain cases to reduce 
the sulfur content of the product and to obtain 
a coal extremely low in ash. 
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5.22.6.3 Dewatering 


Moisture must be removed after wet clean- 
ing [516—519]. There are static and dynamic 
methods. Among the dynamic methods are 
screen dewatering of nut-size coal and prelim- 
inary dewatering of small products on station- 
ary screening tables or in refuse elevators. The 
static methods are being replaced by dynamic 
ones (centrifuge, vacuum, and pressurized de- 
watering) because of the demand for low final 
moisture content. The concurrent higher ul- 
trafine and moisture contents in the raw coal 
have necessitated additional process steps. 

Smalls are normally dewatered on vibrating 
screen centrifuges. Several improvements in 
their design particularly the conversion from 
vertical to horizontal arrangements have al- 
lowed high throughputs and easy repair and 
maintenance. Centrifuges with drum diame- 
ters of 1.3 m and rated capacities of 250 t/h 
(water-free) are the best. The smalls are dewa- 
tered down to 5 or 796 at centrifugal forces of 
80-100 g, depending on grain size distribu- 
tion. 











Liquid Particle 
discharge 


Figure 5.133: Two-step pusher screen: a) Enclosure; b) 
External screen drum; c) Internal screen drum; d) Slot 
screens; e) Feed pipe; f) Vortex; g) Pusher rings. 

Coarse slurries are dewatered in pusher 
screens where the centrifuge forces (400—500 
g) are higher than in vibrating screen centri- 
fuges and where residences are considerably 
longer. Figure 5.133 shows a pusher screen. A 
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first (comparatively short) step provides pre- 
liminary dewatering and an even distribution 
of particles on the drum periphery. This is fol- 
lowed by the secondary dewatering step. Re- 
cent pusher screen designs have drum 
diameters up to 1.2 m with a rated throughput 
of coarse slurrying of more than 40 t/h. The 
coarse slurry is dewatered to 9—1596, depend- 
ing on grain size distribution. 

Drum filters with surface areas up to 120 
m? and disk filters of up to 500 m? are avail- 
able for ultrafine dewatering. With this equip- 
ment, specific feed rates of 100-800 kgm ^h^ 
(wf) and moisture contents of 18-28% are at- 
tainable. 


The flotation concentrate is also dewatered 
by means of a solid-bowl screen centrifuge 
where a solid-bowl section is followed by a 
cylindrical screen section, which dewaters the 
pre-thickened feed under favorable condi- 


tions independent of the particle concentration , 


in the feed medium. Such a solid-bowl centri- 
fuge is depicted in Figure 5.134. Flotation tail- 
ings are dewatered either by chamber filter 
presses or by solid-bowl centrifuges. More re- 
cently, screen belt presses have also been 
used. The selection of these alternatives de- 
pends on the desired moisture content of the 
waste. 


a b [d d 
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Figure 5.134: Solid-bowl centrifuge: a) Solid bowl; b) 
Conveyor screw; c) Screen bowl; d) Enclosure. 
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5.22.6.4 Decantation and 
Thickening of the Process Water 


Wet-type coal preparation plants involve a ` 
number of particle-water circuits where up to 
6000 m3/h medium are circulated. If the water 
is to be reused for further cleaning steps, the 
particulate matter must be removed from it as 
far as possible. Decantation units, which usu- 
ally consist of circular thickeners with diame- 
ters up to 40 m, are used. Rectangular 
thickeners are used less often. Water circula- 
tion varies, depending on the mechanical 
equipment, and can be as high as 6 m? per ton 
of raw feed coal. Water consumption oscillates 
near 0.2 m?/t feed for a closed circuit. It can 
rise to as high as 1 m?/t feed if, e.g., salt con- 
tent is excessive or if the flotation waste must 
be discharged to an external disposal site. 

The decantation units are meant to bring 
about simultaneously a desirable degree of 
thickening for subsequent dewatering or 
cleaning procedures. Thickener outputs fluc- 
tuate between final concentrations of 120 g/L 
for flotation feed and 650 g/L for pusher 
screen dewatering. About 0.5 g of organic sed- 
imentation accelerators are added per cubic 
meter to promote sedimentation for wash-wa- 
ter decantation. 


5.22.6.5 Dosing and Blending 


The products from coal preparation (nuts, 
dewatered smalls, air separation dust, flotation 
concentrate, ‘and middlings, i.e., product that 
has a high content of intergrown material) are 
stored separately in bunkers. The demand for 
nut-size particles has been declining, and they 
are reduced to < 10 mm diameter by impact or 
hammer mills. They then serve as a constitu- 
ent of high-grade coals. The cleaned products 
are withdrawn from the bunkers and blended 
according to a set program. During this opera- 
tion, the ash contents can be monitored or ad- 
justed by automatic rapid-measuring 
instruments. The addition of those compo- 
nents that are highest in ash (air separation 
dust) is adjusted, depending on the measure- 
ments, so that the final product is brought to 
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the desired ash content. Instruments for rapid 
and continuous measurement of moisture con- 
tent will soon be introduced. Other mechani- 
cal equipment used for dose-feeding and 
blending includes filling-level indicators, 
dose-feeding devices, and belt weighers. 


5.22.6.6 Removal of Pyritic Sulfur 


Sulfur may be present in hard coal as ele- 
mentary sulfur, sulfate, organic sulfur, or sul- 
fide (pyrite). 


Pyritic sulfur is removed by modern clean- 
ing procedures [520, 521]. The raw coal is 
screened off at ca. 40 mm. The dirt of the > 40 
mm product is removed їп a jig. The jig float- 
ings are reduced to « 40 mm, fed along with 
the « 40 mm product from sizing to a blending 
yard, and homogenized. The product is then 
cleaned in another jig; the coal and inter- 
growth of this step are reduced to a diameter 
of « 10 mm and fed to dense-media cyclones 
to yield, at low separation density, a raw coal 
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Figure 5.135: Coal conversion processes and end uses. 
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low in sulfur. The intergrowth from the cy- 
clone is reduced to a diameter « 3 mm and 
then classified in cyclones at 0.063 mm and 
subjected to secondary cleaning on tables. The 
« 0.063 mm product is then subjected to flota- 
tion. Dewatering of the intermediate products 
is done in vibrating screen centrifuges, pusher 
screens, and solid-bowl screen centrifuges. 


5.22.6.7 Thermal Drying 


Thermal drying is restricted to a few special 
cases in the treatment of coking and power sta- 
tion coals because the procedure involves high 
costs. The continuing increase of the ultrafine 
proportion, which is difficult to dewater, and 
the increasingly stringent quality demands ne- 
cessitate more advanced dissociation and 
cleaning of ultrafines, as well as novel tech- 
niques of coal extraction, haulage, and treat- 
ment. These factors have led to increasing 
reliance on thermal drying in the aforemen- 
tioned sectors [521]. 
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Drum-type dryers are usually superior to 
the gas suspension dryers in terms of energy 
balance. The current quality requirements for 
coals for coking and power stations require 
that only part of the coal volumes be dried to 
stay within the moisture tolerances required 
for the final smalls product. Less drying also 
reduces problems of dust. 


5.22.7 Coal Conversion (Uses) 


Coal conversion processes may be divided 
into three groups. Mechanical conversion pro- 
cesses include coal preparation and briquet- 
ting. Processes for transforming coal into 
secondary fuels include coking, gasification, 
liquefaction, and combustion. Processes for 
the conversion of coal for purposes other than 
the generation of energy include the recovery 
of by-products during coking, the production 
of active carbon, and the preparation of coal- 
based materials. 

In Figure 5.135 the individual conversion 
processes are shown by ellipses, and the inter- 
mediates and end products are depicted by 
rectangles. Because there are so many varia- 
tions of the processes, only the most important 
routes are depicted. The dark lines show pro- 
cesses and common applications. The thinner 
lines represent less common routes, and the 
broken lines show those that are still under de- 
velopment or have not yet found commercial 
application. 


5.2271 Preparation 


Coal preparation is part of the colliery oper- 
ation and is intended to turn the raw coal into 
more saleable products with defined charac- 
teristics. The choice of preparation process de- 
pends on the raw material and its 
technological properties, the market require- 
ments for quantity, type, and quality, and eco- 
nomic and environmental considerations. 

Coal preparation is used to differing extents 
in different countries. In Germany, all of the 
coal obtained by underground mining is sub- 
jected to preparation, whereas ca. 85-90% of 
the lignite, which is obtained exclusively by 
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open-cast mining, is used for power genera- 
tion without preparation. The lignites and sub- 
bituminous coals in the United States and 


Australia are also used without preparation. ` 


These two countries only submit coal to full” 
preparation if it is to be used for coking. Prob- 
ably about half of the coal used throughout the 
world undergoes preparation. 


The water, ash, and Sulfur contents, the 
size, and the volatile constituents are all im- 
portant properties of coal that can be affected 
by preparation. Reduction of the sulfur con- 
tent is especially significant because there is a 
worldwide concern about pollution. 


Comminution, screening, grading (the true 
focal point of the preparation process), dewa- 
tering, settling, thickening, storage, propor- 
tioning, and mixing to blend the finished 
products are all important preparation pro- 
cesses. 


The production and stabilization of suspen- 
sions of coal in water and coal in oil, which 
can be used to replace fuel oil in power sta- 
tions and industrial boilers, are not considered 
Чо lie within the normal scope of preparation. 
The application of suspensions of coal in wa- 
ter to the transport of coal in pipelines is being 


examined as an alternative to other types of 


transport [523—525]. 


5.22.7.2 Briquetting 


Lignites or low-volatile coals of a particle 
diameter « 6 mm that are not suitable for cok- 
ing and are not used in power stations can be 
bumed in grate stokers only if they are con- 
verted to lump form. This can be carried out 
commercially by briquetting. Binding agents 
are used for low-volatile coals, but these are 
not required for lignites. Less common meth- 
ods of compacting include hot briquetting, in 
which a coking coal is used as the binding 
agent, and pelletizing. With some exceptions, 
such as in the former German Democratic Re- 
public, briquetting is of only minor signifi- 
cance in the sales of coal to private and 
industrial users. Since the mid-1950s, oil and 
natural gas have effectively replaced coal as a 
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means of heating in other countries because of 
their cost and convenience. 


5.227.3 Carbonization and 
Coking 


Low-temperature carbonization and cok- 
ing involve heating of coal with the exclusion 
of air. This process removes the condensable 
hydrocarbons (pitch, tar, and oil), gas, and gas 
liquor, leaving a solid residue of coke. Low- 
temperature carbonization (up to 800 °C) and 
coking (> 900 °C) are differentiated by the fi- 
nal temperature. The two processes also differ 
sharply in the rate of heating of the coal and in 
the residence time in the reactor. These param- 
eters have a direct effect on the product yields. 
Low-temperature carbonization produces fine 
coke and fairly large quantities of liquid and 
gaseous products, whereas high-temperature 
coking is used primarily for the production of 


a high-temperature lump coke. After the oil- 


crisis of 1973, attempts were made to submit 
the coal used in power stations to preliminary 
low-temperature carbonization. The coal by- 
products were then to be refined while the 
coke was used for firing. However, the process 
could not be made profitable. — 


Currently, high-temperature coking of coal 
is carried out entirely in batch-operated coke 
ovens, of which the majority are of the hori- 
zontal chamber type. The feedstock is a cok- 
ing coal of given size composition. The coking 
properties depend chiefly on softening and re- 
solidification temperatures and on swelling 
behavior. Coking takes place at a temperature 
of 1000-1400 °C. The coking time of 15-30 h 
depends on the operating conditions and type 
of oven. The main product is metallurgical 
coke required for the production of pig iron. It 
is characterized by its suitable size and high 
resistance to abrasion even under blast furnace 
conditions. Coke oven gas and liquid by-prod- 
ucts are also produced. In Western Europe, 
these have considerable influence on the econ- 
omy of coking and, therefore, are reprocessed. 
However, in many coke oven plants in the 
United States, the by-products are burned. 
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Considerable technical improvements in 
coke production have occurred in recent years. 
These have led to greater cost effectiveness. 
"They include mechanization and automation 
of oven operation, reduction of coking time 
and increase of specific throughput by the use 
of thinner bricks of higher thermal conductiv- 
ity, and increased oven sizes. 

Coking in horizontal chamber ovens is be- 
coming increasingly difficult for the long term 
due to the deteriorating quality of coal feed- 
stocks. Therefore, coking technology must be 
assisted with additives and auxiliary technol- 
ogy. Potential additives include petroleum 
coke, bitumen, and oil. Among the auxiliary 
technologies to be considered are the ramming 
operation, such as is used in Germany and 
some East European countries, and the various 
modifications of coal preheating, which are 
used in Western Europe, the United States, and 
Japan. 

Dry cooling of coke has recently found in- 
creased use in Western Europe to recover 
stored heat. For climatic reasons this tech- 
nique has been used for a considerable time in 
the former Soviet Union. Dry cooling of coke 
leads to considerable savings in energy and 
pollution, especially when used in combina- 
tion with preheating. "7 

At the start of the 1960s, many countries 
considered developing a continuous produc- 
tion process for formed coke in expectation of 
a further worldwide increase in demand for 
coke for steel production. Numerous process 
developments, such as briquette coking or hot 
briquetting of a mixture of char and caking 
coal, have been demonstrated on an industrial 
scale. Even so, these processes have not been 
able to gain acceptance. This is partly because 
unexpected improvements in chamber coking 
have been realized and partly because the steel 
industry has been having difficulty for more 
than a decade, and thus, the anticipated short- 
age of coking coal has not yet occurred. 


5.2.7.4 Pyrolysis 


Pyrolysis includes carbonization and cok- 
ing. It is also the starting reaction in gasifica- 
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tion, combustion, and direct liquefaction 
processes. As the modem coal conversion pro- 
cesses have come to involve higher pressures, 
e.g., to increase the reaction rates and reduce 
the vessel dimensions, pyrolysis under pres- 
sure and in different gas atmospheres has been 
systematically studied. 

Laboratory-scale trials show that under 
high hydrogen pressure, coal can be converted 
to gaseous and liquid products, especially 
BTX aromatics (benzene, toluene, and xy- 
lene), with good yield. In addition, the process 
results in a residue char that must be either 
burned or gasified. The technology is called 
hydropyrolysis. It is classified as gasification 
or liquefaction, according to temperature and 
pressure (800 °C, 100 MPa). An extended re- 
search and development program on hydropy- 
rolysis is funded by the International Energy 
Agency. After successful laboratory trials, a 
process development unit has begun opera- 
tion. 


5.22.7.5 Coal Liquefaction 


Coal liquefaction can be accomplished in 
two ways. Treating coal suspended in suitable 
oils with hydrogen in the presence of a catalyst 
or with hydrogenating solvents yields oil 
products and some unreactive residue. This 
technology is called direct liquefaction or coal 
hydrogenation. In addition, coal can be gas- 
ified with steam and oxygen to yield a mixture 
of hydrogen and carbon monoxide (synthesis 
gas) from which liquid products can be syn- 
thesized. This technology is usually called in- 
direct liquefaction. Both routes were 
developed into industrial-scale processes dur- 
ing the 1930s. However, (indirect) coal lique- 
faction is currently employed on an industrial 
scale only in South Africa (Sasol plants [, IL, 
and Ш). Further developments took place in 

1975-1985 mainly in Germany, the United 
States, and Japan. 


Direct Liquefaction 


Coal hydrogenation is a hydrogenating di- 
gestion of the coal molecule. Hydrogenation 
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using a solvent brings about depolymerization 
at ca. 15 MPa and 430—460 ?C to yield an as- 
phalt-like product. This product can have the 
ash removed, e.g., by hot filtration, and it can . 
serve as a boiler fuel or as a feedstock, e.g., for 
the production of high-quality carbon prod- 
ucts. However, many development schemes 
went on to further hydrogenate the extract in a 
separate stage and thereby produce a synthetic 
oil that can be distilled and refined into mar- 
ketable products [527, 528]. New examples of 
this technology are the American EDS (Exxon 
donor solvent) [529] and SRC (solvent refined 
coal) [530] processes and several Japanese de- 
velopments on a pilot-plant scale [531]. In the 
new American development of ITSL (inte- 
grated two stage liquefaction), extraction and 
further hydrogenation are combined in one 
process [532]. 

Catalytic hydrogenation of coal usually re- 
quires a pressure of tens of megapascals and a 
temperature of 450-480 °C. These strong re- 
action conditions yield a light oil fraction that 
can be further refined. This technology is 
used, e.g., in the Kohleól process (Germany), 
in the H-Coal process (United States), and in 
Japanese developments. For the Kohleól pro- 
cess a demonstration plant of 200 t/d coal 
throughput has been in operation since 1981. , 
The Japanese are just completing a demonstra- 
tion plant in Australia. These new processes 
surpass the prewar Bergius-Pier process by 
increased selectivity and yield of useful liquid 
products, by a considerable reduction in oper- 
ating pressure to 20-30 MPa from ca. 70 MPa, 
by increased volumetric reactor throughput, 
by improved availability of the plant, and last 
but not least, by having the unreacted residue 
conditioned in such a way as to make it acces- 
sible to steam gasification for hydrogen pro- 
duction. The very recent German development 
of integrated raffination in which part of the 
downstream processing of the Kohleól has 
been incorporated into the hydrogenation pro- 
cess has led to further substantial improve- 

ments and may even constitute an entirely new 
liquefaction process. 

Direct liquefaction also reduces the sulfur 
and nitrogen contents of the liquid products 
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compared to those of the reactant feed coal. 
Thus, extractive hydrogenation is also consid- 
ered as a means of obtaining a clean boiler fuel 
from coal. However, the economic prospects 
that complete hydrogenation will produce a 
synthetic crude oil are more promising. Fur- 
ther refinement into light fuel oil, automotive 
fuels, and chemical feedstocks essentially fol- 
lows petrochemical technology although coal 
oils require an adaptation of the refining cata- 
lysts. 


Indirect Liquefaction 


The synthesis of hydrocarbons from syn- 
thesis gas is called indirect liquefaction. This 
technology is also named the Fischer Tropsch 
synthesis after its discoverers. The process 
was developed in prewar Germany and was 
used extensively during World War II. After 
the war, the process could not compete with 
cheap oil from the Middle East. New capacity 
was erected only in South Africa, where it was 
set up downstream of Lurgi fixed-bed coal 
gasifiers. In the Sasol I plant, two different 
Fischer Tropsch process technologies are em- 
ployed, the fixed-bed Arge process (Lurgi Ru- 
hrchemie) and the entrained-flow Synthol 
process (Kellogg-Sasol) The Arge process 
produces mainly gasoline, fuel oil, and waxes, 
whereas the Synthol process yields a larger 
fraction of gasoline and low molecular mass 
products (methane and propylene). The Sasol 
П and 1 plants, built in the late 1970s, use 
only the Synthol process. On an energy basis 
the total liquid product yield obtained by indi- 
rect liquefaction of coal in the Sasol II plant is 
ca. 3296. 


§.22.7.6 Coal Gasification 


| Systematic development of coal gasifica- 
tion began in the first half of the 19th century. 
A mixture of carbon monoxide and hydrogen 
was produced. This was generally used for 
chemical purposes, which remained the main 
application of coal gasification for nearly 100 
years. Many communities relied on coke oven 
gas to supply town gas for illumination, cook- 
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ing, and heating into the second half of this 
century. However, coal or coke gasification 
was also employed mainly for peak shaving in 
large gas schemes and also for the supply of 
gas to industrial furnaces. These applications 
provided strong development incentives. Nat- 
ural gas and mineral oil in large amounts and 
at low cost replaced gas manufactured from 
coal not only in the heating market, but also in 
the chemical industry in most countries. The 
oil crisis of 1973-1974, with its sudden steep 
increase in prices of mineral oil and natural 
gas and the subsequent supply shortages, trig- 
gered new interest in coal gasification. 

| Gasification can be accomplished by react- 
ing coal with oxidizing or reducing agents. 
Using oxygen (or air) and steam as gasifying 
agents yields water gas. 


О. 
C+H,0-$CO+H, 


The composition chosen for the blast de- 
pends on individual process conditions and 
governs the carbon monoxide: hydrogen ratio 
of the product. Varying the steam:oxygen ra- 
tio in the blast is a very sensitive and conve- 
nient means of controlling the reaction 
temperature. 

Gasification with hydrogen (hydrogasifica- 
tion) leads pnmarily to methane. 

C -2H, э CH, 


However, hydrogasification is usually in- 
complete and produces a char residue, which 
cannot economically be converted with hydro- 
gen. Thus, reductive gasification is considered 
as only a preliminary step in the complete gas- 
ification of coal. However, it is a very favor- 
able step if a gas with a high heating value, 
e.g., substitute natural gas (SNG), is to be pro- 
duced. Hydrogasification is also involved in 
most fixed-bed countercurrent-flow gasifica- 
tion processes, contributing to the methane 
content of the product. Several other reactions 
take place simultaneously, including the Bou- 
douard reaction, complete combustion of car- 


.bon, and methane formation from carbon 


monoxide and hydrogen. 
In coal gasification processes, it is neces- 
sary to optimize heat transfer, mass transfer, 
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and chemical reaction conditions between 
huge flows of solid and gaseous agents and to 
achieve a high throughput and optimal energy 
economy at the same time. Many varieties of 
coal gasification processes have been devel- 
oped, reflecting compromises of the many 
constraints and conditions. 

First consideration must be given to the in- 
tended use of the product gas. Current interest 
focuses on the preparation of the following: 

e A gas with a high heating value, e.g., SNG 
e A fuel gas, e.g., a clean boiler or turbine fuel 


e Synthesis gas, for the production of com- 
modity chemicals 

e Hydrogen, for ammonia production or for 
energy purposes 

e Reducing gas, for direct reduction of iron 
ore 

A second, equally important, consideration 
applies to the available coal. Of particular im- 
portance are coal rank, grain size, caking 
properties, ash content, and ash melting be- 
havior. Third, environmental regulations, site 
specific infrastructure, etc. have to be taken 
into account. Considering all these factors, a 
decision in favor of fixed-bed, fluidized-bed, 
or entrained-flow gasification can be made. 

In a fixed-bed gasifier, coal and blast are 
usually contacted in countercurrent flow. This 
leads to the splitting of the overall gasification 
reaction into several zones with favorable con- 
ditions for the various reaction steps involved. 
Fixed-bed gasification usually results in ex- 
cellent carbon utilization and high efficiency. 
It is applicable to coals of all ranks. However, 
it requires lump, noncaking or weakly caking 
coal with a high ash softening temperature. 
The product contains tars and other liquid by- 
products that complicate the gas treatment. 
Atmospheric fixed-bed gasifiers of various 
design are still occasionally found in small- 
scale industrial use. On a large scale, some 
Lurgi fixed-bed pressurized gasification 
plants are operating commercially, e.g., in 
South Africa (Sasol I, II, and IIT). 

Fluidized-bed gasification, invented in 
1922 by WinKLER at BASF, has the advantage 
of fairly simple reactor design and very high 
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reactor throughputs even at atmospheric pres- 
sure. However, reaction temperature is limited 
by the need to avoid ash agglomeration so that 


fluidized gasification is restricted to very reac- . 


tive fuels such as subbituminous coals or lig- 
nite. Winkler gasifiers operating аі 
atmospheric pressure produce synthesis gas in 
the former German Democratic Republic and 
in India. In Germany, further development to 
Winkler gasification at high pressure has taken 
place, and a first demonstration unit has been 
completed [533, 534]. 

Entrained-flow gasification takes place in 
a flamelike reaction zone, usually at a very 
high temperature to produce a liquid slag. For 
economical operation, a high-standard heat re- 
covery system is mandatory, but the product 
gas is free of methane, tars, etc., thereby con- 
siderably simplifying gas and water treatment. 

Entrained-flow gasifiers of the Koppers- 
Totzek design operated at atmospheric pres- 
sure are used industnally in many countries to 
produce hydrogen or synthesis gas. The Tex- 
aco partial-oxidation process recently has 
been adapted to coal gasification in a pressur- 
ized entrained-flow reactor. Industrial-scale 
plants operate or are under construction in the 
United States, Germany, and Japan. 


Apart from these well-established or highly . 


developed processes, further intense develop- 
ment 1s under way on existing processes, as 
well as on new concepts. During the last de- 
cade most of the existing processes have been 
modernized or modified by incorporating new 
process engineering, materials, and control 
technology. Such new concepts as pressurized 
gasification in various modes, hydrogasifica- 
tion, multistage processes, slag bath and mol- 
ten iron processes, and allothermal processes, 
e.g., using process heat from gas-cooled nu- 
clear reactors, have been proposed and tested 
[535—540]. | 

Some of the new development projects 
have subsequently been terminated or shelved 
because of the present availability of mineral 
oil and natural gas. However, the long-term in- 
centive of securing and diversifying the world 
energy supply is still valid. Environmental 
considerations may favor converting coal into 
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aclean fuel gas that can be used either conven- 
tionally or in highly efficient technologies like 
fuel cells or combined cycle power plants. 
Furthermore, low-quality coals, which are lo- 
cated in remote places and are therefore not 
marketable as such, can be gasified and con- 
verted on site into transportable products such 
as commodity chemicals or hydrocarbons and 
thereby contribute to worldwide supplies. 


5.22.7.7 Coal Combustion 


In combustion the energy content of the 
fuel is completely released and can be recov- 
ered as sensible heat. The combustion prod- 
ucts are usually considered to be useless waste 
products. Therefore, coal combustion is not 
classically considered to be a coal conversion 
or refining process, but rather an energy con- 
version process. However, modern combus- 
tion systems, e.g., two-stage combustion or 
low-nitrogen oxide bumers, involve clearly 
distinguishable reaction steps such as pyroly- 
sis and partial oxidation (gasification), which 
are classical conversion reactions. In the fluid- 
ized-bed combustion of coal, sulfur dioxide is 
removed from the flue gas during the combus- 
tion process by adding limestone sorbent to 
the feed coal. This enables low-grade coal to 
be burned cleanly, eliminating the need for 
preliminary upgrading steps. 


5.22.7.8 Conversion of Coal for 
Purposes Other Than the 
Generation of Energy 


Coal Tar Chemical Industry 


Considerable quantities of aromatic chemi- 
cal feedstocks are still prepared by reprocess- 
ing the coal tar that is produced during coking 
at a worldwide rate of ca. 16 Mt/a (tar and 
pitch). The tar components are reprocessed 
into dyes, pesticides, varnishes, vitamins, and 
textile auxiliaries. Tar oils are used for the pro- 
duction of carbon black, e.g., for tire manufac- 
ture, and for the production of impregnating 
oils. Special pitches recovered from coal tar 
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are used for the production of special coke, 
e.g., that used for electrodes. 

Until the early 1950s, industrial production 
of aliphatic hydrocarbons was based on acety- 
lene produced from calcium carbide. This 
coal-based chemical feedstock was subse- 
quently replaced by the more economical eth- 
ylene produced from crude oil. Research into 
the production of acetylene is again being car- 
ried out worldwide, and new methods using 
carbide and plasma arcs are being investi- 
gated. Special attention is given to reducing 
the high energy requirement. 


Production and Use of Activated 
Carbon 


Precise thermal and chemical treatment of 
lignite or coal can produce activated carbon 
with a specific pore system. Activated carbons 
made from coal are particularly noted for their 
high ignition temperatures and good resis- 
tance to abrasion. Therefore, they are suitable 
for use in industrial processes for removing 
sulfur and nitrogen compounds from the flue 
gases emitted by coal-fired power stations, for 
wastewater purification, for separation of vari- 
ous mixtures of gases, and for solvent recov- 
ery, etc. 


5.22.8 Agglomeration 


Numerous industrial processes require coal 
in its coarse state for handling and transporta- 
tion and as a feed for such thermal applica- 
tions as combustion, gasification, iron ore 
reduction, and carbonization. However, highly 
mechanized mining operations, coal prepara- 
tion, and beneficiation yield a high proportion 
of fines. Upgrading of such coal fines by ag- 
glomeration is frequently applied and consid- 
ered [541—546]. 

The choice of agglomeration process and of 
a possible binder depends very much on the 
degree of coalification of the coal and the in- 
tended application. 

The agglomeration ability of a coal is 
mainly influenced by its moisture-holding ca- 
pacity, ash content and composition, hydro- 
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phobicity, size distribution, and plastic or 
elastic behavior. 

Fundamental coal agglomeration methods 
are grouped into 
e Briquetting and extrusion [542, 546—550]; 


e Balling and tumbling (542, 544, 545, 551— 
554]. 

In the processes of the first group, a com- 
pressive force is applied to a prepared coal ога 
coal and binder mixture. 

The double-roll hydraulic press and extru- 
sion presses of various designs are the most 
common mechanical devices used. Binderless 
briquetting or extrusion requires that a high 
pressure be exerted on the coal. Therefore, its 
applicability is generally limited to predried 
peat or soft lignites sized to particle diameters 
« 1 or 0.5 mm that exhibit defined plastic 
properties. Ash contents should be low to pre- 
vent excessive erosion [550]. 

Binder briquetting or extrusion exercised at 
low to medium pressures is applied to coal 
with insufficient plastic properties, but essen- 
tially elastic properties, і.е., subbituminous, 
bituminous, and anthracitic coals usually of 
particle sizes < 3 mm. Organic binders such as 
pitch, bitumen, starch, molasses, lignosul- 
fonates, or inorganic additives, e.g., clay min- 
erals, are used in quantities of 2-8%. 
Briquettes produced with water-soluble bind- 
ers require a subsequent drying step to attain 
final strength [546, 555, 556]. 

‘Hot briquetting techniques utilizing the 
softening of bituminous coals at a temperature 
of 350-450 °C are employed for the produc- 
tion of hot briquettes from mixtures of coal 
and coke. 

Balling of finely ground prepared coal gen- 
erally smaller than 0.315 mm in particle diam- 
eter with 2-696 of organic or inorganic 
binders has only recently evolved as a com- 
mercially viable coal agglomeration technique 
by using pelletizing disks designed for light 
bulk materials (544, 554, 557]. Both moist and 
dry pellets may be used industrially. Although 
the disk produces pellets of almost uniform 
size, tumbling in, e.g., rotary drums or mixers 
yields pellets of a wide size distribution. This 
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mode of agglomeration is preferentially ap- 
plied to subbituminous, bituminous, and an- 
thracitic coals of both low and high ash 
contents, but predried lignites can also be pel- . 
letized (542, 551, 552]. Drying and thermal 
treatment of these pellets, however, cause se- 
vere cracking and significant losses in strength 
and stability. 

Coal agglomerates must withstand mechan- 
ical and thermal treatment when used in indus- 
try. The type and severity of stress depend on 
the particular use and mode of treatment 
which mainly include transportation, drying, 
thermal shock, pyrolysis, gasification, and 
combustion [546, 549, 551]. Suitable proce- 
dures for the agglomeration step may be de- 
veloped and selected from  bench-scale 
simulation studies. Subsequent handling and 
thermal experiments with these agglomerates 
lead to a final, optimized product, which may 
be tested on a larger scale in pilot or commer- 
cial plants. 


5.229 Transportation 


The large amount of coal that is mined ev- 
ery year is a major commodity for the trans- 
portation industry and one that requires a 


significant capital investment. In the United ` 


States, ca. 50% of the 700-800 Mt of coal pro- 
duced per year is shipped by rail; 18% is 
shipped by river barges; and the rest is handled 
by trucks, conveyor belts, and pipelines. The 
actual cost of long-distance shipping is usually 
quite modest, but the loading and unloading of 
the coal adds greatly to the total cost of ship- 
ping. In a typical surface mining operation, for 
example, coal is moved from the mine by 
truck or conveyor belt to a nearby preparation 
plant, where it is loaded onto a unit train for 
rail shipment to a utility or port facility. At the 
port it may then be loaded onto river barges or 
ocean-going bulk carriers. 

Although some of the coal transported by 
rail is shipped at single car or bulk rates, most 
is carried at lower rates in unit trains of up to 
100 cars that travel continuously to a single 
destination and return. The unit train carries 
only coal and each car can carry up to 100 t. 








Iron 


The cars are of either the bottom-dumping or 
roll-over type, and each car can be unloaded in 
1.5-5 min in modem processing facilities, 
which have a capacity of 2000—6000 t/h. 

The least expensive means of transporting 
coal is by river barges, whereby the cost is as 
low as $0.005 per mile ($0.003 per km). The 
barges have open tops and commonly hold up 
to 1000-1500 t each. They are moved in 
groups or tows of 20—30 barges powered by a 
single towboat. Although there can be some 
problems with delivery schedules due to con- 
gestion, the ease and economy of river trans- 
port are major factors in the location of many 
coal-burning utilities along inland waterways 
in the United States and in Europe. 

In the United States, ca. 12% of coal pro- 
duction is carried by trucks. Much of this is 
done at surface mines, where the coal is 
hauled from the working face to preparation 
plants. This is usually done with dedicated 
high-capacity vehicles; however, significant 
amounts of coal are hauled by trucks on public 
highways. Conveyor belts are also used for 
transporting coal from mines to preparation 
plants, as well as for short cross-country hauls 
of over 10 miles (16 km) to loading points. 
Because they are dependable and economical, 
conveyor belts are also widely used for in- 
mine coal transport. 

Although > 80% of the coal mined in the 
United States is used domestically as steam 
coal, some of the metallurgical coal produc- 
tion is shipped overseas. This coal is shipped 
in dry bulk carriers that can be loaded and un- 
loaded in modern port facilities at rates of up 
to 100 000 t/h. These ocean-going ships are 
usually in the 60 000 t range, although some 
are larger. In addition, some smaller vessels in 
the 30 000 t range that are self-unloading are 
also in service. These ships have the advan- 
tage of being able to use a much greater num- 
ber of ports. 

The transportation of coal by slurry pipe- 
line has been demonstrated to be dependable 
and economical, even though there are only a 
few such pipelines in use around the world. In 
this technique the coal is reduced to a diameter 
of < 1 mm, treated with chemicals to prevent 
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corrosion and improve flow characteristics, 
and mixed with water. It is then pumped as a 
slurry at a velocity of 1.5—2 m/s. The fact that 
pipelines can be built above ground or buried 
eliminates some environmental problems, but 
their high water requirements can be a serious 
drawback. Sustained delivery rates of > 600 
t/h have been demonstrated. 


5.22.10 Coal Storage ` 


The use of any bulk commodity requires 
the storage of sufficient material to ensure ef- 
ficient operations. In the case of coal, this re- 
quirement varies from a few days supply at the 
mine to a few months supply at a power plant. 
Although some covered storage in bins or si- 
los is practical at mines and small operations, 
most of the larger volumes of coal are stored 
in open piles, where it is exposed to the air and 
precipitation. When coal is exposed to air, it 
loses moisture and begins to oxidize. This oxi- 
dation can degrade coal quality, and more im- 
portant, it can cause spontaneous combustion 
that destroys the coal. The main coal proper- 
ties that influence oxidation are the particle 
size, pyrite content, and rank. Coal oxidation 
leading to spontaneous combustion is en- 
hanced as the particle size decreases and as the 
pyrite content increases. Low-rank coals such 
as lignite and subbituminous coal are very dif- 
ficult to store because of their strong tendency 
toward spontaneous combustion, and care 
must be taken even with the lower rank bitu- 
minous coals. Repeated wetting and drying 
also exacerbate oxidation. The continued oxi- 
dation generates more heat than can be dissi- 
pated, and this leads to hot spots, which 
eventually ignite. 


In a stockpile even mild oxidation can lead 


.to a degradation of coal quality. For steam 


coals there can be some loss in calorific value, 
but in coking coals there can be a total loss of 
quality. The fluid properties can be destroyed, 
and the heat transfer properties and coke pro- 
duction yields can also be reduced. The qual- 
ity of coke made from oxidized coal is also 
seriously altered. The prime coke property, 
coke strength or stability, is reduced, and this 
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can result in the loss of iron production in the 
blast furnace. Oxidized coal also increases the 
reactivity of coke and leads to higher coke 
consumption in the blast furnace. Because all 
of the effects of oxidation are undesirable, ev- 
ery effort should be made to prevent it. 

The main steps to prevent oxidation in- 
volve limiting the access of air and protection 
from wind and precipitation. Stacking the coal 
to eliminate size segregation and compaction 
of the pile with earth-moving equipment to re- 
duce pore space have proven helpful. Coating 
the pile with a sealant also helps protect it 
from air and moisture, although this may be 
expensive. Another costly but useful step is to 
provide the storage piles with some kind of 
wind protection. The wind not only enhances 
oxidation, but it also removes the fine particles 
from the coal pile and can thereby create envi- 
ronmental problems. 

Another aspect of coal storage is the need 
to mix and blend the stockpile coal to homoge- - 
nize the product coal reclaimed from it, so that 
a consistent, uniform product can be delivered 
to the plant. This can be a serious concern in 
cases where coal is coming into an operation 
from a number of sources. The usual way to 
solve this problem is to develop a bedding and 
blending system. A typical system consists of 

a plan to build a stockpile with long, thin lay- 
ers of the various incoming coals and to re- 
claim the coal from the pile with vertical cuts 
across these layers. The key design factors are 
the variability of a target blending parameter 
such as ash or sulfur content and the desired 
degree of homogeneity. These are evaluated to 
determine the necessary pile parameters such 
as individual layer thickness. 


5.22.11 
Testing 


Because coal is so variable in its maceral 
and mineral composition, its suitability for a 
given use must be determined by a variety of 
tests. Although some tests such as chemical 
analysis are quite general in nature, others 
such as ash fusion are specific for particular 
uses. 


Quality and Quality 
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Chemical Analyses. Although coal is com- 
posed of a large number of organic chemical 
components, no true standard organic chemi- 


cal test exists for coal. The two major kinds of. 


chemical analyses used are the proximate 
analysis and ultimate analysis, which are stan- 
dard tests defined by the American Society for 
Testing and Materials. 

The proximate analysis (ASTM D 3172) 
consists of a determination of the. moisture, 
ash, and volatile matter, and a calculation of 
the fixed carbon value. The moisture is deter- 
mined by heating the sample at 104-110 °C to 
a constant weight. The percent weight loss is 
reported as the moisture value. The ash in this 
analysis is the incombustible residue after the 
coal is burned to a constant weight. It should 
be noted that the ash value is not a measure of 


the kinds or relative amounts of the minerals ` 


in the coal. The volatile matter is a measure of 
the amount of gas and tar in a coal sample. It is 
reported as the weight loss minus the moisture 
after the coal is heated in the absence of air at 
950 °C for 7 min. The fixed carbon is not a 
distinct chemical entity. It is reported as the 
difference between 100% and the sum of the 
moisture, ash, and volatile matter values. 
While the proximate analysis as described 


above is a rather simple assay of the chemical | 


nature of coal, its value as a quality parameter 
is well established and is widely used in com- 
merce. 

The ultimate analysis (ASTM D 3176) con- 
sists of direct determinations of ash, carbon, 
hydrogen, nitrogen, sulfur, and an indirect de- 
termination of the oxygen. The ash is deter- 
mined as in the proximate analysis, and 
because all of the values are reported on a 
moisture-free basis, moisture must also be de- 
termined. 

Both proximate and ultimate analyses are 
reported in a number of different ways, and 
care must bé taken to be certain of the method 
of reporting. On the “as-received” basis, the 
results are based on the moisture state of the 
coal sample as it was received for testing. 
With the “dry” basis, the results are calculated 
back to a condition of no moisture, and with 
the “dry, ash-free” basis, the results are calcu- 
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lated to a condition of no moisture and no ash. 
These calculations are done so that different 
coals can be compared on their inherent or- 
ganic nature. The reporting basis can cause 
significant changes in the values reported, and 
it is essential that a target value and the value 
of a sample in question be on the same basis. 
For example, for a given coal with a moisture 
of 10%, an ash value of 15%, a volatile matter 
of 30%, and a fixed carbon content of 45%, 
the volatile matter content would be 33.396 on 
a dry basis and 40% on a dry, ash-free basis. 
The corresponding fixed carbon values are 
50% and 60%, respectively. 


Because some components of the minerals 
such as water from the clays and carbon diox- 
ide from calcite are lost in the high-tempera- 
ture ashing process, the ash value determined 
isless than the actual mineral matter in the raw 
coal. À number of corrections for this loss are 
in use, but the one most used in the United 
States is the Parr formula, where the corrected 
mineral matter is equal to 1.08 times the ash 
percentage plus 0.55 times the sulfur percent- 
age. Results reported with this correction are 
considered to be on a dry, mineral-matter-free 
basis. 


Mineral Matter. The mineral matter content 
of a coal is the actual weight percent of the 
minerals present. It is the best measure of the 
inorganic content of a coal, but it is difficult to 
determine. Although there is no standard test 
for mineral matter, low-temperature ashing (« 
150 °C) with an oxygen plasma device is 
widely used for this purpose. The X-ray dif- 
fraction analysis of the low-temperature ash is 
used to identify the actual minerals in the ash. 
However, with present techniques it is impos- 
sible to accurately determine the amounts of 
the various minerals present in a given coal. 


Although a large number of different min- 
erals have been identified in coal, the four 
most common are clays, pyrite, calcite, and 
quartz. The minerals get into the coal in a vari- 
ety of ways. Some can be part of the original 
plant material itself. Silica (quartz) is present 
in some of the saw grasses of modern swamps, 
and similar types of plants are known from an- 
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cient swamps. Certainly much of the mineral 
matter is transported into the coal-forming 
swamp from the environment. Much of the 
clays and quartz minerals were brought into 
the coal swamp as clastic material in streams 
or in airborne dust. Most of the common min- 
erals could be chemically precipitated from 
solution under conditions that can exist in 
swamps. Some minerals such as calcite and 
pyrite can also be precipitated into cleats and 
fractures in coal after it has formed and coali- 
fied beyond the peat stage. 

The presence of sulfur in coal is of great in- 
terest because of the problems it causes in uti- 
lization, especially air pollution. There are 
three commonly recognized forms of sulfur in 
coal. Pyrite sulfur is the sulfur tied up in the 
mineral pyrite, FeS;; it is determined by leach- 
ing with nitric acid. Sulfate sulfur is of minor 
importance. and thought to be formed by the 
weathering of pyrite; it is determined by 
leaching with hydrochloric acid. Organic sul- 
fur is that portion of the total sulfur that is or- 
ganically bound with the various coal 
macerals; it is determined indirectly by differ- 
ence. There also may be some minor elemen- 
tal sulfur present in coal. The forms of sulfur 
are determined in accordance with the ASTM 
standard D 2492. 

The occurrence of pyrite in coal is of spe- 
cial interest because it is the only form of sul- 
fur that can usually be removed by mechanical 
cleaning methods and because it is a major 
source of air and water pollution. Although 
some pyrite is formed by the chemical combi- 
nation of the sulfur and iron that occur natu- 
rally in peat, most of the pyrite found in coal is 
thought to form from Fe(III) ions absorbed on 
clay minerals that are transported into coal 
swamps, and from sulfate ions that are intro- 
duced into the swamp in seawater. Marine wa- 
ter usually has about two orders of magnitude 
more sulfate ions than fresh water. In the 
swamp the ferric Fe(III) is reduced to Fe(II), 
which combines with the sulfur in the sulfate 
ions to form pyrite. While this process is 
clearly not the only way that pyrite can form in 

coal seams, it is a good model for many 
United States coal seams, especially those in 
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the Illinois Basin. In these seams it is reported 
[558—560] that both the total sulfur and pyritic 
sulfur contents are controlled by the nature of 
overlying rocks; they are both high under ma- 
rine rocks and low under nonmarine rocks. 
Pyrite can occur in coal in a number of 
forms such as single crystals, void fillings, ir- 
regular and dendritic masses, and framboids 


(raspberry-like clusters). The most significant - 


forms are the more massive ones, which are 
easier to remove from the coal by washing, 
and the framboidal forms, which are more 
chemically active because of their high sur- 
face area. When pyrite is exposed to air and 
water, it oxidizes in a series of chemical reac- 
tions that generate sulfuric acid and cause acid 
mine drainage. In fact, the reaction of 1 mol of 
pyrite with air and water results in the genera- 
tion of 2 mol of sulfuric acid. 


Thermal Properties. The most widely used 
thermal property is the calorific value, which 
is a measure of the heat produced by combus- 
tion of a unit quantity of coal under given con- 
ditions (ASTM D 3286). It is usually reported 
on a moist, mineral-matter-free basis and is 
used this way in the ASTM classification of 
coals by rank. The major use of the calorific 
value is in the evaluation of coals for use in 
steam generation. In many utility company 
contracts, coal is bought on the basis of total 
calorific value per unit mass. 


5.22.12 Economic Aspects 


5.22.12.1 World Outlook 


Reserves. The world's proven recoverable re- 
serves of coal are an estimated 520 x 10? t of 
hard coal (anthracite and bituminous) and 512 
x 10? t of brown coal (subbituminous and lig- 
nite). Proven reserves are those which geolog- 
ical and engineering information indicate with 
reasonable certainty can be recovered in the 
future from known deposits under existing 
economic conditions. 


Production. Total production of hard coal 
(anthracite and bituminous) worldwide has re- 
mained on the same level since 1988. How- 
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ever, the individual regions of production have 
developed to different extents. For instance, 
production in Europe has been reduced, while 
the coal output of countries such as Australia 
China, India, Indonesia, and South Africa has 
increased, in some areas considerably. In 
1994, production of hard coal reached 3.2 x 
10? t (Table 5.58). World production of brown 
coal (subbituminous and lignite) has been in- 
creasing continuously, and in 1994 output 
amounted to ca. 1.3 x 10? t (Table 5.59). This 
amount yields approximately the same heat as 
0.9 x 10? t of hard coal. 


Consumption. Approximately 2096 of the 3.2 
x 10? t of hard coal used in the world is allo- 
cated to coking coal and 8096 to steam coal. 
Virtually all brown coal is used in power sta- 
tions. The largest growth in both production 
and consumption in the period 1984 to 1994 
has been in Australia and Asia. 


Trade. Most coal is consumed in the regions 
of production. World trade in hard coal 
amounts to only 1296 of world production. 
Nevertheless, since some important consumer 
countries are without adequate resources of 
their own, trade in hard coal has assumed 


worldwide proportions (Table 5.61). Austra- ` 


lia, North America, and South Africa are the 
main net exporting regions, Japan, Western 
Europe, and Korea are the main importing re- 
gions. Brown coal is not traded over long dis- 
tances. 


Table 5,58: Proven recoverable world coal reserves as of 
end 1994 [561]. 


| Quantity, Mt 
Region Anthracite ` Subbitumi- 
and nous and lig- 
bituminous nite 
Africa 60 405 1267 
Canada & United States 111 004 138 177 
Latin America 6 509 4 899 
Asia 133 173 94 599 
Eastern Europe* 135 422 180 091 
. Western Europe 27 476 47 529 
Australia & New Zealand 45 369 45 690 
Total 519 358 512 252 


"Including the former Soviet Union. 
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5.22.12.2 Some Major Coal- 
Producing Countries 


United States of America 


Reserves. The United States possess econom- 
ically recoverable hard coal reserves of ca. 
107 x 10? t — one fifth of the total world re- 
serves. For brown coal the respective figures 
are 134 x 10? t and 25%. | 


Table 5.59: World hard coal production in 1994 [562]. 


Region or country Quantity, Proportion, 





x 10% % 
Africa 
South Africa 195.3 6.1 
Others 7.9 0.3 
Africa total i 203.2 6.4 
Americas 
United States 605.0 19.0 
Canada 36.6 1.2 
Brazil 4.4 0.1 
Colombia 23.5 0.7 
Mexico 6.7 0.2 
Others 6.3 0.2 
America total 682.5 21.4 
Asia Я 
China 1110.0 34.9" 
India 248.0 7.8 
Indonesia 30.5 1.0 
Japan 6.9 0.2 
South Korea 7.4 0.2 
Pakistan 3.1 0.1 
Turkey" 5.0 0.2 
Others 51.5 1.6 
Asia total 1462.4 46.0 
Europe 
Bulgaria 0.2 0.0 
Czech Rep. & Slovakia 17.4 0.5 
Hungary 1.0 0.0 
Poland 133.6 4.2 
Romania 4.3 0.1 
Former Soviet Union? 369.2 11.7 
Other Eastern Europe 0.2 0.0 
Eastern Europe total 525.9 16.5 
France 7.5 02 
Germany 52.0 1.7 
Spain 14.4 0.5 
United Kingdom 48.0 1.5 
Other Western Europe 0.6 0.0 
Western Europe total 122.5 3.9 
Europe total 648.4 20.4 
Australia & New Zealand 184.7 5.8 
World 3181.2 100.0 





* Includes the part in Europe. 
"Includes the part in Asia. 
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Production. The United States have main- 
tained a high level of production for decades, 
producing one fourth of the world’s coal. 
Long-wall mining accounts for an increasing 
proportion of underground coal production. 


Consumption. Domestic coal consumption, 
which absorbs nearly 90% of the production, 
has varied little in the past few years, with 
power stations being the main consumers. Ex- 
ports have fallen due to heavy competition 
from newcomers. 


Australia 


Reserves. Australia possesses economically 
recoverable reserves of 45 x 10? t of hard coal 
and 45 x 10° t of brown coal, each represent- 
ing 9% of world reserves. | 


Table 5.60: World brown coal production in 1994 [562]. 


Region or country Quantity, Proportion, 


x 10% % 
America 
United States 330.0 26.0 
Canada 36.2 2.8 
America total 366.2 28.8 
Asia 
China 100.0 7.8 
India 19.0 1.5 
Turkey" 45.0 3.5 
Others 38.4 3.0 
Asia total 202.4 15.9 
Europe 
Bulgaria 28.6 2.2 
Czech Rep. & Slovakia 65.8 5.2 
Hungary 12.4 1.0 
Poland 66.8 5.3 
Romania 36.3 2.9 
Former Soviet Union? 105.8 8.3 
Other Eastern Europe 53.6 4.2 
Eastern Europe total 369.3 29.1 
Austria 14 0.1 
France 1.5 0.1 
Germany 207.1 16.4 
Greece 573 4.5 
Italy 0.5 0.0 
Spain 15.7 1.2 
Western Europe total 283.5 22.3 
Europe total 652.8 51.4 
Australia & New Zealand 48.8 3.9 
World 1270.2 100.0 . 





"Includes the part in Europe. 
t Includes the part in Asia. 
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Table 5.61: World trade in hard coal in 1983. [563]. 


Quantity, x 1031 
Country Exports Imports 
EE 
United States 67 603 6631 
Canada 28 225 8 402 
Colombia 18 400 
Venezuela 3 600 
China 18 000 1350 
India 99 6278 
Indonesia : 18 833 251 
Israel 5381 
Japan 111 404 
Korea 35977 
Turkey 5 640 
Belgium 645 11 894 
Czech Republic 5 301 1 939 
Denmark 24 10 467 
Finland 5933 
France 622 14231 
Germany 970 13 090 
Italy 14 299 
Netherlands 2242 15 121 
Poland 22 968 129 
Russia 27 400 28 300 
Spain 12 726 
Ukraine 4126 8 930 
United Kingdom 1095 18 400 
South Africa 42 650 
Australia 128 405 
Others 37 692 101 933 
Total 428 900 438 706 - 


Production. Coal production has risen 
steadily during the last few decades and is ex- 
pected to do so in future. 


Consumption. The high-quality coals found 
in Queensland and New South Wales are of 
value as steam and metallurgical coals, and 
most of production is for export. In 1984 Aus- 
tralia became the world's foremost hard-coal 
exporter with 61 x 10* t. In 1993 exports even 
doubled these figures. Production from West- 
ern Australia, Victoria, and South Australia 
(bituminous and subbituminous coal, lignite) 
is geared to local thermal electricity genera- 
tion. 


Germany 


Reserves. Due to its very large deposits of 
brown coal, unified Germany possesses nearly 
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8% of the world’s economically recoverable 
coal reserves. 


Production. Output of hard coal has fallen ` 


from a peak of 150 x 10°t in 1957 to 52 x 10°t 
in 1994, and further reductions are planned. 
Brown-coal production dropped continuously 
with the closure of mines in the eastern 
Lander. Nevertheless, with > 200 x 10° t, Ger- 
many is still the second largest producer of 
brown coal in the world. 


Consumption. The majority of the hard coal 
(65%) and nearly all of the brown coal is 
channeled into the generation of electricity. 
The second largest consumer is the steel in- 
dustry. Hard-coal imports have not varied 
much in recent years. 


Poland 


Reserves. Polish recoverable coal reserves 
amount to 29 x 10° t of hard coal and 13 x 10°t 
of brown coal. 


Production. Poland boosted its production for 
export reasons for a long period. In mid-1980s 
government officials expected to increase 
hard-coal output to 205 x 10° t and its brown 
coal output to 100 x 10$ t by the year 2000. In- 


stead, production in 1994 fell to 133 x 10° tof - 


hard coal and 67 x 10 t of brown coal. 


Consumption. Inland 
creased every year from 1984 to 1994 and may 
decrease even further. In the meantime, Po- 
land tried to maintain its exports. In 1984, 
when it was able to export 45 x 105 t, thereby 
attaining a 14% share of world trade, Poland 
set its intermediate export goal at 42 x 10° t/a 
of hard coal. During the last years, exports 
reached only 20 x 10° t. 


South Africa 


Reserves. South Africa has recoverable re- 
serves of ca. 55 x 10° t of hard coal, which at 
current production levels would last 300 
years. 


Production. Production has remained fairly 
constant at ca. 190 x 108 t/a. 


consumption de- 
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Consumption. The slight increase in produc- 
tion in the last years was initiated by higher in- 
temal demand. Coal is the main primary 
energy for the generation of electricity (95%). 
In addition, South Africa still uses coal as a 
raw material for the production of liquid and 
gaseous fuels. Exports are estimated at a rather 
constant 43 x 106 t/a. 


China 


Reserves. China accounts for ca. 1196 of 
world recoverable coal reserves. Hard-coal re- 
serves are concentrated 1n the north and north- 
west of the country. Substantial lignite depos- 
its are distributed throughout the country. 


Production. Production has been increased 
steadily, so that China is now the world's larg- 
est producer (1994: 1110 x 10° t hard coal; 100 
x 105 t lignite and brown coal).. 


Consumption. China is very dependent on its 
vast coal reserves. In the period 1984 to 1994 
China's coal demand has increased by 50% 
and now accounts for ca. 7596 of primary en- 
ergy requirements. Transportation of coal is a 
major problem, with a significant proportion 
of production being in the north, but with the 
most rapidly growing demand in the southem 
and eastern regions. Therefore, China 1s inves- 
tigating the transport of coal by pipeline. 
High-capacity electricity transmission to the 
south is another option under consideration. 
Only minor quantities (20 x 10$ t/a) of coal are 
exported, the bulk being used internally for 
electricity and heat generation. 


India 


Reserves. India possesses ca. 796 of world re- 
serves, mostly bituminous coal. 


Production. Coal is the main source of energy 
and vital for India's economic development. 
Efforts to develop the industry have resulted in 
a steady increase of production to ca. 250 x 
105 t of hard coal. 


Consumption almost doubled in the period 
1984 to 1994. Despite increased production, 
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some coal is imported, mainly for quality rea- 
Sons. 


Indonesia 


Reserves. Indonesia has vast resources of 
high-quality accessible coal. In terms of ton- 
nage, southern Sumatra contains the highest 
proportion although much of it is lignite. The 
coal from Kalimantan includes some deposits 
of very high quality (low ash and sulfur, high 
volatile matter). 


Production. In the period 1984 to 1994, pro- 
duction has risen dramatically. 


Consumption. A major export market has de- 
veloped and exports are expected to grow and 
to gain a substantial market share for high- 
quality coals in Europe, the Far East, and pos- 
sibly the United States. However, Indonesia is 
expected to become a net importer of oil early 
in the 21st century. The national policy is 
therefore to expand internal use. The target is 
for 80% of electricity to be generated from 
coal-fired plants. 


United Kingdom 


Reserves. In its 1992—1993 annual accounts, 
British Coal estimated that 190 x 10? t of coal 
resources lie under the United Kingdom in 
seams over 0.6 m thick and less than 1200 m 
deep, of which 2 x 10? t were regarded as eco- 
nomically recoverable. A reasonable estimate 
for lignite resources in Northern Ireland is ca. 
1074. 


Production. Due to the high cost of extracting 
the coal, production had to be steadily reduced 
and will be cut even further. 


Consumption. The United Kingdom is still 
among the major consumers of coal in the 
world, but with competition from other energy 
resources, especially oil and gas from the 
North Sea, a further decline is expected. 


Former Soviet Union 


Reserves. With 241 x 10? t of recoverable coal 
reserves, 104 x 10? t of which hard coal, the 
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former Soviet Union accounts for 25% of the 
total world reserves. 


Production. Due to its vast resources the So- 
viet Union ranked third among world produc- 
ers. The political changes were followed by 
major economic disruptions which affected 
coal production in particular. In 1994 coal pro- 
duction in Russia reached only 6596 of the 
1984 level. The Ukrainian production dropped 
by 40%. 


Consumption. Coal consumption has mir- 
rored reduced production. Major changes will 
depend on future political developments. 


5.22.13 Coal Pyrolysis 


Coal pyrolysis is the heating of coal to pro- 
duce gases, liquids, and a solid residue (char 
or coke). Pyrolysis occurs in all coal utiliza- 
tion processes, i.e., combustion, gasification, 
liquefaction, and carbonization. The nature of 
pyrolysis and of the products is intimately re- 
lated to the operating conditions and to the 
composition and properties of the coal. Conse- 
quently, control of pyrolysis is important in 
coal utilization processes. 

The thermal decomposition (or devolatil- 
ization) of coal is illustrated using WisER's 
model of coal structure (Figure 5.136) [564]. 
This model, one of many in the literature, rep- 
resents the types of structures found in coals. 
Although it does not necessarily depict the 
structure of a particular coal, it is consistent 
with current knowledge of coal physics and 
chemistry. 

Pyrolytic rupture of functional groups at- 
tached to aromatic and hydroaromatic units of 
the coal structure leads to the formation of 
gases (CO, CO,, HO. CH, CH, etc.). In ad- 
dition the cross-links (indicated by arrows in 
Figure 5.136) break and release reactive Dee 
radicals (fragments). The fate of these radicals 
controls the overall yield and distribution of 
products, Stabilization of the fragments with 
hydrogen gives primary volatile products and 
favors a high yield of gases and liquids (Figure 
5.137). Some primary products are also ob- 

` tained by release of low molecular mass spe- 
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cies (the so-called mobile phase), which are 
believed to be trapped within the coal network 
[565]. However, if the fragments undergo sec- 


ondary cracking, polymerization, or conden- ` 


sation reactions, part of the primary product is 
converted to char. 

The four fundamental aspects of this com- 
plex process are the following: 
e The thermoplastic behavior of some coals; 


e The yield and distribution of pyrolysis prod- 
ucts; 

e The temperature and time dependency (ki- 
netics) of the pyrolysis process; 

e The source of hydrogen for the stabilization 
of reactive fragments. 


5.22.13.1 Thermoplastic 
Properties of Coal 


When bituminous coal is heated, it under- 
goes marked chemical and physical changes, 
which are influenced by rank, petrographic 
composition, particle size, heating rate, tem- 
perature, and the atmosphere in which pyroly- 
sis occurs. Bituminous coal softens and melts 
at 350-400 °C. In contrast, lignite, subbitumi- 
nous coal, and anthracite do not soften when 


heated. Fusion and agglomeration may pro- . 


duce a fluid mass. Concurrently, thermal de- 
composition may liberate gases and vapors, 
producing a foamlike material with significant 
volume change. At some point, the foam so- 
lidifies. 

These macroscopic changes are accompa- 
nied by microstructural rearrangements within 
the fluid phase, which govern the properties of 
the resulting coke. Development of the coke 
microstructure often involves formation of an 
intermediate phase called carbonaceous me- 
sophase. 

Volume changes (expansion and contrac- 
tion) occur in some bituminous coals on heat- 
ing. Initial softening at temperature 7, 
produces a fluid. As softening increases, pores 
and voids are eliminated and the material un- 
dergoes volume contraction, reaching a mini- 
mum F, at temperature 7,. At this point, rapid 
gas evolution leads to expansion, producing a 
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maximum H, at temperature 7,. With a further 
increase in temperature, the fluid coal resolidi- 
fies at temperature Т; the corresponding vol- 
ume is V, These phenomena, i.e., softening, 
swelling, and resolidification are collectively 
referred to as the thermoplastic properties of a 
coal, otherwise called the softening, plastic, 
fluid, agglomerating, caking, and coking prop- 
erties of coal. 

The terms “caking” and “coking” ate some- 
times used incorrectly as synonyms. Ina strict 
sense, caking describes softening and agglom- 
eration of coal on heating, without any impli- 
cations about the nature of the resulting solid. 
Coking coals, on the other hand, are those that 
form strong, coherent solids (metallurgical 
cokes) on softening and resolidifying in con- 
ventional coke ovens. In other words, all cok- 
ing coals exhibit caking behavior, but not all 
caking coals can be coked. Coal that does not 
become fluid when heated is generally termed 
nonswelling or noncaking. 

Continued heating of a semicoke, i.e., a 
solid residue still containing appreciable vola- 
tile matter, to ca. 1000 °C leads to further de- 
composition with formation of a solid residue 
termed coke. Coke contains little orno volatile 
matter and undergoes little further volume 
change when heated. The volume changes oc- 
curring during the transformation of a coal 
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Figure 5.136: WisER's model of coal structure [564]. 
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into a semicoke depend on the fluidity of the 
plastic mass and its resistance to the escape of 
gases and vapors. 

An understanding of the thermoplastic be- 
havior of coal is important for nearly all coal 
conversion and coke-making processes. For 
example, plasticity development and agglom- 
eration may create severe operating difficul- 
ties in gasifiers. 

In a moving-bed gasifier, as the coal pro- 
ceeds down the (sometimes pressurized) reac- 
tor, it devolatilizes at relatively low heating 
rates (25-65 °C/min) in the presence of a re- 
ducing atmosphere. Under these conditions, 
bituminous coal undergoes, in varying de- 
grees, thermoplastic transformations that can 
lead to the formation of coke masses. These 
are detrimental to the flow of gases and solids, 
resulting in poor operation of the gasifier. In 
the extreme, coke agglomerates can com- 
pletely plug the reactor. 

In a fluidized-bed gasifier, an agglomerated 
mass may disrupt the fluidization. As a com- 
plicating factor, highly swollen coke may 
greatly reduce the bed density and lower the 
throughput. As a further complication, a 
highly swollen coke mass tends to disintegrate 
when it is fluidized, producing excessive fines 
that are carried from the bed and must be sepa- 
rated from the exhaust gas. 
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Figure 5.137: Primary and secondary reactions in coal 
pyrolysis. : 

In contrast to the general objectives in gas- 
ification and combustion, extensive plasticity 
development is essential during carbonization 
to produce metallurgical coke. The main ob- 
jective of the coking industry is to produce 
coke for blast furnace operation. In this con- 
text, recent research has focused on the identi- 
fication of coke microconstituents and the 
mechanism of their formation. The improve- 
ment of coke microstructure depends largely 
on the ability to modify the thermoplastic 
properties of the coal feedstocks and the asso- 
ciated mesophase. This is of particular signifi- 
cance because of the interest in the plastic 
behavior of weakly caking coal as a supple- 
ment to the reserves of prime coking coal. 


Experimental Techniques 


The industrial importance of the thermo- 
plastic properties of coal is reflected in the 
many methods available for its characteriza- 
tion [566]. A common objective of these tech- 
niques is to predict the behavior of coal in 
Various processes. 

The free-swelling index (Gray—King) pro- 
vides a visual comparison of cokes carbonized 
under well-defined conditions. The method 1s 
inexpensive, rapid, and reproducible, but lacks 
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flexibility. Hot-stage optical microscopy per- 
mits the visual observation of morphological 
changes caused by heat. The Foxwell gas flow 


method measures the resistance to the flow of œ 


a highly purified gas through a bed of coal 
during continuous heating; the pressure drop 
indirectly measures the fluidity of the plastic 
mass. The constant torque plastometer records 
the velocity, as a function of temperature, of a 
rotating shaft passing through a bed of coal. In 
the variable torque plastometer, the velocity is 
kept constant and the required torque mea- 
sured as a function of temperature. The result- 
ing measurements of fluidity provide a 
sensitive index of oxidation or weathering, but 
not of swelling. The heating rate is limited to 
ca. 3 °C/min. In the dilatometer, the volume 
change on solidification is measured as a func- 
tion of temperature. This is applicable over a 
wide range of heating rates and provides data 
on dilation parameters and transition tempera- 
tures, but not on fluidity changes. 

These empirical tests require that expen- 
mental conditions be specified when results 
are reported. Furthermore, these tests measure 
different aspects of thermoplastic behavior; 
therefore, there is no single best method or 
technique that can predict the changes which 
occur in all industrial processes. Selection of a 
test method depends on the utilization process. 


Experimental Variables 


The thermoplasticity of a coal is a compli- 
cated phenomenon. It is affected by softening 
and rheological properties and by formation of 
gas bubbles [570], which are strongly influ- 
enced by pyrolysis conditions and feedstocks. 


Coal Rank and Petrographic Composition 


The thermoplastic properties.of coal vary 
widely as a function of rank. Moreover, the 
plastic properties of some bituminous coals 
serve to differentiate them from others of sim- 
ilar rank. A number of attempts have been 
made to correlate plastic properties with rank. 
Swelling, measured by dilatometry, exhibits a 
maximum for a volatile-matter content of ca. 
25-28%; the Gieseler fluidity reaches a maxi- 
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mum at са. 28-32% of volatile matter [568]. 
Correlation of the free-swelling index (FSI) 
with the maximum Gieseler fluidity is poor, 
which is not surprising; rather, it illustrates the 
heterogeneity of coal [567]. Some variations 
can be expected because of the obvious differ- 
ences in test conditions. In the FSI test, a 1-g 
sample of coal (250 um particle size or 60 
mesh) is heated in a silica crucible at 820 + 
2 °C for 2.5 min; the swelling is compared to 
that of a standard. The Gieseler fluidity test 
measures the rotary speed (in dial division per 
minute, ddpm) of a stirrer under a constant 
torque in a compacted 5-g charge, heated at 3 
+ 0.1 °C/min from 300 °C until it resolidifies. 
However, the FSI does not increase monotoni- 
cally with increasing Gieseler fluidity. In any 
case, the data support the concept of an opti- 
mum fluidity that is essential for maximum 
swelling. 

The principal maceral responsible for coal 
plasticity is vitrinite, the predominant petro- 
graphic constituent of most United States 
coals. Exinite differs from vitrinite of the same 
rank by containing more hydrogen and vola- 
tile matter. Exinite exhibits a lower softerfing 
temperature, wider plastic range, greater Gie- 
seler fluidity, and higher dilatometric swell- 
ing than vitrinites (Figure 5.138) [566]. 

Inertinite is infusible and inert, regardless 
of coal rank. It is distinguished from vitrinite 
of the same rank by its higher density and 
lower hydrogen and volatile matter contents 
[568]. 

Plasticity usually reflects the properties of 
the constituent macerals, but it also depends 
on the dispersion of exinite and inertinite 
within the vitrinite. This dispersion deter- 
mines the degree of interaction between the 
different macerals. Consequently, predicting 
the thermoplastic behavior of a coal from its 
petrographic (maceral) analysis alone is im- 
possible. 


Heating Rate 


The thermoplasticity of coals increases as 
the heating rate is increased [569]. Shock heat- 
ing rates (above 100 °C/min) significantly in- 


227 


crease the maximum swelling [569]. 
However, beyond a limiting heating rate (100— 
300 ?C/min) a further increase does not in- 
crease swelling. On the other hand, at a low 
heating rate (below 3 ?C/min), even a highly 
plastic coal may not soften or swell. 
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Figure 5.138: Expansion of vitrinites and exinites [566]. 
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Figure 5.139: Effect of heating rate on the characteristic 
temperatures of a low-volatile bituminous coal (particle 
size: —74 um; pressure: 101.3 kPa of He) [567]. О Soften- 
ing temperature; ^ Temperature of maximum devolatil- 
ization; © Temperature of maximum fluidity [570]; 0 
Temperature of maximum swelling (dilatometry). 


The effect of heating rate can be explained 


in terms of a competition between evolution of 
volatile matter and thermal decomposition. At 


228 


a higher heating rate, reactive components of 
the volatile matter, which would otherwise be 
lost before plasticity develops, can participate 
in secondary reactions that promote fluidity. 

With an increase in heating rate, the charac- 
teristic temperatures (for softening, maximum 
swelling, and maximum fluidity) increase, as 
measured by plastometry or dilatometry (see 
Figure 5.139). Because these temperatures do 
not shift to the same extent, the temperature 
range over which the coal is plastic 1s gener- 
ally widened. 

An important effect of heating rate on the 
thermoplastic properties of coals 1s related to 
the maximum rate of devolatilization [566]. 
As the heating rate increases from ca. 1 to ca. 
7 °C/min, the maximum swelling, maximum 
Gieseler fluidity, and maximum devolatiliza- 
tion rate all increase [567]. An increase in the 
heating rate produces a linear increase in the 
maximum rate of devolatilization. In addition, 
the maximum swelling increases with increas- 
ing heating rate, although this parameter is de- 
pendent on particle size. The maximum rate of 
devolatilization is slightly lower for the larger 
fraction. 

The sequence of events occurring during 
coal pyrolysis is a function of heating rate. 
Softening is preceded by a rapid increase in 
evolution of volatile matter. Within the same 
temperature range, the viscosity of the sample 
reaches a minimum [570]. In response to this 
rapid rise in formation of volatile substances 
the coal particles and coal bed expand, pro- 
ducing the maximum swelling, determined by 
dilatometry, and the maximum rate of devola- 
tilization, determined by thermogravimetric 
analysis [567]. 


Particle Size 


The effect of particle-size variations on the 
thermoplastic properties of coal has not been 
widely reported. The data published before 
1980 conflict. A few investigations have sug- 
gested that extremely fine grinding of the coal 
particles reduces thermoplastic properties. 

` However, these results are possibly due to in- 
creased ease of weathering and oxidation of 
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the more finely ground coal, or to maceral and 
mineral segregation that occurs during grind- 
ing. 

Experimental data on particle size must be 
interpreted with caution. Studies conducted in 
a Hoffmann dilatometer, which accommo- 
dates coarse samples, have shown that the ef- 
fect of particle size varies according to coal 
type and petrographic constituents [568]. 

The effect of particle size is dependent on 
heating rate [567]. At a high rate (60 °C/min), 
a considerable decrease in the particle size re- 
sulted in a significant increase in swelling. 
This confirmed earlier findings that, at a 
higher heating rate, the maximum swelling 
was greatest for the smallest size fraction 
[571, 572]. The behavior at 60 ?C/min has 
been explained as follows: the smaller coal 
particles, with their greater surface: volume 
ratio, fuse more easily with the neighboring 
particles and produce a homogeneous mixed 
phase [567]. In contrast, the larger coal parti- 
cles tend to maintain their individuality [567, 
569]. 

With slower heating (5 °C/min), the swell- 
ing parameter for the smaller fraction (—74 
jum) was less than that at 60 °C/min. This was 
attributed to slower devolatilization at 
5 ?C/min, resulting in a lower swelling pres- 
sure, i.e., the pressure generated inside the 
particles. In addition, the diffusion distance 
(the distance traveled by the volatile sub- 
stances before escaping) is shorter for smaller 
particles. Therefore, an increase in particle 
size with slower heating results in greater 
swelling. 

A particle-size effect is also noted in the 
contraction parameter. In general, the initial 
contraction of the coal particles is signifi- 
cantly greater for the smallest fraction [567, 
571, 572]. This is explained by the suggestion 
that larger coal particles fuse less than smaller 
ones because of their lower surface: volume 
ratios. 


Pressure 


Until recently, little work had been pub- 
lished on the effects of inert gas pressure on 
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the thermoplastic properties of coal. In the ab- 
sence of data at elevated pressure, the behav- 
ior of coal under typical gasification 
conditions (elevated pressure and reducing at- 
mosphere) has generally been extrapolated 
from data obtained at atmospheric pressure. 
However, this treatment has serious deficien- 
cies. 

Several investigations have shown that 
pressure increases the coke and gas yields at 
the expense of tar production. This has been 
attributed to an increased residence time of 
volatile and plasticizing substances in the coal 
melt and to a corresponding effect on rheolog- 
ical behavior. Pyrolysis of bituminous coal at 
elevated pressure has also been shown to in- 
crease the Gieseler fluidity (Figure 5.140) 
[573]. 

Swelling of coal in dilatometers. results 
from a balance between opposing forces and 
occurs when the internal (intraparticle or intra- 
bed) gas pressure (swelling pressure) gener- 
ated in the plastic state 1s higher than the 
applied forces that tend to contain it. This in- 
ternal pressure depends on the coal type, parti- 
cle size, heating rate, and temperature. 
Consequently, at elevated pressure, coal swell- 
ing depends largely on experimental condi- 
tions. For a range of bituminous coals, the 
rank dependency of the effect of pressure on 
the maximum swelling parameters was highly 
variable [567]. In addition, the extent of maxi- 
mum swelling varied markedly. 

Other observed effects of pressure, irre- 
spective of coal rank, were an increased con- 
traction parameter and an expanded plastic 
range. In contrast, with vacuum pyrolysis, 
maximum swelling, contraction, and plastic 
range were significantly reduced [567]. The 
effects of pressure can be explained qualita- 
tively by invoking the concept of optimum 
fluidity, which is essential for high expansion. 
If the melted coal is very fluid, swelling is not 
extensive because the volatile substances es- 
cape easily. At the other extreme, minimum 
fluidity is essential for the material to fuse and 
entrap volatile material. This implies that an 
optimum fluidity exists, which is necessary to 
permit a high degree of swelling. Under vac- 
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uum, for example, volatile and plasticizing 
components are readily removed before suffi- 
cient fluidity or swelling pressure can de- 
velop. Hence, thermoplastic behavior is 
inhibited [567]. 

Production of volatile matter during pyrol- 
ysis is a necessary but insufficient condition 
for a coal to become plastic and swell. The 
combined effects of the generated volatile 
matter and the rheological properties of coal 
determine thermoplastic behavior [567, 572, 
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Figure 5.140: Effect of pressure on the Gieseler fluidity 
of a bituminous coal [573]. *DDPM = dial divisions per 
minute. 


Gaseous Atmosphere 


The effects of a gaseous atmosphere on the 
thermoplastic properties of coal are of interest 
because in many processes devolatilization 
occurs in the presence of reactive gases, e.g., 
H,, CO/H,, or CO,. 

The effects of H, and He depend on the 
conditions. However, an increase in the maxi- 
mum swelling parameter can be cortelated 
with the degree of hydrogenation. At heating 
rates above 60 °C/min in a high-pressure mi- 
crodilatometer, the thermoplastic properties of 
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a low-volatile bituminous coal were not sig- 
nificantly different in atmospheres of H, or He 
[567]. The total loss of mass during pyrolysis 
at ca. 630 °C in these two gases was similar, 
indicating little hydrogenation at high heating 
rates. 

In contrast, at a low heating rate of 
5 *C/min, the maximum swelling is signifi- 
cantly greater at elevated Н, pressure com- 
pared to He. The loss of mass during pyrolysis 
is also significantly greater in H, than in He, 
indicating some hydrogenation at this heating 
rate [567]. 

The maximum Gieseler fluidity (heating 
rate, 5 °C/min) of a weakly swelling coal (FSI 
= 0.5) at atmospheric pressure was markedly 
greater in H, than in He or N, [573, 575]. 


Preoxidation 


In many processes, thermoplastic behavior 
of bituminous coals can have undesirable con- 
sequences. Caking can be reduced or elimi- 
nated by low-temperature (below the 
softening point) preoxidation, which can de- 
stroy thermoplastic properties [568, 569, 576, 
577]. In addition, carbonization of preoxi- 
dized bituminous coal produces a char with a 
higher gasification reactivity and surface area 
than coke produced from untreated coal [578]. 

Although many studies have been con- 
ducted on oxidized or weathered coals, oxida- 
tion mechanisms are still poorly understood. 
Small amounts of oxygen (0.01-0.02%) can 
produce substantial changes in coal plasticity 
[579]. The first stage of oxidation was postu- 
lated as peroxide formation; however, this has 
not been confirmed experimentally. It was fur- 
ther suggested that the peroxide is unstable 
above 70 °C and decomposes to yield more 
stable coal oxygen complexes with evolution 
of CO,, CO, and H,O. 

Another proposed mechanism was that oxi- 
dation increases hydroxyl, carboxyl, and car- 
bonyl content [566]. As the temperature rises 
the hydroxyl groups can condense with the 
liberation of water: 

Ar-OH + Ar-OH > Ar-O-Ar + H,O 


where Ar is an aromatic radical. 


Handbook of Extractive Metallurgy 


Fourier transform infrared (FTIR) studies 
suggest that in the early stages of oxidation, 
the main functional groups formed are carbo- 


пу] and carboxyl [580]. At higher degrees of \. 


oxidation, evidence indicates a significant in- 
crease in ether, ester, and phenolic groups. 
Loss of plastic properties on oxidation is at- 
tributed to the formation of ether and ester 
cross-links. The decline in fluid behavior on 
oxidation can be correlated to a reduction in 
the aliphatic hydrogen content [581]. 

The swelling of a highly fluid coal in- 
creased on mild oxidation [568, 569, 571]. 
More severe oxidation sharply reduced swell- 
ing. 

Little work has been done on carbonization 
of preoxidized coal under the pressure of a re- 
ducing gas. Successful operation of fixed- and 
fluidized-bed processes depends on the behav- 
ior of preoxidized coal when it is devolatilized 
under these conditions. 

A preoxidized coal shows a higher loss of 
mass during pyrolysis in H, than in N; [567]. 
The thermoplastic properties of preoxidized 
coal are highly dependent on pressure, and 
maximum swelling increases significantly at 
an elevated pressure of H, or He [567, 582, 
583]. This suggests that if preoxidized coal is 
used as a feed material for a pressurized pro- 
cess, where devolatilization occurs in a reduc- 
ing atmosphere, the effects of preoxidation are 
reduced. 

Although oxidation is an inexpensive tech- 
nique for reducing the plastic behavior of coal, 
deleterious consequences have been reported 
[567]. Preoxidation results in an overall loss of 
carbon (as CO;) and hydrogen (as Н.О); 
hence, the heating value is significantly re- 
duced. Consequently, other means of reducing 
thermoplastic properties are being investi- 
gated. 


Additives 


Inorganic additives are an alternative to 
preoxidation. They reduce the caking of coal 
carbonized at atmospheric pressure (Table 
5.62); however, they have economic and oper- 
ational drawbacks. 
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Table 5.62: Effects of additives on thermoplastic behavior of coal [584]. . 
А ; S Ch i ingi 
Additive Concentration Pretreatment Caking index* EE 
Before After 
Dry sand 2096 dry mixed FSI 4.5 41 
NaOH 2096 dry mixed FSI 4.5 1.0 
Na,CO, 20% dry mixed FSI 4.5 1.8 
Na,CO, 10% dry mixed FSI 4.5 . 30 
Na,CO, 596 dry mixed dpm 275 15 
K,CO, 20% dry mixed FSI 27.0 1.5 
Boric acid 296 dry mixed BS swelling no. 8.0 " 0.5 
NaCl 1N solution S FSI 4.5 2.0 
Na,CO, LNsolution | 20 8 of coal in 200 mL of eer 45 13 
NaHCO, lNsolution f 40 min FSI 4.5 1.5 
NaOH 1N solution FSI 4.5 1.0 
ВЕ; 0.25 mmol FSI 8.0 2.0 
BF3/100g gravimetric gas sorption FSI 8.0 2.0 
BF; 0.27 at saturated pressure FSI 9.0 2.0 
BF, 0.21 FSI 7.0 2.5 
AICI,, (CH4),CHCI* — coke inspection agglomerated powder 
НСІ А not stated lhat150?C coke inspection agglomerated powder 
Excess tri-n-butyl borate — BS swelling no. 8.0 0 
Phosphorylation* — BS swelling no. 8.0 0.5 
Acetylation* — BS swelling no. 8.0 25 
NH, solution with Ni catalyst 3-3.5% Ni autoclaved with liquid ^ swelling no. 2.2 L1 


NH, at 120 °C for 4h 


*FSI = Free Swelling Index; dpm = Divisions per minute as determined by a Gieseler plastomer; BS = British Standard. 


‘Friedel-Crafts alkylation. 
*Esterification of phenolic hydroxyl groups. r 


The mechanism of decaking is not known. 
In general, an additive may function as an in- 
ert diluent or in a more active role by chemi- 
cally interacting with the softened coal. Some 
inert additives may provide sites for complex 
reactions of the coal. Some inert additives re- 
duce fluidity by adsorbing primary decompo- 
sition products. Removal of 2-3% of the 
extractable bitumen prevents caking com- 
pletely [568]. 

Additives may also increase the permeabil- 
ity to gas flow and, therefore, reduce swelling 
in the coal melt. Compounds like GO. how- 
ever, serve simply as diluents. 

Additives may also react chemically with 
the pyrolysis products. Substances, such as 
K5CO,, KOH, СаО, Ее,О,, Fei, НСІ, and 
BF,, reduce the swelling of coal at atmo- 
spheric pressure. 

The effectiveness of additives in decaking 
under gasification conditions has been exam- 
ined [567, 585, 586]. Compounds of K, Ca, or 


Fe significantly reduced thermoplasticity un- 
der most conditions. Although K,CO, and 
KOH are effective decaking agents, KCl is 
not. Similarly, CaO and Ca(OCOCH;), were 
more effective than CaCO,. Both Fe,0, and 
Fe4O, destroyed thermoplasticity at 0.1 MPa 
(H, or He), even at ca. 5%. 

Effective additives may promote char for- 
mation during pyrolysis. Pyrolysis at elevated 
hydrogen pressure usually increases H. This 
was attributed to a reduction of char-forming 
reactions, thereby increasing fluidity of the 
system [567]. 


Development of Thermoplasticity 


Softening 


Although thermoplastic properties of coal 
have been studied for many years, softening 
still lacks a satisfactory explanation. However, 
a general pattern has been established. 


232 


Direct microscopic observations are reveal- 
ing Between 325 and 450 °C, depending оп 
coal rank and experimental conditions, visible 
softening is manifested as follows [569]: 


e Coal particles become mobile and fill the 
bed space. Larger particles, which soften 
less than smaller ones, fuse with the smaller 
particles. 


e So-called fusion pores begin to form as soft- 
ening continues, depending on particle size 
and nature of the coal. However, with fur- 
ther softening, the material becomes more 
homogeneous, making distinction between 
pores formed by fusion and those formed by 
devolatilization difficult. As softening con- 
tinues, viscosity decreases, particle bound- 
aries disappear, and gas evolution increases. 


e With a further increase in temperature, vis- 
cosity increases until resolidification oc- 
curs, pore volume and vitrinite reflectance 
increase, and in some cases, anisotropy in- 
creases. 

Softening can be measured in a dilatomet- 
ric test by the onset of contraction when a bed 
of coal is heated under a weighted plunger. A 
more precise measurement is given by the at- 
tainment of a specific degree of fluidity within 
the plastometer. In all theories of plasticity, it 
is acknowledged that a fusible material is 
formed during softening, but differences of 
opinion exist as to the origin, nature, and func- 
tion of this material [572]. 

The homogeneous-melt theory, for exam- 
ple, proposes that coal undergoes pastelike 
melting throughout the entire mass, but de- 
composes at the same time, giving rise to gas 
and an infusible solid [587, 588]; the composi- 
tion of this mixture depends on time and tem- 
perature. Resolidification is observed when 
the transformation to infusible material is 
complete. If decomposition proceeds too rap- 
idly before the inception of softening, fusion 
does not occur and char is formed. On the 
other hand, if softening occurs before the evo- 
lution of volatiles, a coal fuses and swells to 
form a coke. 

According to the partial-melt theory, only a 
fraction of the coal melts and the remainder is 
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plasticized. The fusible fraction, the coking 
principle or bitumen, has been identified in 
benzene and chloroform extracts. 
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Figure 5.141: Relationship of volatile matter content to 
softening points and decomposition points of coal [589]. 

In the thermobitumen theory, softening is 
defined as a consequence of pyrolysis that 
transforms coal into fluid products. The ap- 
pearance of these fluid products causes soften- 
ing and plasticity. Their disappearance by 
evaporation or thermal decomposition results 
in resolidification. The fluid products are 
termed metaplast or thermobitumen, implying 
that they are the products of pyrolysis. 


The physical and physicochemical theory | 


proposes that thermal softening is initially a 
physical process of partial melting of the coal 
substance to a fluid mass. However, the rheo- 
logical properties of this mass are subse- 
quently modified by chemical reactions 
during decomposition. Therefore, develop- 
ment of fluidity is believed to be the result of 
both physical and physicochemical processes. 
In noncaking coal, the decomposition point 
is lower than the softening point. The rank de- 
pendency of these temperatures is illustrated 
in Figure 5.141, which shows that plastic coals 
occupy only a narrow range of rank. Other 
theories suggest that the fraction of a coal that 
fuses plasticizes the remainder [589—598]. 
Thermal softening of coal is apparently not 
related to physical melting but instead to ki- 
netic phenomena (566, 599]. The develop- 
ment of fluidity may be the result of physical 
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and physicochemical processes without appre- 
ciable rupture of covalent bonds during pyrol- 
ysis. After melting of the mass, the properties 


are modified by pyrolytic reactions [594]. . 


This mechanism is consistent with three con- 
ditions that have been proposed as being nec- 
essary апа sufficient for plasticity 
development [600]: 


e Lamellar bndging structures that can be 
thermally broken 


e A supply of hydroaromatic hydrogen 


e Intrinsic ability of micelles and lamellz to 
become mobile, i.e., ability of the coal to 
melt independent of thermal bond rupture. 


Swelling 


Investigators agree that the softening of 
coal particles is caused by the melting or sol- 
vation of low molecular mass substances or by 
primary pyrolytic decomposition [568]. Soft- 
ening causes swelling and the formation and 
liberation of gas. The gas cannot escape rap- 
idly because of the low permeability of the 
plastic mass. Hence, gas bubbles are formed 
with high internal pressures. In response to 
this internal pressure, the viscous plastic mass 
swells like baker's dough. The formation of an 
impermeable plastic mass is a precondition for 
swelling. 

Swelling can be observed in coal particles 
individually or collectively. Jntraparticle (sin- 
gle-particle) swelling results from the forma- 
tion of a plastic mass that eliminates the 
fissures and macropores through which gas 
could escape. The resulting internal pressure 
swells the plastic mass. Swelling of particle 
beds, i.e., interparticle swelling, is caused 
similarly when the plastic mass fills the inter- 
particle spaces, preventing gas from escaping. 

The importance of each type of swelling 
depends on the particle size and the nature of 
the coal. Intraparticle swelling is only impor- 
tant for weakly coking coal. For coal to form a 
coherent and strong coke, interparticle swell- 
ing is necessary. In highly plastic coal distinc- 
tion between the two types of swelling is often 
impossible [585]. 
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The extent of swelling depends on the rate 
of devolatilization [566, 567]. A minimum 
fluidity is essential to reduce the permeability 
of the plastic mass to gas flow and generate 
swelling pressure. However, if the plastic 
mass is too fluid, gas bubbles escape at low 
pressure. 

Swelling has been viewed as a process in- 
dependent of softening [596, 597, 601]. In this 
light, swelling is a consequence of the pore 
structure of the starting coal. It is caused by 
the pressure of the evolved gas trapped within 
the micropores. 

Porosity exhibits a minimum for the higher 
rank bituminous coals, for which swelling is at 
a maximum. This mechanism explains intra- 
particle swelling, but not interparticle swell- 
ing. Because microporosity is a prominent 
feature of agglomerating coal, an empirical re- 
lationship between swelling and porosity may 
exist without necessarily implying that swell- 
ing is a consequence of porosity. In fact, swell- 
ing and porosity may be consequences of a 
third factor, such as cross-linking density. 


Resolidification 


Resolidification is usually attributed to a 
series of cracking reactions followed by con- 
densation and polymerization. A large number 
of free radicals and small molecules are gener- 
ated by cracking. This is consistent with the 
observation that the original solvating agent, 
the bitumen, decomposes at ca. 480 °C, before 
resolidification of the coal to form a semicoke 
[594]. Because of the loss of hydrogen-donat- 


.ing and solvating agents, which would other- 


wise stabilize the free radicals, the solid 
material polymerizes forming semi-coke. This 
viewpoint is supported by the fact that the 
semicoke is deficient in hy drogen compared to 
the precursor. 


Coke Microstructure and Mesophase 
Formation 
The properties of cokes are determined by 


their microstructural characteristics. The 
structure property relationship is, however, 
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difficult to establish for coke because of its ex- 
treme heterogeneity in chemical constitution 
and physical structure. Nevertheless, consid- 
erable progress has been made since the 
1920s, primarily with the aid of optical mi- 
croscopy. 

The most significant industrial use of coke 
is in the production of iron and steel. Only 
prime coking coal produces coke appropriate 
for blast furnaces, where reactivity and stabil- 
ity under thermal stress are required [602, 
603]. These requirements are met by metallur- 
gical coke. 

In general, the principal feature of the coke 
microstructure is the anisotropy of the organic 
coke substance as observed by optical micros- 
copy [604—608]. The critical role of an inter- 
mediate plastic phase (carbonaceous 
mesophase) in the development of the charac- 
teristic anisotropic structures was first recog- 
nized in 1965 [609, 610]. Subsequent research 
has been devoted to the significance-of me- 
sophase formation during the carbonization of 
coking coal [611], the effect of coal rank and 
chemical constitution on mesophase forma- 
tion [612-616], the use of optical and scan- 
ning electron microscopy [617], and the 
chemistry of mesophase formation [618-622]. 
These investigations may help to improve 
coke manufacture by modifying the micro- 
structure through the development of a car- 
bonaceous mesophase. 


Microscopic Characterization 


Optical microscopy is the principal means 
of analyzing coke morphology and anisotropic 
structures [617, 620]. The resolution limit of 
the optical microscope is ca. 0.2 шп. Optical 
anisotropy is an expression of structural 
anisotropy on the same scale [623]. 

For microscopic examinations, polished 
coke sections are viewed in plane-polarized 
light [624]. The appearance of the polished 
surface is termed the optical texture. Isotropic 
and anisotropic structures can be distin- 
guished on the basis of different behavior 
(625, 626]. A common technique employs re- 
flection interference colors [626]. These are 
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yellow, blue, and dark purple for anisotropic 
materials and light purple for isotropic materi- 
als. Thus, cokes can be characterized by color 
and the shape and size of the isochromatic ar> 
eas [617]. 


Differences in optical activity between iso- 
tropic and anisotropic cokes are due to differ- 
ences in the range of crystallographic order 
[618]. The crystallographic order of isotropic 
coke is considered to be only small in scale; 
i.e., the parallelism of associated constituent 
lamellar molecules extends over short dis- 
tances (ca. 1-5 nm). Although the structure can 
be claimed to be anisotropic for 1—5 nm, it is 
essentially isotropic to the light beam because 
this range is far below the resolution of the op- 
tical microscope (ca. 200 nm). However, for 
anisotropic coke, the range of crystallographic 
order extends from 0.3 to ca. 200 um; in the 
light beam, the material has bulk anisotropy 
[618]. 

An optical microscopic classification of the 
organic solid residues derived from the hydro- 
genation of bituminous coal can be applied to 
coke obtained by carbonization. Table 5.63 in- 
cludes the type of macerals and the transient 
phases responsible for coke microstructures. 
The formation of the transient, fluid phases 


(vitroplast and mesophase) is indicative of fu- ` 


sion (or plasticity) during carbonization and is 
limited to certain bituminous coals. 


The term vitroplast designates a plastic or 
formerly plastic carbonization product of vit- 
rinite that, unlike the starting material, is opti- 
cally isotropic. In coke it is characterized by 
flow structures and spherical morphologies. 


The semifusinite maceral can also make a 
small contribution to the formation of spheri- 
cal vitroplast. Further alteration of vitrinite 
and the spherical vitroplast derived from it is 
seen in the development of cenospheres. This 
term was first used to designate structures 
formed by rapid heating of pulverized coal 
[628, 629]. A cenosphere is defined as a retic- 
ulated hollow sphere composed of ribs or 
frames and windows. Cenospheres are 
formed by the gas liberated within vitroplast 
spheres during the plastic stage [627]. 
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Table 5.63: Optical microscopic classification of solid carbonization products [627]. 








Intermediate fluid phase Maceral precursor 
vitroplast vitrinite, semifusinite 
vitroplast vitrinite 
mesophase vitrinite, semifusinite 

— vitrinite 


— fusinite 
ae a 


Classification Optical nature 

Vitroplast (VP") isotropic 
Cenosphere (CS*) isotropic and anisotropic 
Semicoke (GC) anisotropic - 
Unreacted or slightly altered 

vitrinite (UV*) anisotropic 

fusinite (FS*) isotropic 
* Abbreviation. 


In contrast to vitroplasts, the mesophase is 
optically anisotropic and represents the main 
route for the formation of anisotropic struc- 
tures in coke. It is considered to be a unique, 
ordered, fluid system consisting of high mo- 
lecular mass, planar molecules. 

The solid product formed via a mesophase 
is called a semicoke, a term used in a more 
general sense for the solid products of low- 
temperature (500-600 °C) carbonization of 
coking coals or heavy hydrocarbon feed- 
stocks, such as coal-tar and petroleum pitches. 

Both vitroplasts and cenospheres may de- 
velop intrinsic anisotropic structures (depend- 


_ing on the conditions of carbonization) while 


retaining their characteristic morphology. An- 
other type of anisotropy in coke is associated 
with the unreacted vitrinite fragments. The 
distinction among these anisotropic microcon- 
stituents has a significant bearing on coke 
properties [627]. 

Scanning electron microscopy (SEM) is 
also useful for examining the microstructural 
characteristics of solids [630]. Its high resolu- 
tion (ca. 3 nm) and depth of focus permit char- 
acterization of surface topography at very low 
and high magnifications (up to x 200 000). 
Specimens are examined by sweeping a finely 
focused electron beam across the surface. The 
resulting signals include secondary electrons, 
backscattered electrons, and characteristic X- 
rays. 

In the examination of coke, the most useful: 
signal is the variation in secondary electron 
emission with changing surface topography. 
Optical microscopy and SEM are complemen- 
tary techniques for coke characterization, pro- 
viding structural and topographical 
information, respectively [618]. 


Carbonaceous Mesophase 


The important properties of cokes, includ- 
ing mechanical strength and reactivity, are 
governed by the arrangement of the constitu- 
ent carbon atoms. The principal features of the 
atomic arrangement are the alignment and size 
of carbon crystallites. The highest degree of 
alignment is seen in natural graphite crystals, 
which consist of extended layers of fused hex- 
agonal rings of carbon atoms. This structure, 
with an interlayer spacing of 0.3354 nm, is ap- 
proached by certain carbons manufactured 
from coal tar and petroleum pitches and by 
polynuclear aromatic hydrocarbons on heating 
at 2500-3000 °C. Depending on their behav- 
ior when heat-tréated, carbonaceous solids can 
be classified as graphitizing or nongraphitiz- 
ing, ep, coke and char, respectively, in the 
case of coal-derived solids. 

Although the crystallite alignment in car- 
bonaceous solids is only observable after heat- 
ing at 1000 °C, crystallite alignment starts 
during carbonization over a narrow tempera- 
ture range near 450 °C [620]. This stage, coin- 
cident with plasticity development, is 
characterized by the formation of carbon- 
aceous mesophase, which leads to the aniso- 
tropic structures found in cokes. The shape 
and size of these anisotropic structures usually 
determine the behavior of the coke [631]. Sub- 
stances that form graphitizing coke via a me- 
sophase include the vitnnites of medium- 
volatile coking coal, coal-tar and petroleum 
pitches, polymers such as poly(vinyl chlo- 
ride), and polynuclear aromatic compounds 
such as anthracene. 

Lignites, thermosetting resins, polymers 
such as poly(vinylidene chloride), and hydro- 
carbons such as biphenyl do not form me- 
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sophase; instead, they produce isotropic 
nongraphitizing coke commonly referred to as 
char [620]. 

An outstanding characteristic of carbon- 
aceous mesophase is the prevailing molecular 
order, which represents an intermediate state 
between totally isotropic liquids and anisotro- 
pic solid crystals. A crystal is characterized by 
long-range order. Isotropic liquids, on the 
other hand, possess no long-range order [632]. 
In liquid crystals, some but not all of the long- 
range order is maintained. The state is neither 
crystalline nor strictly liquid, and in 1922 the 
term mesophase was proposed [633-635]. The 
plastic, anisotropic phase formed during car- 
bonization is designated interchangeably as 
liquid crystal or (carbonaceous) mesophase. 

Of the several types of liquid crystals, the 
nematic (threadlike) type is the most relevant 
to carbonaceous mesophase [636]. Nematic 
liquid crystals separate from the isotropic liq- 
uid as anisotropic spherical droplets that even- 
tually coalesce to give nematic domains. The 
molecular arrangement is envisaged as rod- 
shaped, similarly sized molecules lying paral- 
lel to each other but with no stacking order. 

The parallel alignment of the molecules in 
carbonaceous mesophase and the separation 
from the isotropic liquid in the form of spheres 
suggest the behavior of nematic liquid crys- 
tals. The molecular units of carbonaceous me- 
sophase are, however, disk-shaped and widely 
varied in size [637]. Furthermore, the forma- 
tion of carbonaceous mesophase usually in- 
volves irreversible chemical processes, in 
contrast to the physical and reversible forma- 
tion of nematic liquid crystals. Carbonaceous 
mesophase consists essentially of large poly- 
nuclear aromatic hydrocarbons [638]. Me- 
sophase spheres formed during the 
carbonization of pitch may contain smaller 
molecules incorporated in the matrix of planar 

` condensed-ring compounds (Figure 5.142) 
[637]. This gives a molecular mass distribu- 
tion in the range of 400—3000 or even more. 

The most commonly observed arrangement 
of molecules in mesophase spheres is the 
Brooks—Taylor configuration, in which layers 
of planar molecules lie parallel to the equato- 
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rial plane around the polar axis, but curve to 
reach the surface at an angle [620, 640]. Other 
configurations have been observed, especially 


in the presence of induced magnetic fields and . 


solid particles, e.g., carbon black [641, 642]. 
These configurations apparently show no dif- 
ferent properties. 





Figure 5.142: Nematic molecular order of carbonaceous 
mesophase comprised of methyl-substituted polynuclear 
aromatic compounds connected by methylene bridges and 
biaryl linkages (637, 639]. 

The uninhibited formation and develop- 
ment of mesophase occurs in three sequential 
stages: nucleation, growth, and coalescence. 
This progression, although clearly seen with 


the optical microscope in pitch and aromatic . 


hydrocarbons, is not always observed during 
coal carbonization because of the inhibition of 
growth and coalescence or the very rapid for- 
mation of the final texture of the semicoke. 

Nucleation is observed as the separation of 
anisotropic spheres from the isotropic melt, 
when they become sufficiently large (ca. 0.3 
um in diameter) to be visible. This is a homo- 
geneous process that does not require a spe- 
cific site. Under favorable conditions, the 
spheres can grow at the expense of the isotro- 
pic melt and coalesce to form large domains of 
ordered regions, which eventually solidify to 
semicoke. This type of extensive mesophase 
development (flow domains) leads to highly 
graphitizable coke. 

If growth-and coalescence are inhibited, ir- 
regularly shaped anisotropic spheres of small- 
scale order (0.3—10 um grain size) are formed. 
These structures, frequently encountered in 
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coal carbonization, are termed mosaics. A 
widely used classification, based on the shape 
and size of the anisotropic structures found in 
coke, is as follows [614]: 


Isotropic no optical activity, uniform, light 
purple color on the surface 
Anisotropic 
Via mesophase dark purple, yellow and blue areas 
of varying shape and size 
Fine-grained irregularly shaped, isochromatic ar- 
mosaics eas (ISIA), 0.5-1.5 um long 
Medium-grained ISIA, 1.5-5.0 jum long 


mosaics 
Coarse-grained ISIA, 5.010 um long 

mosaics 
Coarse flow rectangular, flow-type structures 


30-60 шт long; > 10 um wide 


Flow domains flow-type structures > 60 tum long; 


> 10 pm wide 
Domains isometric structures > 60 [im in di- 
ameter 
Basic anisotropy flat, featureless anisotropy associ- 


ated with the parent unreacted (or 
slightly altered) vitrains from high- 
rank coals 


The sequential formation of mesophase is 
apparently not the sole mechanism leading to 
anisotropic structures in coal-derived coke. 
Vitrains from high-rank coals behave some- 
what differently from coking and caking coals 
[612]. The inherent (basic) anisotropy of vit- 
rain, which is rather featureless, is unchanged 
or converted directly to flow-type anisotropy. 
In this respect, it does not follow the progres- 
sive development of flow-type anisotropy. 

Mesophase formation results from ex- 
tremely complex and interdependent physical 
and chemical processes occurring during car- 
bonization. The first chemical process is the 
rupture of weak bonds, breaking down the mo- 
lecular network and forming free radicals, fol- 
lowed by such reactions as cyclization, 
aromatization, and polymerization. 

The fluid carbonization medium at this 
stage can be envisaged as a dynamic chemical 
system, with increasing molecular mass and 
size [618]. When the planar molecules reach a 
critical concentration and size, van der Waals: 
forces become sufficiently strong to establish 
parallel orientation. The resultant anisotropic 
miscellae separate from the isotropic fluid 
phase in the form of spheres. If the molecules 
are not sufficiently planar, parallel stacking is 
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sterically hindered. The spherical shape of the 
separated anisotropic miscella results from the 
usual requirement of minimum surface area 
and surface energy at the interface of a two- 
phase system [618]. 

The principles governing mesophase for- 
mation can be summarized as follows: 


e Heteroatoms and alkyl groups inhibit me- 
sophase formation by cross-linking reac- 
tions, which impair planarity. | 

e Naphthenic hydrogen promotes mesophase 
formation via hydrogen-transfer reactions, 
which retard cross-linking and increase flu- 
idity. 

e Aromatic systems promote mesophase for- 
mation by virtue of their planarity and low 
reactivity. 

These findings are based on studies of 
model compounds thought to resemble the 
building blocks of bituminous coal and petro- 
leum feedstocks [619, 622, 643, 644]. In addi- 
tion, mesophase formation depends on 
carbonization conditions. 

The carbonization of coal of different rank 
produces coke with corresponding optical 
properties [616]. Low-rank coals (lignite and 
subbituminous) do not soften during carbon- 
ization, thus producing isotropic chars [617]. 

The size of the anisotropic structures in 
coke generally increases with increasing coal 
rank (Figure 5.143) [51]. Whole coal behaves 
like vitrain. Caking coal with high volatile 
content forms isotropic coke containing small 
amounts of fine-grained mosaics. With in- 
creasing rank up to the prime coking coals, 
these anisotropic structures become larger (5— 
10 uum) and more numerous. 

In coke from prime coking coal, the optical 
texture (apart from inorganic and infusible or- 
ganic petrographic components) is essentially 
and continuously anisotropic, with structures 
varying in size from fine-grained mosaics to 
coarse particles up to 20 um. The anisotropic 
structures in coke from fusing coal (high-to- 
low-volatile-content bituminous) develop. 
mostly via mesophase formation. 

Semianthracites, anthracites, and some 
noncaking low-volatile bituminous coals 
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have no fluid stage during carbonization. The 
large anisotropic structures found in these 
cokes originate from the inherent anisotropy 
of the parent coal [612]. 


The variations in the optical texture of coke 
from coals of different rank reflect the differ- 
ences in mesophase formation. These differ- 
ences can be explained in terms of the 
variations in chemical constitution. 


Coals become more aromatic with increas- 
ing rank, which is also associated with de- 
creasing oxygen content and increasing 
incorporation of oxygen into cyclic structures 
[645—647]. 

In low-rank coal, most oxygen is in the 
form of carboxyl (-COOH) апа hydroxyl 
(— OH) groups; both are reactive cross-linking 
agents. Oxygen in cyclic structures does not 
participate in cross-linking. In light of the 
principles discussed in this section, increasing 
aromaticity and decreasing oxygen content 
can explain the improvement in mesophase 
formation with increasing coal rank. 

Carbonization conditions also affect me- 
sophase formation. These effects are due to 
changes in the rate of chemical and physical 


processes [648, 649]. 
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Figure 5.143: Variation of coke optical texture with vola- 
tile matter content of the parent vitrains [614]. 
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Modification of Optical Texture and 
Properties 


The most significant feature of the micros, 


structure of metallurgical coke is the unique 
anisotropy that is associated with low porosity 
and takes the form of mosaics bridged by 
small flowtype structures in the pore wall 
[616]. Most macropores are hundreds of mi- 
crometers in size; the pore wall is of signifi- 
cant thickness [616]. The limited porosity 
provides a coke density suitable for blast fur- 
nace operations, whereas the bonding of the 
small growth units of the anisotropic struc- 
tures strengthens the coke. In addition, the 
anisotropic and nonporous nature of the coke 
reduces reactivity toward carbon dioxide, as is 
desired in blast furnace operations. 

Consequently, coke properties can be modi- 
fied by altering the optical texture and mor- 
phology. This makes possible manufacture of 
metallurgical coke from the large reserves of 
noncoking coal of low rank. 

Modification of mesophase formation has 
therefore, great value in improving coke. The 
cocarbonization of noncoking coal with cok- 
ing coal or pitch is also useful [650, 651]. 


5.22.13.2 Yield and Distribution of ` 


Pyrolysis Products 


Experimental Methods 


The yield of pyrolysis products (gases, liq- 
uids, and solids) is determined by monitoring 
the loss of coal mass or the quantity of gas 
evolved. In the traditional determination of 
proximate volatile matter (e.g; ASTM or 
DIN), the yield is measured as the mass lost 
from a fixed bed at standard conditions. Devi- 
ations from these conditions can change mass 
losses significantly (Figure 5.144). Smaller 
samples in a standard crucible (shorter bed 
depths) and higher heating rates and tempera- 
tures increase volatile yield. 

Yields are also increased by reducing gas 
pressure and particle size. Thus, the volatile- 
matter content is highly dependent on pyroly- 
sis conditions and can exceed 150% of the 
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ASTM value (e.g. last line, Table 5.64). 
When volatile products are desired, increased 
yield is of great interest. Furthermore, factors 
that influence the product distribution are im- 
portant because in many processes the liquids 
(not the gases) are of primary interest. 

In contrast to coal gasification, for exam- 
ple, with its few and easily identified products, 
the prediction of yield and product distribution 
in coal pyrolysis is difficult. The extreme 
complexity of coal pyrolysis precludes accu- 
rate thermodynamic analysis. Moreover, the 
temperature and pressure are often ill-de- 
fined. In rapid pyrolysis, internal pressures as 


- high as 100 MPa have been estimated [652]. 


The design of reactors and processes is usually 
based on experimental determination of the 
yield and product distribution as functions of 
temperature, heating rate, pressure, particle 
size, and coal rank [653]. 


Experimental Variables 


Time and Temperature 


The determination of temperature and reši- 
dence time in entrained-flow reactors presents 
special problems. Particle temperature is usu- 
ally estimated from measurements of gas tem- 
perature (by suction pyrometry) with the aid 
of a heat-transfer model. Particle residence 
time (X 1 s) is calculated from known or as- 
sumed trajectories by using an appropriate 
model for the fluid and solid dynamics. The 
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total yield of volatile substances, when not ob- 
tained from material balances, is frequently 
determined from the mineral matter or ash in 
the coal or char. The distribution of volatile 
products is usually determined by gas chroma- 
tography or mass spectrometry. 


48 


> + к 
Ф N E: an 


Mass loss, % (dry, ash-free)—» 


LA 
со 





Figure 5.144: Effect of sample mass (bed depth), heating 
rate, and pyrolysis temperature on mass loss [652]. 


Symbol Heating rate, °C/s Temperature, °C 
A 6 750 
oF 14 950 
Qo 22 1150 
A 0.5 750 
e 0.5 950 
C PEERS | ee. NM 


*Standard ASTM volatile matter test. 


Table 5.64: Comparison of experimental pyrolysis yields with proximate volatile matter [653]. 


Conditions Coal rank PE 96 pU E VIM? 

Dry basis, medium-volatile bituminous (mvb) 25.3 19 0.75 
heated to 950 °C at 600 °C/s high-volatile A bituminous (hvAb) 31.6 36 1.14 
high-volatile A bituminous (hvAb) 37.7 49 1.30 

subbituminous 40.7 48 1.17 

high-volatile bituminous (hvb) 44.0 41 0.93 

Dry, ash-free basis, bituminous 46.2 53.7 1.16 
heated to 1000 °С at 10* *C/s lignite 44.3 44.7 1.01 
bituminous 44.6 52.2 117 

heated to 2000 °С at 10  ?C/s — bituminous 42.5 65 1.53 


,ASTM method. 
Р = total volatile matter, VM = proximate volatile matter. 
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Table 5.65: Distribution of volatile products in coal pyrolysis [653]. 





Volatile products, 96 (dry) 


d Coal 

Ko Se Ta^ баз — Water P 
Fischer assay, 600 °C Furst Leopold 11.2 10.0. 8.1 29.3 
Stirred bed, 600 °C 18.7 7.0 7.5 33.2 
Slow heating, 0.08 °C/s Moscow brown coal 4.6 11.9 6.0 22.5 
Rapid heating to 500 °C 4.0 8.1 9.6 21.7 
Thin layer of particles Maigre Oignies no. 2 1.8 5.1 1.5 8.4 
heated to 1050—1100 °C at 1500 °C/s Bergmannsgluck 41.7 5.9 3.0 23.6 
Emma fines 15.9 62 2.4 24.5 
Lens-Lievin no. 10 17.1 7.0 2.6 26.7 
Flenus de Bruay 252 9.6 4.4 39.2 
Wendell Ш 22.5 7.9 4.1 34.5 
Faulquemont 18.9 12.6 5.2 36.7 
Entrained flow, 600 °C West Virginia, mvb* 18.7 1.8 6.5° 27.0 
Illinois, mvb* 19.6 19.7 4.6* 43.9 
Pittsburgh, hvAb? 31.5 22.0 8.0* 61.5 
Wyoming, subbituminous B 11.0 26.4 5.6* 43.0 
Fischer assay, 500 °C Western Kentucky 16.3 | 5.0 9.4 30.7 
Flow tube, 530-650 °C hvBb* :33.0 6.6 1.7 413 
Thin layer of particles Pittsburgh, hvAb? 25.8 11.3 6.5 43.6 
` heated to 1000 °C at 1000 °C/s Montana lignite 6.8 22.7 10.4 39.9 


* Volatiles condensable at 20 °C. 

* Combined volatiles from tar, gas, and water. 
*See Table 5.64 for abbreviation. 
*High-volatile A bituminous. 


*Estimated as mass difference between original dry coal and combined tar, gas, and char yields. 


Table 5.66: Composition of gaseous products in coal pyrolysis [653]. 


Conditions Temperature, °C 


Thin layer of particles 105-1100 (at 1500 ?C/s) 


Fluidized bed 600 
Fischer assay 600 
Entrained flow 600 
Flow tube 530-650 


Thin layer of particles 1000 (at 1000 °C/s) 


The yield of volatile products in the pyroly- 
sis of coals of different rank under different 
heating rates increases continuously with in- 
creasing temperature. This results from the ex- 
istence of a hierarchy of bond energies in the 
structure of coals (Figure 5.136). In most cases, 
even at heating rates as high as 10 000 °C/s in 


Gas composition, vol% (dry) 


Volatiles, 96 

CO, CO H, CH, 

8.4 2.2 10.1 66.2 8.6 
18.1 1.6 5.0 67.2 21.4 
20.4 2.0 6.0 62.9 20.3 
24.4 3.8 9.6 64.2 21.0 
31.0 4.1 15.8 54.3 16.9 
33.9 2.4 10.0 52.8 21.8 
36.4 6.1 20.6 60.3 13.1 
31 12.0 12.3 14.7 50.5 
31 10.3 8.7 22.4 54.2 
31.6 9.2 3.6 19.4 24.7 
34.6 11.7 0.0 23.0 40.7 
37.7 9.5 9.5 17.1 42.9 
40.7 16.0 10.5 25.6 33.9 
41 10.6 49 25 42.3 
39.5 3.2 9.9 578 17.8 
39.6 24.0 37.2 27.8 8.8 


entrained-flow reactors, pyrolysis is complete 
at ca. 1000 ?C. For a longer residence time, a 
lower temperature is needed to achieve a par- 
ticular yield, in accordance with Arrhenius- 
type behavior. In particular, the yield is a sensi- 
tive function of temperature for short residence 
times in entrained-flow reactors. 
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Figure 5.145: Effect of temperature on the distribution of 
volatile products from a lignite (pressure: 101.3 kPa of 
He; mean particle diameter: 74 mm; heating rate: 270— 
10 000 °C/s). О Total; О Tar + HC gases and Н, + CO + 
CO,; Bi Tar + HC gases and Н, + CO; A Таг + HC gases 
and H,; e Tar [653]. * HC = Hydrocarbon. $ 


The effect of temperature, the most impor- 
tant influence on product distribution, is illus- 
trated in Tables 5.65 and 5.66, and Figures 
5.145 and 5.146. The influence of temperature 
on the distribution of volatiles obtained from 
rapid pyrolysis of a lignite (270-10 000 *C/s) 
is clearly seen in Figure 5.145. The yield of 
tars reaches a low maximum at relatively low 
temperature. The hydrocarbon gases consist 
mainly of methane, ethylene, and hydrogen. 
The oxygen-containing products, water, car- 
bon dioxide, and carbon monoxide, dominate 
the gas composition. A result of this tempera- 
ture dependence is that the pyrolysis products 
have a range of heating values. This is illus- 
trated in Figure 5.147 for lignite and is typical 
of the problems associated with obtaining 
clean-burning fuel from low-rank coals. 


In contrast, a high yield of tar and other 
combustible matter is obtained by the rapid 
pyrolysis of bituminous coal (Figure 5.146). 
In both cases, as in all pyrolysis processes, the 
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yield of char or coke is substantial, even at 
1000 °C. 
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Figure 5.146: Effect of temperature on the distribution of 
volatile products from a bituminous coal (pressure: 101.3 
kPa of He; mean particle diameter: 74 mm; heating rate: 
1000 °C/s). О Total; m HC gases and Н, + CO and CO, + 
H,O and HS; О CO and CO, + H,O and H,S; e H,O and 
Н,5 [653]. * HC = Hydrocarbon. 
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-Figure 5.147: Effect of temperature on the distribution of 


heating value among the products of pyrolysis of a lignite 
(pressure: 101.3 kPa of He; heating rate: 1000 °C/s). О 
Total; O Char; B Gas; e Tar [653]. 
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Table 5.67: Effect of heating rate on product distribution 
from bituminous coals [653]. 


Yield, 96 (as received) 











Product 350- 13 000- 
450 sc 1000 C5 15 000 °C/s 
CO 2.4 2.4 2.3 
co, : 1.6 1.2 1.7 
HÔ 7.6 7.8 7.7 
CH, 22 2.5 24 
C.H, 0.40 0.83 0.66 
CH, 0.59 0.51 0.59 
С;8 11 13 12 
Other НС gas L1 1.3 1.4 
Light HC liquid 2.3 2.4 2.7 
Tar 22.4 23.0 23.0 
H, — 1.0 — 
Char 54.0 53.0 53.0 
Total 95.69 97.24 96.65 
Error (loss) 43 2.8 3.3 
Number of runs 3 20 2 
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Figure 5.148: Effect of time on pyrolysis mass loss from 
a lignite (pressure: 101.3 kPa of He; final temperature (if 
attained): 1000 °C; mean particle diameter: 70 um). e 
10? *C/s; Q 3000 °C/s; О 650 °C/s; A 180 °C/s [653]. 


Heating Rate 


The effect of heating rate on coal pyrolysis 
has often been misunderstood. If slow heating 
(e.g, 10 °C/min in fixed-bed reactors) is com- 
pared with rapid heating (e.g., 10 000 °C/s in 
entrained-flow reactors), the latter usually 
gives a better yield. In most such comparisons, 
however, the heating rate is not the only vari- 
able. A change from a fixed-bed reactor to an 
entrained-flow reactor involves a sharp de- 
crease in the density of the pyrolyzing me- 
dium, with important implications for 
secondary char-forming reactions. However, 
when the only change is an increased heating 
rate (Table 5.67 and Figure 5.148), yield and 
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product distribution are unaffected [653], but 
the time required to reach a given yield is re- 
duced. 


Pressure 


In the rapid pyrolysis of bituminous coal 
yield usually decreases with increasing pres- 
sure (Figure 5.149). A drop in the yield of tar 
is not compensated by an increase in the yield 
of hydrocarbon gases, such as methane (Fig- 
ure 5.150 and Table 5.68). Increased pressure 
evidently favors char-forming reactions, par- 
ticularly cracking and polymerization. 


Particle Size 


As with heating rate, the effect of coal par- 
ticle size has been difficult to determine. 
Changes in particle size are usually accompa- 
nied by changes in temperature and residence 
time. In entrained-flow systems, the calcu- 


lated residence time is dependent on particle ` 


size. Obtaining identical temperature time his- 
tories for a range of sizes is difficult; there- 
fore, reports in the literature are conflicting. 
As might be intuitively expected (see Sec- 
tion 5.22.13.2), larger particles give a lower 
yield of volatiles. Increase in char formation 


(due to tar cracking or polymerization) is not ` 


compensated by increased yield of hydrocar- 
bon gas (Figure 5.151 and Table 5.69). 
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Figure 5.149: Effect of pressure on pyrolysis mass loss 
from a bituminous coal (final temperature: 1000 ?C; mean 
particle diameter: 70 jum; residence time: 5-20 s). Nomi- 
nal heating rate, °C/s: @ 650-750; О 3 000; О 10 000. 
----- Proximate volatile matter (ASTM). 
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Table 5.68: Effect of pressure on product distribution from lignite and bituminous coal [653]. 
Yield, % (as received) . 
Product Lignite Bituminous? 

6.6PaofHe" 0.1MPaofHe' 6.9MPaofHe!  6.6PaofHe 0.1 MPaofHe 6.9 MPaof He 
co 6.1 7.1 9.0 2.0 2.4 2.5 
CO, 7.6 8.4 10.6 1.4 1.2 1.7 
HO 17.7 16.5 13.4 6.8 7.8 9.5 
Hee i — 0.50 — 0.75 1.0 — 
CH, 0.94 13 2.5 1.6 2.5 3.2 
CH, 0.43 <- 0.56 0.55 0.45 0.83 0.46 
C,H; 0.21 0.18 * 0.17 0.44 0.51 0.89 
C,H, +С,Н, 0.46 0.37 0.38 0.71 13 0.71 
Other HC? gases 0.60 0.47 0.21 0.98 13 1.6 
Light HC liquids -0.81 я 1.1 1.6 24 2.0 
Tar 6.9 5.4 2.8 31.9 23.0 12.0 
Char 55.2 58.7 59.0 48.5 53.0 62.4 
Total 97.0 99.5 99.7 97.1 97.2 97.0 
Error (loss) 3.0 0.5 0.3 2.9 2.8 3.0 





*Final temperature: 850-1070 °C; mean particle diameter: 74 jum, heating rate: 1000 °C/s; residence time: 2-10 s. 


t Final temperature: 900-1035 °C; no residence time. 


* includes coal moisture (lignite: 6.8%; bituminous: 1.4%); may include H,S. 


4HC = Hydrocarbon. 
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Figure 5.150: Effect of pressure on the yield and distribu- 
tion of volatile products from a bituminous coal (final 
temperature: 1000 °C; mean particle diameter: 74 pm; 
heating rate: 1000 °C/s; residence time: 2—10 s) [653]. 
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Figure 5.151: Effect of particle size on pyrolysis mass 
loss from a bituminous coal (pressure: 101.3 kPa of He: fi- 
nal temperature: 1000 ?C; heating rate: 650—750 ?C/s; 
residence time: 5—20 s) [653]. 


Coal Rank 


Coals over a wide range of rank can give 
yields of pyrolysis products that are higher 
than their standard content of volatile matter 
(as determined by ASTM proximate analysis) 
(see Figures 5.145 and 5.146, Tables 5.65 and 
5.70). The most important result is the high tar 
yield given by entrained-flow pyrolysis of bi- 
tuminous coal. 
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Table 5.69: Effect of particle size on product distribution from a bituminous coal (pressure: 101.3 kPa of He; final tem- 
perature: 850-1070 °C; heating rate: 1000 °C/s; residence time: 3—10 s) [653]. 


Product 53-88 um (average, 74 mm) 

CO 24 
CO, 12 
H,O” 78 
H, 1.0 
CH, 2.5 
C,H, 0.83 

„Н 0.51 
С;8 13 
Other HC* gases 1.3 
Light HC* liquids 2.4 
Tar 23.00 
Char 53.0 
Total 97.2 
Error (loss) 2.8 
Number of runs 20 


+ 830--990-рт sample ground to pass 297- шп sieve (50 mesh). 
t Includes coal moisture (1.4%), may include some Н,8. 
*HC = Hydrocarbon. 


Table 5.70: Effect of coal type on yields of gaseous pyrol- 
ysis products [653]. 


Composition, % 


Element/compound ., . Subbitu- Bitu- 
Lignite minous minous 
Coal analysis (as received) 
c 71.2 73.5 77.7 
H’ 4.6 5.8 5.5 
Mi LI 12 1.5 
s? 1.3 0.81 6.1 
O°, by difference 21.8 18.7 92 
DO 6.8 34.7 1.4 
Ash, dry 10.6 9.1 11.5 
VM? 44.3 — 11.5 
Product analysis 
co 8.5 5.8 2.8 
CO, 10.10 11.3 1.4 
HO 11.6 = 74 
Н, 0.60 1.1 1.2 
N — жє — 
CH, 1.6 4.8 2.9 
С.Н, 0.67 0.24 0.95 
CH, 0.24 0.89 0.58 
C,H, 0.17 0.47 1.5% 
Total 33.5 24.6 18.7 
*Dry, ash-free. 


* Includes CH. 


Mechanism 


The objective of most coal pyrolysis pro- 
cesses, whether fuels or chemicals are being 
produced, is to maximize the yield of gaseous 


Yield, 96 (as received) 





«300 pm? 300—830 um 830—900 рт 
27 3.2 3.0 
1.1 12 13 
5.4 53 72 
zt — 0.99 
2.9 3.0 3.2 
1.0 ud 1.3 
0.50 à 0.55 0.63 
0.92 0.84 11 
1.4 1.1 1.2 
2.5 2.6 2.7 

24.2 213 18.4 

57.1 56.5 55.8 

99.7 96.7 96.8 

0.3 33 3.2 
1 2 3 


and liquid products (coke production is a 
notable exception). This is achieved by reduc- 
ing secondary char-forming reactions (crack- 
ing and polymenzation) of high molecular 
mass products. 

Cracking and polymerization can occur 
within and between the coal particles. These 
reactions are usually subject to surface cata- 
lytic effects and to the nature of the medium to 


which the primary products are exposed [654]. ` 


Volatile material can be driven from the in- 
terior of a coal particle by increasing the inter- 
nal pressure or by reducing the external 
(ambient) pressure. High pressure gradients 
accelerate volatilization, thus reducing resi- 
dence time within the particle, which de- 
creases the probability of secondary reactions 
and char formation. This explains the effect of 
external pressure (shown in Figure 5.149) and 
of high heating rates, which result in rapid 
heat transfer and a high rate of thermal decom- 
position. This higher rate of formation of vola- 
tiles increases the internal pressure and 
reduces char formation. 

Minimizing interparticle secondary reac- 
tions also is important for a maximum yield of 
volatiles. This is achieved by minimizing par- 
ticle loading. In entrained-flow reactors, parti- 
cle loading is far lower than in fixed-bed 
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reactors and the heating rate is far higher. Flu- 
idized-bed reactors are intermediate between 
these two types. 

When pyrolyzed, low-rank coal yields 
much less tar than bituminous coal. In part this 
is due to the presence of high molecular mass 


‘aromatic units in high-rank coal, which form 


liquid rather than gaseous products. Another 
factor is the presence of cations in low-rank 
coal. Acid washing removes these cations and 
substantially increases the yield of volatiles 
(Figure 5.152). This is attributed to a higher 
tar yield and the elimination of char-forming 
reactions catalyzed by the highly dispersed 
cations (principally Ca?*). 
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Figure 5.152: Effect of cations on pyrolysis mass loss 
from a lignite (pressure: 101.3 kPa of N,; final tempera- 
ture: 900 °C; mean particle diameter: 70 Jm; heating rate: 
104 °С/5). O Acid-washed; © As received [655]. 
Various options are available when select- 
ing the operating conditions of a pyrolysis re- 
actor [656]. Residence times of 0.1 s or less 
are attainable only in entrained-flow reactors; 
at the other extreme, residence times of 
100 000 s or more are practical only in fixed- 
bed reactors. At low temperature (ca. 525 °C), 
the total yield of volatiles is low because ther- 
mal decomposition is incomplete. Entrained- 
flow conditions minimize secondary reac- 
tions and give the highest overall yield. Fur- 
thermore, high molecular mass products are 
stable at low temperature, and the product dis- 
tribution favors liquids. At ca. 1000 °C, vola- 
tilization is complete, with a correspondingly 
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high yield. Again, entrained-flow conditions 
reduce secondary reactions and increase over- 
all yield. However, even under dilute condi- 
tions in entrained-flow reactors, high 
temperature causes substantial cracking and 
gives gas as the principal volatile product. 


5.22.13.3 Kinetics 


The practical importance of the kinetics of 
the processes described in section 5.22.13.2 
depends on the reactor type [653, 657, 658]. In 
fixed-bed reactors, such as coke ovens where 
the heating rate is ca. 100 °C/min or less, ki- 
netics are not important. The time required for 
complete pyrolysis is much less than the time 
required for heating to the final temperature, 
which determines yield and product distribu- 
tion. 

On the other hand, residence time at pyrol- 
ysis temperatures is important in entrained- 
flow reactors, such as pulverized-coal com- 
bustors and some modem pyrolysis reactors, 
which are increasingly important. 

A simple kinetic treatment for determining 
the rate constants that define the size of a reac- 
tor or reaction zone is to assume first-order de- 
composition of the volatile matter in the coal: 
dv 


ms k(V' — V) (37) 


where k = late constant (s), V = fraction of 
volatiles evolved at time і, and V’ = total 
amount of volatiles in the coal. 

The magnitude of the effect of coal rank is 
debatable. In one report the kinetics of pyroly- 
sis were found to be insensitive to changes in 
rank from lignite to bituminous coal [657]. A 
possible explanation for this observation is 
that rapid pyrolysis rates are not determined 
Бу the chemical process of bond rupture, but 
by the physical processes of heat or mass 
transfer. 

The modeling of the complex pyrolysis 
process by a single first-order reaction is an 
oversimplification. Many alternative kinetic 
schemes, proposed to represent more closely 
the actual mechanism of coal pyrolysis, range 
from 2 independent parallel reactions corre- 
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sponding to the postulated 2 components in 
coals [659], to 42 reactions of the postulated 
14 different functional groups in coal [660]. 

A reasonable compromise, which incorpo- 
rates process complexity and is a mathemati- 
cally adequate yet physically reasonable 
kinetic model [661], is based on a hierarchy of 
bond energies in the coal structure (Figure 
5.136). The pyrolysis is assumed to consist of 
a large number, i, of independent chemical re- 
actions representing the rupture of various 
bonds within the coal structure: 
oH = KOCH з) 
where the symbols are analogous to those of 
Equation (37), with the subscript i denoting a 
particular reaction. The rate constants k, are 
assumed to be of Arrhenius form and to differ 
only in the values of their activation energies. 
The number of reactions is assumed to be 
large enough to permit the activation energies 
Е, to be expressed as a continuous Gaussian 
distribution function 


(ЕЕ) 
КЕ) = солу P S| 
with 
ЈХЕ)аЕ = 1 


D 
where E, = mean activation energy and с = 
standard deviation. 

The term f(E)dE represents the fraction of 
potential volatiles that have an activation en- 





ergy between E and E t dE, 
P = f(E)dE (39) 


The total amount of volatiles remaining in 
the coal is obtained by combining the contri- 
bution from each reaction, i.e., by integrating 
Equation (38) over all values of E by using 
Equation (39): 

€ 2 
rd - [n - aon C le (40) 
0 


0 


Or 
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Equations (40) and (41) show that in addi- 
tion to the temperature time history, four pa- 
rameters are needed to correlate coal pyrolysis 
data. The total yield of volatiles, V", should be 


determined experimentally and is not neces-: 


sarily equal to the ASTM volatile matter con- 
tent. 

This model represents a significant im- 
provement over the single first-order reaction 
scheme. Curves drawn through the ехреп- 
mental points in Figures 5.145 and 5.146 were 
obtained by using this model. 

If, for simplicity and convenience, the sin- 
gle first-order reaction model of coal pyrolysis 
is assumed, the treatment that in the past has 
been applied to complex continuous reaction 
mixtures [662] and more recently to model 
coal liquefaction [663] should be used. Tt re- 
sults in a temporal distribution of activation 
energies rather than the spatial distribution 
just described. It considers coal to be com- 
posed of constituents C; pyrolysis results in 
products Р, 


Усэ УР, 
where the pyrolysis of each constituent is а 
first-order reaction: 


dC, : 
"dr = А(Т)/(С,) 


Because C; and P, are not identifiable 
chemical species, a grouping procedure is 
used: 


$C = V 
The first-order rate expression, analogous to 
Equation (37), becomes [664] 


dV 
т KO, ЮЛ) 


Thus, the first-order rate constant Ё is not 
only a function of temperature, but also of the 
concentration of the volatiles, i.e., of conver- 
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sion or time of pyrolysis. Limited experimen- 
tal evidence [665] suggests that k decreases 
with conversion because of an increase in the 
observed activation energy. This can be inter- 
preted as the intuitively reasonable initial pre- 
dominance of the rupture of relatively weak 
bonds in the coal structure. 


The main conclusion from this bnef analy- 
sis 1s that some of the variation in rate con- 
stants can be attributed to the fact that the 
constants may not have been compared at the 
same level of conversion. 


For optimization of product distribution, 
having rate parameters for the total yield of 
volatiles and for individual compounds is de- 
sirable. The principal issue is the number of 
reactions necessary to describe the pyrolysis. 


In particular, determination of tar evolution ` 


rates is difficult because the rates are depen- 
dent on the transport properties of the experi- 
mental system. In one report these rate 
constants seem to correlate equally well the 
pyrolysis of lignite, subbituminous coal, and 
bituminous coal [657]. This means that pyrol- 
ysis rates may be dependent only on the quan- 
tity of the various functional groups in the coal 
and not on its origin or type. This conclusion, 
if established as generally valid for chemically 
rather than physically controlled pyrolysis 
processes, would simplify the design of pyrol- 
ysis reactors. 


5.22.13.4 Hydropyrolysis 


. Most coal conversion processes involve hy- 
drogen transfer reactions; pyrolysis involves 
hydrogen redistribution. Free radicals formed 
by bond rupture usually capture hydrogen at- 
oms (Figure 5.137). Under entrained-flow py- 
rolysis conditions, the total yield of volatiles is 
typically 20-40% higher than the ASTM vol- 
atile content of the coal, i.e., at least 30-4096 
of the product is a solid. The available hydro- 
gen is used primarily to stabilize gaseous radi- 
cals, such as methyl or ethyl, leaving the 
higher molecular mass radicals to polymerize 
and form char. 
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To reduce char formation and increase vol- 
atile yield, the coal is pyrolyzed in the pres- 
ence of hydrogen [666]. The effect is more 
pronounced at higher hydrogen pressure, but 
is not observed if pyrolysis in an inert atmo- 
sphere is followed by exposure to hydrogen. 
Coal can be converted completely to methane 
in a few seconds at 950 °C and 50 MPa of hy- 
drogen [667]. These effects are not fully un- 
derstood, but seem to resemble the effect of 
hydrogen in coal liquefaction, where external 
hydrogen stabilizes the free radicals formed 
by bond scission and inhibits char formation. 
Another possible role of hydrogen in hydropy- 
rolysis is to attack the highly reactive, but 
transient nascent carbon sites. Aromatic car- 
bon radicals are formed by cleavage of func- 
tional groups. Hydrogen reacts with these 
active sites eventually forming methane, and, 
thus, the overall yield of volatiles is increased. 
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Figure 5.153: Effect of helium and hydrogen pressure on 
pyrolysis mass loss from a bituminous coal (final temper- 
ature: 1000 °C; mean particle diameter: 70 рт: residence 
time: 5-20 s). О He (104 °С/5); Q He (3000 °С); e He 
(650—750 °C/s); A Н, (750 °C/s) [653]. 


The effects of hydrogen pressure on the 


- yield and distribution of pyrolysis products is 


illustrated in Figures 5.153 and 5.154 (see also 
Table 5.71). As discussed previously, an in- 
crease in the pressure of an inert gas reduces 
the yield of volatiles. With hydrogen, how- 
ever, the yield first drops (Figure 5.153), and 
then increases with an increase in pressure. 
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Table 5.71: Yields from pyrolysis and hydropyrolysis of bituminous coal (final temperature: 850-1070 °C; mean particle 


diameter: 74 jum; heating rate: 1000 °C/s) [653]. 


Yield, % (as received) | 








Product 0.1 MPa of He 6.9 MPa of He” 6.9 MPa of H,” 
Bituminous* Lignite? Bituminous* Lignite? Bituminous’ ` Lignite? 

co 2.4 9.4 2.5 9.0 — 7.1 
CO, 12 9.5 1.7 10.6 13 8.5 
H,O 6.8 16.5 9.5 12.9 — 16.0 
CH, 2.85 1.3 32 2.5 232 9.5 
C,H, 0.8 0.6 0.5 0.6 0.4 0.2 
С.Н, : 0.5 0.2 0.9 0.2 23 - 1.4 
C,H, + C4H, 13 = 0.7 24 0.7 = 
Other HC" gases 1.3 — 1.6 — 2.0 — 
Light HC" liquids 2.4 — 2.0 — 53 — 
Tar 23 5.4 12 3 12 8 
Char 53.0 56.0 62.4 59.8 40.2 48.5 
* Pyrolysis. 
* Hydropyrolysis. 


*Residence time: 2-20 s. 
* Residence time: 3-10 s. 
*HC = Hydrocarbon. 


= м N N N 
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Figure 5.154: Comparison of tar yields from pyrolysis 
and hydropyrolysis of a bituminous coal (mean particle 
diameter: 74 Jm; heating rate: 1000 °C/s). О 0.1 MPa of 
He; @ 6.9 MPa of He; A 6.9 MPa of H, [653]. 

Experimental evidence suggests that the 
principal effect of Н, is not in preventing sec- 
ondary  char-forming reactions (Figure 
5.154). The yield of tar under the experimental 
conditions employed decreased under high 
hydrogen pressure. In this instance, the detri- 
mental effect of a high external pressure over- 
came the beneficial stabilizing effect of 
hydrogen. In the case of a bituminous coal and 
a lignite, the overall yield enhancement was 
due to an increase in methane production (see 
Table 5.71). 

On thermal decomposition, the pores of 
coal particles are filled with reactive (e.g., rad- 


icals) and less reactive volatiles. The latter es- 
cape unchanged, whereas the former are either 
quenched and escape, are cracked, or poly- 
merize. Active char (or coke) contains active 
sites that react with H, to give methane. The 
deactivated sites contribute little or nothing to 
the overall volatile yield. Tbe corresponding 
kinetic expressions are given below [653]: 
Pyrolysis: 


V = Vy" VITE = vr Mätcher 
К,+ k 1+k,P/k, 
Hydropyrolysis: 
K,+ kPa 


VW = Va" +V — + АР, 
К+ Ры tk ° ™ 
The curves in Figure 5.153 were obtained 
by using these expressions. 


5.22.13.5  Pyrolysis Processes 


Pyrolysis and hydropyrolysis give gas- 
eous, liquid, and solid products; a further hy- 
drogenation step may be required. Fixed-bed 
processes (low heating rate) give the highest 
quality coke. They predominate commer- 
cially and are often referred to as carboniza- 
tion processes. Dilute-phase fluidized-bed and 
entrained-flow processes (high heating rate), 
suitable for high yield of gaseous and liquid 
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products, are at various stages of precommer- 
cial development. 

Pyrolysis processes can be classified as 
early (Table 5.72) [668] or contemporary (ad- 


Table 5.72: Early pyrolysis processes [668]. 
Pyrolysis process 
Low temperature 


Final temp., °C Products 


500-700 


Medium temperature 700—900 
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vanced) The early processes generally in- 
volved low-cost systems and were intended to 
produce solids (coke or char) rather than liq- 
uids. 


Processes 


more coke, high tar yield Вехсо (700 °C), cylindrical vertical retorts; coalite 


(650 °C), vertical tubes 


s 


more coke, high gas yield, Town gas (obsolete) and coke, phurnacite, using 
domestic briquettes 


low-volatile steaming coal, pitch-bound briquettes 
carbonized at 800 °C 





High temperature 900—1050 hard, unreactive coke for foundry coke (900 °C); blast furnace coke (950— 
metallurgical use 1050 °С) ` 
ТаЫе 5.73: Low-temperature batch processes [670]. 
Process 
Kmpp-Lurei Brennstoff- Ott Web P d 
pp-Lurgi "Technik o eber hurnacite Parker retort Rexco 

Country Germany Germany Germany Germany United King- United King- United King- 
(year) (1930s) (1940s) (1940s) (1940s) dom (1940s) dom (1920s) dom (19205) 


Objective char production lumpy char from char and 


weakly coking gas produc- 


coals tion 
Plants (year) Wanne-Eickel  Berlin-Neukol- — 
: (1943) ' lin (1944) 
Yields e 
Char 2.04 х 10° кр/а 0.75 kg/ks dry — 
coal 
Tar 1.2x 105 kg fuel 0.1 L/kg dry coal — 
oil/a 
1.9 x 105 kg 
motor fuel/a 142 L/kg dry 
Gas 105 L/kg coal coal — 
GasHV | — (25-3)x10 — 
Кут? 
Reactor vertical fixed- vertical fixed- ^ vertical 
bed retort bed retort fixed-bed 
retort 
Capacity 270 kg/d 105 kg bri- 3600 kg/d 
quettes/d 
Heating indirect hot gas indirect hot gas indirect 
recycling recycling heating by 
gas bumed 
in flues 
Tempera- 560-620 °С 650 °C — 
ture range . 
Residence 2-3h 24h — 
time 
Current — semicommercial closed 
status plant still may be 
' operating in the 
former GDR* 


HV = heating value. 
GDR = German Democratic Republic. 


charpro- smokeless do- smokeless do- smokeless 


duction mestic fuel mestic fuel domestic fuel 
— South Wales Barnsley Nottingham, 
(1942) (1927), Bols- England 
over(1936) (1936) 
— 0.7 kg/kg coal — — 


— 0.06 kg/kg coal 0.08 L/kg coal 0.08 L/kg 
— coal 


125 L/kg coal 
` unknown 


26 000 kim? 5200 kim? 


vertical vertical fixed- vertical fixed- vertical 
fixed-bed Бей retort bed retort fixed-bed re- 
retort . tort 


unknown 11 340 kg/d 0.3 kg/kg 50 000 kg/d 
charge 

unknown  indirectheating indirect radi- direct heat 
by recycling ` antheatby ` bycombus- 
hotcombustion combustion tion gas 
gas gas 

— — 650°C . 650°C 

— 4h 45h 13.5h 
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` Table 5.74: Low-temperature continuous processes [670]. 
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Process 
Coalite & Chemical Prod- ; E Koppers continuous verti- 
ucts Lurgi-Spullgas Disco Gal ovens 
Country (year) United Kingdom (1950s) Germany (1930s) United States (1930s) Germany (1940s) 
Objective char, liquid fuels char, automotive fuels lump char char 
Plants (year) Bolsover, England (1952) Offleben, Germany, Japan Pittsburgh, PA Kattowitz (1945) 


(1941), New Zealand 
(1931), Lehigh, North 


Dakota (1940) 
Yields 
Char 0.74 kg/kg coal 0.45 kg/kg briquette 6.8 x 10° kg/d 1.5 x 10° kg/d-retort 
Tar 0.06 L/kg coal 0.125 kg/kg briquette — 2.1 x 10? kg/d retort 
Gas 111 L/kg coal 144 L/kg briquette — 0.32 L/kgcoal 
Gas HV* 26 000 kim? 8380 kJ/m? — 1.8 x 10* kJ/m? 
Reactor Parker vertical retort continuous vertical retort continuous rotating continuous vertical retort 
f horizontal retort 
Capacity 0.3 kg coal charge 2.7 x 10° kg briquettes/d 1.4 x 105 kg/d 25 000 kg/d 
Heating radiant heat supplied by direct contact with com- indirect heating by indirect and direct heating 
combustion gas bustion gas circulating hot com- by passing hot gases alter- 
bustion gas through nately upward and down- 
flues built in hearths ward through flues and 
regenerators 
Temperature combustion chamber heid 600-700 °C 550 °C | 700 °C 
гапре between 600 and 700 °С 
Residence time coal carbonized for4h — 20h 1.5 һ 21 h/retort 
Currentstatus in operation — closed — 


*HV = heating value. 


Contemporary processes, on the other 
hand, have been designed to maximize pro- 
duction of liquid by using conditions (e.g., di- 
lute phase, pressurized H. and rapid heating 
and quenching) that minimize secondary py- 
rolysis reactions. This requires more expen- 
sive equipment and severer operating 
conditions [656, 669]. 


Low-Temperature Pyrolysis Processes 


Early Processes 


Low-temperature pyrolysis (below 
700 *C) was developed mainly to supply gas 
for public lighting and smokeless (devolatil- 
ized) solid fuel for home use. By-product tars 
were valuable as chemical feedstocks and 
could be converted to gasolines, heating oils, 
and lubricants. Commercial low-temperature 
coal pyrolysis was utilized extensively in Eu- 
rope, but was almost abandoned after 1945 as 
oil and natural gas became widely available. 


Rising oil prices have reactivated interest in 
this process. 


The many low-temperature processes de- 
veloped in Europe can be classified as batch or 
continuous, vertical or horizontal, and directly 
or indirectly heated (Tables 5.73 [670] and 
5.74). 


Retorts or by-product coke ovens were em- 
ployed. Honzontal retorts (D retorts), 2.5-6 m 
long, were usually grouped together to form a 
bank heated by flue gas, with manual loading 
and unloading. Vertical retorts, both batch and 
continuous, were preferred in the United 
States and Europe because they permit gravity 
loading and unloading [671]. 


Rates of heat-transfer and carbonization 
were increased by using steel refractories as 
materials of construction. Internal heating was 
sometimes necessary to accelerate heat trans- 
fer by circulating hot gas. Only noncaking or 
weakly caking coals were used in continuous 


' vertical retorts because caking coal softens 
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and flows, forming large masses of coke that 
stick to the retort walls. 

Two noteworthy low-temperature pyrolysis 
processes are the Disco and Coalite processes. 
These were successful when most low-tem- 
perature processes failed [671, 672]. 






Product oil 


Product char 


Air 
Figure 5.155: Lurgi-Ruhrgas process: a) Transport reac- 
tor and lift line; b) Coal preparation; c) Collecting bin; d) 
Cyclone; e) Heat recovery; f) Mixer—carbonizer; в) Surge 
hopper; h) Cyclone; i) Condenser. 


f 
Contemporary Processes 


Lurgi-Ruhrgas Process. The Lurgi-Ruhr- 
gas process (Figure 5.155) for the low-temper- 
ature production of liquids from low-rank 
coals is currently in commercial use in Eu- 
rope. 

Crushed coal is rapidly heated in a mixer (f) 
to 450-600 °С by contact with recirculating 
char particles that have been heated by partial 
oxidation in an entrained-flow reactor. The 
gas from the mixer is freed of particulate mat- 
ter in a cyclone (h) and is passed through a se- 
ties of condensers (i) to collect the liquid 
products, the latter are hydrogenated to yield 
stable products. 

The char constitutes ca. 50% of the prod- 
ucts, whereas liquid yield is ca. 18%; the re- 
maining 32% is gas with a heating value of 
(26-31) x 108 J/m?. 


Toscoal Process. The Toscoal process, an ad- 
aptation of the Toscoal II oil-shale retorting 
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process; was developed at a pilot plant near 
Golden, Colorado, with a capacity of 22.5 x 
10? kg/d. 

Crushed dry coal is preheated in lift pipes 
with flue gas from a ball heater and is fed to a 
rotating pyrolysis drum containing hot ce- 
ramic balls. Pyrolysis at ca. 500 *C produces 
char and hydrocarbon vapors. The char is Sep- 
arated by a trommel screen and withdrawn. 
The balls are reheated and returned to the 
drum. Pyrolysis products are cooled and con- 
densed to recover light gases and coal liquids. 


High-Temperature Processes 


(Coke-Making) 


Coke Ovens 


High-temperature carbonization is em- 
ployed primarily to produce blast-furnace and 
foundry cokes for use in iron and steel manu- 
facture. The process is carried out in coke ov- 
ens at ca. 900 *C. 

In the 16th century, coke was found to burn 
hotter and cleaner than coal [673]. The earliest 
type of coke oven, the so-called beehive oven, 
was developed in the 1850s; its main charac- 
teristic is that the heat necessary for coking is 
produced by burning the volatile coal constitu- 
ents within the oven [674, 675]. All the gas- 
eous and liquid by-products are lost, together 
with large amounts of heat. 

Beehive ovens have persisted well into the 
20th century with progressive improvements 


: in design and operation, such as heat recovery 


systems and vertical flues to supply process 
heat to the coking chamber. 

A parallel development during the 19th 
century led to s/ot ovens. At first, these were 
simple rectangular firebrick structures holding 
a layer of coal ca. 1 m deep; later they were 
equipped with external heating flues [650]. In 
a further development, volatile by-products 
were collected and used as fuel. 

By the 1940s, the basic design of modern 
coke ovens had been developed. The ovens 
were ca. 12 m long, 4 m high, and 0.5 m wide, 
equipped with doors on both sides. The air 
supply was preheated by the hot exit gas. The 
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recovery of the waste heat created higher tem- 
peratures and increased coking rates [676]. 
Since the 1940s, the process has been mecha- 
nized and the construction materials have been 
improved without significant design modifica- 
tions. Current assemblies may contain up to 60 
ovens as large as 14 m long and 6 m high: Be- 
cause of heat transfer considerations, widths 
have remained 0.3-0.6 m. Each oven in the 
battery holds up to 30 t of coal and operates on 
a 15-h cycle [677]. 

The coking process illustrated in Figure 
5.156. The coal is conveyed from storage bun- 
kers (a) to blending (b) and crushing (c) units, 
and then to the coke oven bunker (d). The ov- 
ens are loaded from a mobile larry car (e) lo- 
cated on top of the battery. Coking takes place 


in completely sealed ovens (f). The by-prod- 


uct vapors and gases are collected and sent to 
recovery and processing units. 


After carbonization, the oven doors are 
opened and the ram (g) pushes the red-hot 
coke into a quenching car. The coke is trans- 
ported to the quenching unit (h) and then 
dumped on a sloping wharf (i) for cooling and 
drying. The dry coke is transferred to the 
screening and loading unit (j). 
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Coke Properties 


The properties of coke depend on the coal 
and the processing conditions employed. The 
particle size, mineral matter, and moisture 
content, which can be controlled, affect the 
bulk density of the coal. Rank and maceral 
composition determine the fluidity of the plas- 
tic phase formed at intermediate temperatures. 
Significant process conditions include the 
wall temperature, coking time, and oven 
width; the heating rate and final temperature 
also affect coke structure. 


The coal is prepared for coking by washing, 
drying, sizing, preheating, briquetting, and 
blending, with or without addition of pitch or 
breeze (fine coke particles) [674]. Foreign 
matter is removed mechanically and particle 
size is adjusted. Preheating (up to ca. 600 °C) 
increases production by ca. 50% and reduces 
coking time without loss of quality [674]. 

Briquetting, with or without binder, in- 
creases the strength of the coke produced and 
permits noncoking or poorly coking coals to 
be used to make metallurgical coke. Cold bn- 
quetting is performed below the softening 
point of the coal (ca. 400 °C) and hot briquet- 
ting above the softening point (450-520 °C) 
[676]. 





Coke 


- Figure 5.156: Coke-making process [650]: a) Storage bunkers; b) Blending plant; c) Crusher; d) Service bunker; e) 
Charging car; f) Coke oven; g) Ram machine; h) Cooling tower, i) Cooling wharf; j) Coke screen. 
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Coal blending improves coke properties 
and yield and permits the use of noncoking or 
weakly coking coals [678]. Blending may also 
prevent damage to ovens when high coking 
pressure develops. 


By-Products 


Carbonization by-products were important 
in the development of the organic chemicals 
industry, but their use has greatly diminished 
because of competition from petroleum-based 
products. The principal by-products are tar 
and coke-oven gas. Gas produced in the early 
slot ovens was used for domestic heating. Coal 
tar can be processed by petroleum-refining 
techniques. High-temperature tar can be frac- 
tionally distilled; three oil cuts are taken and a 
solid residue remains (596, 679]: 


e Light oil (bp < 200 °C), composed primarily 
of benzene, toluene, xylenes, and styrene. 


e Middle oil (bp « 370 °C), containing tar ac- 
ids (phenols), tar bases (e.g, pyridine, 
anilines, and quinolines), and neutral oils 
(naphthalene). i 


ə Heavy oil (bp < 550 °C), containing aro- 
matic compounds, such as anthracene, 
phenanthrene, carbazole, and chrysene. 


Table 5.75: Formed-coke processes [650, 676, 680]. 


Process (country) Raw materials 


FMC (USA) noncoking or coking coals and tar 

DKS (Japan) noncoking, coking coals and pitch 

HPNC (France) weakly coking, coking coals and 
pitch 

BFL (Germany) high-volatile noncoking coals and 
coking coals or pitch 

ANCIT (Germany) low-volatile noncoking coals and 


coking coals 


Sapozhnikov (Russia) high-volatile weakly coking coals 
and low-volatile weakly coking 
coals 


CCC-BNR (USA) high-volatile noncoking coals and 


coking coals on pitch as binder 
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@ Coal tar pitch (solid residue), consisting of 
a wide range of polycondensed aromatic 
compounds; it can be used as a binder for 
coal briquetting. 


By-products that are obtained more cheaply 
from petroleum are no longer recovered ex- 
haustively from coal tar. 


Formed-Coke Processes 


The preparation techniques and reactor 
configurations employed by some of the cok- 
ing processes developed since the 1960s are 
different. Among these processes, the formed- 
coke ones have been the most successful (see 
Table 5.75). The term “formed coke” is used 
to describe cokes obtained by the carboniza- 
tion of briquettes of weakly coking or noncok- 
ing coals. These processes provide. the 
possibility of using weakly coking or noncok- 
ing coals, of controlling coke size to improve 
blast furnace operation, and of continuous op- 
eration in a contained system. 


Blast furnace tests of these cokes have been 
successful. They are usually higher in mois- 
ture, volatile matter, sulfur, and reactivity to 
carbon dioxide, and lower in abrasion resis- 
tance than conventional metallurgical cokes 
[650]. 


Process steps 


1) Oxidation and carbonization of coal in fluidized beds 
2) cold briquetting of char with tar 

3) preheating and carbonization of briquettes 

1) cold briquetting of coal with pitch 

2) carbonization of briquettes 

1) cold briquetting of coal with pitch 

2) carbonization of briquettes 

1) carbonization of noncoking coal 

2) hot briquetting of char with coking coal or pitch 
3) carbonization of briquettes 

1) flash heating of low-volatile noncoking coal 

2) hot briquetting of char with coking coal 

3) reheating of briquettes 

1) flash heating of coal 

2) hot briquetting 

3) carbonization of briquettes 

1) preheating of high-volatile coal 

2) hot briquetting of char with binder 

3) carbonization of briquettes 


254 


Environmental Aspects 


Coking plants create environmental prob- 
lems like other large installations producing 
dusty materials and gaseous and liquid efflu- 
ents [649]. Gas and volatile emissions may 
arise from leaks. Coal and coke particulates 
may be discharged during loading and unload- 
ing, and water used for quenching may be con- 
taminated. 


Particulate, volatile, and gas emissions can 
be reduced by using sheds or traveling hoods 
with dust and fume collectors [650]. Polluted 
water must be treated 1n wastewater plants. In 
some plants, dry quenching is used instead of 
water quenching, and the coke is cooled by 
gas or steam in a closed system. A further ad- 
vantage of this process is that energy can be 
recovered via sensible heat and combustible 
gases. i 


In addition to air pollution, machinery and 
working conditions are hazardous. Plant loca- 
tion and accident prevention require serious 
consideration. 


Contemporary Hydropyrolysis and 
Pyrolysis Processes 


The three processes shown in Table 5.76 il- 
lustrate the principles described in section 
5.22.13.2. Their main objective is production 
of liquid hydrocarbons, for which entrained- 
flow conditions are the most favorable. How- 
ever, char or coke is still the principal product 
in all three processes; its efficient use is one of 
the main issues in their economic analysis. 
The use of hydrogen in the Rockwell process 
reduces char production to some extent but as 
discussed in Chapter 5.22.13.4, this is 
achieved primarily by increasing the yield of 
gas, not liquids. 
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The Coal Oil Energy Development (COED) 
process (Figure 5.157), is a part of the CO- 
GAS process for complete conversion of coal 


to gases and liquids. The residual char from ^ 


pyrolysis reacts with H4O and O, in a fluid- 
ized-bed gasifier (g) to produce the hot syn- 
thesis gas, a mixture of CO and H. The 
synthesis gas serves as fluidizing and heat- 
transfer medium in the pyrolysis reactors (p,— 
pA. 


The conditions in the gasifier do not permit 


‘complete conversion to gases. Part of the char 


that leaves is recycled to the pyrolysis section, 
where it provides additional heat for the en- 
dothermic devolatilization. The entrained fine 
particles and the remaining char are burned in 
a combustor (c). The hot flue gas is also recy- 
cled to the pyrolysis section to provide more 
heat. 


This brief description illustrates the princi- 
pal technical issues involved in the evaluation 
of pyrolysis processes: the type of contact be- 
tween solids and fluids; the method of supply- 
ing heat; and the amount and fate of the 
residual char. In this context, several features 
of the COED process increase the production 
of liquids. The countercurrent flow of solids 
and gases (or vapors) and the increasing oper- 
ating temperatures in the various pyrolysis 
stages help to reduce cracking by avoiding 
subsequent exposure to higher temperatures. 
The relatively dilute medium in the fluidized 
beds also helps to reduce the probability of 
secondary interparticle reactions. 

The low final temperature favors produc- 
tion of liquids. However, the heating rates are 
relatively low and intraparticle secondary re- 
actions may still occur. The use of internally 
generated and recirculated hot gas and char to 
provide energy for devolatilization has the ad- 
vantage of efficiency but it introduces a degree 
of complexity. 


Table 5.76: Characteristics of selected pyrolysis processes [656]. 


Yield, % (dry) 





ture, °C ‚МР 
Process Reactors Temperature, Pressure. a Coke Tar and oil Gas Ho 
COED fluidized-bed 290—565 0.12-0.19 62 21 14 3 
Occidental _entrained-flow 610 0.3 56 35 7 2 
Rockwell entrained-flow 845 — 


3.5 46 38 16 
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Figure 5.157: COED pyrolysis process [656]. p,-p, = Pyrolysis reactors; g = Fluidized-bed gasifier, c = Combustor. 


The complete internal utilization of the coal 
is a virtue of the COED/COGAS process. The 
relatively low final pyrolysis temperature 
forms a char that is highly reactive and, thus, 
suitable for gasification with steam. The re- 
sulting synthesis gas is a highly valuable and 
versatile product that can be converted, for ex- 
ample, to a natural gas substitute by methana- 
tion. 


Entrained-flow reactors are favored by’ a 
new generation of coal-conversion processes 
for several reasons. Both fixed-bed and fluid- 
ized-bed reactors need auxiliary equipment to 
avoid difficulties in processing of agglomerat- 
ing bituminous coal. The fusion of coal parti- 
cles during pyrolysis can block these reactors. 
In the COED process (Figure 5.157), for ex- 
ample, where bituminous coal is the preferred 
feedstock because of its potentially high liquid 
yield, one of the stages (p,) introduces oxygen 
cross-links into the coal structure and subse- 
quently reduces or eliminates thermoplastic- 
ity, thus preventing agglomeration. 


High throughputs are possible in entrained- 
flow reactors. The very dilute medium reduces 
the probability of particle agglomeration. Fur- 
thermore, rapid heating and a short residence 
time sharply reduce the importance of the 
plastic phase of pyrolysis of bituminous coals. 


‚ Finally, these conditions maximize the 
yield of volatiles and favor production of 
chars that may be sufficiently reactive to give 


valuable products, as in the COGAS process. 
Less reactive chars serve as fuel. 

In the Occidental process (Figure 5.158) 
[681], the reactor operates at ca. 625 °C; thus 
maximizing production of liquids. Heat is sup- 
plied by mixing the coal with recirculated char 
that is made incandescent by partial combus- 
tion. The conditions for entrained flow require 
particles smaller than 200 jum (typically 8096 
passing through a 60 mesh screen) and, thus, 
pulverization is necessary in contrast to fixed- 
bed and fluidized-bed processes. The residual 
char is usually desulfurized for sale as 
“smokeless” fuel. 

ї Combustion gas 







Liquid fuel 


Char praduct 


Figure 5.158: Occidental pyrolysis process [681]: a) Char 


burner; b) Cyclone; c) Reactor; d) Cyclone; e) Oil collec- 
tion system; f) Liquid upgrading; g) Char desulfurization 
plant. 
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Figure 5.159: Effect of temperature on the distribution of 
products from a subbituminous coal in the Occidental pro- 
cess (pressure: 21 kPa of N,, particle size: 80% passing a 
250 jtm screen, 60 mesh; residence time: 1.5 s) [681]. 
The effect of temperature and residence 
time on product distribution is shown in Fig- 
ures 5.159 and 5.160. . 
The Rockwell hydropyrolysis process (Fig- 
ure 5.161) incorporates the entrained-flow re- 


Н, 


Char Boiler feed 
water 


gure i :а)] i 1 feeder; 
i 5.161: Rockwell hydropyrolysis process [682]: a) Loading feeder; b) Coal ус) Re 
Чана e) Heavy oil condenser: f) Flash drum; g) Light oil condenser; h) BTX adsorber, i) Boil 


steam condenser; 1) Decanter. 
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actor as a minor component; other operations 
are similar to those encountered in petroleum 
refining. The hydrogen feed is preheated by ` 
partial combustion. After hydropyrolysis last- . 
ing 0.02-0.2 s, the products are rapidly 
quenched to prevent secondary char forma- 
tion. A maximum liquid yield is obtained at an 
intermediate reactor temperature [682]. 
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Figure 5.160: Effect of residence time on tar yield in the 
Occidental process (pressure: 21 kPa of №; particle size: 

‚ 8096 passing a 250 рип screen, 60 mesh). D Subbitumi- 
nous coal (649 °C); ^ Bituminous coal (607 °C), O Bitu- 
minous coal (660 °C) [681]. 
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Changing hydrogen pressure affects prod- 
uct distribution, but not the yield of liquids; 
very high pressure is apparently needed to sta- 
bilize the reactive fragments in the absence of 
a solvent [682]. 
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6.1 Introduction 


Nowadays the term steel is understood to 
include not only all forgeable iron-based ma- 
terials, but also all highly alloyed metallic ma- 
terials in which the element iron is an 
important component, but which are not nec- 
essanly forgeable. With few exceptions, the 
carbon content is < 2%. 

For over 3000 years, steel has made a major 
contribution to human development, e.g., in 
tools for cultivating the soil and processing 
stone and almost all other materials, as a con- 
struction material for steel and reinforced con- 
crete structures, in transport technology, for 
the generation and distribution of energy, for 
the fabrication of machinery and equipment 
(including equipment for the manufacture of 
plastics), in the household, and in medicine. It 
remains, for the foreseeable future, by far the 
most important material for the maintenance 
and improvement of our quality of life. 

The outstanding importance of steel is the 
result of its ready availability and its versatil- 
ity. The earth's crust contains ca. 5% iron, 
making it the fourth most abundant element 
after oxygen (469^), silicon (2896), and alumi- 
num (896). Rich deposits of iron ores are 
available in many parts of the world. More- 
over, the free energy required to isolate iron 
from its oxidic ores is less than half of that re- 
quired for aluminum [1]. The versatility of 
steel is due to the polymorphism of the iron 
crystal and its ability to alloy with other ele- 
ments, forming solid solutions or compounds. 
The microstructure of steel in a finished com- 
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ponent can be adjusted by means of the chemi- 
cal composition, the forming conditions and a 
wide variety of possible heat treatments. The 
attainable tensile strength ranges from ca. 300 
N/mm? for deep-drawing sheet steel (e.g., for 
automotive body parts that are difficult to 
draw) to > 2000 N/mm? for critical compo- 
nents in aircraft. Tensile strengths as high as 
2600 N/mm? are achieved in 0.15 mm diame- 
ter drawn wire for steel cord used in radial 
tires. 

Cryogenic steels with high strength and 
good toughness at very low temperatures are 
used for the transport and storage of liquefied 
gases at temperatures of < —200 °C. Other 
steels with good properties at temperatures of 
650—700 °C and above are used in power sta- 
tion equipment and gas turbines. 

Highly developed soft magnetic steels are 
essential in the construction of transformers. 
Steel is also used to make permanent magnets. 
Nonmagnetizable steels have also been devel- 
oped for use in electrical technology, ship- 
building, and physics research. Wear-resistant 
steels are used in rock-crushing machines and 
in industrial stirring equipment. Machine 
tools, used for metal cutting, require steels of 
the highest possible hardness to endow stabil- 
ity to the cutting edge. Other steels with very 
good machinability have been developed and 
are used for the economic manufacture of 
complex turned parts, or for mass production 
on high-speed automated equipment. Chemi- 
cally resistant steels are essential in the chemi- 
cal and foods industries, as well as in 
household equipment. For the majority of 
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steel grades—more than 2500 are available to- 
day—very good welding properties are impor- 
tant, and here steel has an advantage over 
competing materials. 


Modern knowledge of controlling the mi- 
crostructure of steel, and hence its properties, 
offer opportunities to match steel products to 
new sets of requirements [2]. 


Unlike brick or concrete buildings, steel 
structures can be dismantled relatively easily. 
Furthermore, almost 100% of the steel can be 
recovered from steel-containing products and 
can be remelted to yield steels of similar or 
higher quality. In this respect, iron and steel 
are superior to all competitive materials. 


The great importance of steel in the world's 
economy is also exemplified by production 
figures. In the early 1900s, total world produc- 
tion of steel was less than 35 x 10° t/a. In 1940 
it was 140 x 10° t/a. The figures for ће period 
after 1950 (Figure 6.1) indicate a surprisingly 
large growth in world crude steel production 
after World War II. Up to the mid-1970s, this 
was mostly due to those developed countries 
with the greatest rate of economic growth, 
such as Japan, the six founding countries of 
the European Community, and also the Soviet 
Union. In the United States, growth had al- 
ready ceased by the mid-1960s due to market 
saturation. 
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Figure 6.1: World crude steel production 1950-1991. 
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A rapid increase in steel production also 
took place in some Latin American countries, 
continuing until the mid-1980s. In many coun- 
tries in Asia, Africa, and the Middle East, new 


‘steel industries were built up, or existing ca- 


pacity was increased. The developments in 
some Asian countries during the last 16 years 
are remarkable (Table 6.1). 

The relationship between total economic 
development and steel production can be seen 
clearly from these figures. Figure 6.1 also 
shows that world production of crude steel has 
stagnated since the mid-1970s, apart from the 
usual market fluctuations. A sharp mse in 
crude steel production in countries with rap- 
idly increasing industrialization contrasts with 
Zero or even negative growth in steel produc- 
tion in countries that are already highly indus- 
trialized (e.g. the United States) Several 
reasons can be suggested: 

Table 6.1: Development of crude steel production in 


Asian countries (Source: International Iron and Steel In- 
stitute). 


Production, 10? t/a 


Coun е —— 
у 1975 1985 1991 
China 23903 46700 70400 
South Korea 1994 13539 26000 
Taiwan 680 5088 11000 


India 7991 11140 17100 


The steel consumption of a country is deter- 
mined by the “specific market demand”, i.e., 
production plus imports minus exports of steel 
product s expressed in kilograms crude steel 
per capita. In industrialized countries, this 
reaches saturation at ca. 600 + 100 kg, which 
can only be exceeded in special circum- 
stances. If there are sections of industry with 
extremely high steel consumption (shipbuild- 
ing or automotive industries), and if these are 
strongly export oriented, a value of > 700 kg 
per capita can be reached because the exported 
finished products do not remain in that coun- 
try. Figure 6.2 shows that the saturation value 
of 600 kg was reached as early as 1950 in the 
United States. Other industrialized countries 
reached this figure in the 1970s, and this re- 
duced the growth of steel production. Also, 
the expansion of the steel industry in countries 
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which had been importing rolled steel made it 
impossible for steel exports from the industri- 
alized countries to grow. Extrapolation of the 
Figure 6.2 into the 1980s is problematical be- 
cause the figure “kilogram crude steel per cap- 


ita” is now no longer comparable with figures 


up to ca. 1975 due to technical developments 
(described below) in rolled steel products. 





Crude steel per capita, kg 


40 
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Figure 6.2: Specific market demand for crude steel (pro- 


duction + imports — exports) [1]: —-— = United States; — 
— = Germany; > = Former Soviet Union; — = Japan; — 
5-7 World. 


Table 6.2: Countries with a crude steel output > 10 x 10$ 
t/a (1991 and 1992) with portion of continuously cast steel 
shown (Source: International Iron and Steel Institute, 
1992). 





Е Portion of 

Production, continuously 

Couniry 10't/a cast steel, % 

1991 1992 1991 1992 
Soviet Union 1328 1168 17.7 17.1 
Japan 109.6 98.1 944 95.4 
United States 79.7 84.3 75.7 78.9 
China 70.4 80.0 26.5 30.0 
Germany 422 39.7 89.5 92.0 
South Korea 26.0 28.0 96.4 96.8 
Italy 25.1 24.9 95.1 96.1 
Brazil 22.6 23.9 56.0 58.6 
France 18.4 18.0 95.0 95.2 

India 17.1 18.1 14.3 

United Kingdom 16.5 16.1 85.5 870 
Canada 13.0 13.9 83.6 86.5 
Spain 12.9 12.3 91.8 93.2 
Czechoslovakia 12.1 11.1 17.0 21.9 
Belgium 11.3 10.3 922 93.9 
Taiwan 1L0 10.7 94.6 94.9 
Poland 10.4 9.8 8.6 9.1 


From the second half of the 1960s, use of 
the continuous casting process in steelworks 
increased, approaching 2096 by 1975 world- 
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wide. By 1991, the proportion of continuously 
cast steel reached 67% worldwide. This pro- 
cess gives an increase in yield of ca. 12-15% 


of crude steel for rolled steel products, com- ~ 


pared with ingot casting. Hence, up to 15% 
less crude steel 1s required to produce the same 
amount of rolled steel product for the steel 
processing industry. Other improvements in 
yield productivity in steel plants and in steel- 
consuming industries also reduced the con- 
sumption of crude steel without jeopardizing 
the use of steel for a particular end product. 

Table 6.2 lists all countries with a crude 
steel output of more than 10° t/a during 1991 
and 1992 and gives the percentage of continu- 
ously cast steel. 

In 1978, however, for the countries repre- 
sented in Figure 6.2, the percentages of con- 
tinuously cast steel were: 


Former Soviet Union 9.596 
Japan 46.2% 
United States 15.2% 
Germany 38.0% 


The large differences between the 1978 and 
1991 figures, means that comparison of the 
number of kilograms crude steel per capita is 
of questionable value. 

Below a continuously cast steel portion of 
ca. 85-90% “kilograms crude steel per capita” 
is an indication of the state of modernization 
of the steel industry of a country. Above this 
range, the production program and the propor- 
tion of steel products not produced by continu- 
ous casting (e.g., steel castings, heavy 
forgings) play an important part in crude steel 
production. Only countries with a crude steel 
output іп 1991. of max. 106 t/a (e.g., Switzer- 
land and New Zealand) produce 100% of their 
steel by continuous casting. 

A further reason for the absence of the 
usual growth in crude steel production in the 
1960s in the industrialized countries, must be 
attributed to the development of higher 
strength steel grades. In the last 15-20 years, 
these grades of steel have been increasingly 
used by steel processors. Especially in the mo- 
tor vehicle industry, high-strength steels have 
been used to improve constructional design 
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through weight reduction. Consequently, there 
is a decrease in the amount of steel used, in ad- 
dition to that achieved with the replacement of 
steel by competing materials such as alumi- 
num or plastics. 

When assessing the technological and eco- 
nomic significance of steel, it is interesting to 
examine the different finished steel products 
and how their share of the total production of 
rolled steel has changed over the years." There 
are two groups: "long products" (i.e., beams, 
steel shapes, steel bars, railway -track material, 
piling sections, and wire rod) and “flat prod- 
ucts" (i.e., plates, sheets, strip-steel and uni- 
versal-plate). 
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Figure 6.3: World production of steel for railway-trgck 
material lines. Solid line: total production of railway-track 
material; Hatched area: railway-track material as percent- 
age ofthe total world production of rolled steel. 
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Figure 6.4: Production of cold-rolled stainless steel strip 
by western countries. 

In 1870 3 x 10° t of railway-track material 
accounted for 43% of total world production 
of rolled steel products (Figure 6.3), while in 
1991 the output of railway-track material, 
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which underwent a threefold increase to 9 x 
10° t, accounted for barely 1.2% of total pro- 
duction. In modern industrialized countries, 
60-70% of rolled steel production consists of 
flat products, mainly hot- and cold-rolled strip 
and sheet, coated sheet, tinplate and electric 
sheet, all with thicknesses in the range of 
0.15-3 mm. The production of cold-rolled 
stainless steel strip has increased sharply dur- 
ing the last 25 years, as shown in Figure 6.4. 
There is intensive world trade in products 
of the steel industry, especially among major 
stee] producing countries. Only in a few cases 
does this involve special products or special 
steel grades, for which some producers have a 
leading position. International competition is 
severe, and producers must offer consistently 


: high-quality products. The large producers 


have therefore built up comprehensive quality 
assurance systems over many years, conform- 
ing to ISO Standard 9002 and local regula- 
tions such as ASME in the United States, 
Lloyds Register in the United Kingdom, and 
TUV in Germany. The aim is to control all 
steps of the manufacturing process, and to use 
statistical methods to ensure that the finished 
product has the desired properties, dimen- 
sional tolerances, and a defect-free surface 
finish. The intensive testing of finished prod- 
ucts that was formerly carried out can then be 
largely dispensed with, and replaced by the 
testing of random samples, the results of 
which form part of the control loop. 

Such quality-assured production is a pre- 
requisite for the direct processing of sheet 
coils on automatic press lines without any in- 
spection (even for exposed autobody parts). 

A further important aid to international . 
trade in steel is the existence of common stan- 
dard specifications and terms of delivery. 
Specifications for steel products have been 
formulated by ISO over many years. However, 
these are often only the first steps toward har- 
monization of the various interpretations and 
technical possibilities. In Europe, since 1986, 
EN Standards for all steel products and testing 
methods have been compiled by the ECISS 
(European Committee for Iron and Steel Stan- 
dardization). These standards must be adopted 
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via CEN (Comité européen de normalisation) 
into the national standards of all European na- 
tions. They will certainly achieve importance 
outside Europe, too. 


6.2 History 


6.2.1 From Prehistoric Times to 
the Middle Ages 


6.2.1.1 Native Iron 


Since the earliest times, humans have used 
iron, the second most abundant metal in the 
earth after aluminum. It was first discovered in 
the form of the native element, which occurs 
only rarely as tellurian iron of volcanic origin, 
and mainly as meteoric iron. The Egyptians, 
Sumerians, Khatti, and Hittites must have had 
knowledge of its origin, as they called it ore, 
or metal, from heaven. Meteoric iron can be 
identified from its high nickel content (ca. 5— 
25%), and the typical Widmanstatten struc- 
ture, formed on solidification. The oldest 
known examples of worked meteoric iron are 
beads from Gerzeh (3500 B.C.) and a dagger 
from Ur (3000 B.C.). 


6.2.1.2 Iron from Ores 


It is not known when, where, or how iron 
was first deliberately produced from its ores. It 
is often said that the technique of extracting 
iron was developed from observations made 
during copper extraction, and that the idea 
suggested itself simultaneously in many 
places with a long tradition of copper smelt- 
ing. À geographical analysis can be carried out 
from linguistic similarities, archeological 
finds, and documents. According to present 
knowledge, iron was first smelted in eastern 
Asia Minor and northern Mesopotamia around 
2000-1500 B.C., and possibly also in the 
plains north of the Caucasus. As the Chinese 
were the first to produce a high-carbon, high- 
phosphorus (up to 7%) liquid castable iron, it 
is conceivable that they also succeeded in win- 
ning iron from its ores at a very early date. 
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Around 500 B.C., knowledge of iron winning 
spread through Asia Minor to North Africa, 
parts of Asia, and all of Europe. 


6.2.1.3 Technology of Iron 
Production 


At first, the iron was smelted in a bloomery 
fire, later 1n a bloomery hearth furnace, and 
crucibles. The iron ore was charged with char- 
coal, and later, according to the type of gangue 
material, with other fluxes, into a hearth or the 
shaft of a furnace. The charcoal was burned by 
a blast caused either by a natural draught (con- 
vection) or by hand- or foot-operated bellows. 
The rising combustion gases dry the materials 
(Figure 6.5), and reduce the ore at ca. 900— 
1100 °C, forming a primary slag of wustite 
(FeO). From the gangue, a molten liquid slag 
forms, from which, in a further reduction 
stage, pure solid iron separates out, with for- 
mation of secondary slag. Since no apprecia- 
ble carbonization of the iron takes place, it 
does not liquefy, even in the lower part of the 
furnace (temperature ca. 1200—1300 °C). The 
product, the so-called bloom, consists of iron 
with slag inclusions and residual charcoal. 
These were separated, and the blooms were re- 


heated and forged into bars. Up to the late ` 


Middle Ages iron, or rather steel, was ob- 
tained exclusively by this process directly 
from the ore, except in China. As a result of 
improved bellow technology, the furnace vol- 
ume grew. About 900 years ago, this develop- 
ment culminated in bloomery furnaces with 
reached heights of 4 m, thanks to the wind 
pressure from waterwheel-powered bellows. 
In addition to the technique of iron win- 
ning, knowledge of the properties of iron and 
how to modify them also developed empiri- 
cally and involved little understanding of 
cause and effect, even up to the 1700s. It was 
recognized at an early stage that iron could be 
hardened by heating (with carburization) fol- 
lowed by rapid cooling. As early as the 900s 
B.C. crucible furnaces were used for carburiz- 
ing iron in Gerar, Palestine. Moreover, the 
technique of combining high- and low-carbon 
steels was used to achieve a desired combina- 
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tion of properties, such as toughness and hard- 
ness, e.g, in the production of Damascus 
steels. 


6.2.2 From the Middle Ages to the 
1800s 


In the 900s, technology was revolutionized 
by the waterwheel, with far-reaching effects 
on iron production. Water power became more 
important than the availability of ore when 
choosing the location for iron smelters. Thus, 
the preferred smelter location changed from 
the mountains, with proximity to ore and 
wood, to the river valleys, with their availabil- 
ity of flowing water. 


The blast produced by water-driven bel- 
lows enabled larger furnaces to be operated. 
These were originally bloomery furnaces, but 
became flowing furnaces in the 1100s and 
1200s. Water power was also used to operate 
tail hammers, lift hammers, etc. This develop- 
ment took place almost simultaneously in the 
alpine regions, and in western and northern 
Europe, which is not surprising in view of the 
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extensive trade in medieval Europe. The his- 
torical development of iron and steel produc- 
tion equipment, and the growth of total world 
steel production, is summarized in Figure 6.6. 


6.2.2.1 Bloomery Furnaces 


In principle, bloomery furnaces were sim- 
ply an increase in furnace size. They were up 
to 6 m high, operated batchwise, and produced 
a bloom up to 100 kg after ca. 15 h operation. 
The earlier furnaces produced a bloom of only 
20 kg. Refining the blooms is a two-stage op- 
eration: a metallurgical treatment in the refin- 
ing furnace (slag removal, homogenization, 
and, if necessary, decarburization); followed 
by hammering into bars, and a mechanical 
mixing operation in which bars of steel of var- 
ious qualities are hammered together, forming 
a fairly uniform product. Bloomery furnaces, 
like the small Corsican and Catalan forges that 
used the same principle, were still producing a 
small fraction of the total production up to the 
1800s. The production of steel by the direct 
method is currently undergoing a renaissance. 


Furnace gas: 
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Figure 6.5: Furnace reactions for the production of iron by the direct method in a bloomery furnace (after D. Horstmann). 
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Figure 6.6: Development of steel production processes and forming, with a graph of annual steel production [13]: a) 
Hammer and anvil; b) Tail hammer; c) Two-, three-, and four-high rolling stands; d) Open rolling mill; е) Steam hammer; 
f) Forging press; g) Continuous rolling mill; h) Finery fire; i) Puddling furnace; j) Crucible furnace; k) Electric furnace; D 
Open hearth furnace; m) Bessemer converter (acid lining); n) Thomas converter (basic lining); o) Oxygen steelmaking 
converter; p) Finery fire; q) Bloom furnace; r) Charcoal blast furnace; s) Coke blast furnace; t) Cupola furnace; u) Elec- 
tric shaft furnace; v) Low shaft furnace; w) Vacuum degassing; x) Continuous casting; y) Thin slab casting. 


6.2.2.2 Blast Furnaces 


Together with the use of water power, the 
main revolution in iron smelting in Europe 
was the discovery of the two-stage indirect 
production of steel — the method still used to- 
day. In the first stage, liquid pig iron with a 
high carbon content is produced in the blast 
furnace. In the second stage, this pig iron is 
decarburized and refined to steel in a finery 
fire. The improved air pressure and flow rate 
enabled furnace temperatures > 1200 °C to be 
achieved. The furnace volume could be in- 
creased, leading to a longer dwell time for the 
burden as it passed down the furnace shaft. 
This led to improved reduction of the iron ore 
(the yield increasing from 50 to > 85%), and 
carburization of са. 2.5—5.096. The lowering 
of the melting point led to the production of 
liquid pig iron for the first time, and consider- 


ably improved output. The furnaces could be 
charged without interrupting the process, and 
the liquid iron was directly cast into finished 
products (furnace plates and cannon balls) or 
bars for sale or captive processing in the finery 
shown. Here, the crushed pig iron was smelted 
in the finery hearth and decarburized under an 
oxidizing slag. Steel blooms were formed 
from the molten metal as it thickened, and 
these were then hammer forged into semifin- 
ished products. The furnace workers were able 
in some degree to control the properties of the 
product, but their empirical knowledge was 
mainly limited to processing certain types of 
ore or pig iron. An example is Osemund iron, 
which was ductile and, therefore, used for 
wire production. Steel production and pro- 
cessing centers were established in Austria, 
France, Belgium, United Kingdom, Germany, 
Sweden, and Russia. Iron production in Eu- 
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rope increased from 20 000-30 000 t/a (when 
small blast furnaces were introduced in ca. 
1200 A.D.) to ca. 150 000 t/a at the inception 
of coke-based metallurgy in the mid-1700s. 


6.2.2.3 Metal Shaping 


Up to the 1500s, iron was processed only 
by forging and drawing, but, as the indirect 
method of iron production became -wide- 
spread, water-powered rolling mills came into 
use. However, production rates of the blast 
furnace, the finery fire, and the hammer forge 
were roughly comparable, and hot rolling was 
unable to produce a product comparable to 
forged steel. Therefore, hot rolling was only 
occasionally used for the treatment of forged 
material. Its most important application 
emerged later in the so-called iron-splitting 
works, in which strips were produced from 
steel sheet (e.g., for nail production). These 
operations were common in almost all iron- 
producing countries until the mid-1600s. 

The range of rolled products increased dur- 
ing the early 1700s. In Sweden, CHRISTOPH 
Рогнемѕ was able to produce rolled steel with 
various profiles for knife blades and files. In 
England, Jonn Hanpury produced thin steel 
sheet on a pillar rolling mill for tinplate manu- 
facture. This type of equipment was being 
used for the manufacture of steel sheet for 
steam boilers by 1764 at the latest. In the same 
year, JOHN PavwET obtained a patent for the 
preforming of flat bar by grooved rolls, and 
Joun Wesrwoop was awarded a patent for cold 
rolling in 1783. In 1778, the Frenchman FLEUR 
described a four-stand rolling mill with closed 
passes which he used for wire production. Pro- 
posals for continuous rolling were also pub- 
lished. 

Apart from the iron bearings, rollers, cut- 
ting rings, and spacers, the rolling mills were 
constructed of wood. In the mid-1700s, gear 
wheels and pillars were all of cast iron. Energy 
was supplied by one or two waterwheels, de- 
pending on the size of the rolling mill. The up- 
per and lower rolls were generally driven 
separately, but pinion stands were also used. 
The mechanical and thermal stresses on the 
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rolls were large. At first the rolls were made 
by welding a hardenable steel sheet around the 
forged roll body. Later, cast iron rolls were 
used. A further development was the casting 
of steel around a bar which was used as roll 
neck. 


Rolling mills did not yet replace hammer 
forges, as their use was limited by the quality 
of the engineering and the availability of 
power. * 


6.2.3 The Industrial Age 


The 1700s saw the development of me- 
chanical power (steam engines), transport 
(railways, bridges), and the increasing use of 
machinery, all of which was made possible 
only by the almost complete replacement of 
wood by steel as a construction material. The 
resulting enormous increase in demand pro- 
vided the impetus for the development of new 
methods for bulk steel production. 


Iron and steel were produced exclusively 
from charcoal up to the 1700s, but by the end 
of the century, processes had been developed 
that enabled charcoal to be replaced by coal. 
These were coke-based metallurgy and the 
crucible steel and puddling process, supple- 
mented by the development of the hot rolling 
process. They formed the basis for the eco- 
nomic mass production of this universal con- 
struction material, which satisfied the broad 
requirements of the approaching industrial 
era. 

During the preindustrial epoch, most of the 
improvements in steel production methods 
took place on the European mainland, but the 
inventions that led to the industrial revolution 
were made in Britain. These are linked with 
the following names: 

ө ABRAHAM Darsy П (1711-1763) who intro- 
duced the first true coke-based blast furnace 
(1735) and the first use of steam engines 
(1742) to steel production 


e BENIAMIN HluntsMAN (1704—1776) — cruci- 


ble steel casting (1742) 


e Henry Cort (1740-1800) — development of 
the puddling process (1783—1784) 
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e JEAN Beaumont Nemson (1792—1865) — hot 
air blast (1829) 

e James ЇЧАзмүтн (1808—1890) — steam ham- 
mers (1839), first installed at Creusot (1841) 

o Henry Bessemer (1813-1898) — acid air re- 
fining process (1856-1860) 

e Sprey G. Tuomas (1850-1885) and PERCY 
C. Сшснвѕт (1851-1935) — basic refining 
process (1878) 

e WiLHELM іемЕМ (1823-1892) апа 
FRIEDRICH SIEMENS (1826-1904) — regenera- 
tive heating (1861) 

Important innovators in other countries in- 
clude: 

e FABER DU FAUR (1786-1855) — blast heating 
(1832) | 

e PrerRE-EMILE Martin (1824-1915) — open 
hearth process (1864) Р 

e Ramer Daten (1813-1887) — universal 
mill stand (1848) 

e CHARLES Morcan (1831-1911) ~ rolling 
mill technology (from 1865) 

e GEORGE Benson — continuous rolling mills 
(1860) 

e REINHARD MANNESMANN (1856-1922) and 
Max Mannesmann (1857-1915) — rolling 
seamless tubes (1890) 

e PauL Hénourr (1863—1914) electric arc fur- 
nace (1900) 

These innovations were gradually intro- 
duced into the most important iron-producing 
countries, including the United Kingdom, Bel- 
gium, France, Germany, Austria, and the 
United States, all of which made their own 
contributions to the further development of 
iron and steel technology. Historically, the last 
pioneering inventions are the basic oxygen 
steelmaking process, secondary metallurgy, 
and continuous casting, which were developed 
in the 1940s and 1950s. 


6.2.3.1 Pig Iron Production 


The cradle of coke-based metallurgy was 
Coalbrookdale, where ABRAHAM Darsy I 
(1678-1717), who had invented the process of 
casting iron in sand molds in 1707, probably 
began the production of pig iron using coke in 
1709. His son, ABRAHAM Danny II, was the 
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first to operate a blast furnace fueled entirely 
with coke in 1735. Coke-based metallurgy 
spread to the rest of the United Kingdom only 


slowly at first (in 1750, 3 of 74 blast furnaces `. 


were coke based; in 1760, 14 of 78; in 1791, 
85 of 107). The real breakthrough came with 
the development of the puddling process for 
converting pig iron into steel, the production 
rate matching that of the iron-making process. 
In mainland Europe, these new technologies 
were adopted in a dilatory fashion. The first 
coke-based blast furnaces were operated in 
France by Creusot in 1785, and in Germany 
in Gleiwitz (1796). Whereas pig iron produc- 
tion in the U.K. was almost exclusively based 
on coke in the early 1800s, Germany reached 
this stage only at the end of the century. 

From the early 1800s, coke-based metal- 
lurgy was accompanied by research and devel- 
opment, with increases in productivity and 
profitability. Developments were mainly con- 
cerned with the design and size of blast fur- 
naces, including blast and power supplies, 
increasing the efficiency of energy utilization, 
and improving yield and quality through better 
understanding of the metallurgical processes, 
enabling the control of the blast furnace pro- 
cess to be improved, culminating in computer 


control This development can be demon- . 


strated by data for selected blast furnaces (Ta- 
ble 6.3). 


6.2.3.2 Steel Production 


After the invention of the pig iron furnace, 
forgeable and hardenable iron (steel) was pro- 
duced both from almost carbon-free wrought 
iron and from highly carburized pig iron. 

Wrought iron, in the form of soft iron bar, 
was carburized to steels with a higher carbon 
content from the early 1600s (originally in 
1601 in Nuremberg by PauLus HANNIBAL) by 
heating in carbon-containing powders with 
exclusion of air. This so-called cemented steel 
had a wide range of uses, e.g., for springs, 
knives, and files. In the 1700s, the steel indus- 
try in Sheffield was founded on the use of this 
process for the treatment of imported Swedish 
iron bars. Here, 205 cementation furnaces pro- 








Steel 


duced almost 80 000 t steel in 1862. The last 
of these went out of production in 1951. This 
cemented steel (blister steel), which was inho- 
mogeneously surface-carburized and blis- 
tered, was homogenized by hammering out 
(sometimes repeatedly) bundles of cemented 
steel rods to form “shear steel". Although this 
led to some equalization in material proper- 
ties, this steel met the increasing quality re- 
quirements only to a limited extent. 


Crucible Steel 


The first decisive step toward production of 
nearly homogeneous and slag-free steel was 
taken by BENIAMIN Huntsman in 1740, with 
the production of liquid steel by melting to- 
gether cement steel with added bar iron and 
glass in refractory crucibles. The productivity 
of this process was later increased by im- 
provements to the crucible material (graphite). 
Crucible steel opened up completely new per- 
spectives. The steel was both castable and 
forgeable. By pouring the contents of several 
crucibles into one mold, ingots and castings óf 
large mass were produced for the first time. As 
alloying was possible, steel developed into a 
universal construction material. As this pro- 
cess was more economical than the production 
of shear steel, it spreads relatively rapidly. 


Puddled Steel 


Pig iron from the small furnaces that later 
developed into blast furnaces was cast, either 
directly or after remelting, in a cupola furnace 


Table 6.3: Development of blast furnaces. 


Year and location Hearth area, m^ 

1796 (Gleiwitz) 0.3 
1801-1815 (U.K.) 

1856 (Hasslinghausen) 3.6 
1880 (United States) 8.8 
1901 (United States) 15.3 
1929 (Bruckhausen) 33.2 
1993 (Schwelgern 2) 174.9 


"Fuel consumption. 
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to give finished products (e.g., machine parts, 
construction elements, household articles) or 
was decarburized to forgeable steel. The steel 
produced by decarburizing coke pig iron 
tended to be brittle (owing to sulfur and phos- 
phorus) compared with that produced from 
charcoal pig iron. The low productivity of de- 
carburization in open charcoal -fired finery fire 
became a problem, owing to the increasing 
rate of production of pig iron; steel producers 
sought a more effective fining process that 
would operate with coal or coke. The break- 
through was achieved by Henry Cort with his 
patented method (1783-1784) for producing 
wrought steel ~ the puddling process. This 
consisted of remelting the pig iron and fining 
with the combustion gases from the coal- or 
coke-fired reverberatory furnace (Figure 6.7), 
followed by mechanical slag removal and 
welding together of the lumps of steel by 
means of a steam hammer or squeezer to form 
blooms of very variable chemical analysis. 
These were rolled in a rolling mill to form 
“crude” flat iron. To produce a homogeneous 
rolled steel, fagots of flats were placed to- 
gether, heated in a welding furnace, and 
rolled. This step could be carried out several 
times. The process met all requirements of the 
time, 1.е., increase in productivity (tenfold), 
replacement of charcoal by coal, and reduc- 
tion of production costs. It spread relatively 
rapidly into all iron-producing countries. In 
Germany, the first puddling plant was started 
in the Rasselstein iron works in 1824. The last 
puddling operation ceased in the 1940s. 


Coke consumption per 
tonne iron, kg Iron output, t/d 
3500 1—2 (later 4) 
2500 5-7 
1600 20-23 
1510 120 
1000 464 
740 1100 
480" 10 600 
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Ingot Steel 


With time the puddling process also be- 
came unable to meet the increasing demand 
for steel. In 1856, Henry Bessemer invented 
his autothermic air refining process, which 
made it possible for the first time in the history 
of iron production to convert pig iron directly 
into liquid steel, increasing productivity by a 
factor of 70 (Figure 6.8). In the Bessemer pro- 
cess, molten pig iron is blown with air from 
below in a tiltable converter. The molten metal 
is decarburized by oxidation, which also re- 
moves silicon and manganese. The heat liber- 
ated causes the temperature to rise well above 
the melting point. As the original lining of the 
converter was acidic, only low-phosphorus 
pig iron could be treated, and the use of the 
process was therefore limited. This problem 
was solved in 1878 by Sipney G. THomas and 
Percy C. Опснвізт by the use of basic dolo- 
mite as converter lining. Thus, phosphorus 
could be removed by means of a basic slag, 
which later became an important fertilizer 
(Thomas slag) The Thomas process was 
widely used, especially on the European main- 
land, where the ores, e.g., minette (oolitic iron 
ore), often have a high phosphorus content. In 
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Germany, the first Thomas steelwork was op- 
erated in 1879. The last one was shut down 
only very recently. 


Ingot steel production by air refining be- ` 


came the most important steel production pro- 
cess worldwide with the introduction of the 
basic oxygen (LD, Linz-Donawitz) process 
in 1952. 














Figure 6.7: Puddling furnace with iron hearth and cast 
iron shell (1830) [14]. 


Figure 6.8: Bessemer steel works with circular casting pit (Friedrich Krupp, Historical Archive, 1970). 
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Figure 6.9: Ground plan of rolling mill at Couillet (1835) [15]: a) Puddling furnace; b) Coal-fired boiler; c) Welding fur- 


naces; d) Waste heat boilers; e) Finishing drop; f) Workshops; 


In parallel with the air-refining processes, 
the allothermic hearth process was also devel- 
oped. In 1864, Е. and W. Siemens together with 
E. and P. Martin succeeded in melting pig 
iron and steel scrap; using regenerative heat- 
ing in a reverberatory furnace. The Siemens 


-Martin process at first achieved great impor- 


tance for the recovery of scrap. Later, pig iron 
was melted with iron ore, with or without the 
addition of steel scrap. Until the breakthrough 
achieved by the oxygen refining process, this 
was the most important steel production pro- 
cess, accounting for up to 60% of all steel pro- 
duction. 


After the 1850s, electrical energy became 
available, and attempts were made to build 
electric hearth melting furnaces. The electric 


arc furnace developed by Héroutt was еѕре-. 


cially successful, and was first operated full- 
scale in Germany in 1906. Although it was ini- 
tially used for the production of special steels, 
itis now increasingly used only for steel melt- 
ing, owing to the availability of cheap electric- 
ity, and the introduction of secondary 
metallurgy. 


8) Machine 1; h) Machine 2; i) Stores. 
6.2.3.3 Rolled Steel Production 


Puddled Steel and Steam Power 


Following the discovery of (1) the puddling 
process, which enabled iron to be converted to 
the finished product by a rolling operation; 
and (2) the introduction of the steam engine, 
the technology of the rolling mill became an 
integral part of steel production. 

Although this new technology was quickly 
adopted and further developed in England, 
this only happened in a few places, owing to 
the high cost of steam engines. As early as 
1784, J. WiLKINson started the first steam- 
driven rolling mill in his iron works in Brad- 
bury, and replaced the hammer forge by a 
blooming mill with self-adjusting rolls. This 
was patented in 1792. There followed im- 
provements in rolling equipment, by making it 
more powerful (the production of cast ma- 
chine components of ever-increasing size, 
and the development of techniques for gearing 
and driving). This can be seen from the dimen- 
sions of the rolls, which reached diameters of 
300 mm and body widths of 1200 mm. 
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On the basis of these new methods, En- 
gland's iron and steel industry occupied a 
leading position throughout the 1800s. Conti- 
nental iron producers were able to adopt the 
new technology only later, sometimes only by 
industrial espionage or by the enticement of 
specialist personnel. The major economic in- 
centive was the immense demand for railway 
track. 


The plan view (Figure 6.9) of the rolling 
mills at Couillet-(1835) shows the layout of a 
typical works of that time. The puddling and 
rolling plants formed a single unit. The steam 
engines were at the heart of the ironworks. 
They drove the puddling plant and rail mill, 
the three-stand sheet mill, the six-stand bar 
mill, a two-stand mill for rolling-cutting, and 
an auxiliary plants. This works produced ca. 
10 000 t rolled steel in 1840. 


Ingot Steel and Mass Production 


The further development of rolling mills 
took place against the background of the de- 
veloping mass production of ingot steel. The 
first product became the cast steel ingot. De- 
velopments took place particularly in drive 
technology and the construction of specialized 
rolling stands and mills (and also auxiliary 
machinery and reheating furnaces which are 
not considered in this article). The realization 
of reversible operation of rolling stands driven 
by steam engines was the trigger for the fur- 

` ther improvement of the driving machinery. In 
the 1870s, hydraulic friction coupling for re- 
versible operation was successfully designed 
and constructed. However, almost 30 years of 
development were required before the prob- 
lem of reversing the steam-driven rolling mill 
engine was solved by CLEMENS KISSELBACH in 
1891. The use of electrical driving machinery, 
which began in 1900, increased, especially af- 
ter the invention of the reversible electrically 
driven rolling mill engine by bone in 1902. 


The design and construction of rolling mills 
and plant was driven by the demand for mass 
production, with increasing throughput, size, 
and range of products. The American, Jong 
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Fritz, in 1857, eliminated the need for revers- 
ible rolls by designing and successfully oper- 
ating a three-high rolling stand for rail 
production. In 1848, Ramer DAELEN built the 
first universal rolling stand, which found wide 
application, especially in the United States. 
Using this equipment, finishing of I-beams 
was first achieved in 1866. In 1883, I. J. SEa- 
MAN and H. Sack separately applied for pat- 
ents for universal rolling mills for rolling 
beams. Wire and rod steel products were 
rolled in open rolling trains. The introduction 
of mechanical loopers in 1877 led to a consid- 
erable increase in performance. At the end of 
the 1860s, G. Верѕом constructed the first 
continuous finishing train for wire, with 16 al- 
ternately horizontal and vertical rolling stands. 
This type of train was further developed, 
mainly by C. Morcan in the United States. In 
1905, in Gary, Indiana, the first train operating 
completely continuously from ingot to fin- 
ished product was commissioned. From the 
early 1800s, a large number of proposals for 
the production of seamless tubes by rolling 
were made. However, the breakthrough was 
an invention by M. and R. MANNESMANN, in 
which a hollow body was produced by skew 
rolling (1886), with subsequent expansion to 
form a seamless thin-walled tube in the Pilger 
step-by-step-type seamless tube rolling mill 
(1890). The development of flat rolling aimed 
to increase the dimensions of strip and sheet, 
the weight of charge, and productivity. The 
United States led the way, and the first contin- 
uous hot strip mill went into operation during 
the 1920s. These mills constitute as important 


a development for modern steel production as. 


the oxygen steelmaking process, secondary 
metallurgy, and continuous casting. 


6.3 Crude Steel Production 


6.3.1 Raw Materials 


The following iron-bearing materials are 
used for crude steel production (Table 6.4) 
[16]: 





Steel 


e Molten iron from blast furnaces (hot metal), 
mainly used for steel production by the ba- 
sic oxygen furnace (BOF) process 


e Scrap, sponge iron, and solidified blast-fur- 


nace iron (pig iron), mainly used for melting 

steel in electric furnaces 

Another important raw material is lime for 
slag formation. Alloying elements, such as 
chromium, nickel, molybdenum, titanium, va- 
nadium, and niobium, and elements used as 
deoxidizing agents (e.g., manganese, silicon, 
and aluminum) are not discussed in detail 
here. 
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The most important iron-bearing material is 
hot metal. Of the total world crude steel pro- 
duction of 770—720 t/a in the early 1990s, ca. 
6096 was produced from hot metal obtained 
by reducing iron ore, and ca. 4096 from steel 
scrap. Steel scrap is of increasing importance 
asaraw material because of the lower primary 
energy ‘consumption and lower CO, emis- 
sions, compared with the blast furnace—con- 
verter production route. Figure 6.10 compares. 
the total specific primary energy consumption 
per tonne of steel produced from ore with that 
for steel produced from scrap [17]. 


Table 6.4: Properties of hot metal, sponge iron, and scrap [16]. 


Hot metal 
Raw materials poor to rich ores, low or 
high in phosphorus 
Availability almost unlimited 
Production and processing ` classification, sintering, 
pelletizing 
blast furnace 
Primary energy consumption 14 
(GIA) d 
State of aggregation liquid 


Storage and transport severely limited 


Type of furnace using this oxygen-blowing furnace 
material OF 
(electric furnace) 
Price depends on production 
costs 
Chemical properties 
Composition constant 
Unwanted elements sulfur 
phosphorus (depends on 
: application) 
Type of gangue 
Physical properties liquid 
Bulk density 


Thermal conductivity 


Sponge iron Scrap 


ores with low gangue con- internal scrap 
tent production scrap 
collected scrap 


limited to low gangue ores depends onsteel consumption 
or pellets and crude steel production 


classification or pelletizing shears (cutting-burning) 
shaft furnace ] 


rotary furnace 

retort 

fluidized bed 

12 (shaft furnace) 0.6 (shredder) 

solid solid 

special techniques may be good 
necessary (e.g., briquet- 
ting) 

electric furnace electric furnace 

(as cooling agent in oxygen Siemens-Martin furnace 
furnace) (as cooling agent in oxygen 

fumace) 


depends on production 


1 market price 
costs, market price, or С 


agreed price 
constant variable 
none depends on process 
phosphorus (depends on ap- 
plication) 
depends on ore 
bulk material variable shredded scrap (in 
bulk) 
> 121m? fluctuates around 1.2 t/m? de- 
pending on type of scrap 
low high 
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Figure 6.10: Comparison of total specific primary energy consumption for steel products made from ore and scrap [17]. 
* Including primary energy consumption for generating electricity in thermal power stations, and energy-intensive mate- 
rials (oxygen, steam, compressed air, cooling water, etc.); ** Including added scrap for cooling. 


Table 6.5: Characteristic compositions of grades. 


Type of pig iron C, % 
Low-phosphorus 4.0-4.5 
High-phosphorus 3.2-4.0 
Foundry 3.5-4.2 


6.3.1.1 Hot Metal 


Hot metal is produced by reduction of iron 
ore in a blast furnace. Modern furnaces pro- 
duce 5000—12 000 t/d. Immediate transfer of 
the hot metal to the converter for refining to 
crude steel requires the blast furnace and the 
steelworks to be in close proximity. 

Iron ore is charged to the blast furnace in 
lump form or as agglomerated fine ore (sin- 
tered or pelletized), and reduced. Coke and in- 
jected coal are used as reducing agents, and 
these react with the hot air blast, liberating en- 
ergy. The molten product, known as hot metal, 
separates from the liquid slag. It can be pre- 
treated before transfer to the steelworks, to re- 
duce the content of undesired accompanying 
elements such as sulfur, silicon, and phospho- 
rus. 

Various types of hot metal are produced, 
depending on the composition of the ore fed to 
the blast furnace (burden) and the method of 
furnace operation. They include low-phospho- 
rus hot metal, (Thomas) hot metal (high in 
phosphorus), and foundry hot metal (high in 





Si, % Mn, % B% S, 96 
0.30-0.70 0.20-0.70 0.05-0.12 0.03-0.06 
0.30-0.70 0.25-1.20 1.50-2.20 0.03-0.06 
1.80-2.50 0.70-1.00 0.50-0.70 0.03-0.06 


silicon). The chemical compositions of several 
grades of hot metal are listed in Table 6.5. 


Low-phosphorus hot metal is important for 
steelmaking. Typical temperatures for tapping 
the blast furnace are 1350—1450 °C. Carbon 
content is typically high (4-4.596), as is sulfur 
content, these elements being picked up from 
the coke and the injected coal. A pretreatment 
of the hot metal, e.g., with lime-magnesium 
mixtures, reduces the sulfur content from ca. 
0.040% to « 0.010%. 


Pig iron is also used to a limited extent as 
an iron-bearing material for steel production 
involving melting; the hot metal, after tapping 
from the blast furnace, is cooled in sand molds 
to form pigs which can be used like scrap in 
steel production. 


Hot metal is produced not only by the blast 
furnace method, but also in coke-free pro- 
cesses in smaller units by smelting reduction, 
e.g., the Corex process, which produces 1000— 
2000 t/d [18]. 


Steel 


6.3.1.2 Scrap 


Steel scrap is traded worldwide [19]. It is 
mainly melted in electric furnaces, but to a 
limited extent is also added as a cooling agent 
to converters used in steel production by 
blowing processes. In 1992, ca. 350 x 10° t 
steel scrap was used worldwide for steel pro- 
duction, the specific scrap consumption being 
ca. 445 kg per tonne of crude steel. Specific 
scrap consumption differs widely between 
countries, depending on the structure of the 
steel industry [20, 21]. In Italy, where the pro- 
portion of electric steel production is 50%, the 
proportion of scrap used, ca. 650 kg per tonne 
of crude steel, is naturally larger than in Ger- 
many (ca. 380 kg/t), which has 21% electric 
steel production (Figure 6.11). 


The total quantity of scrap handled on 
world markets is ca. 50 x 10$ t/a. A survey of 
the most important exporting and importing 
countries is given in Table 6.6. The price of 
scrap fluctuates widely, depending on supply 
and demand. Figure 6.12 gives an example of 
the fluctuations in the price of a particul 
grade of scrap in the Ruhr region. d 


Scrap is classified according to its origin: 
internally recycled scrap; production scrap 
from the steel processing industry, also known 
as new scrap; and collected scrap, also known 
as old scrap. 


Internally Recycled Scrap. Improvements in 
the utilization of materials and technological 
changes, e.g., the introduction of the strand 
casting process, have steadily reduced the 
availability of internally recycled scrap in re- 
cent years (Figure 6.13) [22]. 


New and Old Scrap. To meet the require- 
ments of steelworks, intemally recycled scrap 
is supplemented by the purchase of new and 
old scrap. To maintain steel production qual- 
ity, the quality of these purchased materials is 
controlled by lists of scrap grades. Criteria in- 
clude the metallic iron content (e.g., > 92%), 
the lump size, the bulk density (e.g., > 0.9 
t/m*), and the density of bundles (e.g., > 1.3 
t/m’). 
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Current proportions are ca. 50% from old 
scrap, 15-20% from new scrap, and 30-35% 
from internally recycled scrap. 

The quantity of scrap available worldwide 
depends on the quantity of crude steel pro- 
duced, although there is a time delay. Whereas 
internally recycled and new scrap are immedi- 
ately returned to the system, an average of ca. 
70% of used steel products are returned as old 
scrap after ca. 20 years [19, 20]. On the basis 
of this assumption, H. W. KREUTZER has shown 
how the total world supply of old scrap has 
changed with time (Figure 6.14). In line with 
steel production figures which increased 
steadily in former years, the availability of old 
scrap at first continues to increase, but then 
levels out after ca. 20 years. 
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Figure 6.11: Average specific scrap consumption for 
crude steel production in various countries [21]. 
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Figure 6.12: Variations in scrap prices since 1978 [20]. 
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Table 6.6: Balance of exports and imports for several 
countries in 1991 [21]. 














Export Import 
balance, 1081 balance, 101 
United States 8.28 
Germany 7.63" 
United Kingdom 3.12 
France 2.31 
Japan 1.48 
European Community 1.96 
Taiwan 2.19 
South Korea 3.49 
Spain 4.27 
Turkey | 4.44 
Ttaly 6.03 
Developing countries ` 10.30 ` 
* Data for 1992. 
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Figure 6.13: Variations in the specific amount of internal 
scrap produced in various industrialized countries as a 
function of the percentage of strand casting [22]. 

It is important that scrap should not intro- 
duce unwanted elements into the steel, thereby 
impairing its quality. Pretreatment of the scrap 
by size reduction and sorting, e.g., with the aid 
of a shredder, is therefore very important. It is 
essential not to introduce elements that cannot 
be removed from the crude steel, or whose re- 
moval is costly, e.g., copper, nickel, molybde- 
num, or tin. In some steel products, a copper 
content of 0.40% is tolerable, but in high- 
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quality products, e. g., thin steel strip, the cop- 
per content is normally < 0.0196. Therefore, 


when recycling scrap automobiles, copper- . 


containing components such as electric mo- 
tors and cables must be stripped out before 
scrapping. On the other hand, when zinc- 
coated car bodies are recycled, the zinc be- 
comes concentrated in the steelworks dust, 
and can be easily recycled, if the levels of zinc 
in the dust are high enough (ca. > 20%). So 
far, this has been achieved in electric steel- 
works owing to the high input of scrap [23]. 
The zinc is recovered from the dust in nonfer- 
rous metal smelting works. 


Table 6.7 shows the maximum tolerable to- 
tal content of Cu, Sn, Ni, Cr, and Mo for a 
number of steel products, and some typical 
concentrations of these elements in the raw 
materials pig iron, sponge iron, and five differ- 
ent types of scrap. 


6.3.1.3 Sponge Iron 


Another solid raw material for the steel in- 
dustry is sponge iron, also known as DRI (di- 
rect reduced iron). Because of its purity and 
suitability for controlled feeding, it is becom- 
ing of increasing importance. 


Table 6.7: Residuals in steel and its raw materials [24]. 





Cu+Sn+Ni+ 
Cr+ Мо, % 

Typical maximum residual limits of 
carbon steels 
Tinplate for draw and iron cans 0.12 
Extra deep drawing quality sheet 0.14 
Drawing quality and enameling steels 0.16 
Commercial quality sheet 0.22 
Fine wire grades 0.25 
Special bar quality 0.35 
Merchant bar quality 0.50 
Typical residual content of charge ma- 
terials 
Direct reduced iron 0.02 
Pig iron 0.06 
No. 1 factory bundles 0.13 
Bushelling 0.13 
No. 1 heavy melting 0.20 
Shredded auto 0.51 
No. 2 heavy melting 0.73 
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Figure 6.14: World crude steel production, with a forecast of old scrap availability up to 2015 [20]. 


Table 6.8: Processes for the direct reduction of iron ores. 






Reduction by gases Reduction by solids 
Shaft furnace: Rotary kiin: 

Midrex SL/RN 

HyL IH Krupp-Codir 
Fluidized bed: Rotary hearth furnace: 

FIOR а ` Inmetco 

Iron carbide Fastmet 
2 
го 50 D 
a e" 
$ [^40 : 2 
a Capacity ut 
S e 30 "d 
Së a” 
& § 20 E d 
ө 10 P ad Production 
sa 2—7 
GE UE 

^ 651970 75 80 85 90 95 2000 


Year —— 


Figure 6.15: Growth of production capacity and produc- 
tion of sponge iron [25]. 

Sponge iron is produced by reduction of 
iron ore in the solid phase, by means of (1) re- 
duction gas (obtained from natural gas with 
varying hydrogen and carbon monoxide con- 
tent); or (2) coal. Of the direct reduction pro- 
cesses listed in Table 6.8, the Midrex and HyL 
processes are the most important. Gas reduc- 
tion processes account for 92% of world 
sponge iron production. Direct reduction pro- 
cesses are operated where cheap energy is 
available (natural gas, coal), e.g., Mexico, 
Venezuela, Saudi Arabia, Iran, Malaysia, In- 
donesia, India, and South Africa. 


Figure 6.15 shows the growth of the capac- 
ity and production rate of sponge iron [25]. In 
1993, total production was 23.9 x 10° t while 
capacity was ca. 35 x 10$ t, i.e., production 
plants were only 68% utilized. A further in- 
crease in world sponge iron capacity of at least 
12 x 106 t/a is forecast for the year 2000. 

The sponge iron produced is mainly melted 
in adjoining steelworks, so that amounts avail- 
able on the world market are limited. Approxi- 
mately 3.4 x 10° t sponge iron was exported in 
1992 [26]. However, there is an increasing 
trend toward the construction of “merchant 
plants", e.g., in Malaysia and Venezuela. 

These types of sponge iron could be of 
great interest for reducing levels of unwanted 
elements by replacing some of the scrap used 
In the production of scrap-based, bigh-grade 
steel products, especially flat products pro- 
duced in minimills. 

Because trade in these materials has so far 
been small, no lists of grades or general regu- 
lations exist for sponge iron supplies, such as 
apply to scrap. Important characteristics in- 
clude the total iron content, the ratio of metal- 


lic iron to total iron, the gangue content, and 


the carbon content. As all the gangue constitu- 
ents report. to the sponge iron, ores low in 
gangue, or specially produced pellets, are 
used. Otherwise, additional energy must be 
used to melt the gangue when melting sponge 
iron. The metallic iron/total iron ratio should, 
therefore, preferably be > 92%. The carbon 
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content of sponge iron from the gas reduction 
process is 1-2.5%, which is higher than the 
typical value for sponge iron produced by the 
coal reduction process (0.1-0.2%). A high 
carbon content can help to reduce the con- 
sumption of electrical energy for melting if the 
carbon is burned with air or oxygen to form 
carbon monoxide, which is post-combusted in 
the melting plant. New developments in direct 
reduction involve the production of iron car- 
bide, which should give a carbon content of > 
5% of the DRI [27]. 

Table 6.9 gives typical figures for the com- 
position of a Midrex sponge iron (gas reduc- 
tion in a shaft furnace) and an SL/RN sponge 
iron (solid state reduction with coal in a rotary 
kiln). Table 6.10 gives typical figures for bulk 
density, lump density, and porosity of sponge 
iron produced from lump or pelletized ore, and 
for briquetted sponge iron [16]. 
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Figure 6.16: Required rate of addition of lime as a func- 
tion of the silicon content of pig iron and iron content of 


slag [29]. 

When transporting and storing porous 
sponge iron, attention must be paid to its ten- 
dency to reoxidize exothermically, owing to 
the large surface: volume ratio. The heat given 
off can lead to ignition of the sponge iron and 
to. a fire, e.g., during transport. This reoxida- 
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tion behavior, typical of many types of sponge 
iron, can be characterized by determining the 


ignition temperature, the rusting behavior, and ` 


the evolution of hydrogen in a moist atmo- 
sphere. Safety precautions must always be 
taken for the transport, loading, unloading, 
and storage of sponge iron. Regulations and 


other information relevant to transport by sea . 


have been published by insurance companies. 
The tendency to reoxidation can be reduced by 
passivation of the sponge iron. The best 
method of limiting transport hazards is bn- 
quetting. 


Table 6.9: Chemical composition of sponge iron [25]. 
Midrex SL/RN 





Fe, % | 91—93 90.4—93.7 
Metallic Fe/total Fe, % ~ 92-95 92-93 
SiO, % 2.0-3.5 2.4—5.8 
ALO,, 96 0.5-1.5 1.8 
CaO, 96 0.2-1.6 0.05-0.3 
MgO, % 0.3-1.1 $0.05 
C, 96 1.0-2.5 0.1-02 
Table 6.10: Properties of sponge iron [16]. 
Lump 
Bulk den- 3 Porosity, 
Form sity, tm? pani % 
1.9 : 
pumps 2-3.5 70-50 
Pellets 1.7 
Briquettes 2.5 4,5—6 35—15 


6.3.1.4 Lime 


Lime is used as a reagent and slag former in 
steel production. It is the main constituent of 
the most metallurgically effective slags that 
combine with the unwanted elements in the 
steel. 


Lime (CaO) is formed on calcination of 
limestone (CaCO,) at ca. 1000 °C. Depending 
on the calcination temperature, calcination 
time, dwell time in the furnace, and type of gas 
flow through the furnace, various qualities of 
CaO can be produced, e.g., soft- or hard- 
burned lime [28]. The quality requirements of 
the steel industry include high purity (94-97% 
СаО), well-defined chemical composition, op- 
timum grain size, and rapid dissolution in the 
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slag. Calcined (soft-burned) dolomitic lime- 
stone is also used in steel production. 

In steel production by top blowing with ox- 
ygen, the hot metal composition is of the 
greatest significance when determining the 
quantity of lime to be added for refining in the 
converter. The amount required to produce a 
slag that is slightly supersaturated with respect 
to lime is illustrated in Figure 6.16, which also 
shows the iron content of the slag [29]. As 
well as decreasing the silicon and sulfur con- 
tent of hot metal, the changes brought about 
by the introduction of the combined blowing 
process in the mid-1980s had a further effect 
in reducing lime content [30, 31]. By bottom 
blowing with an inert gas to give agitation dur- 
ing oxygen blowing, the reactions approach 
equilibrium much more closely, and hence a 
better utilization of the slag is achieved. Fig- 
ure 6.17 illustrates this trend toward a reduc- 
tion in specific lime consumption, using 
German BOF steel making as an example. Be- 
tween 1970 and 1990, specific lime addition 
was reduced from ca. 70 to ca. 45 kg per tonne 
of crude steel. 
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Figure 6.17: Variation in the specific consumption of line 
and the silicon content of low-phosphorus pig iron in an 
oxygen steelmaking plant in Germany (1975-1990). 
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In electric steel production with scrap addi- 
tion, the process in the 1970s was mainly to 
add an oxidizing slag, and then to change to a 
refining slag. Today, both low- and medium- 
alloyed steels are produced under one slag. 
The oxidizing treatment is followed by a re- 
duction phase by the slag. All the other metal- 
lurgical operations have been moved to the 
later processing stages of the secondary metal- 
lurgy. Specific lime consumption in steel pro- 
duction in the electric arc furnace is currently 
35—40 kg/t. Soft-bumed lime usually has lump 
size 10-30 mm, and should have a sulfur con- 
tent < 0.02%. With sponge iron instead of 
scrap, the amount of slag increases, because of 
the silica introduced with the gangue materials 
in the sponge iron. The amount of lime added 
depends on the amount of SiO2 that is to be re- 
acted. The slag basicity (CaO/SiO;) should be 


. 1.5-2. 


Modem developments in secondary metal- 
lurgy have led to new process steps in the op- 
erations that take place between the 
steelworks and the strand casting plant. Slags, 
which have become reactive contact phases, 
are now at the heart of metallurgical research 
and development. As there are many aims of 
secondary metallurgy, the slags used can differ 
widely. Lime-containing slags mostly consist 
of reactive CaO-CaF,-ALO, mixtures for 
steel treatment in the ladle furnace, for inten- 
sive blowing in the ladle, or as a basic cover- 
ing slag. The compositions of desulfurizing 


.slags are ca. 55-6096 CaO, 5-10% CaF, and 


AL,O,. Typical lime addition rates are there- 
fore, 10-15 kg/t. As well as the intensive stir- 
ring process with synthetic slag, the injection 
of CaO-CaF, mixtures at the rate of 3—5 kg/t 
is common. 


Metallurgical lime must fulfill special re- 
quirements for utilization of waste slag from 
the steelworks [32]. Steelworks slags, when 
used as hydratable components of building 
materials, should contain only such levels of 
lime and free magnesium oxide that volume 
stability can be absolutely guaranteed. For this 
reason the relevant specifications limit the free 
lime content to < 7% or < 4%, according to 
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the intended use (volume of intergranular free 
space). | 
The interests of the steelworks and the slag 


users coincide with respect to lime [32]. The: 


steelworks require a readily soluble lime for 
metallurgical reasons. The slag user has prob- 
lems with volume stability if the solid slag 
contains lime that failed to dissolve when it 
was liquid. Therefore, reactive, soft-burned 
lime should be used for slag utilization rea- 
sons. 


6.3.2 Physical and Chemical 
Fundamentals 


6.3.2.1 Thermodynamics 


Metallic Systems Based on Iron 


In steelmaking, the most common accom- 
panying elements in molten iron are C, Si, Mn, 
P, S, and the gaseous elements H and N. In the 
reactions that take place when oxygen is 
brought into contact with the molten materi- 
als, the concentrations of the unwanted ele- 
ments in the iron are reduced to the levels 
required in the steel produced. The thermody- 
namic data for metallic systems based on iron, 
such as solubility and activity, are of funda- 
mental importance for the control of these re- 
actions. 

The state of carbon in Fe-C alloys can be 
seen from the phase diagram (Figure 6.18) 
[33]. Carbon dissolves in both molten and 
solid iron. Its solubility in the latter varies ac- 
cording to the crystal structure of the iron. Al- 
though carbon dissolves to only a very small 
extent in a-Fe and 6-Fe, its solubility in y-Fe 
at 1153 °C is 2.1%. The solid solution of Yy- 
Fe-C is known as austenite. The solubility of 
carbon in molten iron is given by the equation 
[34, 35]: 


[YC] ax = 1.30 x 2.57 x 1074 (1) 
t = 1152-2000 °C 


The solubility of carbon in molten iron is also 
influenced by other elements present (Figure 
6.19) [34]. 
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Figure 6.18: Phase diagram for Ее—С alloys. 
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Figure 6.19: Effect of alloying elements on the solubility 
of carbon in molten iron alloys [34]. 
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Figure 6.20: Effect of alloying elements on the activity 
coefficient of carbon in molten iron alloys [36]. 

The effect of other elements on the activity 
of the carbon in molten iron can be repre- 

; ; С 

sented by the interaction parameters ec and 
ec. The value of ec at 1600 °C is 0.14 [36]. 
The activity of the carbon is only slightly de- 
pendent on temperature. The effect of other el- 
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ements on the activity coefficient of carbon is 
shown in Figure 6.20 [36]. 

The Fe-O phase diagram is shown in Fig- 
ure 6.21 [37]. The liquid region, in which mol- 
ten iron is in equilibrium with molten ігоп(П) 
oxide, is relevant to the steelmaking process. 
The solubility of oxygen in molten iron is lim- 
ited by the precipitation of molten FeO in the 
reaction: 


Feg + О > FeOg 


+ 


The sotubility of oxygen varies with tempera- 
ture according to the equation [38]: 


log[ 90], = — = +2734 (2) 
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in the range 1530-1700 °C. Equation (2) cor- 
responds to the line BB' in Figure 6.21. 

There have been many experimental deter- 
minations of oxygen activities in the system 
Fe—O and of the effect of other elements X in 
the system Fe-O-X. The temperature depen- 

o. 
dence of ео is [36]: 


ep =- KN + 0.794 ^ 9) 


The effect of various alloying elements and 


other additives on the activity coefficient É at 
1600 °C is shown in Figure 6.22 [39]. 


58 60 


оо тт" 
А Magnetiles T 
Figure 6.21: Phase diagram for Ее— 
Y x O [37]. 
: T, °С 0,.% Ро, /Pco 
Magnetite et 
A 1536 
B 1528 0.16 0.209 
C 1528 22.60 0.209 
G 1400* 22.84 0.263 
H 1424 25.60 16.2 
I 1424 25.31 16.2 
J 1371 23.16 0.281 
L 911° 23.10 0.447 
N 1371 22.91 0.282 
Q 560 23.26 1.05 
Magnetites R 1583 28.30° 
b hematite R' 1583 2807 
S 1424 27.64 16.2 
V 1597 27.64 
Y 1457 2836 
Z 1457 30.04 
z 30.06 
* Value for pure iron. 
*Po, 70.1 MPa. 
*5.75 kPa. 
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Figure 6.22: Effects of alloying elements and other addi- 
tives on the activity coefficient of oxygen in molten iron 
alloys at 1600 ?C [39]. 
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Figure 6.23: Effect of temperature on the solubility of hy- 
drogen in pure iron at 0.1 MPa [40]. 
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Figure 6.24: Effect of temperature on the solubility of ni- 
trogen in pure iron at 0.1 MPa [40]. : 

Hydrogen and nitrogen can have adverse 
effects on the properties of solid and liquid 
metals. During the process of steelmaking, hy- 
drogen from atmospheric moistüre usually en- 
ters the steel. The most important source of 
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nitrogen during steelmaking is atmospheric 
air. Nitrogen is also absorbed during oxygen 


blowing, the N, content of ће О, used being ` 


ca. 396. 

The solubility of H and N in iron obeys the 
Sievert square root law: 
[4H] = Ky {р(Н,) (4) 
[%N] = Ky pN) (5) 


where p represents partial pressure. 

The effect of temperature on solubility is 
reflected in variations of the equilibrium con- 
stants Kj, and Ky. The solubility of hydrogen 


and nitrogen in pure iron at partial pressure 0.1 · 


MPa (1 bar) is shown as a function of tempera- 
ture in Figures 6.23 and 6.24 [40]. For hydro- 
gen, the solution process is endothermic over 
the whole temperature range 400-1800 °C. 
Nitrogen dissolves exothermically in the y- 
phase. 

The solubility of hydrogen and nitrogen is 
changed by the presence of a third element, 
mainly by affecting the activity coefficient of 
the dissolved gas (Figures 6.25—6.28) [41-43]. 
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Figure 6.25: Effect of alloying elements on the solubility 
of hydrogen in iron alloys at ca. 1600 °C and p(H,) = 0.1 
MPa [41]. 
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coefficient of hydrogen in molten iron alloys at ca. 
1600 °C and p(H,) = 0.1 MPa [41]. 
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Figure 6.27: Effect of alloying elements on the solubility 
of nitrogen in molten iron alloys at ca. 1600 °C and p(N;) 
=0.1 MPa [42]. 


Slag Systems 


In the steelmaking process, slags are 
formed as products of the refining reaction 
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and by the addition of materials such as lime. 
It is extremely important that the slag forms 
quickly, enabling the important reactions be- 
tween metal and slag, e.g., desulfurization and 
dephosphorization, to proceed until the re- 
quired low levels of sulfur and phosphorus are 
obtained in the finished steel. 
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Figure 6.28: Effect of alloying elements on the activity 
coefficient of nitrogen in molten iron alloys at ca. 1600 °C 
and p(N,) = 0.1 MPa [43]. 

-Calcium silicate slags are important in the 
metallurgy of steelmaking when the raw mate- 
rials have a low phosphorus content. The es- 
sential system is FeO-CaO-SiO, (Figure 
6.29) [44]. In general, the total of these three 
components is > 80%, the remainder consist- 
ing mainly of MnO, with smaller amounts of 
Р,О„ MgO, ALO,, and Cr,O, Figure 6.29 
shows the solid phases in equilibrium with the 


melt at various surfaces of the precipitate. 


Continuous lines separate the saturation sur- 
faces of individual solid phases from each 
other, at which more than one phase is precipi- 
tated on cooling. The isotherms are shown as 
broken lines. For steelworks slags, the most 
important region includes the stability zones 
of the liquid slags, dicalcium silicate, trical- 
cium silicate, and lime. An important isother- 
mal diagram for steel manufacture is that at 
1600 *C (Figure 6.30) [45], which shows lines 
of equal FeO activity for the equilibrium with 


294 


metallic iron. In the area a-b-c-d-e-f, the 
slags are liquid at 1600 °С. All other areas 
consist of more than two phases. The activity 
of FeO gives a measure of the tendency of the 
slag to oxidize, and from it the corresponding 
oxygen content of the melt can be deduced. 
The FeO activity is also important in desulfur- 
ization and dephosphorization. 


Metal-Slag Reactions 


Refining Reactions 


In the refining treatment of molten pig iron 
to make steel, carbon is removed along with 
other elements, e.g., Si and Mn, by blowing 


the molten metal with oxygen. The thermody- 


namics of the reactions are independent of the 
process used; differences between the various 
processes affect only the kinetics of the indi- 
vidual reactions. Typical concentration 
changes in the steel melt during oxygen blow- 
ing in a basic oxygen converter are shown in 
Figure 6.31 [46]. The main aim is to reduce 
the carbon content to the desired value in the 


Si0, 
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shortest possible time. However, the time 
must be long enough to enable the slag to 


form, the desired tapping temperature to Бе. 
achieved, and phosphorus and sulfur to be re- ` 


moved from the system until the desired levels 
are reached. 


Decarburization is achieved by the reac- 
tion: 


C+O0#CO (6) 


The CO bubbles promote homogenization of 
the melt, and the elements H and N dissolved 
in the melt are picked up in the bubbles as they 
ascend. The equilibrium constant of the decar- 
burization reaction [47] is given by: 


logK = s 4- 2.003 (7) 


In practical decarburization processes, a sim- 
plified expression for the equilibrium between 
C and O is used 


[%C][%0] = 0.0025 (CO) (8) 
at 1600 ?C. 
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Figure 6.29: Phase diagram for CaO—FeO-SiO, [44]. 
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Figure 6.30: Phase diagram for CaO—FeO-SiO,; with lines of equal activity for FeO at 1600 °C [45]. 
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Figure 6.31: Changes in melt composition during the 
blow in a basic oxygen steelmaking converter (idealized) 
[46]. 

Silicon is rapidly removed during the oxi- 
dation process, owing to its high affinity for 
oxygen, and combines with the lime in the 
slag; oxidation takes place by the reaction: 


Si +20 = SiO, (9) 
The equilibrium constant for this reaction is: 


asio, . 30 110 


-114 (10) 
aach _ 


logK = log—— 

The exothermic oxidation of silicon pro- 
vides a large proportion of the process heat. 
The oxidation product SiO,, together with 
FeO, forms the first slag. This reduces the 
melting point of the added lime to such an ex- 


tent that a reactive liquid slag can be formed. 
Therefore, the amount of CaO added and the 


amount of slag formed are mainly determined 
by the Si content. 

Manganese is removed at the beginning of 
the oxidation process, mostly in parallel with 
silicon. Oxidation of manganese can be repre- 
sented by the equation: 


[Mn] * [O] * (MnO) (11) 

The equilibrium constant is given by 

uk ope „ LIN au (12) 
амлао Т 


Toward the end of the silicon oxidation, the in- 
creased melt temperature leads to the reduc- 
tion by carbon of the manganese oxide in the 
slag, according to the equation: 


(Мп0) + [С] = [Mn]+CO — . (3) 


However, at the end of the blow, the manga- 
nese content decreases continuously, owing to 
oxidation of the manganese, mainly by FeO in 
the slag: 


(FeO) + [Mn] = (MnO) + Fen (14) 


Dephosphorization 

The conditions in steelmaking processes fa- 
vor dephosphorization of iron, which takes 
place by oxidation of phosphorus and combi- 
nation with a basic slag. The reaction proceeds 
as follows: 


2[P] + 5[O] + 4(CaO) = (4CaO-P.O,) (15) 
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Figure 6.32: Lines of equal phosphorus distribution in the 
system CaO-(SiO, + P,O,){FeO, + MnO) [48]. 
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Figure 6.33: Equilibria between sulfur and various metal- 
lic elements in molten iron.[49]. 


The equilibrium constant is given by: 


logK = jog ee = 61 100 


абоафуа{о, 





-233 (16) 


. This expression shows that the conditions for 
oxidative dephosphorization are: (1) oxidizing 
slag (high FeO activity); (2) high activity of 
` lime in the slag; and (3) low temperature, as 
reaction (15) is exothermic. These conditions 
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are particularly well satisfied at the start of the 
process. : 


In low-phosphorus pig iron, the type most : 
commonly produced today, the slag formed ^ 


during ‘steelmaking consists mainly of CaO, 
SiO,, and FeO,, with P.O, content са. 1-2%. 
The phosphorus equilibrium in this type of 
slag has been thoroughly investigated. In Fig- 
ure 6.32, lines of equal phosphorus distribu- 
tion at 1600°C are shown for the system 
CaO-(SiO, + P,O3-(FeO, + MnO), with 6% 
MnO and 2% MgO. As expected, the lines are 
approximately parallel to the lime saturation 
line. 


Desulfurization 


Unlike dephosphorization, desulfurization 
is a reduction reaction. Since the oxidizing 
conditions in the converter do not favor the re- 
moval of sulfur from the melt, desulfurization 
is mainly carried out by treatment of the pig 
iron or of the metal in the ladle. 

Desulfurization can be carried out by 
means of the precipitation reaction that occurs 
when elements with a high affinity for sulfur 
are added, either by taking up the sulfur into 
the slag phase, or by transferring it into the gas 
phase. 

The affinity for sulfur of a desulfurizing 
agent is indicated by the solubility product of 
its sulfide in molten iron (Figure 6.33) [49], 
the most stable of these being calcium sulfide. 
Although the alkaline earths and rare earths 
form relatively stable sulfides, their oxides are 
much more stable; the sulfides are formed 
only if the dissolved oxygen has been re- 
moved. The most commonly used desulfuriz- 
ing agents are added to the steel in the form of 
alloys (CaSi, CaC,, Сад], etc.), by special 
techniques. The desulfurization reaction can 
be represented by the typical equation: 


CaCyy + [S] > CaS, + 2[C] 
for which 
AG? = —359 000 + 109.4T J/mol (17) 


Desulfurization by slag treatment is repre- 
sented by the following equation, according to 
the ionic theory for slags: 
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(0*) + [S] > (S^) + 2[0] 
AG? = 71 965 — 38T J/mol (18) 


The most favorable thermodynamic condi- 
tions for slag desulfurization are: (1) high ba- 
sicity of the slag; (2) low oxygen content in 
the slag or melt; and (3) high temperature. 
Figure 6.34 shows the partition of sulfur 
between aluminum-containing steel and CaO— 
A1,04-SiO;-MnO slag containing 5% MgO 
at 1625 °C [50]. Slags of this type are used for 
the desulfurization of steel in ladle metallurgy. 
The sulfur in pig iron can also be removed by 
Na,CO . The desulfurization reaction is: 


Na,CO, + [S] + 2[C] > (Na,S)+ 3COg (19) 
Or 

Na,CO, + [S] + [Si] > (NajS)- CO + (810) (20) 
The Na,S formed can be oxidized by air: 
2(Na,S) + 20,4 > 280, + 2(Na,0) (21) 





0 1 20 30 40 50 
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Figure 6.34: Sulfur partition coefficient L, between alu- 
minum-containing steel (ад = 0.07%) апа CaO-Al,0,— 
SiO,-MgO slags containing 5% MgO at 1625 °С [50]. 


Deoxidation 


At the end of the refining process, there is a 
considerable amount of oxygen dissolved in 
the molten steel; this can be removed by add- 
ing elements with a sufficient affinity for oxy- 
gen (precipitation deoxidation), or by slags 
which take up an amount of oxygen from the 
melt corresponding approximately to the equi- 
librium distribution (diffusion deoxidation). 

The reaction between oxygen and a metal 
M in precipitation deoxidation can be repre- 
sented by the equation: 


x[M] + y[O] > (М,0,) (22) 


The equilibrium constant is: 
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Figure 6.35: Deoxidation equilibria in molten iron at 
1600 °C [51]. 
амо ` 
шош 
с (23) 


In practice, either the deoxidation constant 
K’ = араў, or the solubility product К” = 
[%M]*[%O}’ is usually used. Small values of 
K’ or K" correspond to high deoxidizing 
power The relative deoxidizing powers of 
various elements are shown in Figure 6.35 
[51]. The activities, or concentrations, of oxy- 
gen are plotted against those of the deoxida- 
tion elements on a logarithmic scale. The three 
deoxidation elements most commonly used, in 
increasing order of effectiveness, are Mn « Si 
« A]. Aluminum is one of the most powerful 
deoxidation elements. 


Deoxidation elements are often used in 
combination; the advantage of this lies partly 
in lowering the thermodynamic activity of the 
oxides formed, owing to compound forma- 
tion, or dilution in the slag, and partly in the 
formation of oxidic slags with lower melting 
points, which separate more readily from the 
steel melt, or can be shaped at the rolling tem- 
perature. Figure 6.36 1s a graphical representa- 
tion of deoxidation with Al-Si. Various 
deoxidation products (alumina, mullite, and 
silicate) are formed, depending on the 
[aA]/[as;] ratio. | 
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Figure 6.36: Deoxidation diagram for Al-Si-O at 
1600 ?C [49]. А 

In diffusion deoxidation, no inclusions are 
formed in the melt, but long er reaction times 
are necessary to remove the oxygen. The reac- 
tion can be represented by: 


[О] + Ре — (FeO) (24) 


Decreasing the FeO content of the slag 
leads to removal of oxygen from the melt. Dif- 
fusion deoxidation is being replaced by pre- 
cipitation deoxidation. 


Metal-Gas Reactions 


Tf there is no slag on the surface of the mol- 
ten metal, or if gas bubbles are formed: within 
the melt, metallurgical reactions between the 
metal and gas phases take place. These include 
decarburization and degassing, either under 
reduced pressure, or by bubbling an inert gas 
such as argon through the melt. 


As mentioned earlier, the concentrations of 
the gases dissolved in the iron depend on their 
partial pressures (Figure 6.37). Pressure re- 
duction can cause hydrogen and nitrogen to be 
removed from the melt, but this is not the case 
with oxygen. Although the solubility of oxy- 
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gen varies with pressure according to the 
equation: 


[20] = Ko Jp(O;) 


it is not feasible to remove oxygen simply by 
pressure reduction, as the required oxygen 
partial pressure is less than that attainable in 
vacuum vessels (10 Pa). However, it is possi- 
ble to use vacuum in conjunction with reaction 
(6) in the melt between carbon and oxygen to 
form the gaseous deoxidation product CO. 
The equilibrium constant: 


. Р(СО) 


ação 


explains the strong pressure dependence. Fig- 
ure 6.38 shows the equilibrium between oxy- 
gen and carbon as a function of p(CO) [3.37]. 
A decrease in p(CO) leads to simultaneous de- 
carburization and deoxidation. 
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Figure 6.37: Solubility of nitrogen and hydrogen in mol- 
ten iron [40]. 
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Figure 6.38: Equilibria between carbon and oxygen dis- 
solved in molten iron with CO and CO, at various pres- 
sures and 1600 °C [52]. 
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Figure 6.39: Schematic concentration profiles across a 
phase boundary. 


Dissolved hydrogen and nitrogen can also 
be removed without vacuum degassing by 


bubbling an inert gas through the melt. As the | 


partial pressures of the hydrogen and nitrogen 
in the bubbles of inert gas are almost zero, hy- 
drogen and nitrogen diffuse from the melt into 
the bubbles, owing to the concentration differ- 
ence, and ascend with them. 


6.3.2.2 Kinetics and Mass 
Transfer 


Kinetics of Heterogeneous Reactions 


In the metallurgy of steel production, the 
kinetics of the heterogeneous reactions are of 
interest because the individual homogeneous 
phases are usually in local thermodynamic 
equilibrium, so that macroscopic reactions do 
not occur. Heterogeneous reactions occur be- 
tween the various phases that are not in ther- 
modynamic equilibium with each other. 
Figure 6.39 shows the concentration profile of 
a substance in two phases in contact with each 
other. The total reaction is made up of several 
Steps: 

e Transport of the reactants to the phase 
boundary 


e Chemical reaction at the phase boundary 


e Transport of the reaction products from the 
phase boundary 
The overall rate depends on the rate of the 


slowest step, known as the rate-determining: 
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step. Lf the overall process is considered, the 
mass flux density / is: 


CS 


Zb 


т (25) 
Bk” KB. 


j= 


where Cl, СП are concentrations in phases I 
and П, K is the equilibrium constant of the het- 
erogeneous reaction, B,, By are mass transfer 
coefficients, and k is the reaction rate constant. 
The equation: 


I I I I 
B. R kT KE Q9 


defines the overall mass transfer coefficient 
Pioa- Therefore, from Equation (25): 


ј = s (c£) qn 


The mass transfer coefficients B, and By are 
obtained from theory of mass transfer by using 
experimental data. The rate constant / is ob- 
tained from the chemical kinetics of phase 
boundary reactions for metallurgical systems. 
These rate constants are usually greater than 
the mass transfer coefficients of the transport 
processes that take place before and after the 
chemical reactions. The overall rate is there- 
fore determined by mass transfer. Equation 
(27) gives the rate of mass transfer to a phase 
boundary when the mass transfer coefficient is 
known. To obtain an expression for the varia- 
tion with time of the concentration of a dis- 
solved substance in the mother phase, a mass 
balance must be carried out which takes ac- 
count of the nature of the phase contact and 
the characteristic parameters for emulsified 
systems [53]. 


Flow and Mass Transfer Coefficients 


Mass transfer into a phase is made up of 
diffusion and convection. In the interior of the 
phase, sufficient flow takes place to give a 
uniform concentration. Concentration gradi- 
ents exist only near the phase boundary. As 
there is no flow at this boundary layer, mass 
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transport takes p lace by diffusion, and Fick's 
first law applies: 
Cb. 

бу 





j=D (28) 
where the asterisk indicates the phase bound- 
ary. 

If this is combined with the flow equation j 
= B(C! — C”), the equation B = D/à, is ob- 
tained. Here, A, denotes the thickness of the 
boundary layer, and D the diffusion coefficient 
of the overlying material. To determine D, it is 
necessary to determine the boundary layer 
thickness, whose value depends on flow con- 
ditions. Theoretical analysis and experimental 
investigation of the various flow fields that oc- 
cur in metallurgical processes yield a formula 
for calculating the mass transfer coefficient in 
dimensionless form. 


Metal—Gas Phase Boundaries with 
Nonturbulent Flow 


The flow field is represented in Figure 6.40. 
The flow from the interior of the melt is first 
deflected at a stagnation point, e.g., the top of 
a column of bubbles or the middle of an induc- 
tively agitated melt, flows parallel to the upper 
surface, and is again deflected at a later stag- 
nation point, e.g., the wall, and flows back into 
the interior. In this way, the surface is continu- 
ously renewed. The diffusion process takes 
place between the gas phase and the metal 
flowing to the surface. A mean mass transfer 
coefficient for this condition can be calculated 
in the form of a Sherwood number Sh, as a 
function of the Reynolds number Re and ће 
Schmidt number Se: 


Sh = Kee (29) 


where Sh = B//D, Re = ullv, Sc = v/D; В is the 
mean mass transfer coefficient (cm/s), / the 
flow length (cm), и the flow rate (cm/s), v the 
kinematic viscosity of the melt (cm?/s), and D 
the diffusion coefficient of the overlying ma- 
terial (cm?/s). 
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Figure 6.40: Mass transfer with continuous renewal of 
the free surface (schematic). 
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Figure 6.41: Flow field at a liquid-liquid phase boundary. 


Metal-Slag Phase Boundaries with 
Nonturbulent Flow 


This flow field is represented in Figure 
6.41. Friction takes place between the slag and 
the metal. The phase boundary moves at a ve- 
locity u; during mass transfer. In the determi- 
nation of the mass transfer, momentum 
transfer due to friction must be taken into ac- 
count. Equations for the flow film thicknesses 
on the metal and slag sides are first obtained. 
By including the condition that the shearing 
forces on each side of the phase boundary 
must be equal, the velocity of the phase 
boundary obtained and the mass transfer cal- 
culated. ` 


Solid (Metal or Slag)-Liquid Phase 
Boundaries with Nonturbulent Flow 


This condition represents, e.g., the pro- 
cesses of dissolution of alloys, or the solution 
abrasion of refractory materials. Mass trans- 
fer takes place on the liquid side. As shown in 
Figure 6.42, the flow rate, which is и. within 
the melt, falls to zero at the boundary layer, 
and both the flow boundary layer and the dif- 
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fusion boundary layer must be considered on 
the side of the melt. The mass transfer coeffi- 
cient can be obtained by theoretical calcula- 
tions from the equation: 


Sh = 0.664Re!"2Sc15 (30) 
ц=0 Мац 
Flow rate 
profile 
Metal ц=0 
Us Ha 


Figure 6.42: Mass transfer at a wall. 


Mass Transfer with Turbulent Flow 


In metallurgical vessels, turbulent flow is 
usually present, caused by ascending CO bub- 
bles and/or blowing with oxy gen. In turbulent 
flow, turbulence spheres at the phase bound- 
ary contribute additional mass transfer by their 
flow components perpendicular to the phase 
boundary. This mass transfer can be regarded 
as turbulent diffusion, leading to an increased 
value of the diffusion coefficient. To calculate 
the mass transfer at a solid wall with turbulent 
flow, the following equation can be used [54]: 


Sh = 0.037Re?38Sc92 (31) 
Atfree surfaces [53, 54]: 
1/2 
Ka 
Sh = 0.32 (32) 
болшу 


where D is the diffusion coefficient, p the den- 
sity of the melt, бе, the equivalent interfacial 
tension of the melt, апа и, the shearing force 
rate for turbulent flow. 


The equivalent interfacial tension differs 
from the normal interfacial tension in that the 
back pressure, caused by the irregularity of the 
boundary surface, is expressed as the sum of 
the effects of interfacial and gravitational 
forces [54]. For steel melts, which have high 
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interfacial tensions, быш, can be assumed 
equal to the interfacial tension of the melt. The 
shearing force rate и, is a measure of the de- 
gree of turbulence. The value must be deter- 
mined by turbulence measurements. For steel 
melts, this can at present only be investigated 
with the aid of mathematical models. 


Equation (32) is also valid for metal-slag 
phase boundaries with turbulent flow, if there 
is no turbulence in the slags, and if the full 
weight of the stationary slag layer on the melt 
is considered when calculating the equivalent 
interfacial tension. If there is any turbulence in 
the slag, this should be included. However, it 
is often negligible. 


6.3.3 Production Processes 


Steel production depends on the availabil- 
ity of raw materials such as pig iron, scrap, 
and sponge iron. There are two fundamentally 
different methods (Figure 6.43) [55]: blowing 
oxygen into liquid iron (mainly pig iron), and 
smelting iron-containing materials, such as 
scrap and sponge iron. 


A typical example of the first method is the 
oxygen converter. In the electric furnace, and 
(now of less importance) the open hearth fur- 
nace, large amounts of scrap and sponge iron 
can be melted together. Depending on local 
conditions, mixed methods can also be used, 
in which various proportions of scrap and pig 
iron are processed, e.g., the KMS (Klóckner- 


Maxhütte-Stahlerzeugungsverfahren, and 


EOF (energy-optimized furnace) processes. 


The object of all steel production processes 
is the removal of unwanted metallic, nonme- 
tallic, and gas-forming elements from the raw 
materials, and the controlled addition of alloy- 
ing elements to obtain the required character- 
istics of the various grades of steel. 


The growth of world crude steel produc- 
tion, and the proportional contributions of the 
various processes are shown in Figures 6.44 
and 6.45 [56, 57]. 
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Figure 6.43: Crude steel production methods. 
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Figure 6.44: Growth of world pig iron and crude steel 
production by various processes. 


6.3.3.1. Oxygen-Blowing Processes 


Unwanted elements in pig iron (and some- 
times in scrap), principally carbon, silicon, 
and phosphorus, are removed by the oxidation 
reactions and transferred into the gas or slag 
phases (decarburization). 

The carbon monoxide produced is a source 
of thermal energy. After thorough purification, 
it is collected in gasholders and burned to pro- 
vide heat for associated production plant. The 
oxides SiO, and Р.О; dissolve in the liquid 
slags formed from the added lime and the iron 


Handbook of Extractive Metallurgy 


Iran ore 





Lump ore, 


Lump ore Fine are fihe-Dre 








Pelletiz- 
ation 


Coal [ Prereduction 
Natural й | Coal 


gas, oil 


—— 0 " 
= Natural 12 Smelting 
gas Si 


Direct reduction 





furnace 


pe Scrap xygen 
Sponge iron | 
#6 Electric arc G 


0; converter 


oxide produced during the oxidative decarbur- 
ization processes. 

- The energy required to raise the tempera- 
ture and melt the raw materials during the 
blowing process comes from the enthalpies of 
the oxidation reactions: 
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Figure 6.45: Growth of crude steel production, with con- 
tributions of the various production processes. * Esti- 
mated. 
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Figure 6.46: Section through a Thomas converter after 
400 melts. 
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From са. 1870, conversion of pig iron to liquid 
crude steel was carried out by blowing air, the 
oxidizing agent, through tuyéres in the base of 
a bottom-blown converter (tiltable steel vessel 
with refractory lining) containing a 20-80 t 
charge. Steel production processes using air 
blowing can be subdivided into the Bessemer 
process (only for low-phosphorus pig iron) 
and the Thomas process (capable of removing 
phosphorus) In the Bessemer process, the 
converter was lined with silica bricks. It was 
not possible to use a lime-containing slag to 
combine with the P,O,, owing to the acidic 
lining. In the Thomas process (Figure 6.46), 
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dolomite was used to line the converter, and a 


']ime-based slag could then be used to treat 


phosphorus-containing pig iron [58]. 

The nitrogen in air dissolved to some extent 
in the liquid steel, and has a detrimental effect 
on its properties. Increasing quality require- 
ments (aging stability, etc.) and the unfavor- 
able economics of this process led to its 
discontinuation. - 
: а 
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Figure 6.47: Top-blown oxygen converter: a) Oxygen 
lance; b) Converter top; c) Supporting ring; d) Converter 
bottom; e) Taping hole; f) Refractory lining; g) Gas space; 
h) Slag layer; i) Molten metal. 


LD and OBM Processes 


The first LD (Linz-Donawitz) converter, 
with a capacity of 30 t, was operated in Linz in 
1952. The decarburization reaction is greatly 
speeded up by the use of pure oxygen, giving 
blowing times of 10-20 min. The oxidation 
enthalpies result in lower heat losses and en- 
able more scrap or ore to be added. The con- 
verters have total charge 50-400 t, and are 
lined with dolomite or magnesite bricks [55]. 

Oxygen is injected from above through a 
water-cooled lance with several nozzles, onto 
the surface of the melt (Figure 6.47). The 
high-pressure jets of oxygen (up to 1.2 MPa) 
oxidize the iron, carbon, and other elements at 
rates depending on their affinity for oxygen. 
The gas reactions cause thorough mixing of 
the molten materials, and this is maintained af- 
ter completion of the blowing process by purg- 
ing bricks built into the base of the vessel. 
Temperatures of 2500-3000 °C are produced 
in the central reaction zone, and a reactive slag 
is rapidly formed from the added lime and the 
oxidized iron. The thermodynamic and kinetic 
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processes are described in Sections 6.3.2. 
and 6.3.2.2. The heat and mass transfer pro- 


cesses take place according to the rules given 


earlier. 


Exhaust gas: 
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High-pressure 
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Figure 6.48: Section through an OBM converter. Oxygen 
is injected from below, through tuyéres cooled by hydro- 
carbons blown into the melt. 


The OBM (oxygen-blowing technique) 
(Figure 6.48), a modification of the air blast 
processes, was developed in 1968-1969 in 
Sulzbach-Rosenberg [55]. Pure oxygen is 
passed through bottom tuyéres into the melt. 
These tuyéres are highly stressed, and are sta- 
bilized by cooling them with hydrocarbons. 
The cooling effect is a result of the endother- 
mic decomposition of the hydrocarbons by the 
hot melt. The OBM process causes more in- 
tensive mixing of the steel and the slag com- 
pared with the method of blowing in the 
oxygen from above. This gives improved re- 
action kinetics and yield, owing to the lower 
iron content of the slag. The advantages of the 
more rapid slag formation and the less violent 
blow can be enhanced by adding powdered 
lime through the bottom of the converter, 
along with the oxygen. However, the capacity 
of the OBM process for melting scrap is lim- 
ited in comparison with the LD process, owing 
to the lesser extent of afterburning of the waste 
gases, and the smaller amount of iron oxida- 
tion. 

The combined blowing technique in gen- 
eral use today (Figure 6.49) has been devel- 
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oped from the top-blowing process and past 
experience of the bottom-blowing process 
[55]. The combined process provides: 


e Homogeneous melts due to rapid break- 
down of the scrap | 


e Reduction of the blowing cycle time by 
2596 


e Higher yield of iron and alloying elements 
e Better control of the chemical composition 
e Improved purity 


e Lower quantity of slag and reduced ten- 
dency for it to be ejected 


e Increased lifetime of the converter lining 


e More favorable conditions for the measur- 
ing systems for process control 


Plant layouts do not differ greatly from one 
another. Figure 6.50 shows a side view of the 
converters and continuous casting plant of a 
steelworks [55]. 


Depending on the products required, the 
pig iron in the torpedo ladle car or filling pit is 
desulfurized by blowing with slag formers 
containing lime and/or magnesium. In Japan, 
for steel products with a very low phosphorus 
content, it is also usual to remove the silicon 
and phosphorus [59]. In this case, the con- 
verter simply removes carbon from the melt 
(Figure 6.51). 








Figure 6.49: Combined blowing technique with top- 
blowing lance or side tuyére. 


Steel 
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Figure 6.50: Converter and continuous casting plant: a) Feeder conveyor belt; c) High bunker; c) Blowing lance; d) 
Chute; e) Control room; f) 310 t converter; g) 600 t torpedo ladle car; h) Ladle transporter; i) Pig iron filling pit; j) Filled 
ladle; k) Pouring ladle; D Ladle turret, m, n) Continuous casting machine; o) Continuous casting control room; p) 


Dummy bar; q) Cutting. 
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Figure 6.51: Hot metal pretreatment process at Mizush- 
ima works. 


The mathematical model of the process cal- 
culates the quantities of pig iron, scrap, and 
lime for the melt (based on the composition 
and temperature of the raw materials); the 
nominal tapping temperature; and the analysis 
of the crude steel, and starts the oxygen addi- 
tion after the scrap and pig iron have been 
charged. Distribution of the oxygen and con- 


trol of the height of the lance are computer 
controlled. The course of the blowing opera- 
tion is set by the dynamic process control, 
which requires occasional fine adjustments 
based on *sub-lance measurements", that give 
the temperature and the carbon and oxygen 
content of the melt. Other elements may also 
be determined if required. Figure 6.52 shows 
how the melt temperature and composition 
change during the blowing operation. Here, 
the final composition is 0.059% C, 0.031% 
Mn, 0.01896 P, 0.019% S, 0.003% N, and 
0.08396 O. Figure 6.53 shows the correspond- 
ing changes in the composition of the slag 
[60]. 
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Figure 6.52: Changes in melt temperature and composi- 
tion during blowing. 
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Figure 6.53: Changes in slag composition during blow- 
ing. 

At the end of the oxygen treatment, the con- 
verter is tilted and the steel is tapped into a la- 
dle (a steel container with bottom-pouring 
facility and refractory lining). The steel is sep- 
arated from the slag during emptying of the 
converter by means of a floating stopper intro- 
duced into the tapping spout. This prevents the 
slag, which is of lower density, from running 
out. Alternatively, an electromagnetic mea- 
surement in the tapping system can give a sig- 
nal for the emptying process to be stopped. 

To prevent emission of dust in the waste 
gases, all sources of dust, such as the pig iron 
handling and charging operations, lime feed- 
ing equipment, etc., are linked to a filtering 
system, usually cloth filters. The physical and 
chemical heat of the converter waste gases are 
utilized by installing a waste heat steam boiler 
with associated electrostatic filter or scrubber. 
The waste gases, at 1400-1600 °C, supply 
heat to the steam generation system, and the 
cooled gases, calorific value ca. 7000 kI/m?, 
are collected in a gasholder after purification. 
The dust collected in the filters or scrubbers 
can be recycled to the process, after suitable 
treatment. 


Other Developments 


Steel production processes based on an air 
or oxygen blast are autothermic, i.e., the en- 
ergy requirement is provided by the physical 
and chemical heat from the pig iron. The use 
of scrap is limited by the composition and 
temperature of the pig iron, and varies be- 
tween 0 and 20%, depending on process varia- 
tions and quality requirements. 
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Higher additions of scrap require the use of 
an allothermic process, with added fuel. In the 
KMS (Klóckner-Maxhütte-Steelmaking Pro- 
cess) process, additional energy is provided by 
adding hydrocarbons during scrap preheating, 
or powdered coal or coke during the blowing 
operation. This process is extremely flexible 
with regard to the metallic materials used, i.e., 
Scrap, pig iron, and sponge iron. 

In the KS process, the use of pig iron is 
completely eliminated. In the first phase, a 
carbon-rich melt is produced by melting scrap 
and adding carbon by a blowing process, to- 
gether with an equivalent amount of oxygen. 
Heat transfer is optimized by afterburning the 
reaction gases. In the second phase, conver- 
sion of the carbon-rich melt to steel is com- 
pleted by the further addition of scrap. 

In the Tula process (developed in the 
former Soviet Union), a carbon-containing 
material in lump form is added from above to 
a combined blowing converter. This provides 
the energy required for melting the scrap. 

The EOF furnace (energy-optimized fur- 
nace) uses combustion of the waste gas and 
continuous preheating of the scrap in the hot 
waste gas stream to minimize the additional 
fuel requirements for an increased proportion 
of scrap in the melt. This has enabled up to 
60% steel scrap to be used. 


6.3.3.2 Electric Steel Process 


In the electric steel process, the heat re- 
quired is obtained not by oxygen combustion 
of the accompanying elements in the pig iron, 
but from electrical energy. The conversion of 
electrical energy into heat can be achieved by 
an electric arc, induction, or plasma furnace. 
Electric steel processes are based on the use of 
scrap, with small amounts of solid pig iron. 
For along time, the use of these processes was 
limited to the production of special steels, as 
energy consumption was high and the eco- 
nomics were unfavorable. Increases in the size 
of power stations and the capacity of electrical 
distribution systems have enabled batch 
weights to be increased, and the costs of en- 
ergy, electrodes, refractory material, and capi- 
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tal investment to be reduced. Today, this 
process is second in importance only to the ox- 
ygen-blowing process in world crude stee 
production (Figure 6.47). 


Over 90% of all electric steel produced is 
by the use of the a.c. electric arc furnace [61]. 
Three graphite electrodes carry the current 
through the furnace roof into the charge of 
metal. The electric arc formed melts the 
charge at temperatures up to 3500 ?C. The fur- 
nace has the following essential components: 
the vessel or shell with a furnace door and a 
tapping hole; the roof which can be removed 
for charging; electrode arms which süpport the 
electrodes; tilting equipment for emptying the 
furnace; the furnace transformer; and the mea- 
suring and control equipment. 


The melting procedure for the electric arc 
furnace comprises the following stages: 


e Charging 
e Melting 


e Oxidization (decarburization), with an in- 
crease in temperature 


e Tapping 

The raw materials (scrap, sponge iron, pig 
iron, alloying elements, etc.) together with the 
required additives (lime, coal, ore, etc.) are 
loaded into special charging buckets which are 
then emptied into the furnace through a bot- 
tom opening. To fill the furnace, two or three 
charging operations are required, between 
which the scrap is partially melted. 


The melting process begins with switching 
on the current and striking the arc. A supple- 
mentary blow with oxygen and fuel oxygen 
mixtures accelerates melting and reduces cur- 
rent consumption. The duration of the melting 
period is determined by the electric power 
limit and the maximum heat load of the fur- 
nace shell. 


Oxidation of elements, such as silicon, 
manganese, carbon, phosphorus, and sulfur 
begins during the melting phase as the liquid 
reactants, steel and slag, react with the added 
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oxygen. The gaseous carbon monoxide 
formed from the reaction between the iron ox- 
ide and the carbon causes bubbling in the melt 
and purges the hydrogen and nitrogen. Re- 
moval of the phosphorus as calcium phosphate 
in the slag during the oxidation phase is im- 
portant, and all the other metallurgical pro- 
cesses take place during the ‘reductive 


‘secondary metallurgical treatment in the ladle 


or ladle furnace. 


After the: steel has reached the required 
temperature, the tap hole is opened and the 
furnace is tilted to empty it into the ladle be- 
low. 


The development of the modem electric 
steel process began early in 1960, using pow- 
erful transformers and blowing with oxygen 
(Figure 6.54) [62]. Modern furnace design and 
process control techniques have made it possi- 
ble to increase the specific transformer power 
from 300—400 КУАЛ to 800-1000 kVA/t. The 
electric furnaces of this new generation are 
operated at a power factor of 0.8-0.86, and en- 
able tap-to-tap times of 50-80 min, and 
throughputs of > 100 t/h to be achieved (Fig- 
ure 6.55). 
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Figure 6.54: Development of specific installed power. 
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Figure 6.55: Effects of developments in electric arc fur- 
nace technology since 1965 on specific power and elec- 
trode consumption. 


The essential charactenstics of modem 
electric steel production are: 


e Process automation 

e Enclosure of the furnace 

e Preheating of the scrap 

e Water-cooled wall and roof elements 
e Gas/oil-oxygen jet burners 

e Foam slagging 


e Current-carrying supporting arms for the 
electrodes 


e Electrode cooling 


e Facilities for charging through the furnace 
roof 


e Bottom stirring devices 


e Slag-free tapping (eccentric bottom tap 
hole) 

Owing to their high energy input, modern 
electric furnaces produce considerable quanti- 
ties of smoke and waste gas. To minimize en- 
vironmental pollution, the furnaces are 
enclosed. Conditions in the workplace and 
surroundings can thus be maintained to a stan- 
dard that meets legal requirements. 


The waste gases produced in the furnace 


are extracted through an aperture in the fur-- 


nace roof, and the dust from various sources in 
the furnace area is collected 1n the upper part 
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of the housing. This is constructed from 
sound-insulating elements, and reduces the 
noise level from the furnace to 20-25 dB. The 


waste gas is passed through a cooler which can ^. 


also serve to recover the heat, and is then de- 
dusted by cloth filters. In some operating con- 
ditions, the dust from the electric furnace can 
contain considerable quantities of heavy met- 
als, such as zinc and lead, and so it is worth re- 
covering them. 


The slags produced consist of calcium sili- 
cate with 10-15% iron oxide. These are quite 
stable, and can be used as fill forroad and dam 
construction. 


The very rapid development of the d.c. 
electric arc furnace began in the middle of 
1985 (Figure 6.56) [63]. Important advantages 
are: 


e Lower electrode consumption _ 
e Savings in electrical energy 


e Smaller effect on the electricity supply sys- 
tem 


e Symmetrical distribution of heating in the 
melt 


e Stirring effect on the melt 


The central electrode becomes the cathode, 
and the melt the anode, the bottom of the fur- 
nace vessel being insulated from the wall. 
Current-carrying elements are built into the 
hearth, and provide an electrical connection to 
the melt. 


The d.c. arc acts as a jet pump, directing the 
gases in and around the electric arc plasma to- 
ward the melt, causing efficient heat transfer 
from the electrode to the melt. The largest d.c. 
furnace operating has a capacity of 130 t, with 
a transformer power of 100 MV `A, and a steel 
output of 10$ t/a. 


An important feature of modern electric 


steel production is computer control. The su- : 


pervision and control of the production units, 
combined with precise data collection, leads 
to improved material flow and more efficient 
utilization of energy and alloying metals, and 


ensures high and reproducible quality. 
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Figure 6.57: Electric induction furnace: a) Circuit breaker, b) Transformer; c) Frequency converter; d) Capacitor bank; 
e) Induction furnace. Melting capacities of 15 t/h can be achieved at current densities of 1 MW/t in an 8 t medium-fre- 


quency furnace. 


Special Processes 


In foundries, induction furnaces are widely 
used for melting and holding steel and nonfer- 
rous alloys [63]. The water-cooled, current- 
carrying coil surrounds a refractory -lined cru- 
cible (Figure 6.57) that holds the material to 
be melted. Electricity is supplied by a me- 
dium-frequency (MF) frequency converter, 
fed from a high- or low-voltage transformer. 
The current density can be 1 MW/t, and an out- 
put of 15 t/h can be obtained from an MF fur- 
nace with a capacity of 8 t. 

Since the development of high-power 
plasma burners, it has become possible to use 
plasma melting furnaces for the production of 
special steels in 40 t batches. The energy is 
supplied by adjustable d.c. argon plasma burn- 
ers, built into the furnace shell. The burner 
produces a plasma (ionized gas) in the electric 
arc, at temperatures 3000—5000 °C, and this 


melts the furnace contents. The use of inert 
gases for the plasma protects the melt against 
reactions with oxygen, nitrogen, hydrogen, 
etc., thereby ensuring a high yield of alloy. 
Carburization of the melt does not occur, as 
there are no graphite electrodes. Vacuum treat- 
ment of the steel 1s not necessary. 

For the production of special alloys con- 
taining high proportions of alloying elements 
with a high affinity for oxygen (Al, Ti, etc.), it 
is common to use inductively heated or elec- 
tron beam vacuum furnaces. 


The Siemens-Martin Open Hearth 
Process 


In 1960, the Siemens-Martin open hearth 
process (Figure 6.58) produced ca. 70% of the 
world's crude steel, but this rapidly declined 
following the growth of the oxygen-blowing 


310 


and electric steel processes, and ceased opera- 
tion after a few years. 

It was developed for melting scrap, and was 
characterized by its great flexibility with re- 
spect to the proportions of pig iron and scrap 
used. The tank-shaped furnaces are heated by 
fossil fuels such as gas or oil, burned in hot air. 
The regenerative air preheating invented by 
Siemens takes place in “checker chambers” 
that contain refractory bricks heated. by the 
waste gas, and are situated under the furnace. 
The combustion temperatures achieved enable 
steel scrap to be melted. 

The capacity of these furnaces is 50—1000 t. 
The use of air for the combustion leads to the 
production of large quantities of waste gas, 
whose purification, sometimes including de- 
sulfurization, is difficult and expensive. Addi- 
tional oxygen, introduced through lances or 
burners (tandem furnaces), has been used to 
improve operation, but this leads to severe 
erosion of the refractory furnace lining. The 
open hearth process has in general lost its im- 
portance, as it cannot achieve either the output 
or flexibility of blowing processes. 


6.3.3.3 Production of Stainless 
Steels 


Although world steel production is subject 
to very severe fluctuations dictated by market 
conditions, the average growth rate of stain- 
less steels (i.e., resistant to rust, acid, and heat) 
between 1950 and 1985 was 6%. In 1990, to- 
tal output reached 10’ t. Special metallurgical 
processes have been developed for steels with 
a chromium content 12-28% and low carbon 
content [65]. 
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Figure 6.58: German-American design for a 250 t fur- 
nace for gas and oil firing [64]. 
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Figure 6.60: Free energy of oxidation of Cr, P, and C as a 
function of temperature. 

Production conditions are determined by 
the thermodynamic equilibria of the reactions 
of oxygen with carbon and chromium (Figures 
6.59, 6.60). 

In the first process variation, which is 
mainly used in western countries, an electric 
furnace is used to rnelt scrap and alloying ele- 
ments. The composition of the molten metal 
used corresponds approximately to that of the 
desired steel product, apart from the carbon 
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content. Decarburization and desulfurization 
are carried out, either in a converter or a ladle 
ih vacuum, or in a combination of the two 
(Figure 6.61). 

The converters are operated by the com- 


. bined blowing technique (ie., via top lance 


and bottom tuyéres) to increase the rate of de- 
carburization. Nitrogen is used as the protec- 
tive gas for the bottom tuyéres and to reduce 
the oxygen partial pressure. Argon is used to 
give low carbon contents and to avoid nitro- 
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gen pick up of the steel. After decarburization, 
the Cr,O,-containing slag is reduced with sili- 
con, and the sulfur combines with the lime- 
based slag. In an alternative process, the pre- 
melt is poured from the electric furnace into a 
ladle placed in a vacuum chamber. Decarbur- 
ization is then achieved by a stream of oxygen 
which enters via the lid of the vacuum cham- 
ber as the pressure is reduced, and is then 
blown through a lance into or over the melt. 
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Figure 6.61: Methods for decarburizing high-chromium melts: AOD = argon-oxygen decarburization; ASM = argon 
secondary metallurgy; MRP = metal refining process; AOD-L = argon-oxygen decarburization lance; KCB-S = Krupp 
combined blowing stainless; K-BOP = Kawasaki basic oxygen process; VODC = vacuum-oxygen decarburization con- 


verter, VOD = vacuum-oxygen decarburization. 
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Figure 6.62: Two-stage stainless steel production (smelt- 
ing-reduction) process. 


In the vacuum process, the rate of decarbur- 
ization reaches 0.03%/min, a considerably 
lower figure than that achieved by the con- 
verter processes. The latter give high produc- 
tivity and favorable economics and are 
therefore, used for high-volume production of 
crude stainless steels. Vacuum processes are 
especially suitable for the production of spe- 
cial steels with very low carbon content (30 
ppm), and low levels of nitrogen and hydro- 
gen. 

A combination of both processes utilizes 
the high decarburization rate of the converter 
in the high-carbon content region, and the low 
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carbon levels achievable by the vacuum pro- 
cess. 

In Japan, a two-stage process is used for the 
melt reduction of chromium ores to produce 
stainless steels (Figure 6.62) [66]. Two 85 t 
combined blowing converters are used. In the 
first of these, chromium ore is added to a de- 
phosphorized pig iron bath where it is reduced 
to chromium with coal and oxygen. The car- 
bon-containing chromium melt is tapped and, 
after slag removal, charged to the second con- 
verter, where it is decarburized. The heat of re- 
action enables added scrap and alloying 
metals to be melted. The advantage of the 
combined blowing converter is that, as well as 
passing oxygen and argon through the bottom 
tuyéres, it is also possible to decarburize with 
pure oxygen, as the tuyéres are cooled with 
hydrocarbons. 


6.3.4 Secondary Metallurgy 


The steelmaking processes described ear- 
lier with the exception of plasma furnaces, 
take place in oxidizing atmospheres, and are 
designed to maximize the output and cost-ef- 
fectiveness of crude steel production. 


Prevention of discharge 
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The secondary metallurgical treatment pro- 
cesses produce the specific properties required 


for the various applications of the steels con- 


cerned. They include: 
e Adjustment of alloy composition 
e Deoxidation 
e Homogenization of temperature and compo- 
sition 

e Temperature adjustment 
e Decarburization 
e Desulfurization 
e Degassing 
e Control of inclusion shape 
e Adjustment of purity 

The processes take place in the steel ladle, 
so that the steel production equipment is not 
involved, and correspond to the quality pro- 
gram and the production plan (Figure 6.63) 
[55]. : | 

Tt is essential that the slag produced during 
the oxidation processes should be separated 
cleanly, and that the refractory lining of the la- 
dle should not act as a source of oxy gen during 
the reduction phase, or have a detrimental ef- 
fect on the composition of the reaction slag. 
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Figure 6.63: Secondary metallurgy processes in steel production. VAD = vacuum arc decarburization. 
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To hold back the slag formed during the ox- 
ygen-blowing process, floating stoppers are 
used to close off the tap hole. Their function 
depends on the different densities of the steel 
and slag; alternatively, mechanical or pneu- 
matic devices can be used. In electric fur- 
naces, there is a curved region or syphon near 
the tapping hole, or an oval hearth is provided 
so that no slag is discharged, provided that a 
residue of 15-20% steel is retained in the fur- 
nace. 


6.3.4.1 Steel Treatment at 
Atmospheric Pressure 


Secondary metallurgy requires mixing in 
the ladle. This is achieved by passing gases 
through porous bricks in the bottom of the la- 
dle, or by injecting them through refractory- 
covered lances dipping into the melt, thus pro- 
ducing a rising stream of bubbles. A possible 
alternative is to use the stirring effect of elec- 
tromagnetic fields acting through the nonmag- 
netic walls of the ladle. Depending on the 
amount of mixing energy generated, this can 
cause circulation and homogenization of the 
steel under the slag layer, or mixing of the 
steel with the slag with chemical reaction, e.g., 
desulfurization. If ladle covers are used, the 
steel can be protected from reoxidation and 
falling temperature. 

The solid materials can be added in lump 
form through openings in the ladle lid, or in- 
jected in powder form through lances, using a 
gas as transport medium. For exactly mea- 
sured additions, solid wire can be added (e.g., 
aluminum), or wire filled with other sub- 
stances (e.g., CaSi), which can be added al- 
most without loss of material. 


Deoxidation 


As well as alloy addition, deoxidation (re- 
moval of residual oxygen) i s necessary in the 
production of quality steels. Depending on the 
carbon content of the steel, it can contain 100- 
300 ppm dissolved oxygen, and this is re- 
moved by adding elements with an affinity for 
oxygen (e.g., silicon or aluminum, to form sil- 
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ica or alumina). These oxides are of lower 
density than steel, but their particle size also 
greatly affects their upward movement. The 
deoxidation products are encouraged to coag- 
ulate by agitating the steel in the ladle with ar- 
gon or nitrogen. The ascending reaction 
products take up the liquid reactive ladle slag. 
The amount of these materials remaining in 
the steel determines its oxide content, and af- 
fects its mechanical properties. By using a 
combination of deoxidizing metals, a very low 
level of oxygen in the steel can be achieved 
(Figure 6.64) [68]. 
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Figure 6.64: Equilibrium of calcium and sulfur or oxygen 
in liquid iron at unit activity of CaS and CaO [66, 67]. 


Desulfurization 


For high rates of steel production, only a 
limited amount of desulfurization can be car- 
ried out in the blast furnace. When a blast fur- 
Nace process is optimized for low fuel 
consumption, the sulfur distribution coeffi- 
cient between the slag and the pig iron is 20, 
which, for current mass ratios, leads to a sulfur 
content of. 500 ppm in the pig iron (Figure 
6.65). Depending on quality requirements, the 
first step is the injection of lime and other cal- 
cium-magnesium compounds into the pig iron 
ladle. The relatively poor sulfur partition coef- 
ficient (ca. 5) in the oxygen injection steel- 
making process is due to the oxidizing 
reactions. However, if the steel has a high 
enough aluminum content after deoxidation, 
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this gives good reducing conditions. If the cor- 
rect desulfurizing agents are chosen (CaO, 
Mg, CaC,, CaSi), or lime-saturated desulfuriz- 
ing slags are used, sulfur distribution coeffi- 
cients of 1000 can be achieved [69]. The 
desulfurization of the pig iron and steel, espe- 
cially if both these processes are used, enables 
the required quality to be achieved flexibly 
and economically. The use of desulfurizing 
slags requires intensive mixing of the steel and 
the slag under reducing conditions. 
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Figure 6.65: Process stages for adjustment of low sulfur 
content in liquid steel. 
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Figure 6.66: Development of toughness and sulfur con- 
tent. 

Figure 6.66 shows the changes in sulfur 
content in steel produced on a large scale over 
a number of years [68]. In this example, which 
refers to steel used for pipes, the development 
of toughness and sulfur content is shown. The 
use of calcium compounds under certain con- 
ditions leads to the formation of spheroidal in- 
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clusions that are not deformed during the 
rolling process. This has enabled high- 


strength steels with good toughness properties 


to be developed. 


Dephosphorization 


Phosphorus removal is carried out under 
oxidizing conditions during production of the 
crude steel, and is influenced by the lime satu- 
ration, the P,O, content, and the temperature 
of the slag produced during decarburization 
(Section 6.3.3). The production of low-phos- 
phorus steel requires low-P, low-Mn pig iron, 
and effective removal of the P,O;-containing 
slag produced during decarburization and be- 
fore deoxidation. 


Temperature Control 


The temperature changes during steel pro- 
duction affect the course of the reaction (as 
shown by the example of dephosphorization), 
and also affect the economics (wear of the re- 
fractory linings of furnaces and ladles) The 
secondary metallurgical operations: alloying, 
desulfurization, degassing, etc., require time, 
and therefore involve heat losses. Without la- 
dle heating, this would necessitate the use of 
unfeasibly high tapping temperatures. Electri- 
cally heated ladle furnaces are increasingly 
used in steelworks—initially in EF steel plants 
and then in BOF plants—to ensure an opti- 
mum temperature regime during the process. 

Figure 6.67 illustrates the increasing use of 
ladle furnaces [67]. The furnaces consist of an 
assembly of two or three a.c. or d.c. elec- 
trodes, and a water-cooled roof, with fume ex- 
tract ion equipment, апа a working door for 
adding materials and for the control equip- 
ment (Figure 6.68) [69]. 

The transformer capacity is ca. 150 kV. A 
per tonne ladle contents, and gives a heating 
rate of 5 °C/min. The diameter of the pitch cir- 
cle has been reduced to 600—700 mm in new 
designs to protect the refractory ladle lining. 
Agitation of the steel and slag to homogenize 
the steel, and to promote the steel-slag reac- 
tions, is very important in the operation of the 
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ladle furnace. The electricity consumption for 
treatment time са. 40 min is 30-40 KWh/t, and 
the amount of electrode material consumed is 
0.3 kg per tonne of steel. With a ladle furnace, 
the temperature at which the steel is tapped 
can be reduced by 100 °C without affecting 
the secondary metallurgical reactions. 
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Figure 6.67: Ladle furnace development. 





Figure 6.68: Typical layout for a ladle furnace. 
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Figure 6.69: Equipment for the CAS process: a) Dust- 
collecting hood; b) Alloy chute; c) Snorkel raising and 
lowering unit; d) Oxygen lance; e) Bell; f) Porous plug. 

An alternative to the ladle furnace is the 
CAS/CAS-OB (Composition Adjustment by 
Sealed Argon Bubbling) developed by Nippon 
Steel [69], the IR-UT (Injection Refining-Up 
Temperature) process proposed by Sumit- 
omo. The heat evolved by the oxidation of alu- 
minum or silicon is used to heat the steel, 
instead of electrical energy. The process is 
suitable for producing flat products that are in- 
sensitive to hydrogen. After the slag-free steel 
has been tapped, it is agitated by inert gas, and 
alloyed in a bell (Figure 6.69). If the tempera- 
ture has decreased too much, the melt can be 
heated to the required pouring temperature by 
adding aluminum and oxidizing it with оху- 
gen. The addition of O, at a rate of 11 т?! 
gives a heating rate of 7 °C/min. 
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6.3.4.2 Vacuum Treatment 


The vacuum treatment of steel is used in- 
creasingly owing to its versatility -and special 
advantages, and is indispensable for removal 
of gases dissolved in the steel, such as hydro- 
gen and nitrogen. The reactions proceed at 
very low pressure (0.5 hPa). The various pro- 
cesses are shown in Figure 6.70 [55]. They can 
be divided into three groups: recirculating 
treatment of small quantities of metal; ladle 
treatment; and treatment of a stream of molten 
metal. 

The recirculating processes are character- 
ized by high throughputs. In the RH plant, two 
refractory-clad snorkels dip into the steel be- 
ing treated; in the DH plant only one snorkel is 
used. Whereas in the RH process, the steel is 
transferred into the vacuum vessel by blowing 
inert gas via a nozzle (gas lift), in the DH plant 
the movement of the steel in the vessel is 
achieved by the up-and-down motion of the 
vessel. In both processes, oxygen lances can 
be provided. 


Decarburization 


The decarburization reaction is strongly 
pressure dependent, so that when it is carried 
out under vacuum, fine decarburization is the 
result. As shown in Figure 6.71, carbon con- 
tent « 50 ppm can be achieved reproducibly 
under optimal process conditions [68]. 

The required treatment time is strongly 
pressure dependent. A rapid decrease in pres- 
sure is only feasible if the vacuum vessel is 
fairly large, as the melt splashes severely. If 
the amount of oxygen dissolved in the steel is 
insufficient for the decarburization reaction, 
oxygen is blown in with a lance, liberating 
heat. 


Nitrogen Removal 


High nitrogen content has a detrimental ef- 
fect on the deep-drawing properties of contin- 
uously annealed mild steel, and also reduces 
the resistance of tube steels to hydrogen-in- 
duced cracking (HIC). The change in nitrogen 
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content during oxygen blowing is shown in 
Figure 6.72 (68]. 

If the nitrogen content in the pig iron is low, | 
nitrogen levels of 30 ppm in plain carbon ` 
steels can be achieved. However, steel can 
pick up nitrogen if nitrogen-containing alloy- 
ing elements are used, and nitrogen removal 
may then be necessary. This can be carried out 
by vacuum treatment under controlled condi- 
tions [68]. Nitrogen removal by ladle degas- 
sing (after desulfurization) can give a nitrogen 
content ca. 50 ppm (Figure 6.73). Sulfur inter- 
feres with nitrogen removal. 

The ladle degassing operation gives inten- 
sive phase contact between the steel and the 
slag, which has a beneficial effect on desulfur- 
ization. With 10 ppm sulfur and low oxygen 
content, a nitrogen level of 30 ppm in the steel 
can be achieved, whether the starting level is 

50 or 110 ppm. 


Dehydrogenation 


To avoid flaking (material separation) in: 
the steel, the hydrogen content must be lower 
than its maximum solubility. For large cross 
sections, i.e., conditions favoring segregation, 
it is necessary to reduce the hydrogen content 
of the liquid steel to < 0.8 ppm. The diffusion 
reaction is controlled by the difference be- 
tween the hydrogen partial pressure in the 
steel and that in the gas at the phase boundary, 
and therefore proceeds more rapidly as the 
pressure in the vessel decreases. The forma- 
tion of new surfaces by intensive purging with 
inert gas, or otherwise agitating the steel in 
RH and DH equipment promotes hydrogen re- 
moval, as shown in Figure 6.74 [70]: 

The choice of steel production and second- 
ary metallurgical processes depends on the 
product, the production rate, the raw material, 
and the energy situation. In Europe, high-qual- 
ity flat products are produced by the route: 
blast furnace — oxygen blowing — RH or DH 

vacuum treatment — continuous casting. Long 
products are mainly produced by the route: 
electric furnace — ladle furnace — continuous 
casting. New developments such as COREX— 
EOF-KES and continuous casting to give 
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cast-to-shape products, promise technological 
and economic stimuli, especially with respect 
to the environment. 


6.3.4.3 Fundamentals 


All processes of casting and solidification 
depend on the basic processes of heat transfer, 
mass transfer, and interface kinetics. This ap- 
plies not only to ingot casting, continuous 
casting, and foundry work, but also to remelt- 
ing and spraying processes, crystal growth, the 
production of composite materials from a 
melt, and rapid solidification to give a crystal- 
line or amorphous structure. These basic prin- 
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ciples are valid for all metals and alloys, and 
the theory is very advanced [71-76]. 

Nevertheless, steel is special material, hav- 
ing its own characteristic casting and solidifi- 
cation properties that differ from those of both 
light and heavy nonferrous metals. The pecu- 
liarities of steel include: high melting point, 
low thermal conductivity, phase transforma- 
tions of the iron, high density, and strong af- 
finity for oxygen. The wide variety of alloy 
compositions of steel is also reflected in its so- 
lidification properties, le, the way in which 
the thermal processes and structure formation 
take place [77]. 
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Figure 6.71: Final carbon content as a function of dis- 
solved oxygen. 
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Figure 6.72: Nitrogen removal. 
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Figure 6.74: Hydrogen removal. 
A rigorous scientific treatment of heat and 


mass transfer and interface kinetics cannot be . 


given here, but their most important conse- 
quences are indicated, including solidification 
morphology, micro- and macrosegregation 
phenomena, sulfide precipitation, and the for- 
mation of inclusions by deoxidation. Thermal 
stress and mechanical deformation also merit 
consideration, as they particularly affect the 
quality of the product; processing techniques 
and mechanical engineering are tailored to suit 
them. 


6.3.5 Casting and Solidification 


Solidification Morphology of Steel. The gen- 
eral criteria for the stability of a nominally pla- 
nar solidification front are: high superheat, 


- convection, low rate of solidification, low 


content of alloying elements, and a high parti- 
tion ratio. These conditions are seldom met in 
casting operations in the steel industry. Much 
more frequently, there is “constitutional un- 
dercooling" at the solidification front, so that 
steel almost always solidifies dendritically. 

Figure 6.75 shows a scanning electron mi- 
crograph of a “quasi-decanted” dendritic so- 
lidification front from the central shrinkage 
cavity of a continuously cast billet of high- 
temperature steel. 

The dendritic crystals consist of primary, 
secondary, and tertiary arms, all with crystal- 
lographic growth direction [100]. The den- 
dritic growth mainly determines the spatial 
pattern of segregation. 

Primary and secondary dendrite arm spac- 
ings in a typical continuously cast steel slab 
are shown in Figure 6.76. Plots of these spac- 
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ings against distance from a surface of the slab 
are parabolic, with the widest spacings in the 
center of the slab. 

By the method of steady-state unidirec- 
tional solidification, typical values for the 
growth variables affecting the dendrite arm 
spacings can be determined [78, 79]. In the 
equations: 

A-cR"G" x 
and 
à = cOp 


R represents the solidification rate, G the tem- 
perature gradient, and Ө, the local solidifica- 
tion time. 

Figure 6.77 shows such a correlation for the 
primary arm spacings in a steel with 0.1596 C 
and 1.44% Mn. Further values of these param- 
eters for selected steels are given in Table 
6.11. These show that high-alloy steels have a 
finer dendritic structure than low-alloy steels. 
Figure 6.78 shows that, for four low-alloy 
steels (I-IV), the data are in good agreement 
with equations of the form: 


№ = сөр " 
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Figure 6.75: Dendrite morphology in center of a continu- 
ously cast billet of steel, grade 10 CrMo 910. 
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Figure 6.76: Variation of dendrite arm spacing in a con- 
tinuously cast slab of steel, grade API X60, 0.1496 C, 
1.50% Mn. | 
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Figure 6.77: Correlation of primary arm spacing À, with 
К and G, for steel II with 0.1596 C, 1.44% Mn. А = 
0.0368R 2555, 9385 2, in cm; А in cm/s; С, (K/cm) is the 
temperature gradient at the liquidus temperature. 


Table 6.11: Equations for dendrite arm spacings A (cm) as a function of growth variables R (cm/s), С (°C/cm), and Ө, (5). 


Type Steel composition Primary arms 
I 0.0998 C, 1.36% Mn — À,70.0367R 2296043 
I 0.15% С, 1.44% Mn А, 7 0.0368R ??"G 39 
Ш 0.59% С, 1.10% Мп А, =0.1900R 93407 
IV 1.48% C,1.14%Mn А, =0.2700R **G*? 
V 0.63%C, 24.9% Mn А, = 0.0610R ? G- 936 
VI 0.68%C,28.3%Cr ,=0.0280R°*G! 


Secondary arms 


М = 0.0 1487R AG А. = 0.002800,230" 

= 0.006 4 40 SCH 0.43 
poisons Dn 
A,-0.01000R 9G у = 0.000720 
л2= 0.003608 91997 22 = 0.000580" 
A, = 0.00320R °G? Д, =0.000520;23° 
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Figure 6.78: Correlation of secondary arm spacing A, 
with local solidification time 0, 





Figure 6.79: Formation of free crystals in a steel melt 
continuously cast with undercooling. 

If R, С, and Ө; are known, the segregation 
spacings can be predicted. Conversely, local 
cooling rates can be found by measuring the 
segregation spacings. 

If molten metal is undercooled during cast- 
ing, free crystallites can be generated. This 
can take place by heterogeneous nucleation, or 
by the detachment of dendrite arms, which can 
be caused by a small degree of superheat, or 
by inoculation, stirring, jolting, or vibration. 

A suspension of crystals in molten steel is 
shown in Figure 6.79. The crystallites can re- 
dissolve and become globular in form. The 
globulites settle out during casting and appear, 
e.g., at the bottom of an ingot or the lower side 
or central zone of a continuously cast strand. 
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An advantage of this equiaxed structure is that 
its properties are isotropic. 


Interdendritic Microsegregation. The (er. 
modynamic basis for microsegregation is the ` 


change in concentration that accompanies a 
phase change from liquid to solid, and is ex- 
pressed by the partition ratios k of the solute 
elements present in the iron. Kinetic factors 
include enrichment of the dissolved elements 
in front of the phase boundary, which depends 
on mass transfer in the liquid, and the extent of 
diffusional equilibration in the solid. The de- 
gree of concentration enrichment at the phase 
boundary С; ,in the case of layer crystal for- 
mation without diffusion in the solid, is given 
by: 


C; = Fal - f)! 


where C, is the starting concentration, and f~ 
the extent of solidification in the dendritic vol- 
ume element. The degree of solute rejection is, 
therefore, determined by К. Typical values of E 
for the more important elements found in steel 
are given in Table 6.12. The elements S, P, and 
C segregate strongly. With carbon, some con- 
centration equilibration takes place by diffu- 
sion. 


Table 6.12: Equilibrium partition ratio k of solute element 
at solid-liquid interface for ô- or y-iron. 





P к" 
с 0.20 0.35 
Si 0.77 0.52 
Mn 0.75 0.75 
P 0.13 0.06 
5 0.06 0.025 
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Figure 6.80: Concentration profile of the microsegrega- 
tion of Mn in a 2.8 t ingot of steel, grade 25 CrMo 4. 
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Segregation can be measured over a large 
area by computer-controlled automatic elec- 
tron beam microanalysis. For example, Figure 
6.80 shows a three-dimensional relief map of 
the manganese concentration in a 25 CrMo 4 
steel [80]. The scattered high peaks are caused 
by Мп5 inclusions. 

Modern microanalytical techniques can 
produce up to 10$ point measurements within 
24 h. In a typical manganese determination, 
the area investigated can be 80 x 80 mm, the 
number of points measured 600 000, the time 
required 13 h, and the beam diameter 100 шп 
[81]. 


Formation of Macrosegregations. Macro- 
segregations extend over considerably greater 
distances than dendrite branches. Typical 
ranges are between the edge and the center or 
between the top and the bottom of an ingot. 
The distinction must be made between enrich- 
ment and depletion. A systematic discussion 
of segregration phenomena, including a theo- 
retical treatment, 1s given in (82]. 

Positive A- and V-type segregations in cast 
ingots result from natural convection due 40 
density differences in the enriched liquid over 
the cross section of the cast material. Stable 
flow channels can be formed. Sometimes, V- 
type segregation can also occur in the center of 
continuously cast strands with equiaxed solid- 
ification structure. 

In the two-dimensional solidification of 
continuously cast billets, segregation can take 
place along the axis of the core. This 1s associ- 
ated with shrinkage, and is caused by the 
growth of dendrites that periodical form 
bridges that partially seal off the lower part of 
the liquid metal. Owing to the volume deficit, 
a powerful suction force is produced toward 
the crater end. This type of flow restriction 
does not occur during the one-dimensional so- 
lidification of slabs. 

Segregation can also be caused by defor- 
mation of the outer shell of a strand, e.g., by 
nonsteady-state bulging outward and rolling 
back again [83]. This causes a pumping effect 
in the remaining liquid metal, and leads to so- 
called central segregation in the slab. Tensile 
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strains at the heterogeneous solidification 
front cause segregated internal cracking if crit- 
ical stresses are exceeded. “Soft” or “hard” re- 
duction, to densify the central zone must, 
therefore, not lead to overstressing of the ma- 
terial below the solidus. 


If there is forced convection at the solidifi- 
cation front, e.g., caused by rimming action 
during ingot casting of unkilled stee] or by 
electromagnetic agitation, a washing effect 
occurs. A depleted streaky layer is produced. 
With continuous casting, “white bands" are 
formed. 


Depletion is also caused by sedimentation 
of suspended crystallites, as these are purer 
than the melt. The accumulation of a conical 
heap of crystals at the bottom of the ingot 
therefore leads to "negative" segregation, 
whereby the axial concentration of alloying el- 
ements increases toward the top of the ingot. 
This happens, e.g., with heavy forging grade 
ingots. 


Sulfide Precipitation. With modern ladle 
metallurgical treatment, the sulfur content can 
be brought below 10 ppm, albeit at some cost, 
by transferring the sulfur into the slag. Any 
dissolved residual sulfur can be combined 
with calcium to form stable calcium sulfide, 
which has no harmful effects on the properties 
of the product. 


However, it is not always necessary to have 
the lowest possible sulfur content, so desulfur- 
ization and calcium treatment of the steel can 
often be omitted. The sulfur then becomes 
concentrated in the interdendritic spaces, ow- 
ing to its low К value, and eventually precipi- 
tates as MnS. The course of the reaction, and 
hence the form of the sulfide, are determined 
by the degree of deoxidation and alloy content 
of the melt, and the local processes of solute 
redistribution and mass transfer. The various 
sulfide types in the cast product are [84, 85]: 


Type I. Globular oxysulfides that were 
originally liquid. Formation mechanism: 
monotectic degeneration. Steel grades: un- 
killed, semikilled. 
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Figure 6.81: Variation of sulfide morphologies in as-cast 
steel: A) Type I; B, C) Type II; D, E) Transitional types; F) 
Туре Ш. 
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Figure 6.82: Mean size of sulfide inclusions in steel in- 
gots with 0.55% С, 2.00% Mn, 0.009-0.039% S. 


Type I. Coral-shaped chain-like sulfide 
colonies. Formation mechanism: eutectic. 
Steel grades: killed, low alloy. 

` Type III. Angular, crystalline sulfide parti- 
cles. Formation mechanism: *divorced" eutec- 
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tic. Steel grades: fully killed, high-alloy, 
containing C, Si, P, Cr, Zr. 


The scanning electron micrographs in Fig- ~ 


ure 6.81 show typical examples of these mor- 
phologies. Types intermediate between II and 
III can have faceted shapes with branched 
dendrites. 

The size of the sulfide inclusions depends 
on the local precipitation rate and hence indi- 
rectly on the rate of cooling at the solidus tem- 
perature. This correlation is illustrated by the 
log-log plot in Figure 6.82 [86] 
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Figure 6.83: Growth morphologies of alumina inclusions 
in Al-killed steel. 

Formation of Inclusions by Deoxidation. In 
contrast to sulfide formation during solidifica- 
tion, oxide inclusions are precipitated in the 
liquid steel at an earlier stage by deoxidation. 
The amount of dissolved oxygen is reduced to 
the equilibrium value in a few seconds after 
the addition of aluminum [87]. As deoxidation 
proceeds, the inclusions agglomerate or coag- 
ulate, and mostly go into the slag. This flota- 
tion leads to a reduction in so-called total 
oxygen. 

When aluminum is used for deoxidation, 
alumina inclusions are formed with a spheroi- 
dal or dendritic morphology (Figure 6.83) 
[88]. The coral-like shapes are formed by ag- 
glomeration of particles, 2-5 um in size. In 
steelworks these clusters are referred to as 
“nests” or “clouds”. 

The various growth shapes that can be 
formed under different supersaturation condi- 
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tions and activities of the oxygen and alumi- 
num are shown in Figure 6.84 [89]. From left 
to right, the oxygen level decreases and the 
aluminum activity increases. At low oxygen 
levels, the spheroidal oxides initially formed 


` become covered with radiating, stalky, ог 


compact nitrides. 
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Figure 6.84: Schematic representation of oxide and ni- 
tride morphologies as a function of oxygen level. 
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Figure 6.85: Top pouring (А) and bottom (B) pouring 
during ingot casting [90]. 
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6.3.5.1 Ingot Casting 


The transition of steel from liquid to solid is 
mainly achieved by continuous casting. Nev- 
ertheless, the older ingot casting process is 
still used in steelworks all over the world. The 
molten steel is poured into ingot molds, where 
it solidifies. 


The steel is poured (teemed) from, the re- 
fractory-lined ladle via a ceramic, closable 
outlet nozzle. There are two methods of filling 
the ingot mold. In the top-pouring method, the 
steel is poured from above directly into the 
mold, and in the bottom-pouring method, it 
passes down a central funnel, then through a 
system of refractory passageways built into a 
thick steel plate, and passes from below into 
the ingot molds standing on the plate (Figure 
6.85) [90]. 


The molds can have a rectangular, square, 
circular, or polygonal interior cross section, 
depending on the cross section of the profile to 
be produced by rolling. To facilitate removal 
of the solid ingot, the mold tapers slightly out- 
ward, with the wider end either at the bottom 
(big-end-down molds) or top (big-end-up 
molds) (Figure 6.86) [91]. Ingots can be 0.1— 
40 t for rolled steel, and up to 500 t for forged 
steel. 


Apart from the cross-sectional shape, the 
type of ingot mold, and the pouring method, 


` ingots are also characterized according to the 


physical, thermodynamic, and chemical pro- 
cesses that take place during solidification. 
Several gases are present in solution in liquid 
steel. The solvent power of the steel decreases 
as the temperature decreases, and as the steel 
solidifies. In ingot casting, oxygen is of partic- 
ular significance for the solidification process. 
If oxygen is liberated during solidification, it 
reacts with the carbon in the steel to form car- 
bon monoxide. This can be partially or com- 
pletely prevented by combining the oxygen 
with deoxidants such as aluminum, silicon, or 
titanium. 
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Figure 6.86: Cross sections (not to scale) of the principal types of ingot mold [91]. A) Big-end-down-molds: open top (a) 
and bottle top (b); B) Big-end-up-molds: open top (c) and closed top (d). 








Figure 6.87: Flow pattern in a rimming steel ingot during 
solidification [97]. 

If the oxygen is allowed to react with the 
carbon, the steel product is known as rimming 
steel. Partial deoxidation leads to “semikilled” 
steel, and complete deoxidation to "killed 
steel”. Deoxidation to semikilled or killed 
steel is carried out in the ladle. There is also a 
combined rimming and killed steel, obtained 
by first allowing the melt to solidify for some 
time, and then deoxidizing it in the mold, after 
which it solidifies completely like a killed 
steel. This produces "ingot-killed steel". 


Rimming Steel. As soon as the liquid steel 
comes into contact with the walls of the mold 
and the bottom plate, a thin skin of solid steel 
is formed. This grows rapidly at first, as the 
cold mold and bottom plate rapidly absorb 
heat, and, much later, release it to the atmo- 
sphere. After a short time, this compact layer 
of steel becomes detached from the ingot wall 
as the solid steel contracts. The gap formed re- 
duces the heat transfer rate from the steel to 
the mold, and hence the rate of loss of heat to 
the surroundings. Consequently, the steel so- 
lidifies more slowly [92—96]. 

As the steel changes from liquid to solid, 
the solubility of oxygen decreases, so that it is 
liberated and reacts with the carbon present to 
form carbon monoxide. In addition to the dis- 
solved oxygen present at the start of the pour- 
ing process, atmospheric oxygen is picked up 
by the liquid steel during pouring, and during 
its subsequent solidification; this also reacts 
with the carbon in the steel. The CO gas bub- 
bles are partly entrapped between the growing 
steel dendrites, forming so-called edge blow 
holes, but most of them ascend in the region of 
the solidification front, combining with other 
bubbles on their way up. This leads to the for- 
mation of a rim of bubbles at the edge of the 
steel, and an upward gas flow which causes an 
upward flow of the liquid steel. Thus, the steel 
in the ingot flows strongly upward at the solid- 
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ification front and downward in the center 
(Figure 6.87) [97]. This rimming action has 
led to the name “rimming steel”. 

In the production of rimming steel, CO 
should be produced rapidly from the start of 
solidification, giving a strong flow. If the flow 
is weak, CO bubbles remain entrapped by the 
growing dendrites. This causes excessive for- 
mation of a ring of bubbles not far below the 
outer surface of the ingot, which results in the 
appearance of surface defects resembling 
cracks when the ingot is processed in the roll- 
ing mill. 

Apart from oxygen, other elements that are 
less soluble in the solid state are released at the 
solidification front. This solute rejection is 
known as segregation (see Section 6.3.4.3). 
The elements that separate out are carried 
away by the flow of steel, and are concen- 
trated in the remaining melt. This leads to a 
rim layer of greater chemical purity and en- 
richment of the segregated elements in the in- 
terior. 

After a time, the process of gas release 
(rimming action) is deliberately stopped by 
placing a heavy steel cover on top of the ingot, 
or a steel plate, over which water is sprayed. 
The steel solidifies on the underside of the 
cover, and forms a dense cap. In the interior of 
the ingot, gas formation ceases, owing to the 
increase in gas pressure, and the flow of steel 
gradually subsides. In the part that still re- 
mains liquid, there are detached crystals of 
very pure iron, formed by redistribution of sol- 
ute elements. These suspended solid particles 
sink to the lower part of the ingot, as their den- 
sity is higher than that of the remaining liquid 
metal. This sedimentation results in an equi- 
axed zone, with a reduced level of impurity el- 
ements in the lower part of the ingot. At the 
top of the ingot, enrichment of elements oc- 
curs, e.g., phosphorus and sulfur, which can 
have a harmful effect on the properties of the 
rolled product. This marked concentration of 
elements at the top of the ingot is called mac- 
rosegregation. 

The ring of gas bubbles formed during the 
rimming action, and those formed even after 
the ingot has been closed off, tend to compen- 
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sate for the difference between the specific 
volume of the liquid and that of the solid steel. 
The walls of these cavities have a clean and 
bright metallic surface, and weld together dur- 
ing subsequent rolling. 

These processes during solidification 
cause the ingot of rimming steel to have a 
clean edge zone, a rim of bubbles in the lower 
region, a chemically pure equiaxed region at 
the bottom end of the interior, and a strongly 
segregated upper region (Figure 6.88) [98]. 

Thus, the ingot of rimming steel has a very 
inhomogeneous structure. Owing to its clean 
edge region, it can be used in applications that 
require a good surface. However, it cannot be 
used for manufacturing components where a 
large amount of deformation is involved. This 
is due to its great inhomogeneity and its aging 
properties, owing to the residual nitrogen. It is 
also unsuitable if great importance is attached 
to welding properties [97—110]. 
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Figure 6.88: Distribution of bow holes in rimming steel 
ingots [98]. A) After slight rimming action: low oxygen 
content; B) After moderate rimming action: medium oxy- 
gen content; C) After vigorous rimming action: high oxy- 
gen content. 
Killed Steel. If the dissolved oxygen content 
in the steel is reduced by deoxidation until it is 
significantly less than the carbon present, no 
carbon monoxide gas can form during solidifi- 
cation,’and the steel is said to be killed. In 
killed steel, there is redistribution of those ele- 
ments whose solubility in solid steel is lower 
than that in liquid steel. Some of these segre- 
gated elements are enclosed between the 
growing crystals (dendrites). This is termed 
microsegregation (see Section 6.3.4.3). 
Convection of the molten metal also takes 
place during solidification of killed steel. 
However, this is considerably less intense than 
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in rimming steel, and takes place in the oppo- 
site flow direction. In front of the solidifica- 
tion interface, бее crystallites move 
downward along with the liquid steel. The 
solid particles of steel settle at the bottom end 
of the ingot, while liquid steel flows upward in 
the center. As the descending crystals are 
chemically purer than the remaining liquid 
steel, a depleted conical heap forms at the bot- 
tom of the ingot. Here, the concentration of 
solute elements is lower than it was in the steel 
before pouring, whereas the concentration of 
the solute elements in the upper part of the in- 
got is correspondingly higher. Thus, there is 
so-called negative segregation in the lower 
part, and positive segregation in the upper part 
of the ingot. This is generally referred to as in- 
got segregation, and becomes more marked as 
the ingot cross section increases. 

As well as ingot segregation, so-called A- 
or V-type segregation can take place when 
killed steel ingots solidify (see Section 
6.3.4.3). Unsteady flow through the network 
of dendrites sometimes leads to the formation 
of channels, in which enriched liquid metal so- 
lidifies. On longitudinal cross sections of the 
ingot, these channels appear as A- or V- 
shaped segregation. The intensity of this type 
of segregation is dependent on the morphol- 
ogy of the solidified ingot. The finer the den- 
dritic structure, the less marked is A- and V- 
type segregation. 

To prevent the uncontrolled formation of 
shrinkage cavities in the interior of ingots of 
killed steel, the steel at the upper part of the in- 
got (the ingot head) is kept in the liquid state 
as long as possible. The liquid steel can then 
flow downward to compensate for the shrink- 
age of the solidifying region, and cavity for- 
mation is prevented. 

The reservoir of liquid steel is maintained 
by reducing the heat transfer from the top part 
of the ingot to the mold by lining the latter 
with refractory, thermally insulating, and often 
slightly exothermic plates. The loss of heat in 
an upward direction to the atmosphere is re- 
duced by applying an insulating and/or exo- 
thermic powder. Figure 6.89 shows typical 
longitudinal sections of steel ingots poured 
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into normal big-end-up and big-end-down in- 
got molds, with and without a feeder head, or 
“hot top”, of this type [91]. In big-end-down 
ingots, through-solidification occurs earlier in 
the upper part than in the lower part of the in- 
got. This produces axial porosity, which under 
no circumstance should connect with the out- 
side atmosphere, as this leads to oxide forma- 
tion in the interior, preventing welding during 
subsequent rolling operations. Unless the top 
of the ingot is thermally insulated (hot top- 
ping), ingots produced in big-end-up molds 
form shrinkage cavities which extend deep 
into the ingot. so that the yield of good mate- 
nal is poor. An ingot from a big-end-down 
mold without a hot top will have axial poros- 


ity. 





Figure 6.89: Types of killed ingot [91]. A) Big-end-up, 
hot-topped; B) Big-end-down, hot-topped; C) Big-end- 
up, not hot-topped; D) Big-end-down, not hot-topped. 

When steels are to be used in applications 
that require an absolute minimum of interior 
defects, a hot top of adequate size is essential. 
For example, when heavy ingots are produced 
for forging, and are cast big-end-up, a feeder 
head of thermally insulating material is placed 
on top, with a volume large enough to prevent 
formation of a shrinkage cavity in the ingot. 
Segregation of the remaining molten matenal 
then takes place in the feeder head inside the 
hot top. This part is later separated from the 
good part of the ingot. 

As killed steel is mostly used for demand- 
ing applications, there must be as few nonme- 
tallic inclusions as possible. Modern ladle 
metallurgy, combined with a very high stan- 
dard of pouring practice, have brought great 
improvements. If any nonmetallic inclusions 
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remain entrapped, however, these consist 
mainly of oxidic and sulfidic materials. These 
can originate from the products of deoxida- 
tion, from insulating materials, or are formed 
during solidification by reactions of the segre- 
gation elements. Inclusions in killed steel are 
mainly found entrapped in the region of the 
cone of sedimented equiaxed material, at the 
bottom of the ingot [91, 111-119]. 


Semikilled Steel. In this type of steel, the ratio 
of oxygen to carbon content is set by con- 
trolled deoxidation, so that the ingot at first so- 
lidifies, like killed steel. After a time, the 
carbon and oxygen become enriched in the re- 
maining liquid, so that the solubility product is 
exceeded and carbon monoxide is formed. 
Meanwhile, the ingot head has solidified and 
is therefore dense, so that blow holes are 
formed in the interior of the ingot, owing to 
shrinkage (Figure 6.90) [91]. 

Semikilled steels are not used for applica- 
tions with high demands on internal purity and 
defect-free surface properties [91, 120-122]. 





Figure 6.90: Longitudinal section through a semikilled 
steel ingot [91]. 

Ingot killed steel was developed to combine 
the clean surface of rimming steel with the low 
degree of macrosegregation and good aging 
stability of killed steel. The tops of the ingot 
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molds are provided with insulating tiles, as 
with killed steel. The steel is poured undeoxi- 
dized into the mold until the insulated region 
contains a few centimeters of steel. A second 
and possibly a third mold is then filled in the 
same way. During this time, rimming takes 
place in the first mold, as well as solidification 
of an outer shell of steel, several centimeters 
thick, which consists of very clean unkilled 
steel, free of inclusions and segregation. The 
first ingot mold is then completely filled, 
while simultaneously adding aluminum in 
granular form to the stream of metal, thereby 
mixing it into the liquid part of the ingot. Car- 
ried by the central downward flow of rimming 
steel, the aluminum is transported to the lower 
part of the ingot. The dissolved aluminum re- 
acts with the oxygen to form coarse ALO, par- 
ticles, which rapidly ascend into the highest 
part of the ingot, owing to their low density. 
The ingot then solidifies like a killed steel. All 
the ingots from a heat are poured in this piece- 
meal fashion. This process produces an ingot 
with an outer layer of clean rimming steel, ca. 
30 mm thick, and a larger inner region of 
nonaging killed steel with little macrosegrega- 
tion (Figure 6.91) [123]. This steel can be used 
when a defect-free surface is required on a 
nonaging material [123]. 


6.3.5.2 Continuous Casting 


Tn the historical development of continuous 
casting (strand casting), a breakthrough was 
achieved in large-scale production by S. Jung- 
HANS with the invention of the oscillating mold 
in 1949. This became widely used during the 
1970s [124, 125]. By definition, strand casting 
is a steady-state process in which a strand is 
continuously drawn out of a mold [126—130]. 
After the 1980s, development of the conven- 
tional continuous casting process virtually 
came to an end [131—143]. The rolled products 
produced from continuously cast strand sec- 
tions are characterized by their extremely 
good finish and functional properties, are not 
subject to any particular limitations, and are 
suitable for a wide range of applications [144]. 
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Figure 6.91: Longitudinal section through an ingot of 
steel killed in the mold [123]. 





Production, 1051 
£ 
о 
c 


0 4 
1970 1975 1980 1985 1990 1995 


Year ——» 


Figure 6.92: Development of world steel production, CC 
output and CC ratio 1970-1980: a) World CC-production; 
b) World crude steel production; c) Share of CC-produc- 
tion, 96. 


The Growth of Strand Casting 


The growth of strand casting worldwide is 
ilustrated in Figure 6.92. It has already 
reached > 60% of the total. Up to the 1980s, 
the competitiveness of steel producers was 
measured by the proportion of strand casting 
used. Today, many steelworks use the process 
exclusively. In many industrialized countries, 
the proportion is > 90%, but in some regions, 
itis only 20% [144]. 

The strand casting technique replaces indi- 
vidually cast ingots, blooming and slabbing 
mills, and semifinished mills. The yield of 
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rolled products per tonne molten steel is in- 
creased by 10-18% (see section 6.1). This 


technological change has resulted in an excess | 


of crude steel capacity, but has greatly contrib- 
uted to energy savings. 

Figure 6.93 shows the shapes and dimen- 
sions of some typical strands, with size ranges. 
Billets are used to manufacture wire or rod. 
Round bar products are used as the starting 
material for seamless tubes. Continuously cast 
blooms are used in the production of profile 
steel and rails. Case hardening and heat-treat- 
able steels, cold-heading and cold-extruding 
steels, spring steels, chain steels, rolling bear- 
ing steels, and free cutting steels are routinely 
produced [145]. Slabs are converted into thick 
plate for pipeline or vessel construction, or 
processed into hot-rolled wide strip and prod- 
ucts made from this, such as cold-rolled thin 
sheet, which may be surface treated for auto- 
mobile construction or packaging applica- 
tions. 


x Billet 80-180mm square 


С) Round bar 150-430mm diameter 


Es 8loom, up to 450x650mm 
р Slab, up fo 350x2640mm 


Figure 6.93: Typical cross sections and dimensions of 
continuously cast strands. 


. Productivity 


If strand casting accounts for 10096 of the 
total output of a steelworks, productivity rates 
become very important. The capacities of the 
melting, ladle treatment, and casting process 
must be matched as precisely as possible. If 
the mix of steel types produced is variable, it 
must be possible to react to changes with great 
flexibility. 

Modern strand casting plants are character- 
ized by high availability. The utilization ratio, 
i.e., the ratio of casting time to time available, 
is 40-90%. In sequential casting, one melt is 
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cast immediately after another without inter- 
ruption. The ladles are mounted on a turret 
which swivels, raises, and lowers the ladle 
(Figure 6.94). The molten steel passes through 
the following items of plant or process steps: 
ladle-tundish-mold-secondary cooling zone- 
straightening and withdrawal machine- 
runout rollers. 


For high productivity, it is also necessary to 
have a high rate of withdrawal and a long 
length of the liquid pool. High outputs can 
only be achieved when bow type casters are 
used, where the strand, which still has a mol- 
ten interior, is cast on a circular arc and then 
straightened to the horizontal position. Figure 
6.95 shows the various types of plant used 
during the development of the process. Verti- 
cal plants (V) have a limited output, owing to 
the height required. The most usual system is 
the circular arc plant with a curved mold 
(CAC), with several straightening points. In a 
circular arc machine with straight mold 
(CAS), the strand, with its molten center, is 
first bent into an arc, and then straightened. 
The bending and straightening take place pro- 
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gressively. Extremely precise mechanical 
technology is used to minimize stressing of 
the cast material. 


The production rate for a single strand de- 
pends on the format, dimensions, and casting 
speed (Figure 6.96) [144]. For slabs, a rate of 
5.5 t/min is possible. This must be matched to 
the batch time of the basic oxygen furnace. 
For blooms and billets, the number of strands 
must be increased to four or six to match this 
batch time. 


Plant availability can be improved by: in- 
sertion of the dummy bar from above; design 
of mold and runout rollers as a quick change 
unit, flying tundish changeover by means of a 
swivel device; uninterrupted casting of differ- 
ent steels me after the other without forming a 
mixed zone the old strand being joined to the 
new by a cage-and-anchor joint), and com- 
puter-controlled automatic width adjustment 
of the strand. A high standard of control tech- 
nology and automations necessary in the cast- 
ing plant. Regular inspection and preventive 
maintenance ensure problem-free casting. 





Figure 6.94: Blown caster with ladle turret: a) Ladle turret; b) Ladle; c) Tundish; d) Mold; e) Secondary cooling zone; £f) 


Straightening and withdrawal; g) Guide rollers. 
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Figure 6.95: Principal types of continuous casting machines for steel: V = vertical; VB = vertical with bending; VPB = 
vertical with progressive bending: CAS = circular arc with straight mold; CAC = circular arc with curved mold; PBC = 


progressive bending with curved mold; H = horizontal. 

With slabs and blooms, an average run of 
nine heats is usual, and with billets, five heats 
144]. More flexibility in the production pro- 
gram is provided by a device for longitudinal 
cutting of slabs, especially for “jwmbo” slabs, 
up to 2640 mm in width. Double and triple 
casting can also be provided for. 


Mold Oscillation and Shell Formation 


The most important invention in the techni- 
cal development of strand casting was mold 
oscillation, which gives the product a good 
surface finish. Figure 6.97 shows how the 
molten steel from the tundish passes through a 
submerged entry nozzle into a slab mold. The 
steel flows sideways during slab casting, but 
vertically downward with square or round 
mold shapes. The pouring temperature is con- 
trolled within a very narrow range. 

The oscillation of the mold is illustrated in 
Figure 6.98. The movement is usually sinusoi- 
dal. Stroke and frequency are so adjusted that 
the mold briefly overtakes the strand during 
the downward movement. During this so- 

- called negative strip time, the skin of the cast- 
ing is briefly upset. Any surface damage is 
completely healed. The negative strip time ty 
(an important control parameter) is given by 
the following formula: 


1 v 
ty = T 


where ty is in s, the frequency fis in s”, the 
casting speed v, in mm/s, and the stroke / in 
mm. If 4, — 0, tearing of the shell occurs, and 
if it is too large (> 0.2 s) deep oscillation 
marks are produced, and lubrication in the gap 


between the mold and the strand is impaired. 
When changes to the casting rate occur during 
unsteady phases, such as the start of casting or 
ladle changes, the frequency is adjusted. Am- 
plitudes are kept constant at 2-6 mm, but fre- 
quencies vary around 6 s. A curved mold 
oscillates precisely along the arc. 

Molds are usually 700-900 mm long, and 
are made of high-strength, copper-based mate- 
rials. To maximize operating life, the surface 
is coated with chrome (60-80 рт) or nickel 
(0.5—4.0 mm). For small cross sections, tube 
molds are usual, and for large cross sections, 
plates are mounted on stable steel frames. To 
accommodate the contraction of the steel, the 
molds taper inward. For plants with high cast- 
ing rates for billets and blooms, very close 
geometrical tolerances must be adhered to. 
For sensitive steels with high sulfur content or 
wide solidification range, the casting speed is 
reduced. 


Control of Molten Steel Level and Gap 
Lubrication 


For problem-free strand withdrawal from 
the mold, the cycle must be optimized, the me- 
niscus level of molten steel kept constant, and 
an appropriate casting powder must be used to 
lubricate the gap. 

The flow of steel is controlled by sliding 
gates (Figure 6.97) or stoppers. The steel level 
is detected with the aid of radioactive sources, 
60Со or 3’Cs, or eddy current detectors, and is 
controlled within +5 mm, or even +2 mm, de- 
pending on the sophistication of the control 
equipment, the format of the strands, and the 
casting rate. 
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Figure 6.96: Annual production per strand of European 
casters (A) as a function of the casting rate per strand for 
different strand sections (B). 

The casting powders used must be appro- 
priate for the types of steel and the casting 
conditions. On contact with the surface of the 
steel, they should melt promptly at 1100- 
1200 °C, and form a lubricating film between 
the strand and the mold. Penetration into the 
gap plays a key role in the formation of the 
steel surface for high withdrawal speeds 
[145]. 
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Casting powders consist of CaO, SiO, and 
ALO; СаЕ,, Na,O, or Li4O are added to lower 
the viscosity. Carbon particles in the form of 
powdered coke or soot retard the melting. The 


"basicity of the slags is given by: 


CaO/SiO, = 0.8 1.2 


The amount of casting powder required de- 
pends on the oscillation cycle, the’ casting 
speed, the geometry of the gap, and the viscos- 
ity. Slabs are cast by means of low-viscosity 
slags: 0.1—0.3 Pa:s (1300 °C). For blooms, 
viscosities must be somewhat higher: 0.4—1.5 
Ра:5 (1300 °C). 

Casting powders protect the molten steel 
from radiation heat loss, prevent contact with 
atmospheric oxygen, and absorb oxide inclu- 
sions that rise to the surface, especially AL,O,. 
Powders and granules (nowadays preferred) 
can be added automatically in the fluidized 
state. 


Molten steel 


Mold 
oscillation 





Solidified | 
shell 
Withdrawal 


Figure 6.97: Steel flow from tundish into an oscillating 
slab mold: a) Tundish; b) Sliding gate; c) Submerged en- 
try nozzle; d) Copper mold plate. 
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c3 Positive strip time 
Negative strip time 


Figure 6.98: Mold oscillation with definition of positive 
and negative strip times. 


Support Roller Apron and Secondary 
Cooling Zone 


At the mold exit, the skin of the strand is 
sometimes quite thin, e.g., 10-12 mm, de- 
pending on the withdrawal velocity, and is 
ductile and deformable under the conditions of 
high temperature and ferrostatic pressure. 
Whereas billets and round bars are dimension- 
ally stable, the wide faces of slabs and blooms 
tend to bulge, and must be supported by rollers 
[146]. 

To prevent excessive thermal stress on the 
rollers, they are cooled internally. The helirol- 
lers contain a spiral channel for circulating the 
water, and are stable and long-lasting [138]. 
Divided rollers with intermediate bearings are 
of smaller diameter and can accommodate 
narrower gaps between them. Where bending 
and straightening of the strand is carried out, 
deviation of the rollers from the ideal line 
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must not exceed ] mm. Loose-fitting and worn 
rollers must not cause this limit to be ex- 
ceeded. 

In the secondary cooling zone, the strand is 
cooled with water sprays. There are various jet 
systems to provide different flow rates of wa- 
ter impingement. Ín the extreme, the surface 
can be sprayed “black”. In the early days, 
large quantities of water were used for fear of 
break-outs of molten steel. Since then, the wa- 
ter rate has been limited to the minimum re- 
quired for the necessary cooling intensity. 
Air/water mixtures are used to achieve gentle 
and uniform cooling. Specific consumptions 
of spray water are 0.7 L per kilogram of steel 
for spray cooling, and 0.1-0.2 L/kg for air- 
mist cooling. 


Automation 


Today, almost all the functions of a casting 
machine are automatically controlled. Figure 
6.99 gives an overview of the individual pro- 
cesses [132]. Secondary cooling is dynami- 
cally controlled. The spray water is adjusted 
according to the casting speed to prevent un- 
dercooling. Cooling water circulation, hydrau- 
lic, and lubrication systems are computer 
controlled. The rate of steel casting is mea- 
sured by weighing, and cutting of the strand 
into lengths is optimized with respect to the 
heads and tail pieces, 


Quality 


The quality of continuously cast steel as a 
semifinished material for rolled steel produc- 
tion can be assessed by four criteria: 

e Homogeneity of chemical composition 
e Uniformity of steel structure 

e Extremely high purity 

e Defect-free surface 

The above requirements are met if the pro- 
cess 1s trouble free. Solidification can be con- 
trolled to be columnar or equiaxed by means 
of temperature control and the stirring effect 
of electromagnetic fields, enabling the blooms 
and billets to have isotropic properties 
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throughout. With slabs, soft reduction is car- 
ried out by conical compression of the center. 

Contact of air with the steel is prevented by 
shrouding systems and by covering the molten 
metal in tundish and mold with powder. Carry- 
over of slag along with the steel from the cast- 
ing ladle is detected and prevented. The flow 
of steel in the tundish is controlled such that 
oxide inclusions separate out. It is also neces- 
sary to use stable refractory materials and re- 
fined pouring techniques to ensure a high- 
purity product. For high-output plants, a verti- 
cal part of 2—3 m in height enhances the flota- 
tion of inclusions and gas bubbles. 
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Materials technology has elucidated the 
high-temperature ductility of steel] from its 
molten state to the ү—@® transformation, and 
mechanical engineering has provided the nec- 
essary data on permissible material stresses 
during casting. By progressive bending and 
straightening, and suitable roller distances, 
tensile strain at the solidification front can be 
kept < 0.3%. Critical temperature zones sus- 
ceptible to surface cracking are avoided by ap- 
propriate cooling. Harmful elements, e.g., N 
and S, are removed from the steel, or chemi- 
cally combined to form stable compounds. 
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Figure 6.99: Instrumentation and automatic process control of a continuous casting machine. 
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Figure 6.100: Creating an artificial meniscus during so- 
lidification in a horizontal casting mold. 


Horizontal Strand Casting 


Horizontal strand casting has replaced in- 
got mold casting for several types of steel 
which have hitherto been regarded as unsuit- 
able for strand casting [137, 147]. The capital 
cost of a horizontal strand casting plant is 
small. The tundish and mold form a single 
unit, giving complete exclusion of air. The 
horizontal strand requires neither bending nor 
straightening. 

The special feature of the process is the cre- 
ation of an “artificial meniscus” at the break 
ting, where the skin of the casting first forms 
(Figure 6.100) [148]. The strand is withdrawn 
stepwise, and the short frozen sections are 
welded together. The cycle comprises three 
phases: pulling out, pushing back, and pause. 
The pushing-back stage allows healing to oc- 
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cur. The design of the machinery must enable 
the large mass of the strand to be moved with 
very high precision with respect to both dis- 
tance and time [149, 150]. Typical round bar 
dimensions are 150-350 mm in diameter. 





Thickness »150mm 









Thickness »40mm 


Thickness »15mm 


Thickness »5mm 


Thickness «5mm 


Figure 6.101: New processes for the production of thin 
slabs and hot strip. 

The breaking ring is made of BN, and is not 
wettable. Useful lives for this item of 4—7 h 
have been reported. The formation of the so- 
lidified skin is precisely controlled with the 
aid of thermocouples. The casting parameters 
and mold taper must be precisely matched. 
Nevertheless, the process is flexible with re- 
gard to the formats and steel types. It is of in- 
terest for small-scale operations, e.g., 3000 
t/month in 100 different grades of mild, stain- 
less, or high-temperature steel [132, 149]. 


Hot Charging or Direct Rolling 


Not only is conventional strand casting a 
fully developed process, guaranteeing a high 


Handbook of Extractive Metallurgy 


productive capacity, but it offers the opportu- 
nity for energy savings by integration with the 


rolling mill, i.e., utilizing the heat of the strand | 


by hot charging or direct rolling [139]. For 
this, the operation of the rolling mill must syn- 
chronize with the flow of material from the 
melting shop, the secondary metallurgical pro- 
cesses, and the strand casting plant. The tem- 
perature of the cast product is not allowed to 
fall below 1200 ?C. The surface and the inte- 
rior must be of high quality. 





Figure 6.102: Schematic representation of casting mold 
for thin slabs. 


Casting Thin Slabs 


Under the heading “near net shape casting”, 
the development of casting technology since 
1983 has aimed to match the thickness of con- 
tinuously cast slabs more closely to that of the 
end product [151, 152], i.e., to reduce the 
amount of metal forming required, and hence 
to economize on plant equipment [153-155]. 
Processes for the production of thin slabs or 
strip are illustrated schematically in Figure 
6.101. 

At the heart of thin slab technology is the 
funnel-shaped mold into which a narrow sub- 
merged entry nozzle with side exit openings is 
inserted (Figure 6.102) [153]. The shell of the 
strand is smoothly deformed in a controlled 
manner until it leaves the mold, and the gentle 
contours keep the bending stress small. The 
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strand leaves the mold with plane parallel sur- 
faces in its wide dimension. Thin slab technol- 
ogy is otherwise similar to conventional strand 
casting, e.g., control of the level of molten 
stecl, supporting rollers, secondary cooling, 
etc. 


New Processes for Hot Steel Strip 
Production 


For integrated “mini-steelworks”, various 
processes have been devised for the produc- 
tion of hot steel strip, based on thin slab cast- 
ing technology. It is generally agreed that a 
direct link between casting and rolling to pro- 
duce a finished product in an in-line, multi- 
stand rolling mill is impossible, because the 
casting and rolling speeds cannot be matched. 
A buffer can be provided between these pro- 
cesses by operating them in two stages. 


A compact strip production (CSP) plant 
consists of a casting machine, a conveying and 
linking system designed as a roller hearth fur- 
nace, and a hot finish rolling mill [154, 155]. 
The casting machine is vertical, with bending 
facility. The casting format is 50 x 1600 mm; 
the casting speed is 5 m/min. The strand is cut 
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into 45 m lengths, which are loaded at nearly 
1100 °C into an annealing furnace, 162 m 
long. The final rolling temperature is 880 °C. 


In-line strip production (ISP) is shown in 
Figure 6.103. The thin slab, with a liquid core, 
is softly reduced in thickness from 60 to 43 
mm immediately after the mold [142, 156, 
157]. After through-solidification, the strand 
passes through three graded stands of high-re- 
duction rolling units. Its thickness is reduced 
to 15—25 mm, and it is made into 28 t coils. 
Before coiling, it can be reheated by inductive 
heating to a temperature of 1150 ?C. The coils 
are kept hot in furnaces, ready for the finish 
rolling mills. The hot steel strip has a final 
thickness of 1.8—12.5 mm and can be inten- 
sively cooled. 


The casting pressing-rolling (CPR) process 
(Figure 6.104), combines a conventional os- 
cillating thin slab mold of the type described 
above, with a powerful pair of compression 
rollers to reduce the thickness of the strand, 
which has a liquid interior, to 15-25 mm in a 
single step [158]. The hot strand is then rolled 
to its final dimensions at 1300 ?C in a four- 
high stand. 


d То induction furnace 
and twin coil furnace 


T = 





Figure 6.103: Caster for in-line strip production (ISP): a) Vertical bow-type mold; b) Soft reduction; c) High reduction 


(three stands); d) Pendulum shear. 
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Figure 6.104: Casting-press-rolling process: a) Ladle; b) 
Tundish: c) Mold; d) Descaling; e) Press rollers; f) Bend- 
ing roller; g) Straightening unit. 


Rationalization 


The new processes of hot steel strip produc- 
tion may replace some of the classical "thick 
slab hot strip steel mills", but not completely 
[155]. Hot strip steel produced by the standard 
method can be divided into: mild steel for cold 
forming and cold rolling (76.296); weldable 
construction steels (10.5%); high-strength 
carbon steels (1.7%); microalloyed weldable 
fine grain and tube steels (6.4%); stainless 
steels (3.3%); and silicon steels for electric 
sheet (1.9%). 

Assuming sufficiently good surface proper- 
ties of the mild steels produced by the new 
casting-rolling processes, their suitability for 
cold forming and cold rolling is beyond ques- 
tion [155]. Of the total amount of hot steel 
strip listed above, 75% could be produced 
more economically. A considerable fraction of 
the total production could be transferred from 
large integrated steelworks to mini-steel- 
works. The forming properties of 21% of this 
total are difficult or critical. Further develop- 
ment work is needed; in particular, the alloy 
compositions of these materials must be 
matched to the new casting-rolling processes. 
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Figure 6.105: Consumable electrode remelting: a) Elec- 
trode = metal to be remelted; b) Electrode surface heated 
above mp; c) Metal droplets; d) Remelting environment 
(vacuum, liquid slag, plasma); e) Liquid metal pool; f) 
Surface of liquid metal pool; g) Crystallizer (water-cooled 
mold); h) Remelted ingot; i) Mushy zone; j) Liquidus iso- 
therm; k) Solidus isotherm; 1) External environment (vac- 
uum, air, inert gas), m) Solidification direction; n) 
Inclusion in liquid pool. 


6.3.5.3 Consumable Electrode 
Remelting Processes 


Remelting processes are used for upgrading 
the quality of steels and Fe-, Co-, and Ni- 
based superalloys; conventionally made 
metal bars are transformed, by simultaneous 
remelting and resolidification, into new mate- 
rials with superior properties. 


Remelting Processes 


Figure 6.105 outlines the remelting process 
for steel and superalloys. The metal to be re- 





Steel 


melted is first produced by primary melting, 
secondary refining, and casting processes, in- 
cluding vacuum induction (VIM) and plasma 
melting and casting. It is introduced into the 
remelting process as a so-called “electrode”, 
which is normally shaped by direct ingot cast- 
ing, with or without subsequent rolling or 
forging, or by continuous casting. Compound 
electrodes, such as bundles of bars or continu- 
ously cast billets may be used, as well ‘as sev- 
eral individual electrodes to be remelted 
simultaneously. Addition of deoxidizers or al- 
loying elements (e.g., Al wire, Ti strip, high- 
nitrogen alloy compacts) to an electrode, to 
form a compound electrode, is common. 


The electrode is heated at one end above 
the liquidus temperature so that liquid metal 
droplets are formed. These fall through the re- 
active environment of the remelting zone to 
the liquid metal pool, the surface of which is 
also heated above the liquidus temperature. 
The liquid metal pool is confined by a heat-ex- 
tracting crystallizer, usually a water-cooled 
copper (or steel) mold. Heat extraction causes 
the liquid pool to solidify slowly into a new in- 
got, the “remelted ingot”. A “mushy zone" is 
maintained between the pool and the fully so- 
lidified ingot. f 


The remelting rate dim,/dt of the elec- 
trode(s) practically equals the mold-filling 
rate dm;/dt of the remelted ingot. This rate is 
one or two orders of magnitude smaller than in 
conventional ingot or continuous casting. À 
typical value for round remelted ingots of di- 
ameter D; is: 


dmi/dt = (1000 kgh^!m'^)D; 


A typical ingot for the rolling mill of mass 
3000 kg and diameter 0.5 m thus needs a re- 
melting time of 6 h, a big forging ingot 
(180 000 kg, 2.4 m) needs 75 h; the time is fur- 
ther increased by the necessary “hot topping” 
at the end of remelting. 


General Aims of Remelting 


Ingot Structure. One aim of remelting is im- 
provement of ingot structure and homogeniza- 
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tion of longitudinal and transverse mechanical 
properties. 

Conventionally cast ingots and strands 
have a predominant direction of solidification, 
from the surface to the center, with consequent 
voids and center segregations. To achieve ho- 
mogeneous and acceptable mechanical prop- 
erties, high reduction during hot forming is 
necessary, which limits the final dimensions 
of the finished products. Because of their low 
solidification rate, remelted ingots solidify 
mainly from the bottom to the top (Figure 
6.105), which presents center voids and segre- 
gations and leads to an extremely sound and 
homogeneous ingot structure. Less reduction 
is necessary to achieve a sound product, which 
increases the final dimensions attainable with 
a given hot forming device (rolling mill, 
forge). 


Cleanliness. The second aim of remelting is 
the improvement of metal cleanliness, two 
mechanisms being effective: 


e The heated metal surfaces and the droplets 
react with the reactive environment. If the 
reactive environment is high vacuum, de- 
gassing and vacuum deoxidation reactions 
take place, lowering the content of hydro- 
gen, oxides, nitrides, and volatile metallic 
residual elements (Cu, Pb, Zn, etc.); if it is 
reactive slag, complex deoxidation, denitro- 
genation, and desulfurization take place, to- 
gether with retention of inclusions from the 
electrode in the slag. 


e Large inclusions, finding their way into the 
liquid pool, have time to rise slowly to the 
top, where they are eliminated by various 
mechanisms. By reaction with the liquid 
metal, many of the rising inclusions are re- 

: duced in size; below a certain particle diam- 
eter rising stops, and these inclusions are 
retained in the solidifying matrix. The re- 
melted ingot has not only a lower total 1n- 
clusion content, but the maximum inclusion 
size of the remaining inclusions 18 much 
lower than in the electrode material. 


Other Aims. Through the introduction of re- 
melting, these processes have often had the 
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special aim of making products previously not 
possible by conventional means. Àn important 
application 1s the production of high-nitrogen 
steels, with high-pressure nitrogen (e.g., 5 
MPa) as the remelting environment. Another 
application 1s production of sound hollow in- 
gots of steels which are difficult to hot-work, 
by remelting multiple electrodes into a com- 
mon annular mold. 


Remelting Apparatus 


Table 6.13 lists the main processes. Most 
units for general applications are ESR units, 
followed by VAR units, EBR, PESR, VADER, 
and PAR are used for special applications. De- 
tails of remelting apparatus construction (elec- 
trode feeding; round, square, rectangular, and 
hollow molds; ingot withdrawal, slags; alloy 
addition devices; automation, etc.) and other 
processes are given in the references [159— 
166]. 


Results and Applications 


The high cleanliness of remelted steels 
makes them useful for surgical implants, 
highly polishable pressing sheets for laminate 
production, etc. The homogeneity of mechani- 
cal properties 1s good for thick products of ul- 
trastrength structural steels, tool steels, etc. 


Table 6.13: Consumable electrode remelting processes. 
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The soundness of the ingot allows large forg- 
ings, up to 100 t or more, to be made from a 
much smaller ingot, compared with the con- 


ventional route. Some high-temperature alloys ` 


exhibit improved forgeability. High-nitrogen, 
fully austenitic PESR steels are used for pro- 
duction of large, nonmagnetic retaining rings 
for electrical power generators. Further appli- 
cations are listed in [159—166]. 


During the last decade, steady improve- 
ments in conventional melting and casting 
technologies regarding cleanliness and sound- 
ness have taken over many applications; the 
more economic route of melting, secondary 
refining, and continuous casting is favored 
over remelting processes. For sound ingots of 
up to a few tonnes, the powder metallurgy 
route has become a competing, albeit more ex- 
pensive process. 


6.3.5.4 Cast Steel and Cast Iron 


Cast Steel 


Many grades of steel, of various composi- 
tion, are suitable for casting. The carbon con- 
tent can be as high as 2%, but is usually 0.02— 
:0.4%. Casting consists of pouring into refrac- 
tory molds, and allowing to solidify. 


Process Name Energy input Remelting environment External environ- References 
ment 
ESR electro-slag high-currenta.c.(or liquid slag of CaF,—CaO- air or inert gas [159, 162, 
remelting d.c.) resistance heat-  ALO, or similar type, 163] 
ing of liquid slag heated above metal mp 
VAR vacuum arc high-current d.c. arc ` low-vacuum plasma high vacuum [160-163] 
remelting between electrode 
and pool surface 
EBR electron-beam high-voltage elec- high-vacuum plasma high vacuum [160, 162, 
remelting tron beams hitting 164] 
electrode tip and 
pool surface 
PESR pressure electro- see ESR see ESR high-pressure inert [165] 
slag remelting gas. mostly №, 
plus additions 
VADER vacuum arc double- high-current d.c. arc vacuum plasma vacuum [161-163] 


electrode remelting between two elec- 
trodes 


PAR plasma arc 
remelting d.c. or a.c. plasma 


burner(s) 





plasma beams from ` plasma gas 


vacuum, normalor [162, 166] 
high-pressure inert 
or reactive gas 


Steel 


In the production of steel castings, all types 
of molds and casting processes are used, in- 
cluding hand- and machine-made molds, shell 
molds, and ceramic molds. Other processes in- 
clude precision casting by the lost wax pro- 
cess, the full mold process, and centrifugal 
casting. Castable steel is melted by methods 
similar to those for rolling and forging steel, 
mostly in electric arc furnaces lined with a ba- 
sic refractory, and, less commonly, in induc- 
tion-heated, crucible furnaces. The processes 
of secondary metallurgy in oxygen/argon con- 
verters or specially designed gas-purged ladles 
are increasingly important. 


In Germany, of all the crude steel produced, 
0.6% is cast. The proportion is similar in other 
industrialized countries. 


Cast Steel for General Applications. These 
materials are used for components intended 
for use between —10 and 300 °C, which are 
subject to moderate dynamic and impact 
stresses, e.g., parts for general machinery, 
wheels and wheel bearings, rolling equipment, 
and ships’ anchors. The most common mate- 
rial in this group is mild steel, though some 
low-alloy steels are also used. Steels with a 
low carbon content have good welding proper- 
ties, which has ensured a wide range of appli- 
cations for steel castings. It is common to 
improve the welding properties by reducing 
the carbon content, and to compensate for this 
by increasing the manganese content. 


Figure 6.106 shows the temperature depen- 
dence of the mechanical properties of unal- 
loyed cast steel. 


Cast Steel for Special Applications. Cast 
steel was formerly at a disadvantage compared 
with forged and rolled steel for welded con- 
struction, in that high-strength grades with ad- 
equate welding properties were unavailable. 
Metallurgical advances in steel production, es- 
pecially secondary metallurgy, have enabled 
the production of steels which, after casting 
and heat treatment have tensile strengths of ca. 
800 N/mm?. They are thus equivalent to rolled 
and forged steels, and can be welded to them 
(Figure 6.107). 
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Figure 6.106: Mechanical properties of unalloyed cast 
steel as a function of temperature: a) Tensile strength; b) 
0.2% yield strength; c) Flexural fatigue strength; d) Con- 
striction; e) Elongation; f) Notched impact strength. 
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Figure 6.107: Correlation between fracture strain and ten- 
sile strength of tempered cast steel compared with rolled 
and forged steels: a) Steel values from DIN 17200; b) 
‘Tempered structure; c) Mixed structure; d) Ferritic-peari- 
itic structure. — = Cast steel valves from Steel Castings 
Handbook; mmu = Experimental cast steel valves. 

With these properties, the high-strength 
weldable and castable grades of steel now 
available are suitable for welded designs in 
many areas of engineering. Grades suitable for 
turbines and steam power stations can be used 
to make castings up to 100 t. 

Alloying costs are not high, but they need 
to have a carbon content of ca. 0.296 for good 
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welding properties. To ensure that compo- 
nents of all types will have the properties de- 
sired, including welding ` properties, 
martensitic and lower bainitic structures must 
be produced, for uniform strength and tough- 
ness. 


For plain carbon steel castings, the limit of 
the wall thickness for through-tempering is ca. 
20 mm. By the use of suitable alloying ele- 
ments, this can be extended to ca. 500 mm, al- 
though the welding properties are somewhat 
affected. 


Hot-strength, low-temperature, and stain- 
less grades of cast steel, including austenitic 
and duplex steels, are produced in a similar 
way to the rolling and forging steels. 


The tendency of low-temperature nickel 
steels to give a coarse-grained structure on so- 
lidification makes them less suitable for cast- 
ing. It is, therefore, recommended that Cr-Mo 
or Ni-Cr-Mo alloy steels should be used, if 
possible. 


Typical grades of steel for casting have heat 
and abrasion-resistance properties which can- 
not be matched by rolling and forging steels. 


Cast steel is regarded as a high-temperature 
steel if it effectively resists the scaling effect 
of gases at > 600 °C. Heat-resistant steels can 
be divided into ferritic and austenitic grades, 
and alloys based on nickel and cobalt. Ferritic 
steels are alloys containing 7-2896 Cr and 
1.7% Si, and austenitic steels contain 18-30% 
Cr and 10-37% Ni. High-temperature steels 
(Figure 6.108) are used for components that 
are highly stressed, both thermally and me- 
chanically, and are subjected, either continu- 
ously or intermittently, to corrosive gases at 
ca. 600-1150 °C. These materials have made 
the continuous operation of industrial furnaces 
an economic possibility. Other areas of use in- 
clude ore treatment (roasting furnaces), and 
the cement, petroleum, and petrochemical in- 
dustries. Heat-resistant cast steel is used for 
valve cages, and combustion chambers in die- 
sel engines. 
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Figure 6.108: High-temperature cast steel for working 
temperatures above 540 ^C. — = б, 0693 — = будоо 000: 
—— = DVM (Deutscher Verband für Materialprüfung 
der Technik) creep limit. 
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Figure 6.109: Structure of cast hard manganese steel as a 
function of cooling rate. 


Cast hard manganese steel (Figure 6.109), 
which contains 1.0-1.4% C and 12% Mn, was 
first described in 1888, and has retained its im- 
portance up to the present day. In order to de- 
velop its maximum  abrasion-resistance 
properties, a cold-hardening process is re- 
quired, e.g., by impact or pressure working, 
which can increase the hardness of the abra- 
sion-resistant surfaces from 250—300 to 500 
HB (Brinell hardness scale). Good toughness 
properties. can be produced by a solution an- 
nealing process at 1050?C, with water 
quenching. 

Hard manganese steel is unsatisfactory un- 
der conditions of abrasive wear without im- 
pact and pressure work hardening, as under 
these conditions no cold hardening occurs. 
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Figure 6.110: Structure zones of cast iron. 


Tempering steels are used where compo- 
nents and workpieces undergo mainly abra- 
sion, but are also subjected to impact stress. 

Abrasion-resistant cast hard chrome steels 
have the highest abrasion resistance of all cast 
steels. They contain 2.5-3.5% C and 15-27% 
Cr, and attain their highest abrasion resistance 
after hardening at 900-1050 °C, with either 
accelerated or static air quenching. This group 
has the lowest toughness of all the abrasion- 
resistant materials. Components made of this 
material must not be subjected to transverse 
stress. Hard chromium steel is used under con- 
ditions of predominantly frictional abrasion, 
and where impact and pressure stresses are 
small. ` 


Cast Iron 


Cast iron includes iron carbon alloys with 
carbon content са. 2.8-496. The carbon is for 
the most part not chemically bonded to the 
iron, but is present in elemental form. 


Gray Iron. Cast iron with flake graphite, also 
known as gray iron, is an iron-based material 
in which the carbon is nearly all in the form of 
microscopic graphite flakes with a ferritic— 
pearlitic structure (Figure 6.110). In Germany, 
this material falls under the DIN 1691 stan- 
dard, which specifies tensile strengths of 150— 
350 Nimm?) In the United Kingdom, BS 1452 
applies, and in the United States, ASTM A48. 

Formation of the graphite and its primary 
structure, and hence the strength and hardness 
of the product, depend very much on the cool- 
ing and solidification rate, and hence on the 
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wall thickness. However, heat treatment of 
gray iron is not normally practicable, so this 
relationship is less important than the correct 
choice of chemical composition. For gray iron 
components, the design can only specify the 
wall thicknesses and the required strength the 
choice of chemical composition must be left to 
the foundry. 


Cast iron is poured at ca. 1300—1450 °C. 
When molten, it can completely fill compli- 
cated thin-walled molds, reproducing pattern 
details exactly. Other important characteristics 
include its property of damping vibration, its 
good resistance to corrosion by weathering, 
and its good machining properties. 


The amount of cast iron exceeds that of all 
other cast materials; ca. 40% is used in the au- 
tomobile industry. Other applications include 
mechanical engineering, the building industry 
(radiators, boilers, sanitary ware, pipes), 
chemical plant, shipbuilding, and mining. The 
former demand by steelworks for cast iron in- 
got molds has been greatly diminished by the 
introduction of the continuous casting process. 


Spheroidal Graphite (SG) Cast Iron. In 
spheroidal graphite, also known as ductile iron 
or nodular iron, the free graphite in the fer- 
ritic-pearlitic matrix is almost completely in 
spheroidal form. This is achieved by treating 
the melt with magnesium. The formation of 
spheroidal graphite gives very good ductility, 
unlike the brittle properties of gray iron. 

This material, first produced in 1948, is 
now the subject of the German DIN 1693, BS 
2789 in the United Kingdom, and ASTM A 
536 in the United States. Its hardness can be 
increased by heat treatment and tempering. Its 
mechanical and physical properties place it 
between lamellar cast iron and cast steel, 
though it more closely resembles cast steel. 


A large consumer of SG iron is the gas and 
water pipe industry, which produces centrifu- 
gally cast pressure pipes and special pieces 
(elbows, Y-pieces, T-pieces, etc.) The auto- 
mobile and general engineering industries 
have an even greater and increasing demand. 
Rollers, ingot molds, and heavy, thick-walled 
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storage containers for the disposal of radioac- 
tive waste are manufactured from SG iron. 

A. special development, austempered duc- 
tile iron (ADD, also known (somewhat inap- 
propriately) as “bainitic cast iron, has 
interesting mechanical properties. When its 
tensile strength is 900 N/mm?, its breaking 
elongation is 5~12%; when its tensile strength 
is 1400 N/mm’, its breaking elongation is 1— 
2%. These materials also have very good 
abrasion properties. The bainitic hardening is 
carried out in a salt bath at ca. 300—500 °C for 
20 min to ca. 2 h. As yet there is no standard 
specification in Germany, the United States, 
Tapan, or Sweden. A European standard is in 
course of preparation. 


Cast Iron with Vermicular Graphite. In this 
type of cast iron, the graphite that separates 
out is mainly in vermicular form. The connec- 
tion between this type of cast iron and the min- 
eral vermiculite, a magnesium aluminum 
silicate, is only conceptual. On heating and ex- 
panding, vermiculite swells up to worm-like 
shapes (Latin: vermis, worm). Expanded ver- 
miculite is used in the building industry as a 
sound, and thermal insulator, and has no con- 
nection with cast iron. 

The basic structure of cast iron with ver- 
micular graphite can be ferritic, pearlitic, or a 
mixed structure. The mechanical properties of 
the material lie somewhere between those of 
gray iron and SG iron. Vermicular graphite has 
been known since the discovery of spheroidal 
graphite in 1948. Any vermicular graphite in 
the SG iron structure was regarded as having a 
harmful effect on properties. Its occurrence in- 
dicated the presence of troublesome elements 
(principally titanium), which limited the for- 
mation of spheroidal graphite if the standing 
time of the melt was inadequate or excessive. 
This led to fading of the effects of the magne- 
sium treatment, and imperfect formation of 
the graphite in the interior of thick-walled SG 
iron castings. 

There is no German standard for this mate- 
nial, but local standards exist. 


Alloyed Cast Iron. The properties of cast iron 
can be modified within wide limits by adding 
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elements such as nickel, chromium, manga- 
nese, copper, and silicon, which change the 
metallic structure. Corrosion-resistant and 
high-temperature grades are used, e.g., in the 
chemical industry, in furnaces, and in the auto- 
mobile industry. The cryogenics industry uses 
low-temperature grades that do not become 
brittle at temperatures far below 0 °С. The 
electrical industry has wide-ranging require- 
ments for nonmagnetic materials, and maten- 
als with high electrical resistivity. 


In Germany, these materials are covered by 
DIN 1694 (austenitic cast iron) and DIN 1695 
(abrasion-resistant alloyed cast iron), in the 
United Kingdom by BS 3468, and in the 
United States by ASTM A439. 


White Cast Iron and Roll Casting. In these 
special grades of cast iron, the carbon in the 
structure is not graphite, but iron carbide. 
White cast iron is extremely resistant to abra- 
sion by frictional and grinding effects. These 
grades are used in a wide range of rolling op- 
erations, and in grinding and mixing pro- 
cesses. As these materials are normally not 
heat treated, the mechanical properties depend 
only on the chemical composition, even for 
very heavy and thick-walled components 
(rolls). 


Malleable Iron. Malleable iron castings ac- 
quire their special properties by a tempering 
heat treatment. Malleable iron is formed from 
an iron-carbon alloy (DIN 1692) whose 
chemical composition is such that, after solidi- 
fication, the carbon in the metallic structure of 
the casting is not free graphite, but chemically 
combined as iron carbide, Fe,C. In this condi- 
tion, the material is hard and brittle, and al- 
most useless. The tempering process causes a 
transformation of the white iron by decompo- 
sition of the iron carbide at the high tempera- 
ture used. Elemental carbon is precipitated, 
and is then present in the structure as compact 
nodules or flakes. 


Depending on the heat treatment, two types 
of malleable iron can be produced: “white 
heart” malleable iron in which the heat treat- 
ment removes the carbon (Figure 6.111), and 


Steel 


“black heart” malleable iron in which it does 
not. 


Malleable iron can be produced only in 
castings of limited mass and wall thickness. 
Mass varies between a few grams and ca. 100 
kg. The good machining properties and espe- 
cially the uniformity and consistency of the 
useful properties of malleable iron make it 
highly suitable for production foundries. ` 


Most of the malleable iron castings pro- 
duced (65%) go to the automobile industry. In 
second place comes the building industry (fit- 
tings and pipe connectors). Other consumers 
include the general engineering and electrical 
industries, and manufacturers of locks. 
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Figure 6.111: Distribution of carbon and development of 
the structure in white heart malleable iron of various wall 
thicknesses. 


Melting of Cast Iron. The oldest and most 
widely used melting furnace in iron foundries 
is the cupola furnace. It was developed from 
the early charcoal furnaces, which were some- 
times provided with a cover to keep off snow 
and rain. 


The modern cupola furnace is a shaft fur- 
nace with height approximately six times its 
diameter. The inside diameter is ca. 800-3000 
cm. Most cupola furnaces have melting capac- 
ities of 6—12 t (Figure 6.112), but the largest 
cupola furnaces produce 80 t/h. Pig iron, al- 
loying elements, scrap castings, and steel 
scrap, together with coke (the fuel) and lime- 
stone to liquefy the slag and combine with the 
sulfur in the coke, are all charged in weighed 
batches into the cupola furnace. 
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Figure 6.112: Iron temperature and melting rate as a func- 
tion of air blast and available carbon for a cupola furnace 
with specific cross-sectional area 1 m^. 

The cupola furnace consists of a strong cy- 
lindrical steel sheet outer cover, lined with a 
thick layer of refractory bricks and rammed 
refractory material. In the bottom part of the 
furnace shaft, ring-shaped nozzles (tuyéres) 
blow air into the incandescent layers of coke, 
iron, and other materials. 

In the melting zone, the metallic raw mate- 
rials, selected so that the molten cast iron has 
the desired composition when it flows from 
the furnace, are mixed. Molten cast iron at ca. 
1500 *C and molten slag are then tapped from 
separate openings into separate containers. 
The cast iron is usually collected in a large, re- 
fractory-lined holding vessel in front of the 
cupola furnace. The casting ladles can then be 
filled from this as required. The slag flows 
into a cast iron skip, and, after solidification, is 
disposed of on a waste tip. It is sometimes 
granulated by adding water, or is used to pro- 
duce slag wool, used as an insulating material. 

Modern cupola furnaces use the hot blast 
system, in which the combustion air is pre- 
heated and sometimes enriched with oxygen. 
This increases the temperature and melting ca- 
pacity. 

In another type of cupola furnace, firing is 
by gas or oil. The furnace is provided with 
burners instead of tuyéres. The column of 
metal is supported in the shaft by a water- 
cooled grate, located above the burner zone. 
Ceramic spheres on the grate increase heat 
transfer by convection, and the molten iron 
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passes over these and dnps into the hearth. 
The cupola furnace is an economic method of 
melting large amounts of iron of constant or 
slightly varying composition. The molten iron 
can be continuously removed from the fur- 
nace. To an increasing extent, induction cruci- 
ble furnaces are used in iron foundries, usually 
operating at mains frequency (50 Hz) with 
iron capacities up to 80 t, although most are in 
the range 3—25 t. Furnaces of this type do not 
absorb electrical energy when empty, and ab- 
sorb very little when charged with material in 
small pieces, because no appreciable induced 
current is produced under these circum- 
stances. Hence, low-frequency crucible fur- 
naces must always have a quantity of molten 
metal in the furnace (2596 of the total crucible 
capacity). To start up the furnace, a precast 
starting block that matches the shape of the 
crucible is placed in the crucible by means of a 
crane. 


Medium-frequency induction crucible fur- 
naces, operated at 500-1000 Hz, are similar to 
the mains frequency furnaces, except that their 
Capacities are considerably less for electrical 
reasons. Medium-frequency furnaces are used 
if rapid melting and heating, melting without 
starting blocks, or frequent changes of metal 
grade are required. 


6.4 Forming 


Metals, including steel, can be subjected to 
plastic deformation in the solid state by the ap- 
plication of external forces, i.e., they can be 
formed into new permanent shapes. Here, the 
term "forming" or “metal forming" means the 
intentional and controlled change of the geom- 
etry of a workpiece, usually from a simple ge- 
ometry to a complex one with regard to the 
shape, size, accuracy and tolerances, appear- 
ance and properties. The mass, composition, 
and state of the material remain unchanged. If, 
however, the plastic limit is exceeded so that 
the change in geometry is not controlled, 
forming with defects occurs, and the desired 
product is not obtained. 
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For many applications, the products of hot 
rolling are unsatisfactory, e.g., with respect to 
cross section, surface quality, dimension al ac- 


curacy, and general finish, so that cold rolling ^. 
is necessary, i.e., reduction of the thickness of : 


the hot-rolled strip between two working rolls 
without additional heating. Cold rolling of 
steel is mainly used in the production of light- 
section, thin sheet, and stainless steel sheet of 
thickness 0.1—3.0 mm. 


The production cycles in a cold rolling mill 
differ considerably from those in a hot rolling 
mill. The raw material is first descaled, rolled, 
and then heated. Further steps are slitting, 
coiling, inspection, skin-pass rolling and 
packing. 


6.4.1 Pickling 


Hot-rolled steel sheet always has a layer of 
scale of variable structure on its surface, de- 
pending on the hot rolling conditions (Figure 
6.113). The method of descaling depends on 
the composition of the scale. For high-grade 
steels, chemical descaling is carried out in hy- 
drochloric or sulfuric acid, while stainless 
steels are normally pickled in a nitric acid 
mixture. Purely chemical descaling is often a 
long process, but it can be accelerated by pre- 
liminary mechanical descaling, e.g., stretch- 
ing, leveling abrasive blasting, or rolling. 
Effective descaling requires the scale to be 
broken down. 

Pickling is carried out in continuously op- 
erating plants (Figure 6.114). There are usu- 
ally two pay-off reels from which the strip is 
tun. It is first cut by cropping shears to form 
the beginnings and ends of the strips, and the 
start of the band is machine welded to the end 
of the previous band. Great care must be taken 
in the production of the weld bead, as this is 
rolled in the cold rolling mill, and must not be 
torn off. So that the actual pickling process 
can take place continuously during this inter- 
ruption to the flow, there is a storage looper 
between the welding machine and the pickling 
plant. After welding, the storage looper is re- 

filled at ca. 2.5 times the pickling speed. 
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Figure 6.113: Structure of the scale layer on hot-rolled 
unalloyed or low-alloyed steel: A) Coil temperature ca, 
570 *C; B) Coil temperature са. 750 °С. 


Before the actual pickling process, there is 
usually a stretcher bend-leveling device which 
also causes mechanical descaling. This pre- 
liminary descaling is very important, as there 
must be a certain percentage of free iron sur- 
face in the pickling bath, so that pickling can 
start. Normal steels are usually pickled in 20— 
25% sulfuric acid at 95-100 °C, or 15-20% 
hydrochloric acid at 60—70 °C in three or four 
fully enclosed pickling baths. For strip speed 
240 m/min, the dwell time in the bath is са, 
20-30 s. The pickling time depends not only 
on the steel composition and hot rolling condi- 
tions, but is also a function of acid concentra- 
tion, temperature, and concentration of 
(ron) salt, which increases as the dissolution 
of scale proceeds, 


The chemical reactions during pickling are 
described in the literature [175-179]. Individ- 
ual pickling reactions are given in Table 6.14. 


Table 6.14: Pickling reactions. 


Fe, + Fe + 3H,SO, — 3FeSO, + 3H,O 
Ее,О, + Fe + 4H,SO, — 4FeSO4 + 4Н,О 
FeO + H,SO,—> FeSO4« H,O 
Fe + H,SO,— FeSo4+ H, 


Fe;O, + Fe + 6HCI — 3FeCI, +3H,0 
Fe,O, + Fe + 8HCI 2 4FeCl, + AH.O 
FeO + 2HCI—> FeCl,+ HO 
Fe + 2HCl— FeCl,+ H,O 
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As the area of the clean steel surface in- 
creases, the pickling time decreases until a 
point known as the critical free surface is 
reached. For hydrochloric acid, this is ca. 
15%, and for sulfuric acid, ca. 294. 

After leaving the acid baths, the strip is 
washed, dried, oiled, and coiled to form Tolls 
of the required mass. The storage looper com- 
pensates for interruptions to the process. All 
pickling plants are provided with trimming 
shears, normally located at the exit, though in 
some plants at the inlet. 

The used acid can be regenerated, in the 
case of sulfuric acid by precipitating iron sul- 
fate as its heptahydrate in a crystallizer (see 
Section 5.20). 

Hydrochloric acid can be regenerated by 
decomposing the iron chloride to hydrochloric 
acid and iron oxide, by a spray process at 
450 °C, or in a fluidized bed at 850 °С [180]. 


6.4.2. Rolling 


_ After pickling, the descaled hot-rolled strip 
is cold rolled, reducing its thickness (1.5—5 
mm) by up to 90%. Many types of stands are 
used in the production of cold-rolled strip, 
e.g., two-high, four-high, or larger. In revers- 
ing stands, one roll pass can be immediately 
followed by another by reversing the direction 
of the rollers. Reversing stands with many 
rolls exert a high pressure on the strip because 
the diameters of the working rolls are small. 
These stands are therefore mainly used for 
steels with work-hardening properties, e.g., 
stainless steels and electric sheet steels. 

Some 4-6 four-high stands can be installed 
one after the other to form a so-called tandem 
cold rolling mill (Figure 6.115). These mills 
have the advantage that the strip reaches its fi- 
nal thickness by going in one pass from the 
Pay-off reel through all the stands. Strip 
speeds at the exit can reach 2400 m/min. 

The gap is lubricated with an oil-water 
emulsion to enable a high degree of deforma- 
Чоп (thickness reduction) to be achieved at 
high rolling speeds. The oil provides lubrica- 
tion, and the water absorbs the heat produced 
in the rolling process. 
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Figure 6.114: Continuous pickling plant: a) Cropping she 
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shears; i) Take-up reel; j) Exit hooper, k) Entry looper, 1) Pay-off reel. 
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Figure 6.115: Six-stand tandem cold rolling mill. 


Furnace 










Protective 
hood 
Combustion 
chamber 
temperature 
measurement 
Convector 
Coldest point 


Burner 
Radiation 
barrier 
Base plate 
| . Temperature 
Circulating control 
fan 


Furnace 













Protective 
casing casing hood 


Conduction of ` 
heat info coil 


Heat transfer 
to the edges 
of coil 


Enthalpy 
transport 
through gas 
Heat transfer 
fi through 
protective hood 
and outer 
casing 

Gas inlet and 
convection 


Convection of 
protective gas 


Figure 6.116: Hood furnace with heat transfer and gas flow indicated. 


Experiments have shown that it is not pos- 
sible to change the profile in a cold rolling 
mill, so the hot-rolled strip profile must be 
produced to close tolerances. If the shape of 
the gap between the rolls does not correspond 
to the profile of the strip being rolled, flatuess 


defects can occur (differences in the length of 
individual fibers) [181]. | 

The control elements usually used to adjust 
the flatness are: 


Steel 


e Curved working rolls, both positively and 
negatively. Gap correction up to 180 um can 
be achieved. 


e Adjustable intermediate rolls. This system 
requires six stands. 


e Thermal changes to the crowning of the roll. 
The degree of thermal expansion of the roll 
body can be changed locally by adjusting 
the cooling, but this can only produce ex- 
tremely small changes. 


e Continuously variable crown systems (uni- 
versal profile control). The rolls can be ad- 
justed to produce a convex or concave gap; 
the range of control here is ca. 400 um. 

With the aid of precisely controlled strip 
tensions between the stands and highly devel- 
oped measuring and automation technology, 
it is possible to provide a gap shape appropri- 
ate for the shape of the strip. With this system, 
flat cold-rolled strip with thickness variations 
of only a few thousandths of a millimeter and 
high-quality surface finish can be produced. 

Cold rolling causes work-hardening of the 
steel. This is reduced by an annealing stage. 


, 


6.4.3 Annealing 


The cold-rolled coiled strip is stacked in a 
hood furnace for annealing (Figure 6.116). 
The combustion chamber is heated by oil or 
gas burners. The heat passes through the pro- 
tective hood into the space where the steel 
coils are stacked. A circulating fan provides as 
uniform a temperature distribution as possible. 
The atmosphere in conventional plants is usu- 
ally HNX gas (a nitrogen-hydrogen mixture 
in which the hydrogen content is close to the 
flammability limit). 

The heat passes into the coils through their 
outer edges, so that these areas are always hot- 
ter than the inner windings, especially during 
heating up. 

This heat treatment causes the organic resi- 
dues of the emulsion to burn off without leav- 
ing a residue, in accordance with the reactions 
given in Table 6.15 (182-184]. The strip is 
then heated to the recrystallization tempera- 
ture, and annealed under the protective gas at 
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ca. 700 *C. This treatment produces a com- 
plete recrystallization of the cold-rolled steel. 
The coils are cooled by removing the outer 
casing. As the annealing space is then hotter 
than its surroundings, heat passes out of the 
protective hood in tbe reverse direction. The 
outer windings of the coil cool more quickly 
than the inner windings. If the cooling is too 
rapid, tensions due to shrinking occur, and 
these can cause diffusion welding of the wind- 
ings (stickers). 


Table 6.15: Annealing reactions. 


СО, +С = 2CO Boudouard reaction 


CO + H,O = СО, +H, Water gas reaction 

Fe +xCO, = FeO, +xCO Oxidation of iron due to 
CO,/Co ratio 

Fe + xH,O = FeO, + xH, Oxidation of iron due to 
Н,О/Н, ratio 


C+2H, = CH, Methane reaction ` 


HNX —-:—— Hottest point 
------ Coldest point 


Н, —— Hottest point 
— -—— Coldest point 
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Figure 6.117: Comparison of annealing times in a hood 
furnace under HNX and H, atmospheres. 


Annealing in this type of furnace was for- 
merly very slow. Another serious limitation 
was the limited rate of cooling attainable, so 
that certain grades of steel were very difficult 
to produce in this furnace. An annealing pro- 
cess in a 10096 hydrogen atmosphere with im- 
proved convection has been developed in 
recent years. This gives shorter annealing 
times (mainly owing to the rapid cooling), and 
more uniform mechanical properties. The hy- 
drogen easily diffuses into the coil windings, 
and its conductivity is a factor of seven 
greater. Moreover, the smaller H, molecules 
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enable more rapid circulation of the atmo- 
sphere (high convection, Figure 6.117). 

The continuous strip annealing process was 
developed in Japan in the 1970s (Figure 
6.118). At the feed end there are: a double- 
feeder pay-off reel, a welding machine, a 
cleaning zone, and a storage looper. (required 
if coils need to be welded together to give con- 
tinuous operation). The strip then passes 
through the heat treatment zone: heating 
chamber, annealing chamber, cooling unit, 
tempering zone, and second cooling chamber. 
These are followed by the exit looper, the skin 
pass mill, the side-cutting shears, the inspec- 
tion area, the cut-to-length line, and the dou- 
ble-coiling reel. As the treatment time for the 
material is short (ca. 10 min), the annealing 
temperature is higher than in the batch anneal- 
Ing process. 

There are four continuous annealing pro- 
cesses which compete worldwide, differing 
mainly in the cooling equipment used, and the 
cooling rates achieved [185]. 

The recrystallizing annealing process elim- 
inates the hardening produced by cold work- 
ing, but the mechanical properties of the 
annealed strip are poor: low tensile strength, 
low yield point, high fracture strain, etc. An- 
nealed thin strip has a marked upper yield 
point and a large extension at the lower yield 
point. 

There are two basically different annealing 
cycles for continuous annealing furnaces (Fig- 


Direction of strip ——» 





Figure 6.118: Continuous annealing plant: a) Pay-off reel; b) Strip cleaning; c) Entry looper; d) Heating zone; e) Temper- 
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ure 6.119). In the first, the strip is heated to the 
annealing temperature, held at this tempera- 


ture, cooled to the dwell temperature, held a 


again, and then cooled to room temperature. 
The other alternative consists of heating to the 
annealing temperature, cooling with gas jets to 
an intermediate temperature, and quenching in 
water to room temperature. The strip is then 
brought up to the aging temperature, and fi- 
nally cooled again to room temperature. Treat- 
ment at the aging temperature is not necessary 
for dual-phase steels. 

Quenching is produced by the rapid cooling 
of the strip in the continuous annealing pro- 
cess, so that the carbon remains in solution. 
For this reason, continuous annealing is very 
suitable for producing high-strength, dual- 
phase, and IF (interstitial-free) steels. 


6.4.4 Skin-Pass Rolling 


As stated above, the annealed material must 
be rolled (skin-pass rolling) to prevent flow 
lines owing to the distinct upper and lower 
yield points. This also produces the roughness 
which customers require. This is of great im- 
portance for deep drawing or coating the steel. 
For example, if complex deep-drawn parts are 
required, e.g., for automobile construction, the 
surface of the steel should be rough in order to 
retain the lubricant. Good coating properties 
require a surface with a large number of peaks, 
which should be randomly distributed. 





ing zone; f) Reheating zone; g) Cooling; h) Exit looper; i) Skin-pass rolling; j) Inspection/oil treatment; k) Take-up reel. 
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Figure 6.119: Heating cycles of continuous annealing. 


Various steel grades can be produced in 
these two annealing cycles. 


r 


6.4.5 Stainless Steels 


The processing of stainless steel in a cold 


rolling mill is quite different (Figure 6.120). ` 


Austenitic stainless steel behaves differently 
from ferritic stainless steel. The hot-rolled 
strip is first annealed. This is necessary be- 
cause, after the hot rolling process, the strip 
cools slowly, and carbon tends to precipitate at 
the grain boundaries, owing to its reduced sol- 
ubility at lower temperature. Annealing causes 
the carbon to go back into solution. Rapid 
cooling of the strip then prevents the carbon 
from precipitation by diffusion. Although the 
annealing time required to bring the carbon 
into solution is short for austenite, a long time 
is necessary for ferritic steels, so that batch an- 
nealing is necessary. In the continuous fur- 
nace, annealing is carried out in an oxidizing 
atmosphere to produce a scale with a high ox- 
ygen content, thereby assisting the pickling 
Process. This does not apply to high-grade 
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steels. The strip is then quenched, by air-water 

cooling. 

Annealing in the hood furnace is successful 
because of the increase in throughput obtain- 
able under the reducing atmosphere, Consid- 
erable increases in throughput have been 
achieved by the use of hydrogen, even though 
its concentration is only 25%. 

A high proportion of the scale is removed 
by abrasive blasting. Although the abrasive 
particles are mainly spheroidal, a high degree 
of roughness is produced. This must be re- 
moved by rolling, another cause of the high 
deformation strain in high-grade steel mills. 

Sodium sulfate is used in electrolytic pick- 
ling. The electrolytic pickle liquor is in effect 
self-regenerating. 

Conventional pickling is carried out with a 
mixture of nitric (12-1496) and hydrofluoric 
acid (2-494). Pickling temperatures are usu- 
ally 40-60 °C. Unlike sulfuric acid or hydro- 
chloric acid pickling solutions, regeneration is 
not possible, so that the spent acids must be 
rendered harmless and disposed off. 

_ After pickling, the strip is usually rolled on 
"Sendzimir" rolling mills (more rarely on 
four- and six-high stands). 

_ The strip is then annealed to convert the 
steel from the work-hardened state produced 
by cold rolling into a recrystallized and stress- 
relieved state, to enable further treatment of 
the strip to be carried out. 

Stainless steels are to an increasing extent 
being annealed in bright annealing plants 
[186], as this process enables the bright sur- 
face produced by cold tolling, and typical of 
special steels, to be retained (F igure 6.121). 

The strip is finally rolled again (skin-pass 
rolling). 


6.4.6 Future Developments 


The extent of automation in cold rolling 
milis has raised the possibility of linking the 
individual process Steps. For instance, at- 
tempts are being made to link the pickling 
stage with the tandem rolling operation. This 
requires the outputs of the two operations to 
match. In Japan, a cold rolling mill is being 
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operated in which pickling, rolling, and con- 
tinuous annealing have been combined, de- 
spite the fact that the outputs of the continuous 
annealing process and the rolling mill do not 


we Hot-rolled strip Her 


Austenite Ferrite 
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correspond. The maximum economic output 
of a continuous annealing plant is 800 000 t/a, 
while tandem rolling mills can easily achieve 
twice this production rate. 
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Figure 6.120: Flow diagram of a combined annealing/pickling fine. A = annealing, B = abrasive blasting; EP = electro- 


lytic pickling; CP = chemical pickling. 
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Figure 6.122: Surface coating in relation to other production processes. 


6.5 Surface Coating 


6.5.1 Introduction 


Technical developments in recent years 
have greatly increased the output of surface- 
coated steel strip. The demand for improved 
corrosion protect ion is not the only driving 
force. The properties of coated strip, such as 
the yield point, expansion properties, and cold 
workability needed to be improved before 
these products could be used, e.g., in the auto- 
motive industry. New processes had to be de- 
veloped to improve welding and paint 
application properties for large-scale indus- 
trial manufacture. These involved close coop- 


eration between the producers and consumers . 


of coated steel sheet. Within the steel industry 
the continuous surface coating processes used 
include hot dipping, electrolytic: techniques, 
vapor treatment, and coil coating. 

The status of surface coating in relation to 
other production processes within the steel in- 
dustry is shown in Figure 6.122. 

The design of surface coating plants for 
wide steel strip essentially consists of the me- 


chanical entry section, the process itself, and 
the exit section. The input and output sections 
are provided with pay-off reels, coiling reels, 
leveling machines, shears, welding machines, 
loopers, regulating and pulling rolls, etc. 

This equipment produces a continuous 
strip, and enables treatment to be carried out at 
constant strip speed, under stable process con- 
ditions. Inspection areas for quality assurance 
are usually situated at the exit end. 


As well as coated strip, the steel industry 


, also produces clad steel sheet. This is a com- 
posite material that combines the properties of 


a carrier material which is usually cheap (e.g., 
carbon steel) with those of a metal more suit- 
able for the conditions of use (e.g., corrosion- 
resistant steel). 


6.5.2 Hot-Dip Coating 


6.5.2.1 Plant and Processes 


In the hot-dip coating process, the steel 
strip is continuously passed through molten 
metal. Àn alloying reaction between the two 
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metals takes place, leading to a good bond be- 
tween coating and substrate. 

Cold-rolled wide strip is usually used for 
hot-dip coating, but this is contaminated with 
rolling lubricant emulsion and of abraded iron 
fines. To ensure a good bond between the 
metal coating and the substrate, the surface of 
the strip must be thoroughly cleaned before 
dipping in the molten metal. 

The important parts of the hot-dip coating 
process (Figure 6.123) are [187]: the continu- 
ous furnace; the treatment zone where the 
metal coating is applied; cooling and final 
treatment. 

Older plants usually have a horizontal con- 
tinuous furnace which comprises a directly 
heated preheating furnace and indirectly 
heated reduction and holding zones with re- 
ducing HAN, atmospheres, followed by cool- 
ing zones. In the preheating furnace, the strip 
is rapidly heated to > 550 °C, and is cleaned 
by burning off the oil emulsion residues. In the 
reduction and holding zones, the strip is 
heated to cause recrystallization or normaliza- 
tion, according to the grade of steel, to give the 
cold-rolled, work-hardened substrate material 
the desired mechanical properties. 

For normal grades of thin steel strip, tem- 
peratures are 700—750 °C, and for IF (intersti- 
tial free) steels > 800 °C. 

The strip is cooled in the cooling zones to a 
temperature slightly above that of the molten 


[— — — — Treatment 
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Figure 6.123: Hot-dip coating plant: a) Pay-off reel; b) Entry looper; c) Preheater; d) Reduction Zones; e) Holding zone; 
f) Cooling zones; g) Strip cooling; h) Nozzle; i) Molten metal bath; j) Skin-pass rolling; k) Final chemical treatment; 1) 


Exit looper; m) Take-up reel. 
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metal, with static cooling elements and rapid 
coolers. 


After leaving the continuous furnace, the 
cleaned and heated strip, under a protective 
gas, is fed by means of a so-called snout into 
the molten metal (Figure 6.124), which is con- 
tained in a heated metal or ceramic vessel. Im- 
mediately after this, jet processing is carried 
out by blowing a gaseous medium through a 
slit, of the same length as the width of the 
strip, onto the upper and lower sides of the 
strip. This enables different coatings to be pro- 
duced on the two sides. The coating thickness 
(7-45 um, or 50-300 р/т?) is a function of gas 
pressure, strip speed, nozzle-strip distance, 
nozzle aperture, jet angle, and the viscosity 
and density of the metal being removed. 


The thickness of the metal coating is con- 
tinuously monitored, and controlled by adjust- 
ments to the jet processing equipment. 


After jet processing, the liquid metal coat- 
ing passes through air cooling equipment, so 
that it solidifies before it comes into contact 
with the first roller that deflects it from the 
vertical. 


The strip then passes through more pro- 
cessing equipment. It is rolled in the finishing 
stand to improve its technical properties or to 
give a uniform surface appearance. The flat- 
ness of the strip 1s then improved by stretch- 
leveling equipment. 


equipment | 


Stretch leveling 





Exit section 


Steel 








Figure 6.124: Control of coating thickness: a) Coating 
thickness measurement; b) Jet processing nozzle (slit); c) 
Pass line roll; d) Stabilizing roll; e) Bottom roll. 

Further chemical treatment—chromate 
passivation and/or oil treatment, for temporary 
protection of the surface against *white rust" 
is sometimes carried out. 

In new plants (Figure 6.125), the continu- 
ous furnace is usually vertical, which reduces 


the number of contacts between the easily - 


damaged strip and the carrier rollers. These 
Plants also have alkaline cleaning equipment, 
with brushing and rinsing zones to remove 
both the emulsion residues and most of the 
particles of abraded iron. The preheater in 
these plants is usually indirectly heated, as the 
emulsion residues are removed in the alkaline 
cleaning. 


6.5.2.2 Other Coating Processes 


Up to the late 1960s, only zinc and alumi- 
num were used to coat steel. Corrosion resis- 
tance and working properties were later 
improved by using coatings based on a com- 
posite zinc-aluminum system. Table 6.16 lists 
the most important coatings, with composi- 
tions, coating thicknesses, and bath tempera- 
tures. 

Zinc in the presence of moisture provides 
cathodic protection of the steel substrate. This 
is effective, even in the region of the uncoated 
edges, up to a steel thickness ca. | mm. 
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Aluminum has a dense outer oxide layer 
which reduces loss rates in various atmo- 
spheres, and gives better corrosion protection, 
especially at higher temperatures. The zinc- 
aluminum combination is selected to give the 
best coating properties for each application. 


In the hot-dip zinc coating process, when 
the oxide-free steel surface is dipped, a multi- 
layer Fe-Zn diffusion zone is formed which is 
then covered with a layer of zinc on removing 
the sheet from the bath. In batch galvanizing, 
uncontrolled growth of the Fe-Zn layer leads 
to a thick and very brittle coating with several 
component layers (Figure 6.126) that does not 
readily undergo forming processes. On the 
other hand, a continuous zinc coating process 
involves short contact times between the strip 
and the molten zinc. Aluminum is added to re- 
duce the speed of the Fe-Zn reaction, leading 
to a relatively thin alloy layer. Compared with 
batch processes, this composite system per- 
mits an extreme degree of deformation with- 
out detachment of the coating. 


When the zinc coating solidifies, the well- 
known zinc spangle appears, caused by lead in 
the zinc bath (usually 0.10-0.15%). Hot zinc- 
coated thin strip with good forming and paint 
application properties must have zinc crystals 
that are as small and uniform as possible over 
the length and width of the strip. Crystal size 
can be controlled by nucleation or by the com- 
position of the bath. © 


Control of the number of nuclei by the in- 
troduction of foreign nuclei has been used for 
some years (Figure 6.127). Nuclei in the form 
of water, water vapor, water-soluble salts, or 
zinc dust are blown onto the liquid coating 
surface. The success of the operation depends 
on uniformity over the whole width of the 
strip. 

The third method of reducing zinc spangle 
is to reduce the lead content (Figure 6.128). As 
the solubility of lead in the zinc crystals is low, 
separate crystals tend to appear. If the lead 
content is < 0.05%, the crystals are hardly vis- 
ible macroscopically. 
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Figure 6.125: Hot-dip zinc coating plant at the Kawasaki Mizushima works: a) Exit section; b) Chromate passivation; c) 
Iron flash (electrolytic); d) Stretcher-roller leveling equipment; e) Measurement and control equipment; f) Skin-pass 
rolling; g) Zinc bath; h) Galvannealing furnace; i) Furnace; D Pretreatment, k) Entry section. 
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Figure 6.126: Coating structure, Fe content, and hardness of hot-dipped steel: A) Continuous galvanization; B) Batch 
galvanization. 
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Table 6.16: Composition and temperature of hot-dip coating baths and coating thicknesses produced. 








Coating Zn. 96 Al, 96 
Zinc coating 
Monogal | 99.5 0.12-0.30 
Galvannealed 
Galfan 95 5 
Galvalume 43.4 55 
Aluminum coating (type 1) 90 





©) 


Extraction | 





Zinc dust spray 





51%  Bathtemperature,°C Coating thickness, шп 


7-45 
450-480 7-15 

7-15 

420—450 7-25 

1.6 600-620 13-28 
10 660-680 17-45 


Figure 6.127: Control of crystal size in hot-dip zinc coatings by adding foreign nuclei: A) Zinc dust spray; B) Water—air 
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spray. 
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Figure 6.128: Zinc spangle diameter as a function of lead 
content of the coating bath. 

Steel strip coated with zinc on one side 
only, the other side having similar properties 
to those of cold-rolled strip, is required in 
small amounts by the automotive industry. 

Inthe process shown in Figure 6.129, liquid 
zinc is transferred to the strip under a nitrogen 
atmosphere by means of a carrier roll. In the 
Monogal process, the zinc coating is removed 
from one side of the strip by brushing in the 
opposite direction with a metal brush (Figure 
6.130), and is removed by a fume extraction 


system. A residual layer remains on the 
brushed side, consisting of ca. 10 g/m? mate- 
rial in the form of an Fe-Zn layer. The result 
resembles material that has been coated by ap- 
plying a hot melt to one side only. 





Figure 6.129: Coating steel strip on one side only (Nip- 
pon Steel) a) Furnace; b) N, atmosphere; c) Coating 
roller; d) Zinc bath; e) Stripping nozzle. 
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Figure 6.130: Hot-dip zinc coating by the Monogal pro- 
cess: a) Reverse-direction metal brush with zinc dust ex- 
traction; b) Nozzles; c) Zinc bath; d) Pass line roller. 


In the Galvannealed process (Figure 
6.131), on-line treatment of the strip is carried 
out immediately after zinc coating. After so- 
lidification, the coating (30-90 g/m?, 5-12 
шт) is heated briefly at 460-600 °C, induc- 
tively or with gas. This converts the zinc coat- 
ing to a penetrating Fe-Zn alloy layer, which 
should have Fe content 9-11 % for maximum 
forming properties. Compared with a pure 
zinc coating, Fe-Zn alloy coating gives im- 
proved welding and paint adhesion proper- 
ties. If the Galvannealed strip is not painted, 
its corrosion resistance is less good. 


A coating with the trade name Galfan was 
developed by the Centre de recherches métal- 
lurgiques in 1980. The zinc is alloyed with ca. 
5% aluminum to give a eutectic composition 

‘with melting point ca. 380 °C. Wettability of 
the steel strip is improved by including small 
amounts of cerium and lanthanum in the melt 
bath. The Galfan coating has a lower loss rate 
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and improved forming properties (for compa- 
rable coating thicknesses) when used without 
a paint coating in an industrial atmosphere. 

Ап Al-Zn alloy (ca. 55% Al, ca. 43% Zn, 
and 1.6% Si) was introduced by Bethlehem 
Steel in 1963 under the trade name Gal- 
valume. It has a low loss rate, especially in 
maritime climates. 





Figure 6.131: Hot-dip zinc coating by the Galvannealed 
process: a) Cooling zone; b) Holding zone; c) Heating 
zone; d) Nozzles; e) Zinc bath. 


6.5.3 Electrolytic Coating 
(Electroplating) 


6.5.3.1 Plant and Processes 


In electrolytic coating (electroplating), the 
steel strip, which has been annealed and rolled 
(skin-pass rolling), is continuously passed 
through an aqueous electrolyte containing 
zinc ions (Figure 6.132) [188]. An electric 
current causes the zinc ions to be deposited on 


` the steel strip, which forms the cathode. The 


process takes place at 55—75 °C, so that there 
is no alloying with the steel strip, and the me- 
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chanical properties of the substrate are not af- 
fected. The desired coating thickness is 
achieved by controlling current and strip 
speed. 

In a electroplating plant (Figure 6.133), the 
equipment at the feed end is similar to that 
used for hot-dip coating, and only those fea- 
tures that differ from hot dipping are described 
here. 

The surface of the cold-rolled strip must be 
clean so that an adherent, optically defect-free 
metallic coating is produced. Electrolytic 
coating plants have facilities for cleaning the 
strip, normally a combination of spray, brush, 
and electrolytic cleaning with alkaline clean- 
ing solutions at 80 °C. 

In cleaning facilities that use chemical so- 
lutions, multistage rinsing with brushing 
equipment is always provided, so that residues 
from the treatment solutions are removed as 
completely as possible. 

After cleaning, many plants include 
stretch-leveling equipment to ensure that the 
strip is flat. This is necessary so that the dis- 
tance between the anode and the strip can be 
kept small, while avoiding contact between 
the two (short circuits), thus minimizing elec- 
tricity costs. 


Cathode: 

Zn? + 267 — Zn 
H'«e^ —H 
H+H=H,t 





Cafhode Anode 





Hat, — 2H* « 502- 
ZnSO, — Zn? + S07 
Figure 6.132: Electrolytic coating with zinc. 
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In the electrolytic pickling process, the strip 
is activated before the zinc coating stage. Af- 
ter cleaning and pickling, the strip enters the 
coating facility, in which the number of elec- 
trolytic cells is sufficient to enable the produc- 
tion rate to match that of the rest of the plant. 

The strip can be treated to give additional 
temporary corrosion protection, most com- 
monly by phosphating and/or chromate passi- 
vation. 

A strip drier is always provided at the exit 
end of the treatment zones of an electrolytic 
coating plant. In the discontinuous part of the 
exit area, there are usually trimming shears to 
ensure the correct strip width. 


6.5.3.2 Electroplating Cells 


In steel strip electroplating plants, coating 
takes place in the electroplating cells. The 
strip is connected to the negative pole of a rec- 
tifier, and forms the cathode. The conduction 
rollers have a highly wear-resistant cladding 
of special steel, and have to be cooled, owing 
to the high current which they carry. Compres- 
sion rollers ensure good electrical contact. The 
anodes are situated on both sides of the strip, 
as near the strip as possible. 


Anode: 


2807 — 5,07 + 2e7 
28,07 — 250} + 250;+0, 
290 — AH + Dal + he 





Figure 6.133: Electrolytic coating plant: a) Pay-off reels; b) Welding machine; c) Alkaline cleaning; d) Entry looper; e) 
Stretch-leveler; f) Pickling; g) Electroplating; h) Aftertreatment; i) Exit looper; j) Trimming shears; k) Oil treatment; 1) 


Take-up reel. 
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{ Electrolyte feed 
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Figure 6.134: Electroplating cells: A) LCC-H (insoluble electrode, sulfate electrolyte; horizontal cell); B) NKK (solu- 
ble/insoluble anode; chloride/sulfate electrolyte; horizontal cell); C) Krupp/SEH (insoluble anode, sulfate electrolyte, 
horizontal cell); D) Gravitel (insoluble Ti anode, sulfate electrolyte, vertical Cell); E) HS (soluble anode, sulfate electro- 
lyte, vertical cell); F) Carosel (soluble anode, chloride electrolyte, radial cell); G) KC (insoluble anode, sulfate electro- 
lyte, radial cell). a) Insoluble anode; b) Soluble anode; c) Current-carrying roller; d) Pressure roller; e) Squeeze rollers; f) 
Dipping rollers; g) Pump; h) Deflecting roller; i) Top roller; j) Edge mask. 
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Figure 6.135: Zinc vapor deposition plant at the Nisshin Sakai works: a) Gas jet cooler, b) Vacuum system; c) Vaporiza- 
tion chambers. 
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Figure 6.136: Vacuum system for the zinc vapor deposition plant: a) Gas jet cooler; b) N, gas; c) Edge heater; d, e) Va- 
porization chambers (2.66 Pa); f) Heating coils; g) Vaporizer; h) Zn melt; i) Vacuum pumps. 
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There are two types of anode: 


e Solid anodes of the metal being coated dis- 
solve at a rate proportional to the current 
and must be replaced at regular intervals. 


e With insoluble anodes made of lead alloys, 
or titanium plates coated with noble metals. 
Zinc solutions must be added to the electro- 
lyte. 

To produce zinc or alloy coatings, sulfuric 
or hydrochloric acid electrolytes and soluble 
anodes are most often used. Addition of con- 
ducting salts, e.g., Na,SO, or (NH,).SO,, en- 
sures high conductivity, with current densities 
> 100 A/dm’. 

Three types of cell can be used for electro- 
plating (Figure 6.134); horizontal and vertical 
cells are used for coating one or both sides, 
while radial cells coat one side only. 


6.5.3.3 Coating Types 


Zinc Electroplated Thin Steel Strip. Corro- 
sion protection increases with increasing coat- 
ing thickness, but workability and weldability 
deteriorate. A coating thickness of ca. 7.5 шп 
represents a good compromise. " 


Zinc-Nickel Coatings with 11 + 1% Nickel. 
This material has good corrosion properties, 
but mechanical properties are sometimes infe- 
пог to those of pure zinc coatings. Sealed Zn- 
Ni coatings (Durasteel) give improved work- 
ability. 

Zinc-Iron Coatings. These give cathodic 
protection up to an iron content of 8596 in the 
coating. Anticorrosion and workability prop- 
erties are good with iron content 15-25%, 
while good paint application properties are ob- 
tained with iron content > 50%. This has led to 
the development of a two-layer coating, the 
first with 10-25% Fe, (the rest being Zn), the 
outer coating containing > 60% Fe. 

As well as these established types of coat- 
ing, Zn-Co and Zn-Mn alloys are being inves- 
tigated. Cobalt also shows interesting 
properties, even at low concentration, and can 
be plated at high current densities. Manganese 
is of great interest owing to the formation of a 
protective surface layer of Mn4O,. 
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Tin and Lead-Tin Coatings. Lead-tin coat- 
ings containing 1096 Sn (Terne) are mainly 
used to plate steel sheet for gasoline tanks. It 
has indifferent electrochemical behavior to- 
wards chemicals, but displays good corrosion 
behavior as well as good paint application 
properties for selected paint systems. 

Tinplate is steel strip, 0.1-0.5 mm thick, 
with a tin coating of ca. 2.4 g/m*. A solution of 
tin fluoroborate can be used as electrolyte. The 
thin strip, which forms the cathode, is passed 
between two rows of thin anodes. After coat- 
ing, the strip is heated above 232 °C (mp tin), 
and quenched in water to give the brilliant lus- 
ter of electrolytically produced tinplate. Strip 
speeds > 650 m/min can be reached. Tinplate 
is used in packaging (painted, foil-covered, or 
printed). 


Electrolytic chromium-coated steel (ECCS) 
1s a special type of chromium-plated thin steel 
strip, and is produced in a similar process. In 
many applications, ECCS has replaced tin- 
plate. 


6.5.4 Vacuum Vapor Deposition 


6.5.4.1 Plant and Processes 


In the vacuum vapor deposition process, 
the coating metal is deposited onto the “cold” 
steel strip from the vapor phase [189]. Vacuum 
vapor deposition is not yet established on a 
large scale in the steel industry, and is operated 
at only one location so far, where a hot-dip 
plant has been converted to a vapor deposition 
plant (Figures 6.135, 6.136). 

Vaporization is simply carried out in the 
zinc melting vessel. The plant has only a di- 
rectly heated preheater, without alkaline 
cleaning. This degree of cleanliness of the 
strip is often adequate for the vapor process. 
Coating takes place in two chambers, both op- 
erating at 2.66 Pa; the vaporization capacity of 
the first is 350 kg/h, and that of the second 
chamber is 500 kg/h. Molten zinc at 460 °C is 
pumped into the vaporization chamber where 
it immediately vaporizes at the low pressure. 
The strip must be cooled to ca. 250 ?C in the 
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vacuum chamber so that the zinc precipitates 
onto the cold strip. The operating pressure is 
reached by successive reduction of the atmo- 
spheric pressure by squeeze rollers. 


While the hot-dip process is mainly suit- 
able for producing zinc coatings with thick- 
ness > 60 g/m?, zinc vaporization produces 
coatings with thickness ca. 30 g/m*, often 
more cheaply than the electrolytic process. 


6.5.4.2 Further Developments 
[190, 191] 


Vacuum vapor technology is mainly suit- 
able for coating with pure metals, alloys, 
chemical compounds, and composite layers 
that cannot be produced by hot-dip or electro- 
lytic coating. Potential coating materials under 
investigation are listed below: 

Metals 
Zinc 
Aluminum 
Chromium 
Titanium 
Nickel 
Copper 
Silicon 
Alloys 
Nickel chromium 
Zinc alloys, e.g., Zn-Mg, Zn-Cr, Zn-Al, Zn-Ni, Zn- Ti 
Chemical compounds 
TiN, TiC 
ALO, 
SiO, 
Composites 
A]-Ti, AI-Cr 
TIN-Cr 
Zn-Al 
Zn-Zn alloys 
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With a sufficient number of vaporizing 
chambers vapor coating could be carried out at 
rates of 350-400 m/min. A vaporizing plant 
could be incorporated into an existing continu- 
ous annealing furnace, adding to the produc- 
tion capacity for coated steel strip. As only 
one side is coated in each chamber, it would be 
possible to coat either one side or both. 


6.5.5 Coil Coating 


6.5.5.1 Plant and Processes 


In the production of coil-coated thin sheet 
[192], the substrate material can be cold-rolled 
strip, zinc-coated thin sheet (hot-dip or elec- 
troplated), aluminum strip, or special steel 
strip. Liquid paint or foil is applied to these 
carrier materials by rolling. 


A coil coating plant (Figure 6.137) consists 
of the feeding equipment, strip cleaning, 
chemical pretreatment, coating areas for 
primer and topcoat with the associated drying 
ovens, and the exit equipment. The strip is 
cleaned by methods similar to those used in 
zinc electroplating, but in this case the surface 
is then phosphated or chromated. For this, the 
solutions are sprayed at ca. 40 °C, under pres- 
sure. The strip is then cooled with deionized 
water and passivated. The chromate or phos- 
phate coating provides corrosion protection 
for the whole system, and improves adhesion 
of the polymer coating. Before the strip is in- 
troduced into the coating station, this precoat 
is dried with hot air. 





Feed section 


Treatment equipment 


Exit section 


Figure 6.137: Coil coating plant: a) Pay-off reel; b) Cropping shears; c) Tack welding machine; d) Storage looper; е) 
Strip cleaning; f) Chemical pretreatment; g) Coating equipment; h) Furnace; i) Lamination equipment; j) Air cooler; k) 
Water quenching; 1) Inspection table; m) Protective foil application; n) Edging shears; o) Coiling reel. 








Figure 6.138: Typical coil coating systems: A) Two roll- 
ers, reverse rotation; B) Three rollers, complete reverse 
rotation. 

Primer or undercoat is applied at the first 
coating station (Figure 6.138). The paint is 
usually applied by typical rolling machines, 
running in the opposite direction to the strip, 
one on each side of the strip, each paint roller 
having two or three feed rollers, dependingron 
the coating material. As a rule, a chromium- 
plated dipping roller supplies the paint from a 
tank to a rubber-coated roller running 1n the 
opposite direction to the strip, and applies a 
paint film at a rate controlled by a special 
roller. The primer can be applied to the upper 
and lower side of the strip. The strip then usu- 
ally passes into the first drying oven 1n which 
it hangs freely, and is heated to ca. 200— 
240 °C, depending on the coating system. The 
strip with its coat of primer is then cooled by 
air and water, and passes to the second coating 
station. The topcoat is applied on one or both 
sides, usually only the upper side. The coating 
is then backed in the second drying oven at ca. 
240—260 °C. Before the strip passes to the air 
or water cooling area, it can be provided with a 
decorative and/or protective film. These lami- 
nates are applied under very precise condi- 
tions of temperature and pressure. If a 
decorative foil is used, an adhesive is applied 
instead of the top coat in the second coating 
station. 
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Table 6.17: Coating materials and thickness ranges of 
coating films. 


Abbrevia- Usual range 


Coating materials of film thick- 


fon ness, ym 
Liquid coating materials 
Standard systems 
Polyesters SP 5-25 
Acrylics (resin) AY 5-25 
Silicone-modified 
{ polyesters SP-SI 15-25 
Epoxy resins EP 3-15 
Polyurethanes PUR 10-25 
Poly(vinylidene fluoride) PVDF 20-25 
Poly(vinyl chloride) 
organosol PVC(O) 30-60 
Poly(vinyl chloride) 
plastisol PVC(P) 80—400 
Special systems 
Weldable zinc dust primer ZP 10-20 
Heat-resistant nonstick 
system HRNS 5-15 


Film coatings 


Polyacrylate PMMA(F) 50-75 
Poly(vinyl chloride) PVC(F) 100-300 
Poly(vinyl fluoride) PVF(F) 38 
Polyethylene PE(F) 100-300 


Coating thicknesses, which depend on the 
coating system, are continuously monitored 
over short distances by integrating thickness 
measuring equipment, and are maintained 
within very close tolerances by varying the ro- 
tation speed or the application pressure of the 
coating rollers. 


6.5.5.2 Coating Systems (Figure 
6.139, Table 6.17) 


The liquid coatings used are paints, based 
on polyester and acrylic resins, poly(vinyl 
chloride) plastisols, and poly(vinylidene fluo- 
tide). More recently, polyurethane paint sys- 
tems have been used in special applications. 
Zincrometal and Inmozinc consist of thin steel 
sheet coated with zinc dust colors. Printed or 
single color poly(vinyl chloride) films are ap- 
plied by rolling with an adhesive activated by 
hot air, and the same process is used for 
poly(vinyl fluoride) films. The coated or lami- 
nated material can be provided with additional 
protection against handling and assembly op- 
erations by means of adhesive polyethylene 
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protective films, applied hot or cold. Coating 
thicknesses are usually 15-300 um. 


6.5.6 Roll-Bonded Cladding 
[193, 194] 


6.5.6.1 Principles 


In roll-bonding (cladding), two or more 
materials, which are usually flat, are pressure 
welded together. The process can be carried 
out with cold or preheated materials (cold roll- 
bonding or hot roli-bonding). 

In continuous cold pressure welding of 
strip material, two metallic solids are bonded 
strongly together by high pressure, which 
causes plastic deformation. The adhesive bond 
can only be assured if the surfaces are clean 
and have a well defined surface structure 
(roughness). 

The surfaces must be brought together un- 
der pressure until their distance apart is of the 
order of interatomic distances. As surfaces of 
technical quality are always covered with a 
very thin oxide layer, these layers must be bro- 
ken by deformation. In roll-bonding, it is 
therefore necessary to stretch the surface, with 
exclusion of gas, so that new reactive surfaces 
are exposed by plastic flow. These are then 
brought into contact at interatomic distances, 
so that a strong bond can be formed by adhe- 
sion. The bond strength is increased by subse- 
quent annealing homogenization. 


6.5.6.2 The Process (Figure 6.140) 


In the production of roll-bonded steels, sur- 
face pretreatment is very important. The nec- 
essary conditions are: 


e Complete absence of grease 
e A clean, freshly activated metal surface 
e A roughened surface, produced by stretch- 
ing 
After pretreatment, the freshly brushed 
steel is fed, with the cladding material, into the 
roll nip, and deformed in one roll pass, the ex- 
tent of deformation being 50-70%. 


Handbook of Extractive Metallurgy - 


6.5.6.3 Variations 


In roll-bonding, a composite material is 
produced which often combines the special 
properties of the individual components in an 
ideal manner. For cost effectiveness, a cheap 
substrate material is often plated with an ex- 
pensive, corrosion-resistant, acid-resistant, or 
heat-resistant material (Table 6.18). 


Table 6.18: Substrate cladding materials for cold roll- 
bonding. 

Substrate materials Cladding materials 
Iron Corrosion-resistant steels 


Steel High-temperature steels 
Ni and Ni alloys 
Cu and Cu alloys 
Aluminum 
Noble metals 
Special metals (Ti, Ta, Mo) 


Protective film 
(са. 50-150 нт) 


Coating material 


Upper: side (ca. 10-400 pm) 


Primer (са. 5-10 um) 
Precoat (са. 1pm} 
Zinc- (са. 2.5-25 um) 


Steel core (0.3-2.0 mm] 


y Zinc Ica. 2.5-25 рт) 
ENEE: E Precoat (ca. трт) 


Paint film on 
underside 


ica. 5-10 рт) 
Figure 6.139: Cross section of coated steel strip. 





6.5.7 Summary 


Surface-coated thin steel strip was devel- 
oped to improve, e.g., the corrosion properties 
of the steel, or to provide a decorative appear- 
ance. The user must consider a range of prop- 
erties, such as workability, welding properties, 
adhesive properties, and paint application 
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properties. Each type of surface treatment has 
strengths and weaknesses compared with 
competitive processes. 

Other surface treatment methods are likely 
to become available, including electro- and 
plasma polymerization, electrolytic deposition 
of A] and Ti from organic solutions, plasma 
spraying, ion implantation, and cathodic sput- 
tering. 


6.6 Uses 


а 


6.6.1 Introduction 


(Section 6.6.1 is reprinted from Ullmann's 
Encyclopedia of Industrial Chemistry, 5th Edition) 

“At room temperature, pure iron has a body- 
centered cubic structure. The solubility of car- 
bon is < 0.001 % in this phase, which is known 
as ct-iron. On heating, o-iron is transformed at 
911 °C into the face-centered cubic phase. 
This y-iron can dissolve ca. 2% carbon as a 
solid solution. On cooling this, transformation 
of y-iron to ac-iron occurs and carbon is precip- 
itated as carbide Fe,C. In the heat treatment of 
transformable steels, they are heated until the 
y-phase is formed, so when this is cooled more 
or less quickly, metastable states may be pro- 
duced, and the precipitation of Fe4C, which in 
equilibrium is associated with the formation of 
a-phase, is more or less suppressed. The range 
of applications of steel depends on the fact that 





Hood furnace Cold rolling 
annealing 












Pickling 


Brushing Roll- 
bonding 


Coiling 
Figure 6.140: Production of roll-bonded steel strip. 
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heat treatment can induce all the transitions 
between the metastable states, and those states 
effectively correspond to equilibrium condi- 
tions, so that a large number of microstruc- 
tures and combinations of properties can be 
produced [195, 196]. Another method of mod- 
ifying steel consists of adding alloying ele- 
ments to stabilize the a-phase up to the 
melting point, or conversely to cause the y- 
phase to be stable down to room temperature. 
These possibilities are mainly used to improve 
corrosion resistance or to achieve particular 
physical properties." 


6.6.2 Chemical Properties 


6.6.2.1 Introduction 


Iron 1s the most widely used metallic mate- 
rial and, alloyed with different elements, it is 
the basis of a wide variety of steels, with a 
range of mechanical properties and chemical 
stability. Iron itself is rather reactive, readily 
forming oxides, hydroxides, sulfides, etc. It 
undergoes an electrochemical reaction. with 
humid air (rusting) which can rapidly con- 
sume unprotected unalloyed steel. The rust 
layer is not protective, unlike the thin, dense 
oxide layer on aluminum or zinc, but similar 
behavior can be attained by alloying Fe with 
Cr (7 1296 Cr gives stainless steels). 


Hot-rolled 
steel strip 






364 


Iron is also very susceptible to oxidation or 
sulfidation at high temperature; FeO and FeS 
show a wide homogeneity range, correlated to 
high concentrations of lattice defects (cation 
vacancies), high diffusivities in the lattice, and 
high growth rates. Alloying can lead to high 
oxidation resistance; Cr steels or Ni-Cr steels 
with ca. 20% Cr can be used up to 1000 °C, 
and Fe-Cr—Al alloys at even higher tempera- 
tures, since they form slow-growing oxide 
layers, which also give limited protection in 
environments which are sulfidizing, carburiz- 
ing, or chloriding (heat exchangers in combus- 
tion or gasification atmospheres). 

The chemical behavior of iron and steels is 
of greatest interest in connection with corro- 
sion problems; in the following, reactions and 
corrosion processes are described only briefly, 
emphasizing the special points of chemical be- 
havior of iron and steels. 


6.6.2.2 Uniform Corrosion 


Corrosion of iron in aqueous electrolytes 
results from the anodic dissolution process: 


Fe — Fe?" + 2е- (33) 


and the simultaneous, independent cathodic 
reduction of an oxidizing agent, in most cases 
either hydrogen ions: 


2H' + 2e° 2 2H,, э Н, (34) 


or oxygen molecules dissolved in the electro- 
lyte: 


[0,] + 2H,O + de — 40H- (35) 


The potential dependence of reactions (33) 
and (34) is described by the Volmer-Butler 
equation, an exponential relation; oxygen re- 
duction is mostly controlled by diffusion of 
molecular oxygen to the metal surface, inde- 
pendent of potential. The overlap of anodic 
and cathodic reactions is shown in Figure 
6.141. The corrosion potential U, is estab- 
lished at a negative value, where the current 
density of anodic dissolution i, and oxygen re- 
duction i, are equal. The anodic dissolution is 
further dependent on the concentration of de- 
fects in the metal surface, and especially for 
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iron, is enhanced with increasing concentra- 
tion of OH" [198], and also SH- or МН,“ [199]. 
ГА 


= 


Current density, mA/cm? 
о 





-2 
-0.5 -0.4 -0.3 -0.2 -0.1 


Electrode potential, V —= 
Figure 6.141: Electrochemistry of iron corrosion. 

The reduction of H* occurs in several steps; 
electron transfer occurs by the Volmer reac- 
tion: 

H+e H, (36) 


The adsorbed H,, atoms can react to Н», ac- 
cording to the Tafel reaction: 


2Н > Hag (37) 
or the Heyrowski reaction: 
Ha + Н" + е” > Н (38) 


Adsorbed Н atoms also can enter the metal, 
which leads to hydrogen-induced cracking 
(HIC) or hydrogen-induced stress corrosion 
cracking (HISCC). 

In neutral water, the corrosion rate 1s deter- 
mined by H* diffusion to the metal surface, 
and the anodic dissolution rate is restricted to 
0.2 ЏА/ст?, corresponding to 2 x IO" cm/a. 
Since the exchange current densities і, of the 
Volmer and Tafel reactions are very low, and 
since that of the Heyrowski reaction is negligi- 
bly small [200], iron does not corrode in neu- 
tral water free of oxygen. In contrast, the 
corrosion of iron in neutral water saturated 
with oxygen (in equilibrium with air) is 
rapid—the calculation assuming rate-control- 
ling O, diffusion in a slowly flowing electro- 
lyte yields 0.15 mA/cm/?, corresponding to a 
corrosion loss of 0.15 cm/a. This high value is 
not reached under natural conditions, since 
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rust is formed, and the oxygen must diffuse 
through the pores of this corrosion product. 


6.6.2.3 Atmospheric Corrosion 


In corrosion by oxygen-containing electro- 
lytes, Fe?* is oxidized to Fe**, and oxides and 
oxyhydrates are precipitated on the metal sur- 
face: | 


+ 


4Fe^* + 30, + 2Н„О 2 4FeOOH (39) 
ebe" + О, + 120Н- 2 2Fe40, + 6H,O (40) 


These reactions occur on the surface of the 
solid corrosion products and not in the electro- 
lyte. Atmospheric corrosion (rusting) in the 
presence of a liquid electrolyte film [201] on 
the metal leads to Fe4O, at the iron surface, 
апа FeOOH and Fe;O, at the phase boundary 
with the atmosphere. With restricted oxygen 
access, when all pores of the rust are filled 
with water, Fe™ formed at the inner phase 
boundary [202] can react with FeOOH: 


Ее?* + 2FeOOH + 20H" 2 Eet, + 2Н„О (41) 


On drying the rust layer, allowing better ac- 
cess of oxygen, Fe, is oxidized again, to 
FeOOH. Atmospheric corrosion can be re- 
tarded by certain alloying elements: Cu, P, Cr, 
and Ni, which are added to rust-resistant 
steels, e.g., Corten. Sulfur dioxide strongly ac- 
celerates rusting of steels by initiating the re- 
action sequence [203]: 





4Fe + 4S0, + 20, + 4H,O — 4FeSO, + 4H, (42) 
4FeSO, + 6H,O + O, — 4FeOOH + 4H,SO, (43) 
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Figure 6.142: Electrochemistry of passivation of iron in 
НСІ 1 mol/L at 25 °C. U = transpassivation potential. 
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In this reaction sequence, one SO, molecule 
can transfer 15—150 Fe atoms into the rust 
[204] by its catalytic action, until the reaction 
is stopped by formation of insoluble basic iron 
sulfates. 


6.6.2.4 Passivation 


The passivation behavior of iron is shown 
in Figure 6.142 [205]. In region 1, the Current- 
potential curve describes active anodic disso- 
lution; according to the Butler-Volmer equa- 
tion, the increase in current is exponential. In 
region 2, the increase is limited since the solu- 
bility limit of FeSO, is approached at the 
metal surface—corrosion is controlled by out- 
ward diffusion of the Fe?* through the diffu- 
sion boundary layer, independent of potential. 
At the passivation (Flade) potential UF the 
current density abruptly decreases, owing to 
formation of a passive layer, i.e., a very thin 
oxide layer, most probably ү-Ее„О» [206], a 
few nanometers thick, depending on potential 
and temperature. In the passive region 3, a 
steady state of continuous film growth and 
dissolution is established, at current density i, 

-5 5 D D 
ca. 10? A/cm”, corresponding to a corrosion 
rate 0.1 mm/a. In the transpassive region 4, en- 
hanced iron dissolution and oxygen formation 
occur simultaneously. For the passivation po- 
tential of iron in the acidic region (in V): 


U; 70.5 - 0.005pH (44) 


Iron is passivated at pH > 10 by oxygen in the 
electrolyte, this is important for the use of re- 
inforcing steel in concrete, because the elec- 
trolyte in the pores of the concrete is saturated 
with Ca(OH), at pH 12.5. Iron can also be pas- 
sivated in strong oxidizing acids such as 
HNO.. 

The current-voltage curve for nickel [207] 
is similar to that for iron; for chromium [208] 
the passivation potential is shifted to more 
negative potentials, and current density in the 
passive state is < 107 A/cm? (Figure 6.143). In 
the passive region, Cr™ is formed and very 
slowly dissolved, in the transpassive region, 
formation of chromate and dichromate with 
hexavalent Cr begins. This behavior is re- 
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flected in the passivation of Fe-Cr and Fe-Ni- 
Cr steels [209]; with increasing Cr content the 
passivation potential is shifted to lower values 
and the current density in the passive region is 
decreased, so stainless steels are passive over 
a wide range of conditions. The breakthrough 
potential at which Ci?* formation starts, is vir- 
tually independent of Cr content. 


6.6.2.5 Pong Corrosion 


If a passive layer is destroyed locally, the 
layer may heal under passivating conditions 
or, in the presence of halide ions, pitting may 
occur, Le., local attack with formation of 
hemispherical pits. During pitting, active and 
passive regions are stable in the immediate 
neighborhood. The active areas are stabilized 
by the potential drop, caused by a high disso- 
lution current through the electrolyte in the pit 
(the bottom of the pit is at potentials below 
passivation potential and the surrounding pas- 
sive film is at a higher potential) [210]. Pitting 
occurs if the value ofthe pitting potential U, is 
exceeded, and if the corrosive ions have a crit- 
ical concentration o. For Fe-Cr and Fe-Ni- 
Cr steels, the pitting potential increases with 
Cr and Mo content (Mo is more effective than 
Cr). Since then, N has been found to be even 
more effective [211]. Pitting can start in Cr- 
depleted zones, e.g., after carbide precipita- 
tion at grain boundaries [212]. 
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Figure 6.143: Electrochemistry of iron passivation at var- 
ious concentrations of Cr and Ni. 
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6.6.2.6 Crevice Corrosion 


If there are crevices between a metal and a 
second phase, or in the metal itself, the onset 
of corrosion is often observed in the crevice, 
owing to retardation of the electrolyte ex- 
change into and out of the crevice. When the 
transport of oxidizing agent into the crevice is 
retarded, leading to depletion of, e.g., dis- 
solved oxygen, the potential may fall below 
the passivation potential and iron and low-al- 
loy steels may start to corrode. Also, the trans- 
port of corrosion products out of the crevice is 
inhibited, and their hydrolysis may lower the 
pH, e.g., by the reaction: 

Cr” + 3H,0 = Cr(OH), + 3H* 


The increasing acidity reduces the activation 
and pitting potentials, so active corrosion or 
pitting may start [213, 214]. 


6.6.2.7 Intergranular Corrosion 
of Stainless Steels 


Ferritic chromium steels and austenitic Cr- 
Ni steels are susceptible to intergranular cor- 
rosion after sensitization, i.e., after precipita- 
tion of carbides at 450-750 °C. Precipitation 
at grain boundaries [215, 216] leads to chro- 
mium depletion nearby. If the potential is in 
the range between the passivation potentials of 
the steel and iron, rapid dissolution of the 
metal phase occurs along the grain bound- 
aries. Potentials in this range are established in 
the Strauss test [217], where the sample is in 
contact with Cu and immersed in CuSO,- 
H,SO, solution, so that sensitized materials 
undergo intergranular disintegration. In the 
temperature-time diagram, the conditions for 
sensitization are limited by curves for the on- 
set of carbide precipitation, which tends to 
shorter times at higher C concentration and 
longer times at lower temperature, and by 
curves for the end of carbide precipitation, 
which also needs shorter times at higher tem- 
perature. After the end of precipitation, the 
chromium concentration equalizes and the 
material becomes corrosion resistant again. 

This intergranular corrosion of stainless 
steels can be suppressed by very low carbon 
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concentrations < 0.01% (Figure 6.144), or by 
addition of stabilizing elements, such as Ti 
and Nb, which tie up carbon in very stable car- 
bides [218, 219]. Precipitation of TiC and 
NbC can be induced by heat treatment at 900- 
950 °C (stabilization), where the chromium 
carbides dissolve and the solubility of TiC and 
NbC is still very low; such treatment is impor- 
tant after welding of steels. 
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Figure 6.144: Annealing behavior of steel at various car- 
bon concentrations: a) 0.04% C; b) 0.02% C; c) 0.01% C. 


6.6.2.8 Stress Corrosion Cracking 


The preconditions for stress corrosion 
cracking (SCC) are: (1) the stress causes a 
shear or strain of the material; and (2) the elec- 
trolyte induces formation of a passive or pro- 
tective layer [220, 221]. The strain leads to 
failure of the passive layer at a slip step; there 
the free material is rapidly attacked under an- 
odic dissolution. Repeated failure at this spot 
initiates crack growth. The electrolyte forms a 
new protective film at the walls of the crack 
and only the crack tip stays active, leading to 
deep cracks. Strain rate and passivation rate 
must obey certain relations to obtain SCC; if, 
for example, the passivation rate is too high, 
this leads to immediate passivation of the 
whole crack and termination of crack growth, 
whereas too slow passivation leads to strong 
truncation of the crack, or widening to a deep 
groove. SCC is observed in the following 
cases: 

e Austenitic steels in chloride solutions— 

transgranular crack growth [222—226] 


e Ferrtic and ferntic-pearlitic structural 
steels in hot concentrated alkali carbonate 
and nitrate solutions—intergranular crack 
growth [227-231] 
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The latter type of SCC 1s enhanced by the 
presence of impurity elements, such as P, at 
grain boundaries, similar to the intergranular 
corrosion of iron and ferritic steels in nitrates 
at elevated potentials [231]. Under stress con- 
ditions, the selective corrosion of the crack tip 
causes SCC at low P concentrations and with- 
out anodic polarization. 


6.6.2.9 Hydrogen Absorption and 
Hydrogen Embrittlement 


On the surface of iron or steel, immersed in 
aqueous solution, the interplay of reactions 
(33)-(38) establishes coverage with adsorbed 
hydrogen H. which may correspond to a high 
hydrogen activity (aj = 1 at p(H,) = 100 kPa), 
depending on electrochemical potential Ё and 
pH: 


F E 

logan = Ey T PH = gos ^ PH E? 
especially if the Tafel reaction (37) is poi- 
soned by inhibitors, such as arsenic acid in the 
electrolyte. In a neutral NaCl solution free of 
oxygen, the corrosion potential E of iron is 
—0.6 V, and hydrogen activity can reach 10°. 
Correspondingly, hydrogen is absorbed into 
the iron matrix in much higher concentration 
than its solubility at p(H,) = 100 kPa, which at 
25 °C is ca. 3 atoms per 10? iron atoms [232, 
233]. Not all hydrogen in steels is dissolved, 
i.e., distributed on interstitial sites; most is in 
special sites (traps) where its energy is de- 
creased, owing to stress fields in the lattice 
around dislocations, inclusions, etc. [234]. 
High hydrogen concentration in steels causes 
hydrogen embrittlement, i.e., decrease of 
toughness and brittle fracture. This effect of 
hydrogen is explained by H enrichment at the 
crack tip, where it weakens the Fe-Fe bonds in 
the already strained regions at the tip, and de- 
creases the surface energy of the newly 
formed surface in the crack [235]. By this 
mechanism the presence of hydrogen can 
cause hydrogen-induced cracking (HIC), and 
aggravate stress corrosion cracking (HISCC). 
High-strength steels are especially suscepti- 
ble. 
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6.6.2.10 Oxidation of Iron 


Iron forms three oxides, hematite Ее,О,, 
magnetite Ее,О„ and wustite FeO which is 
stable only above 570 °C [236-238]. FeO has 
a wide range of homogeneity, due to cation va- 
cancies Vg, , for which the concentration is de- 
pendent on oxygen pressure. Oxidation of iron 
at temperatures > 570 °C yields fast-growing 
oxide layers composed of an outer layer of 
Ее„Оз, then Fe, and a thick inner layer of 
FeO [239, 240]. The oxides grow mainly by 
outward diffusion of iron via cation vacancies, 
which move inward. Since the cation vacancy 
concentration is highest in FeO, the diffusivity 
of Fe* is high, and the growth rate is most 
rapid. 

Owing to the high oxide growth rate, unal- 
loyed steels cannot be applied at temperatures 
> 570°C, but perform reasonably well at 
lower temperatures, since the scale of hema- 
tite and magnetite grows slowly enough. In 
CO,-CO and H,O-—H, mixtures at high tem- 
peratures, oxygen partial pressures are effec- 
tive at which only FeO or a Fe,O/FeO layer is 
formed. Under such conditions, the growth 
rate of FeO up to a thickness of about 100 шп 
is controlled by the phase boundary reaction 
on the outer surface [241—243], where the ox- 
ygen is transferred from the gases: 


CO, CO 4 О. (46) 
H,O =H, +0,, (47) 


In this stage of oxidation, a linear rate law ap- 
plies for the increase of scale thickness: 


dx 

25 ky (48) 
where the linear rate constant & is a function 
of the partial pressures, the oxygen activity at 
the surface, and the distance from equilibnum 
[243—245]. There is a gradual transition from 
phase boundary reaction control to diffusion- 
controlled growth, where the rate is inversely 
proportional to the thickness x: 


dx kh 
dt x 


(49) 


This results in the parabolic law: 
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x= 2k,t (50) 
which leads to growth rate decreasing with 


time. Such parabolic behavior is characteris- . 


tic of most metals and alloys used at high tem- 
peratures, the lower the value of k, the slower 
the growth of the scale. Values of К, can be de- 
duced according to the theory of C. WAGNER 
[246] from data on the diffusivities of cations 
and anions or electric conductivity and trans- 
ference numbers of the ions. 


6.6.2.11 Oxidation of Carbon 
Steels and Low-Alloy Steels 


On heat treatment and hot rolling, steels are 
oxidized and decarburized [247—249]. Oxida- 
tion is described by a linear law in CO, and a 
parabolic law in O,; both reactions behave ad- 
ditively. At first only iron is oxidized and car- 
bon is enriched in the metal below the scale. 
With continued scale growth, vacancies con- 
dense at the interface to form voids in which 
CO, and CO are formed in equilibrium with 
FeO. This gas diffuses outward through cracks 
and pores of the scale, which leads to carbon 
loss. Carbon diffusion through the solid oxide 
is impossible. After some time, a steady state 
is established in which the carbon supply to 
the interface is controlled by diffusion in the 
metal. Thus, after a brief oxidation, carbon en- 
richment is observed, but after long-term oxi- 
dation, the steel is always decarburized. 


Some other more noble alloying (or impu- 
rity) elements in steels, e.g., Ni, Co, Cu, Sn, 
Pb, As, and Sb also enrich beneath the scale 
during oxidation. Enrichment of Cu, Sn, As, 
or Sb decreases the melting point, which can 
lead to difficulties in hot rolling. Specifically 
Cu, sometimes in combination with Sn, causes 
“hot shortness” by formation of a melt which 
penetrates into grain boundaries. If other ele- 
ments are enriched beneath the scale, the iron 
must diffuse through this zone to the oxide- 
metal interface before it is oxidized. Espe- 
cially for Fe-Ni and high-Ni steels [250—252], 
this causes inward growth of protrusions from 
the oxide into the metal which leads to a rug- 
ged, strongly interlocked interface; the oxide 
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scale is strongly adherent to the metal and dif- 
ficult to remove, e.g., after hot rolling. With 
increasing Ni content, enhanced temperature 
and oxygen partial pressure, the formation of 
FeO on Fe-Ni alloys is suppressed in favor of 
the more slowly growing spinel (Fe,Ni),0,. 


6.6.2.12 High-Temperature Steels 


Steels to resist heat and oxidation must be 
alloyed with sufficient concentrations of Cr 
and/ or Al. The slowly growing oxides Сг„О, 
or А1,Оз, which have a small degree of disor- 
der, can form a protective scale. Iron-chro- 
mium alloys are the base materials for many 
ferritic steels. The oxidation behavior as a 
function of Cr content is shown in Figure 
6.145 [253]. At Cr concentrations « 2%, the 
oxidation rate is increased since dissolution of 
Cr,0, in FeO may even increase the amount of 
cation vacancies (Wagner-Hauffe doping ef- 
fect); trivalent Cr replaces divalent Fe, this is 
equalized by negatively charged vacancies. 
With increasing Cr content wustite formation 
is suppressed, the spinel (Fe,Cr),O, is formed, 
for which the growth rate decreases with Cr 
content. At Cr content 15-30%, the mixed ox- 
ide (Fe,Cr),O, is formed on the metal surface, 
its growth rate shows a minimum at 20-25% 
Crin the alloy [254]. Many ferritic steels have 
Cr content 17-25%; they are oxidation resis- 
tant, but there may be chromium depletion be- 
neath the scale, and if the scale is damaged 
outgrowth of wustite may occur with forma- 
tion of “rosettes”. 


This effect is suppressed in the Cr-Ni steels 
where, instead of wustite, a Fe,Ni spinel is 
formed. Such austenitic steels, with 20-27% 
Cr and 12-32% Ni, are widely used for high- 
temperature processes, since, in contrast to 
ferritic Fe-Cr steels, they have higher me- 
chanical strength and do not show embrittle- 
ment by o-phase formation. Additional 
alloying with 12% Si improves resistance to 
oxidation and especially carburization, since 
an inner film of SiO, below Ње Cr4O, retards 
oxidation and carburization. 
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Figure 6.145: Oxidation kinetics as a function of Cr con- 
tent: а) 1200 °C; b) 1100 °C; c) 1000 °C; d) 900 °С. 

lron-aluminum alloys need 6-8% Al to 
form a protective Al,O, layer [255, 256], but 
only at temperatures > 900 °C is the most pro- 
tective o-Al,O, generated. Formation of 
AIO, and suppression of internal oxidation is 
favored by chromium; Fe-Cr-AI alloys with 
са. 20% Cr and 4-5% A] are used for heating 
elements and other highly oxidation-resistant 
components. The lifetime of the heating ele- 
ments is greatly increased by small additions 
of rare earths, e.g., Ce, Y, La, which strongly 
improve the adherence of the AlO, scale. The 
use of such additives also helps to improve 
other high-temperature alloys, in terms of nu- 
cleation, stability, and adherence of protective 
scales. 


Silica layers may also serve as protective 
scales, but Fe-Si alloys are not used as high- 
temperature materials. Formation of Fe,SiO, 
and an inner layer of SiO, plays a role in the 
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annealing of silicon sheet for electrical appli- 
cations. 


6.6.2.13 Effects of Chlorine in 
Oxidation 


The presence of chlorine may cause accel- 
eration of oxidation, so-called *active oxida- 
tion" [257—260]. Especially in waste PVC and 
NaCl-containing coal incineration, HCI and 
chlorides from combustion react with the ox- 
ide scale on steels to form chlorine 


2HCI + '/,0, = HO + C1; (51) 
2NaCl + Fe,O, + HO, = Na,Fe,O, + Cl, (52) 


The chlorine penetrates the scale and reacts at 
the oxide-metal interface to form FeCl, which 
evaporates and oxidizes according to 


2FeCl, + */,0, — Fe;O, + 4Cl, (53) 


The chlorine partially diffuses inward and re- 
acts again, thus establishing a circuit, in which 
Cl, catalyzes the “active corrosion” (active, 
since no dense oxide layer passivates the 
steel). This process causes problems in waste 
incineration and other processes in oxidizing, 
chloridizing atmospheres. Not only are low- 
alloy steels strongly attacked, but also chro- 
mia-forming high-alloy steels, due to the reac- 
tion 

4NaCl + Сг,О, + 5/,0, — 2Na,CrO, + 2Cl, (54) 


The chlorine produced penetrates the scale 
and causes formation of volatile chlorides of 
the alloy components. 


6.6.2.14 Sulfidation of Iron and 
Steel 


The main sulfidation products of iron in 
sulfidizing environments are pyrrhotite FeS 
and pyrite FeS,. Pyrrhotite, like FeO, is highly 
nonstoichiometric, owing to cation vacancies, 
their concentration being dependent on sulfur 
partial pressure and temperature [261, 262]. 
Accordingly, the diffusivity of Fe in FeS is 
high and the FeS growth rate is very rapid, 
even at relatively low temperature. As in the 
case of FeO, the linear rate law (Equation 47) 
applies for growth in H,S~H, atmospheres 
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[263, 264]; kı depends on p(H.S) and is in- 
versely proportional to the sulfur activity on 
the sulfide surface. The rate-controlling step is 
transfer of S,, from Н„5 to the surface, which 
is retarded with increasing sulfur activity. 
Upon sulfidation, rate control gradually 
changes to solid-state diffusion and to the par- 
abolic rate law [265]. Corrosion by H,S is a 
problem in the petrochemical and chemical in- 
dustries, and is not easily suppressed. Even 
steels with Cr content up to 1796 do not be- 
have much better than low-alloy steels [266]. 

During corrosion of iron in SO, or Ar-SO, 
mixtures at 600-1000 °C, the phases FeO and 
FeS grow simultaneously on the metal surface 
[267—269], if the transport in the gas phase or 
the phase boundary reaction is rate determin- 
ing. Owing to the high diffusivities of cations 
in FeS, lamella of FeO and FeS grow side by 
side up to a layer thickness of са. 150 um, fol- 
lowing a linear law. In the application of steels 
in flue gases, a scale of Fe,0,/Fe,O, is stable 
on the steel surfaces and SO, should have no 
effect on oxidation. However, if SO, pene- 
trates the scale, at the interface sulfides can be 
formed. The mass action law for the reaction 
SO, = !/,S, + О, predicts that very high sulfur 
pressures are possible at the oxide-metal in- 
terface, since р(О,) is very low there. This is 
especially dangerous in high-Ni alloys, since 
Ni-Ni,S, forms а liquid eutectic at 645 °C, 
and the presence of such melts strongly aggra- 
vates corrosion. 

Sulfidation of heat exchangers is a problem 
in coal gasifiers; chromia-forming steels have 
been tested at 700-800 °C [270—274] but fail 
after lifetimes of some hundreds or thousands 
of hours. Preoxidation has been used to im- 
prove protection, but the chromia layers gen- 
erated can also fail after similar lifetimes, 
either by external sulfidation, i.e., growth of 
sulfides of Fe, Ni, and Mn on the chromia 
scale, or by internal sulfidation, formation of 
sulfides of Cr and Mn beneath the scale. 


6.6.2.15 Carburization 


Carburization in gas atmospheres is a tech- 
nical process for case hardening of steels, a 
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specified carbon content is established in the 
surface and the carburized components are 
quenched in oil for hardening [275, 276]. Car- 
burization can also be an unwanted process in 
the high-temperature corrosion of materials, 
e.g, cracking tubes in petrochemistry, and 
heating tubes or grates 1n industrial furnaces. 
In this process, carbon diffuses into the alloy 
and carbides are precipitated, mainly chro- 
mium carbides M,C, and М.С, with loss of 
both ductility and oxidation resistance [277, 
278]. 

In both cases, the carbon transfer is by reac- 
tions in which CO, CH, or hydrocarbons de- 
compose on the meta] surface [279, 280], the 
transfer is very fast by the reaction: 


CO+H,=C+H,0 (55) 
less fast by: 

2CO =C +CO, (56) 
and very slow by: 

CH,=C+2H, (57) 


Rate equations and rate constants for these re- 
actions have been determined for iron and bi- 
nary iron alloys. The reactions are strongly 
retarded by sulfur [281]. 

In gas carburization for case hardening, the 
process is jointly controlled by the phase 
boundary reaction and inward diffusion of car- 
bon; this has been studied in detail, and can be 
controlled well, to obtain certain penetration 
profiles of carbon in different steels and corre- 
sponding hardness profiles [282]. 

The unwanted carburization of cracking 
tubes [277, 278, 283] is generally suppressed, 
or at least retarded, by the oxide layer on the 
high-Cr—Ni steels used, only small amounts of 
carbon are transferred through pores or cracks 
formed on creep of the tubes. However, failure 
occurs if the tubes are heated above 1050 °C: 
the coke in the tubes reacts with CrO; to chro- 
mium carbides which are no longer protective, 
and relatively fast carburization takes place 
[278]. This may happen during decoking of 
the tubes in Н.О-Н, mixtures, when the tem- 
perature is not sufficiently controlled. Under 
these conditions, materials with 1-2% Si are 
resistant because of the protective effect of an 
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inner SiO, layer beneath the chromia layer. 
Small amounts of sulfur in the atmosphere can 
also retard carburization. 

Metal dusting [284—288] is the disintegra- 
tion of steels into a dust of metal particles and 
carbon, occurring in atmospheres of ас > 1 
(carbon activity ас = 1 means equilibrium 
with graphite) and in recent years has become 
problematic. The reaction sequence: (1) super- 
saturation of the metal with dissolved: C; (2) 
formation of metastable carbide at ac > 1; (3) 
deposition of graphite on this carbide (ав — 
1); (4) decomposition of the carbide to carbon 
and metal particles; and (5) deposition of fur- 
ther graphite from the atmosphere on the 
metal particles. This leads to metal wastage 
and the formation of the loose corrosion prod- 
uct "coke"; which is easily removed by fast 
gas flow in the plants, leaving pits and holes. 
Protection 1s possible by the chromia layer on 
high-alloy steels—their resistance depends on 
their ability to form oxide layers and healing. 
Furthermore, sulfur can protect since adsorbed 
sulfur effectively poisons steps (1), (3), and 
(5) of the reaction sequence, however, addi- 
tion of sulfur 1s not possible with synthesis gas 
(CO +H.) for the production of methanol, hy- 
drocarbons, etc. 


6.6.2.16  Nitriding 


Similar to carburization, there is a technical 
process of nitriding for surface hardening, and 
an unwanted corrosion process at high temper- 
atures which leads to nitride formation in 
steels and losses in ductility and oxidation re- 
sistance. 

The nitrogen transfer can be from N,, NH,- 
H, mixtures, or by plasma nitriding in a glow 
discharge. The latter process is performed 
since N, is rather inert; nitrogen transfer: 


N, = ZN dissolved) (58) 
is slow, with high activation energy (289]. 
Much faster is: 

NH, = N dissolved) * 3H, (59) 


So NH4-H, mixtures can be used for nitriding 
and nitrocarburizing (with CO) at relatively 
low temperature. Their nitrogen partial pres- 
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sures are [289] very high as calculated from 
the mass action law; the equilibrium values 
are of the order of 10° kPa MN. This may lead 
to deterioration of the nitrided case, by void 
formation with condensation of dissolved N at 
lattice defects to molecular N., which can de- 
velop high pressure, corresponding to the N, 
partial pressure of ће NH,—H, mixture, and 
form small bubbles in the material. 

Nitriding for surface hardening leads to a 
layer of £-nitride on the steels. 

Nitriding of high-alloy steels happens only 
at high temperature > 1000 °C, e.g., on burner 
tubes [290, 291] and after failure of the oxide 
scale by cracking or spalling; mainly chro- 
mium nitrides Cr,N are formed in the metal 
matrix. 


6.6.2.17 Decarburization, 
Denitriding, and Hydrogen Attack 


Thorough decarburization of steel is neces- 
sary for several applications, e.g., sheet for 
single-layer enameling, deep drawing steels, 
and silicon steels for use in generators and 
transformers. Decarburization is performed at 
700—900 °C in wet hydrogen, and is controlled 
by carbon diffusion to the surface. The prod- 
uct cD, (solubility x diffusivity) is critical, 
and has a maximum at ca. 800 °C [292, 293]. 
The surface reactions are the formation of CO 
and CH, i.e., the back reactions of Equations 
(55) and (57), CH, formation being negligible. 

Denitrogenation [294, 295] is also impor- 
tant for deep drawing and electric sheet, this is 
also conducted in wet H, at ca. 750°C, and oc- 
curs by NH, formation and N, desorption, the 
back reactions of Equations (54) and (55). The 
presence of some Н,О accelerates the rate of 
NH, formation [296, 297], but electric sheet 
with Si cannot be denitrogenated in wet hy- 
drogen since 510, formation retards the pro- 
cess. 

In processes which involve high hydrogen 
partial pressures at elevated temperatures (hy- 
drogenation reactions, ammonia synthesis), 
considerable amounts of atomic hydrogen en- 
ter the walls of steel vessels, and the cementite 
in unalloyed steels is attacked and methane is 
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formed. Dissolution of the Fe,C and precipita- 
tion of CH, and Н, at interfaces and defects in 
the steel cause weakening and embrittlement 
of carbon steels. The more stable carbides in 


‘low-alloy Cr and Cr-Mo steels are resistant to 


hydrogen attack in the usual temperature 
range for the processes in question; the stabil- 
ity ranges of different steels as functions of 
temperature and hydrogen partial pressure are 
compiled in Nelson diagrams [298]. 


6.6.3 Physica! Properties 


Knowledge of the physical properties of 
steel is important for controlling its structure, 
and hence its properties. In this Section, the 
physical properties of pure iron are described 
first, followed by those of the solid solutions 
of the various iron modifications, and finally 
some other factors that influence structure 
[299]. 


6.6.3.1 Pure Iron 


Crystal Structure. Iron occurs both in body- 
centered cubic (bcc) and face-centered cubic 
(fcc) structures. The bcc о-рћаѕе, which is sta- 
ble at lower temperatures, is ferromagnetic up 
to the Curie temperature Т, = 1041 К, and is 
transformed into the paramagnetic state at 
higher temperatures (above the A, point). At 
1184 К, the A, point, a-iron is transformed 
into the fcc form, y-iron. The stability range 
extends up to 1665 K (A, point). Between 
1665 and 1807 K, iron has a bcc structure, 
again -iron. Pure iron melts at 1807 K. 

The crystal structures of œ- and y-iron are 
shown in Figure 6.146. The number of atoms 
in the unit cell is 2 in the bcc structure and 4 in 
the fcc structure. The number of nearest neigh- 
bors is 8 and 12 respectively, and of next near- 
est neighbors 6. The lattice constant of o-iron 
at room temperature арт = 0.28662 nm. Ther- 
mal expansion data are shown in Figures 
6.147 and 6.148. In Figure 6.147, the differ- 
ence in the y-axis scales for the bcc and fcc 
structures 1s due to the difference in the num- 
ber of atoms per unit cell. The calculated den- 
sity is p = 7.876 g/cm’. 
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The coefficient of linear thermal expansion 
o (Figure 6.149) increases with increasing 
temperature, and is higher for the fcc than for 
the bcc phase. The hatched area between the 
measured and calculated curves is due to a 
magnetostrictive effect in the region of the Cu- 
rie temperature. 





Figure 6.146: Crystal structure of æ- and iron, 
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Figure 6.147: Effect of temperature on the lattice constant 
of iron. 
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Figure 6.148: Effect of temperature on the atomic volume 
of iron. 
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Figure 6.149: Effect of temperature on the thermal expan- 
sion coefficient of iron. 
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Figure 6.150: Effect of temperature on the molar heat capacity of iron. Solid line, most probable values; dashed line, val- 
ues calculated for the instability ranges of @- and 7-ігоп. Ф According to [301]; ^ According to [302]; A According to 


[303]; O According to [304]. 


Specific Heat Capacity. The specific heat ca- 
pacity of a substance is the heat required to in- 
crease the temperature of unit mass by 1 K. 
The effect of temperature on its value is of 


fundamental importance, as the specific heat 
capacity is used in the calculation of enthalpy 
and entropy. The results of recent determina- 
tions are plotted in Figure 6.150, with the most 
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probable values indicated by a continuous 
curve [300]. The broken curves refer to the re- 
gion of instability of the bcc and fcc phases. 
The heat capacity is the sum of various 
components. There is a sharply defined maxi- 
mum in bcc iron in the region of the Curie 
temperature. This represents the magnetic 
component, due to the energy required to de- 
stroy the magnetic ordering that occurs during 
the ferromagnetic—paramagnetic transition. 
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Figure 6.151: Moduli of elasticity and compressibility of 
iron [305]. 
Elastic Properties. The modulus of elasticity 
(Young's modulus £) represents the relation- 
ship between the elastic extension or strain 
and an applied tension or stress с. This obeys 
Нооке law c = Ee. The effect of temperature 
on £ is illustrated in Figure 6.151 (the values 
were determined for polycrystalline iron). In 
single crystals, the modulus of elasticity is 
strongly dependent on the crystallographic 
orientation of the sample (anisotropy). This 
anisotropy is also apparent in materials with a 
well-defined texture. 

Volume changes under hydrostatic pressure 
are described by the compressibility x, shown 
as a function of temperature in Figure 6.151. 


Magnetic Properties. Individual iron atoms 
have a permanent magnetic moment. At tem- 
peratures above the Curie temperature, the di- 
rections of the magnetic moments are 
randomly distributed, and the material is para- 
magnetic. There is a linear relationship be- 
tween field strength ара polarization, 
represented by the volume susceptibility. 
Below the Curie temperature, the magnetic 
moments of neighboring atoms in the bcc lat- 
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tice are arranged parallel to each other, and the 
iron is ferromagnetic. Within the Weiss zones 
(magnetic dornains) the moments are all in the 
same direction. This direction may differ from 
the direction within neighboring domains, so 
that they cancel each other. 

The properties of a ferromagnetic material 
can be represented by the magnetization curve 
(Figure 6.152). With increasing field strength 
H, the polarization increases as the number of 
favorably oriented magnetic domains in- 
creases, and the magnetic moments align in 
the direction of the applied field. The maxi- 
mum value is the saturation polarization. If the 
applied field is removed, the residual polariza- 
tion at Н = 0 is the remanence. The coercive 
field strength is the applied field which re- 
duces the polarization to zero. 

The saturation polarization varies with tem- 
perature, and disappears at the Curie tempera- 
ture [306, 307]. The magnetization curve for 
single crystals varies with crystal orientation, 
being steepest in the [100] direction, and con- 
siderably less steep in the [111] direction. This 
effect is utilized in the manufacture of textured 
electroplated steel. 
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Figure 6.152: Magnetization curve of a ferromagnetic 
material. Н = field strength: J = polarization (B =J + „Н 
= induction); J, = saturation polarization: J, = remanence; 
H, = coercive field strength; bar , the area of the hys- 
teresis loop, gives the amount of energy liberated as heat 
on reversal of the direction of magnetization. This is the 
hysteresis loss, quoted per unit mass. 
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Figure 6.153: Effect of temperature on the electrical re- 
sistivity of pure iron. 
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Figure 6.154: Effect of temperature on the thermal con- 
ductivity of pure iron. 
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Figure 6.155: Effect of alloying elements on the lattice 
constant of a-iron. 

Electrical Properties. The high electrical 
conductivity of iron is due to the great mobil- 
ity of the free electrons, but their movement is 
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‘scattered by deviations from the periodic lat- 


tice potential or by the electrons of unfilled 
shells. All crystal defects, e.g., holes, disloca- 
tions, stacking faults, impurity atoms, and pre- 
cipitates, lead to energy losses by the motion 
of free electrons, and hence to an electrical re- 
sistance that falls to the so-called residual re- 
sistance at absolute zero. According to the 
Matthiessen rule, resistance is made up of a 
temperature-dependent part, due to lattice vi- 
brations, and a residual resistance which is in- 
dependent of temperature. The effects of the 
magnetic and the a—y transitions can also be 
seen in Figure 6.153. 

At high temperatures, thermal conductivity 
is a result of the same processes that lead to 
electrical conductivity. The thermal conduc- 
tivity-temperature curve is similarly affected 
by the magnetic transformation as shown in 
Figure 6.154 [300, 308]. According to the 
Wiedemann-Franz-Lorenz law, the ratio of 
thermal conductivity to electrical conductivity 
is directly proportional to temperature. From 
this relationship, thermal conductivity can be 
calculated from electrical conductivity even at 
high temperatures when direct determination 
1s difficult. 


6.6.3.2  a-Iron Solid Solutions 


Alloying elements can be divided into 
those that restrict the y-region, and those that 
stabilize the y-phase and extend its limits 
[309]. The effect of alloying additives on the 
transformation behavior of steel can be under- 
stood only from knowledge of the effect on 
various properties. Almost all alloying ele- 
ments cause a volume increase. Figure 6.155 
shows their effect on the lattice constant of a- 
iron. Only silicon leads to a contraction. Elec- 
trical resistance increases in proportion to the 
concentration of the alloying element (Figure 
6.156). The most significant effect of alloying 
elements on magnetic properties is on the Cu- 
ne temperature, as this affects the temperature 
of the transformation from Y- to a-iron. Figure 
6.157 shows the effects of various elements. 
The large increase caused by cobalt is of spe- 
cial interest. 
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Figure 6.156: Increase in the decimal resistivity of o-iron 
by alloying elements. 
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Figure 6.157: Effect of alloying elements on the Curie 
temperature of @-iron. 


The temperature dependence of the physi- 
cal properties of c-iron mixed crystals is 
closely linked to their magnetic behavior, and 
is not significantly different from that of pure 
iron. For example, the heat capacity of iron- 
chromium alloys is essentially constant if the 
temperature scale is based on the Curie tem- 
perature. 

Ferritic iron-silicon alloys are of special 
importance, as these have low magnetization 
losses (306, 310]. Silicon addition increases 
electrical resistance, and hence reduces eddy 
current losses. The crystal anisotropy energies 
and the consequent hysteresis losses are re- 
duced. Addition of > 4.5% Si prevents the a~y 
transformation, and enables a coarse grain 
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structure to be produced. Texturing allows the 
magnetic anisotropy to be exploited. 


6.6.3.3 y-Iron Solid Solutions 


The magnetic properties of austenitic iron 
alloys are complex—as ferromagnetism, anti- 
ferromagnetism, and paramagnetism can oc- 
cur. Iron-manganese [311], iron-nickel [312], 
and iron-nickel-manganese alloys [313] are 
of industrial importance. 

The thermal expansion coefficients of para- 
magnetic y-alloys (e.g, iron-manganese- 
nickel and iron-nickel-chromium alloys) are 
relatively high at room temperature. This is 
utilized in bimetallic systems [314]. Con- 
versely, a large volume magnetostriction in 
magnetically ordered alloys compensates for 
thermally induced changes to the lattice di- 
mensions; only a small amount of thermal ex- 
pansion takes place over a certain temperature 
range [315]. Iron alloys containing 3596 
nickel are examples of Invar alloys of this 


type. 


6.6.3.4 Other Effects of Structure 


In general, physical properties are influ- 
enced by lattice defects. Density 1s somewhat 
decreased by lattice defects. All lattice defects 
increase the residual electrical resistance, 
whereas lattice vibrations are the main cause 
of resistance at high temperatures. Spontane- 
ous magnetization and the Curie temperature 
depend mainly on lattice structure and compo- 
sition. However, the magnetization curve 1s 
strongly influenced by the structure; lattice de- 
fects tend to prevent movement of the domain 
walls, and hence increase the remanence and 
coercive field strength. 

In multiphase structures, the different prop- 
erties of the phases must also be considered. 
These properties combine in proportion to the 
volume ratios in only the simplest cases, e.g., 
density, heat capacity, heat of transformation, 
and heat of formation, provided that the 
phases are in a coarse state of subdivision. A 
systematic treatment is not yet possible. Prob- 
ably the most important industrial application 
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is represented by the "hard" or permanent 
magnetic materials, with high coercive field 
strengths and a high BH value. 


6.7 Environmental 
Protection 


6.7.4 Environmental Aspects of 
Steel Production and Processing 


6.7.1.1 Production of Steel and 
Steel Products 


Large quantities of raw additive and auxil- 
iary materials are used in the production of 
crude steel and rolled steel products, and large 
amounts of energy are used in these processes. 
Substances in the solid, liquid, and gaseous 
states are potential sources of environmental 
pollution. 


For reasons of economy, the steel industry, 
especially in Europe, has always attempted to 
use as little primary energy as possible, «to 
limit the consumption of auxiliary materials, 
e.g., water, by means of complex recycling 
systems, and to utilize or recycle by-products 
or residues, е.р., slags and mill scale. From the 
early 1900s, integrated steel plants, in close 
association with coking plants and rolling 
mills, have optimized the use of CO-contain- 
ing blast furnace top gas according to the cur- 
rent state of technology. The use of blast 
furnace slag for cement and for road construc- 
tion is very much older than the general inter- 
est in environmental pollution. In the last 20— 
30 years, the ever-increasing severity of envi- 
ronmental controls have led to technological 
developments within the steel industry which 
have been very successful [318]. However, 
some of the regulations imposed demand addi- 
tional capital investment and operating costs 
whose justification may be dubious, especially 
when in some countries the regulations im- 
posed are different and, thereby, distort com- 
petition. The following discussion is based 
mainly on available data for the steel industry, 
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and particularly, individual steel plants in the 
western part of Germany. 


Environmental aspects of the production of 
pig iron in a blast furnace have already been 
described. Further numerical data on develop- 
ments during the last 30 years are given here. 
Figure 6.158 shows the considerable decrease 
in the consumption of carbon for reduction 
purposes in pig iron production [318]; Figure 
6.159 shows the continuous decrease in the 
specific amount of blast furnace slag, and its 
100% use in various applications [319]. The 
generation of electrical energy from expansion 
turbines running on blast furnace top gas (Fig- 
ure 6.160) is a further contribution to environ- 
mental protection [320]. 
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Figure 6.158: Carbon consumption in pig iron produc- 
tion. 
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Figure 6.159: Development of the specific amount of 
blast furnace slag and its utilization. 
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Figure 6.160: Electricity generation by expansion tur- 

bines from blast furnace top gas. 

In a steel melting shop, the amount of dust 
formed and the possibility of its recovery de- 
pend very much on the different steel melting 
processes, which have undergone many 
changes (Section 6.3.3). The changeover to 
the oxygen blast process and improvements in 
dedusting equipment, including secondary de- 
dusting, have led to an emission rate of only 
0.7 kg per tonne crude steel in the melting 
shops of the German steel industry (Figure 
6.161) [321]. Secondary dedusting, compara- 
ble to the *cast house dedusting" at the blast 
furnace, involves the additional dedusting 
equipment at different operation points lo- 
cated before and after the converters, e.g., pig 
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iron transfer pit, mixers, deslagging stands; 
the dedusting equipment consists of stationary 
or movable hoods and skirts. Figure 6.162 il- 
lustrates the complexity of this additional dust 
collection in a steel melting shop with three 
converters [322]. 


A comprehensive study has shown that the 
total quantity of dust and sludge collected in 
the steel plants in North Rhine/Westphalia is 
41 kg per tonne crude steel (Figure 6.163), of 
which more than 80% is reused [320]. 


The hot waste gas formed in an oxygen 
converter is used to produce steam in a waste 
heat boiler in the primary dedusting installa- 
tion [321, 322]. After further purification and 
cooling (Figure 6.164), it is collected so that 
its high CO content (68-70%) can be used 
sometimes after mixing with other gases. Fig- 
ure 6.165 shows the significant energy genera- 
tion which has been achieved in Germany 
[319]. 

Slag, an inevitable by-product in steel- 
works has been further reduced in recent 
years, reaching 121 kg per tonne crude steel in 
1991, of which 87.5% was utilized [320]. 


The mill scale occurring in hot rolling mills 
is a pure iron oxide, and can be reused in sin- 
tering plants. However, oil-containing mill 
scale sludge must be pretreated. Rotary kiln 
installations to be used for this purpose are in 
the experimental stage [322]. 
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Figure 6.161: Development of crude steel production and dust emission by the German steel industry. 
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Figure 6.162: Dust collection in a three-converter steelshop: a) Electrostatic precipitator, b) Converters; c) Mixers. 
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Figure 6.163: Origins of dusts and sludges in pig iron and steel production in North Rhine/Westphalia. Amounts in kg 


per tonne crude steel. 


Control of water consumption in a steel 
plant is also very important from the environ- 
mental point of view. All parts of the produc- 
tion operation involve the consumption of 
water, sometimes in very large quantities, e.g., 
for cooling the installations and the products. 
Attention has always been paid to the develop- 
ment and use of methods for saving water, 
e.g., the treatment and reuse of water in com- 


plex recirculating systems. In 1989, in a steel- 
plant situated near the Rhine, only 396 of the 
process water used was fresh water, i.e., 2.5 
m? fresh water per tonne crude steel (Figure 
6.166) [318]; the remaining 97% came from 
the recirculation system. Some 83% of the 
water used in the steel industry is surface wa- 
ter. 
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Figure 6.164: Converter gas cleaning and recovery system: a) Converter; b) Skirt; c) Steam boiler; d) Evaporation 
cooler; e) Dry electrostatic precipitator, f) Fan; g) Reversing valve; h) Flare stack; i) Gas cooler; j) Gasholder; K) Gas 
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Figure 6.165: Energy production by the use of converter 
gas. 

A high proportion of rolled steel production 
is cold-rolled or coated steel sheet, tinplate, 
black plate, and cold-rolled electric sheet. The 
hot-rolled strip for these finished products 
must be treated in continuous pickling lines to 
remove the adhering mill scale before the 
cold-rolling process. The used pickling solu- 
tion is also treated in a recirculating system in 
which an iron salt, e.g., sulfate, crystallizes, 
and fresh acid is added, so that only a small 
fraction of the solution leaves the plant after 
neutralization. The iron hydroxide sludge, 


which contains gypsum, cannot be used any 
further. This also applies to the wash-water in 
the pickling line, but the amount of wash-wa- 
ter used can be much reduced by appropriate 
techniques. 
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Figure 6.166: Internal water circulation. 


6.7.1.2 Steel Processing and Steel 
in Use 


Steel used in manufacturing as described in 
earlier sections, is environmentally a very 
friendly material. 

The processing of steel can certainly in- 
volve sound emissions, e.g., during hammer- 
ing, sheet metal working, and forging. Gases 
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can result when flame cutting and welding 
steel. However, in both these cases, it 1s possi- 
ble to protect personnel at the workplace with- 
out great cost and without causing too much 
inconvenience to the individual. In certain 
heat treatment processes, e.g., those using 
molten salt baths, the advice of the manufac- 
turers of the salts or other substances used 
should be followed, and relevant legal require- 
ments must be observed relating to their han- 
dling and disposal. 

Environmental problems associated with 
the use of steel products are practically nonex- 
istent, since steel is a highly recyclable mate- 
nal Even tinplate is environmentally a 
friendly packaging material, as it can be sepa- 
rated from waste materials or residues, e.g., 
from garbage incineration plants, by virtue of 
the ferromagnetic properties of the steel, and 
can then be reused. 
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Figure 6.167: Extent of recycling of various materials, — 

Figure 6.167 illustrates the extent to which 
construction materials are recycled, and in the 
case of steel this can easily be increased fur- 
ther [323]. The reuse of steel scrap is of great 
importance for the overall economy. Approxi- 
mately 60% less primary energy is required 
for melting scrap for steel production, than for 
the smelting of ores [323]. 

In the last 15 years, the use of sheet with a 
surface coating, mostly zinc, has increased 
considerably, both in automotive body manu- 
facture and in other applications. Doubts 
about the use of zinc-coated steel scrap from 
these sources are unjustified. Most of the zinc 
vaporizes during crude steel production, and is 
recovered in the dust from the filters in the de- 
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dusting equipment. If manufacturers dispose 
of moderately zinc-rich scrap separately, this 
can be processed and used in suitable electric 
steel plants, and the zinc can be economically 
recycled. For this there must be at least 16% 
Zn in the filter dust [324]. 


6.7.2 Steel Recycling 


6.7.2.1 The Tradition of Steel 
Recycling 


More than 3000 years ago, iron had already 
been the material foundation for cultural de- 
velopment. It has given its name to an entire 
epoch. The industrialization is closely linked 
with the development of the iron and steel in- 
dustry. Almost all other industries have been 
directly or indirectly dependent on advances 
in steel production. 

On 28 October 1865, the first iron was 
smelted by the Siemens-Martin open hearth 
process using 70% scrap, so beginning the in- 
dustrial utilization of scrap [325]. 

For over a hundred years, a technically and 
economically viable high-tonnage recycling 
system has existed for handling production 
waste and worn-out capital equipment and 
consumables made of steel and cast iron. For 
steel scrap, there is a completely closed sys- 
tem for recycling worn-out steel products, any 
number of times. The recycling process con- 
tinually yields high quality steel grades with- 
out downgrading. | 

As industrialization progressed and steel 
production increased toward the 1890s, the 
demand for raw materials rose. By then, scrap 
was already an important substitute for the 
usual raw material in the iron- and steel-pro- 
ducing industry. 


6.7.2.2 Types of Scrap 


Listings. In order to provide precise descrip- 
tions of the physical and chemical properties 
required in reusable scrap, an agreed list of 
scrap grades has been prepared by the steel 
and steel recycling industry in Germany (Ta- 
ble 6.19). 
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Table 6.19: Extract from the German list of scrap grades (1 September 1993) (Source: Bundesverband der Deutschen 
Schrott-Recycling- Wirtschaft e.V., Düsseldorf). 

Specifi- 
cation 
Oldscrap ЕЗ 


Category Description Dimensions Density — Steriles* 
Old thick steel scrap, predominantly more than 6 mm thick in Thickness 2 206 < 196 
sizes not exceeding 1.5 x 0.5 x 0.5 m, prepared in a manner to 6 mm 

ensure direct charging. May include tubes and hollow sec- — «1.5x0.5x 

tions. Й 0.5 т 

Excludes vehicle body scrap and wheels from light vehicles. 

Must be free of rebars and merchant bars, free of metallic cop- 

per, tin, lead (and alloys). mechanical pieces and steriles to 

meet the aimed analytical contents. " 

Referto points (B) and (C) ofthe general conditions. 


Ei Old thin steel scrap predominantly less than 6 mm thick in Thickness < 20.5 | «1.526 
sizes not exceeding 1.5 X 0.5 x 0.5 m prepared in a mannerto 6 mm 
ensure direct charging. If greater density is required it is rec- <1.5х0.5х 
ommended that maximum 1 metre is specified. 0.5m 
May include light vehicle wheels, but must exclude vehicle 
body scrap and domestic appliances. : 
Must be free of rebars and merchant bars. free of metallic cop- 
per, tin, lead (and alloys), mechanical pieces and steriles to 
meet the aimed analytical contents. SC 
Refer to points (B) and (C) of the general conditions. 


Newscrap E2 Thick new production steel scrap predominantly more than 3 Thickness2 20.6 <0.3% 


(low residu- mm thick prepared in a manner to ensure direct charging. The 3 mm 

als, un- steel scrap must be uncoated unless permitted by joint артее- < 1.5x0.5x 

coated)" ment and be free of rebars and merchant bars even from new 0.5m 
production. 


Must be free of metallic copper, tin. lead (and alloys), me- 
chanical pieces and steriles to meet the aimed analytical con- 
tents. M 

Refer to points (B) and (C) of the general conditions. 


ES Thin new production steel scrap predominantly less than 3 Thickness < 20.4 — « 0.396 
mm thick prepared in a manner to ensure direct charging. The 3mm 
steel scrap must be uncoated unless permitted by joint agree- 1.5x0.5x 
ment and be free of unbound ribbons to avoid trouble when 0.5 m (ex- 
charging. Must be free of metallic copper, tin, lead (and al- сері bound 
loys), mechanical pieces and steriles to meet the aimed analyt- ribbons) 
ical contents. WW 
Refer to points (B) and (C) ofthe general conditions. 


E6 New production thin steel scrap (less than 3mm thick) com- 21 « 0.396 
pressed or firmly baled in a manner to ensure direct charging. 
"he steel scrap must be uncoated unless permitted by joint 
agreement. 
Must be free of metallic copper, tin, lead (and alloys), me- 
chanical pieces and steriles to meet the aimed analytical con- 
tents. 
Referto points (B) and (C) ofthe general conditions. 


Shredded E40 Shredded steel scrap. Old steel scrap fragmentized into pieces >09 «0.496 
not exceeding 200 mm in any direction for 95% of the load. 
No piece, in the remaining 596, shall exceed 1000 mm. 
Should be prepared in a manner to ensure direct charging. The 
scrap shall be free of excessive moisture, loose cast iron and 
incinerator material (especially tin cans). 
Must be free of metallic copper. tin, lead (and alloys), and 
steriles to meet the aimed analytical contents. ` 
Refer to points (B) and (C) of the general conditions. 


< 


Steel 383 
Specifi- SEN А А А а 
Category cation Description Dimensions Density — Steriles 
moon PRET. EPO OL EE EE DOL GA E EE EEN, ——— 
Steeltum- ESH Homogeneous lots of carbon steel turnings of known origin, 
Fy E 


ings free from excessive bushy. Should be prepared in a manner to 
ensure direct charging. Turnings from Free Turning Steel 
must be clearly identified. The turnings must be free from all 
contaminants such as nonferrous metals, scale, grinding dust, 
and heavily oxidized turnings or other materials from chemi- 
cal industries. Prior chemical analysis could be required. 


ESM Міхей lots of carbon steel turnings, free from excessive bushy 4 
and free from turnings from Free Cutting Steel. Should be 
prepared in a manner to ensure direct charging. The tumings ў 
must be free from all contaminants such as nonferrous metals, 
scale, grinding dust, and heavily oxidized turnings or others 
materials from chemical industries. 


High resid- EHRB* Old and new steel scrap consisting mainly of rebars and mer- Max. 1[5x 20.5 «1.596 
ual scrap chant bars prepared in a manner to ensure direct charging. 0.5x0.5m 

May be cut, sheared, or baled and must be free of excessive 

concrete or other construction material. ` 

Must he free of metallic copper, tin, lead (and alloys), me- 

chanical pieces and steriles to meet the aimed cnalytical con- 

tents. 


Refer to points (B) and (C) ofthe general conditions. 


ENRM' Old and new mechanical pieces and components not accepted Max. 1.5x 20.6 — «0.796 
in the other grades prepared in a manner to ensure direct 0.5x0.5m 
charging. 
May include cast iron pieces (mainly the housings of the me- 
chanical components). 
Must be free of metallic copper, tin, lead (and alloys), and 
pieces such as bearing shells, bronze rings, and others as well 
as steriles, to meet the aimed analytical contents. 
Refer to points (B) and (C) ofthe general conditions. 


Fragmen- E46 Fragmentized incinerator scrap. ‘Loose steel scrap processed 20.8 Fecontent 
tized scrap through an incinerating plant for household waste followed by 292% 
from incin- magnetic separation, fragmentized into pieces not exceeding 

eration 200 mm in any direction and consisting partly of tin-coated 


steel cans. Should be prepared in a manner to ensure direct 
charging. The scrap shall be free of excessive moisture and 
rust. 

Must be free of excessive metallic copper, tin, lead (and al- 
loys), and steriles to meet the aimed analytical contents. 
Refer to points (B) and (C) ofthe general conditions. 


* Corresponds to the weight of steriles, not adhering to the scrap, remaining at the bottom of the vehicle after unloading by magnet. 
^ Coated Material must be notified. 


“Free from all contaminants (nonferrous metals, scale, grinding dust, chemical materials, excess oil). 
* To date, no clear method to determine these values. ` 


*Rebar and Merchant Bar must be classified apart due essentially to the copper content which could place them out with old scrap and new 
scrap low residual grades. | 


‘Mechanical and engine components must be classified apart principally due to their Ni, Cr, and Mo content which could place them out 
with the thick old scrap and heavy new scrap low residual grades. 


These defined grades apply only to carbon e Handleable magnetically 
steel scrap. The following general require- ` e Free from elements harmful to the smelting 


ments are included in the European list of process 
ce gees Ott sable) Dae acta anus Plant Scrap. Plant scrap is produced in the 


manufacture of steel and of rolled finished 
e Prepared in a manner to ensure direct charg- products. It is directly reused in the steel- 
ing works. 












































384 Handbook of Extractive Metallurgy 
900 
800 
700 
| 600 
РЕ World crude 
ZS 500 steel production 
t 
e 400 
5 Ro 
Фф, 
= 300 LHR 
5 RERE 
€ PERRO 
= 200 104440400939 RG 
ISOS RRS eS 
ARRS A cea KRR 
100 5% 2% SO Capital scra SESS 
T OO 9905965454565. 








Year ——» 


9,9 0 9 0 9. XK KOO 
DIRS 
5% О ОООО 


0 
1950 55 60 65 70 75 80 85 90 





Gef 





95 2000 05 10 15 


Figure 6.168: Development of arisings of plant scrap, new, and capital scrap, with estimated future figures. 


New Scrap. New scrap arises in steel process- 
ing industries as production waste. It is usually 
returned to steelworks and foundries by the re- 
cycling industry. 
Capital Scrap. Capital scrap is composed of 
steel, cast steel, and cast iron originating from 
used commodity and industrial goods. There 
are three types, classified according to origin: 
e Demolition scrap 
e Automobile scrap 
e Collected scrap 

The development of the amounts of plant 
scrap, new scrap, and capital scrap is illus- 
trated in Figure 6.168, with estimated future 
figures, assuming that 70% of steel consump- 
tion is returned to the material cycle after a pe- 
riod of 20 years. 


6.7.2.3 Scrap Processing 


Separation 


Steel is used in engineering, plant construc- 
tion, vehicles, building industry, shipbuilding, 
household appliances, packaging, etc. When 
products that consist mainly of steel are no 
longer usable, they are usually processed by 
the steel recycling industry. The composition 


and dimensions of scrap are usually such that 
it cannot be used in steelworks and foundries 
in its original state. Appropriate processes 
must therefore be used for: 


e Size reduction 
e Separation from other materials 


e Classification into grades 

A unique characteristic of steel and iron 
scrap is that it can easily be recovered from ac- 
companying materials by its magnetic proper- 
ties, enabling the iron-containing constituents 
to be returned to steelworks and foundries in a 
high state of purity. 


Shearing Machines 


Large pieces of scrap can be size-reduced 
by shearing machines. Even before the World 
War I guillotine shears were used for this pur- 
pose. 

Further developments led to the larger and 
faster alligator shears, and then to the hydrau- 
lic machines used today, where the scrap is 
charged by a crane into a feeding bed. The 
feeding bed is usually provided with a pre- 
press which compresses the scrap so that even 
bulky material can be pushed under the blades 
of the shears. Size reduction of, e.g., freight 


Steel 


cars industrial equipment, and large compo- 
nents, including material from shipbreaking 
and other heavy demolition work, is carried 
out with shears with a compression force of up 
to 2000 t and blades up to 2.50 m wide [326]. 


Presses 


Scrap presses are used to densify clean steel 
scrap, e.g. production waste from rolling 
mills and steel processing industries, to facili- 
tate transportation and charging, and to reduce 
it to the specified dimensions. 

In the early 1920s, slow mechanical screw 
presses with large vertical boxes and small 
charging holes were developed. These were 
able to bale light collected scrap and new sheet 
scrap. 

Mechanical baling presses were followed 
by high-pressure hydraulic presses with large 
charging boxes. This hydraulic equipment 
produces high-density bales of the size needed 
for steel production plants, e.g., converters 
and electric furnaces, and for the melting facil- 
ities of the foundry industry. The usual bale 
sizes are: 30 х 30 x 30 cm and 40 x 40 x 60 ст 
for the foundry industry, and 60 x 60 x 150 cm 
for the steel industry [327]. 


Shredders 


Increasingly, scrap is no longer in pure 
form, but combined with other materials. Ex- 
amples include old vehicles and household ap- 
pliances, which contain considerable amounts 
of plastics, glass, rubber, nonferrous metals, 
and other materials. Shredders (Figure 6.169) 
have been used by the steel recycling industry 
since the mid 1960s to produce automobile 
and collected scrap that meets the require- 
ments of the steel works. 

A shredder functions on the principle of the 
swing-hammer mill. The products fed to the 
shredder are broken down to pieces not larger 
than fist-sized, and are then fed to an air sepa- 
rator to remove the light waste fraction, which 
includes plastics, textiles, and cardboard. An 
electromagnetic drum or band separator sepa- 
rates the steel scrap from the nonferrous met- 
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als and coarse impurities (heavy waste 
fraction). The materials removed by the air 
separator, which cannot, at present, be recy- 
cled (shredder residues) must be disposed of. 
This is expensive, and is likely to become 
more so. Shredding provides a means of re- 
covering the iron and steel from used products 
with purity ca. 98%, so that they can be re- 
turned to the raw material cycle. 


» 


6.7.2.4 Factors Influencing 
Recycling 


Alloy Steels 


In steel production, the properties of vari- 
ous grades of steel are achieved by adding al- 
loying elements. Alloy steel can also be 
returned to the material cycle, if it is sorted ac- 
cording to chemical composition. The alloy- 
ing elements are retained when the scrap is 
melted, and new alloy steels can be produced 
from this metal. 


Surface Coatings 


Steel is surface coated to give the properties 
required, i.e., surface quality, stress condition, 
and corrosion protection. Surface coatings can 
be either metallic (e.g., zinc) or nonmetallic. 
The latter include organic coatings (plastic or 
paints) and inorganic coatings (cement mortar 
or enamel) [328]. 

Smelting of zinc-coated steel scrap during 
steel production is the present state of the art. 
As zinc boils at 907 °C and steel melts at 
1400-1500 °C, the zinc vaporizes from the 
melt and is collect ed as zinc oxide in dedust- 
ing plants. If the zinc content of the steelworks 
dust is ca. 16%, it is profitable to recover the 
zinc [329, 330]. 

Before scrap recovered from steel with a 
nonmetallic coating can be returned to steel 
production, it is usually processed by shred- 
ding, or cold shock treatment to remove adher- 
ing materials from the scrap, as these are 
harmful to the smelting process, or can lead to 
inadmissible emissions. 
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Figure 6.170: Consumption and partial recycling of tin- 
plate packaging in Germany. 


Pretreatment of Used Steel Products 


Steel products and components at the end 
of their lives are often associated with impuri- 
ties, or are attached to other materials. To pre- 
vent the unwanted materials from being 
returned to steel production along with the 
scrap, pretreatment and purification are neces- 
sary, €.g., removal of oil from chips arising 
from the processing of steel, which are classi- 
fied as new scrap. 

Pretreatment of used products that consist 
mainly of steel is often also necessary for dis- 


posing of or recycling the other materials in 
the products, e.g., the disposal of old cars. In 
the initial dismantling, the batteries of the old 
vehicles are removed to return the lead to a 
separate material cycle. This also prevents the 
lead from contaminating waste tips when the 
shredder residues are dumped. For the same 
reason, fuel, oil, gear, differential, and shock 
absorbers, and brake fluid and coolant are re- 
covered before the old cars are shredded. In 
refngerators, freezers, and air conditioning 
equipment, the cooling liquids are recovered 
to prevent their escape into the atmosphere. 

Tinplate packaging, e.g., for foodstuffs, 
consists of very thin tinned steel sheet. The 
scrap from tinplate cans is processed by the 
stecl recycling industry, and returned to steel 
production where it is used without problems. 
The consumption of tinplate packaging and 
the extent of its recovery for recycling in Ger- 
many is shown in Figure 6.170. 

Steel sheet packaging for commercial use, 
e.g., barrels or canisters, can be contaminated 
with organic or inorganic residues from the 
filling (paints, varnishes, oils, or adhesives). 
They must be emptied as far as possible and 
then processed by, e.g., shredding, cold shock 
treatment, or centrifuging, enabling the scrap 
to remain in the material cycle, provided that 
the chemical and physical quality require- 
ments of the steel industry are met. 
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Figure 6.171: World trade in scrap 1990. e 


6.7.2.5 Economic and Logistic 
Aspects 


Scrap Consumption 


According to the International Iron and 
Steel Institute (ISI), total world consumption 
of scrap, including scrap used in foundries, 
was 360 x 10$ t in 1994. Most of this (330 x 
10° t) was used in steel production. In 1994, 
total world crude steel production was 728 x 
106 t (331]. Hence, the average consumption 
of scrap per tonne crude steel produced was 
ca. 450 kg. Electric steel plants accounted for 
223 x 10° t scrap. Thus, ca. 60% of scrap was 
consumed by electric steel plants. 


World Market for Scrap 


Scrap is an international commodity with a 
free price structure. Scrap arisings and con- 
sumption vary greatly from one country to an- 
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Soviet Union to 
Western Europe 





other. The proportions of the various steel 
production processes in different countries 
have a considerable influence on scrap con- 
sumption, and hence on the flow of imports 
and exports. In electric steelworks, 100% 
scrap can be used for steel production. In 
1995, the average usage of scrap in German 
electric steelworks was 1004 kg per tonne 
crude steel. 


In oxygen steel production, pig iron pro- 
duced in the blast furnace is oxidized together 
with scrap in a converter. The average usage 
of scrap in 1995 in Germany was 181 kg per 
tonne crude steel for this process [332]. In the 
production of high quality steel grades shred- 
ded scrap for cooling is preferred because of 
its high purity and the small lump size. 

The most important flows of scrap in world 
trade in 1990 are illustrated in Figure 6.171. 
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Infrastructure and Logistics 


The task of the steel recycling industry is to 
take responsibility for iron and steel scrap, i.e., 
to transport, store, process, and deliver to 
steelworks and foundries a high-quality raw 
material. 

The recycling system offers one particular 
advantage: The collecting points are installed 
in all countries. They collect scrap according 
to its origin, lump size, and impurity levels. 
The structure of these organizations varies: 

e Small-scale and collection service 
e Medium-sized scrap wholesale traders 


e Organizations supplying scrap to steelworks 

Scrap is transported by rail water, and 
road. To enable prompt delivery, the steel re- 
cycling industry has made considerable in- 
vestments in handling and transportation 
facilities. 

The demand for scrap is not constant, so the 
scrap recycling industry maintains stocks con- 
taining the equivalent of the purchasing re- 
quirements of steelworks for ca. 2 months. 
Thus, the industry has taken over an important 
function in balancing scrap arisings with con- 
sumption [333]. 


6.8 Economic Aspects 


6.8.1 World Steel Production, 
Consumption, and Trade 


From the World War II to the early 1970s, 
world crude steel production grew at an aver- 
age annual rate of ca. 5.5%. Since then, the 
rate has been only 196 (Figure 6.172). The 
number of steel-producing countries increased 
from ca. 30 to ca. 90. 

The largest steel-producing companies, 
with their 1992 production, are shown in Table 
6.20. 

Of the total world crude steel production, 
721 x 106 t in 1992, 345 x 106 t (4896) was 
produced by 50 companies in the westem 
world. There are also large steelworks in the 
countries of the former Soviet Union. Some of 
these are listed in Table 6.21. 
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Figure 6.172: World steel production from 1950 (selected 
regions). Smooth curve is 5-year average. Data Supplied 
by the Statistisches Bundesamt (German Federal Bureau 
of Statistics) and the International Iron and Steel Institute 
(181). 


Table 6.20: Leading steel producers 1992. 





Company Country Production, 1051 
Nippon Steel Japan 25.10 
Usinor Sacilor France 21.10 
Posco Korea 20.01 
British Steel United Kingdom 12.39 
NKK Japan 10.89 
Ilva Italy 10.60 
Thyssen Germany 10.13 
Kawasaki Japan 10.00 
Sumitomo Metals Japan 9.97 
Sail India 9.70 
Bethlehem United States 9.60 
US Steel United States 9.50 





Table 6.21: Steel production in the former Soviet Union. 


Steelworks Country Capacity, 10° t/a 
Magnitogorsk Russia 16.2 
Chereporets Russia 14.0 
Krivoy Rog Ukraine 13.9 
Lipetsk Russia 9.9 
Nizhiny Tagil Russia 8.3 





After the political changes of the early 
1990s, steel production in these countries de- 
creased considerably, i.e., from 216 x 108 t in 
1987 to 124 x 10° t in 1993. 
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Figure 6.173: Steel consumption: A) 1974; B) 1992. Source: IISI, Brussels. 


Table 6.22: Steel production and consumption 1970-1992. 


Production Consumption Production Consumption 





Region Balance, 1051 Balance, 1051 
1970 1980 
European Community 146.2 1329 13.3 1419 119.9 22.0 129.1 
Westem Europe 161.9 153.9 8.0 1612 142.1 19.1 153.8 
United States 119.3 1273 —8.0 101.5 1186  -17.1 84.3 
Japan 93.3 69.9 23.4 111.4 79.0 32.4 98.1 
Industrialized countries 397.4 374.0 23.4, 4069 3662 40.7 366.9 
Developing countries 22.1 422 -20.1 56.7 944 -37.7 117.2 
Brazil 5.4 6.0 -0.6 15.3 14.3 1.0 23.9 
Eastern Europe 40.1 41.5 -1.4 61.2 59.6 1.6 32.4 
Former Soviet Union 1159 110.2 5.7 1479 150.4 -2.5 117.0 
China 18.0 22.5 -4.5 37.1 43.2 —6.1 80.0 
World 595.7 5928 29 7159 7188 -29 720.5 
Table 6.23: World trade in steel 1991. 
Country Exports, 1051 Country 

Germany 19.6 Germany 

Japan 17.9 United States 
Belgium/Luxembourg 1433 France 

France I2.0 Italy 

Brazil 10.9 Japan 

Italy 9.0 Taiwan 

United Kingdom 8.0 South Korea 

Korea 7.7 United Kingdom 

United States 5.8 Iran 

Netherlands 5.7 Netherlands 

Soviet Union 5.4 Belgium/Luxembourg 

Spain 4.8 Soviet Union 
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Production Consumption 
Balance, 10°t 


1992 
1152 13.9 
1353 18.5 
1003 -16.0 
840 141 
3404 26.5 
1477 -30.5 
9.1 14.8 
211 — 113 
150 20 
831 — -3.1 
7148 57 
Imports, 105t 
16.8 
14.3 
10.3 
10.3 
9.0 
8.7 
8.5 
5.6 
5.5 
5.2 
47 
4.6 
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Figure 6.174: Crude steel production by region 1950— 
1992. 

The strong growth of the world steel indus- 
try starting in the 1970s was due to the high 
demand for steel in western Europe, Japan, 
and eastern Europe. In these regions, steel 
consumption expanded by almost 7% per an- 
num. In the United States, the rate was only 
2%. Consumption by the developing countries 
grew rapidly from small beginnings, at > 8.5% 
per annum. 

In the last 30 years, considerable regional 
changes in steel consumption and production 
have occurred. Approximately one-fifth of 
steel consumption and 15% of steel produc- 
tion is associated with the developing regions 
(Figure 6.173). China has also moved ahead. 
Japan improved its position until the early 
1970s, but its share of the world volume has 
stagnated since then. Europe and the United 
States are producing a considerably lower pro- 
portion than 20 years ago. 


Regional shifts have increased the extent to 
which the developing countries have become 
self-sufficient, but in recent years, demand has 
grown more rapidly than supply. The tradi- 
tional exporters, e.g., Japan and the European 
Community, have relied more strongly on 
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their domestic markets. The United States has 
been a net importer since 1959. The relation- 
ship between production and market supply 
has developed as shown in Table 6.22. 


Brazil has become one of the largest net ex- 
porters. Meanwhile, the contribution by east- 
ern Europe and the former Soviet Union to the 
world total has decreased since the end of the 
communist planned economy (Figure 6.174). 


World steel exports have grown more rap- 
idly than world production (Figure 6.175) be- 
cause of variations in the regional distribution 
of demand and production. In the 1970s and 
early 1980s, the volume of international trade 
in steel tended to grow at the same rate as gen- 
eral world trade, but in recent years, the vol- 
ume of steel trade has not increased. The 
increasing self-sufficiency of new producing 
countries tends to have a braking effect, but in 
the area of products and grades, and as a result 
of competition for customers by the manufac- 
turing companies, active interchange across 
national boundaries is likely in future. 


Steel exports from Japan have decreased 
from > 30 x 10 t in the mid-1980s to 18 x 10° 
t in 1991. Most significant is the collapse of 
trade among the former COMECON coun- 
tries—ca. 15 x 10° t reduction in the exchange 
volume. As shown by the high uptake by 
China from the international market in late 
1992/early 1993, relatively large fluctuations 
in world steel exports are likely. 


A summary of the largest exporting and im- 
porting countries in 1991 is given in Table 
6.23. 


An important feature of the steel industry 
that affects investment decisions is the extent 
of export orientation of steel manufacturers. In 
the industrialized countries, the important 
steel consumers, e.g., engineering and motor 
vehicle manufacturers, export a high propor- 
tion of their steel-containing products (Table 
6.24). 
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Figure 6.175: World steel exports, production, and trade 
from 1970. 1970 figures = 10096. a) World trade (all prod- 


ucts); b) Steel exports; c) Crude steel production. Source: 
1181; Dresdner Bank. 


Table 6.24: Direct and indirect steel exports of selected 
regions. 


Direct Indirect Direct pro- Indirect pro- 


export export duction,% duction, % 
10° t rolled steel 

European Community 

1979 65.7 32.0 53.4 324 
1990 70.2 37.7 5839 35.8 
Japan 

1979 30.7 12.0 30.8 17.1 
1990 16.6 20.4 16.9 23.0 


Table 6.25: Steel consumption in selected countries 1990. 


Consumption, 


Созу kg rolled steel per capita 
West Germany 482 
France 285 
United Kingdom 244 
Sweden 336 
Japan 75i 
Brazil 60 


In countries with very high steel exports, 
e.g., Germany and Japan, the so-called indi- 
rect foreign steel trade affects the trend of de- 
velopment of steel consumption and per capita 
steel consumption considerably (Table 6.25). 
For these two countries in 1990, indirect ex- 
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ports and imports of rolled steel resulted in a 
net balance, estimated at 9.3 and 19.4 x 1061. 
These examples show the importance of the 
basic conditions for fair international trade. 


The demand for steel, the most important 
construction material for industry (including 
the construction industry) and handicrafts, is 
mainly determined by overall economic de- 
velopment, and hence by capital investment 
and external trade in steel-containing goods. 
The optimism which, in the early 1970s, led to 
investment in steel capacity was considerably 
dampened after the first oil crisis of 1974—75. 
The second large increase in the price of oil in 
1979, and the increased attention to environ- 
mental problems slowed down the economic 
growth of the western industrialized countries, 
where the standard of living had reached a re- 
markably high level. Future growth is likely to 
be essentially calmer. 


6.8.2 Steel Intensity and Weight 
Saving in Steel 


Steel consumption depends on the state of 
the overall national economy, especially on in- 
vestments and foreign trade. In the early 
stages of industrialization, steel consumption 
grows at a rate out of proportion to that of the 
national product. Later, the so-called steel in- 
tensity decreases, and steel consumption 
grows more slowly than the national product 


(Figure 6.176). The most important reasons 
include: 


o Weight savings in steel manufacture by de- 
sign optimization, making use of lighter and 
qualitatively superior steels. The 320 m 
Eiffel Tower was built of 7000 t steel in 
1889, but today would require only 2000 t. 
A 165 m mast for a radio link station can be 
built today with only 210 t steel. 


e The use of different materials within the 
broad area of rolled steel products, e.g., 
greater use of flat products in place of long 
products, and the use of increasingly thin 
sheet for flat products (Figure 6.177). 
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Figure 6.177: Distribution of rolled steel finished prod- 
ucts in the European Community, Source: Eurostat. 
e Replacement of steel by other materials, 
e.g., light metals or plastics, e.g., in automo- 
biles. The proportion of steel and iron has 
decreased from 759^ in the 1970s to 6596 in 
the early 1990s. The aluminum content has 
grown from 3% to 5%, and plastics from 
6% to 10%. It is likely that steel will con- 
vs tinue to be the most important constituent of 
automobiles, remaining at ca. 6096. 
а e А combination of steel with other materials 
is often the best solution (e.g., sandwich 
construction). 


e The reason for most of the reduction in spe- 
cific steel consumption is the improved pro- 
ductivity of the steel industry itself, and not 

b the replacement of materials. 


0.08 e With increasing maturity of a national econ- 
omy, the fraction of the total national prod- 
uct accounted for by commercial services 

n increases, and the fraction accounted for by 

c manufacturing and heavy basic materials 
decreases. In 1960, the proportion of the 

West German national product accounted 

for by manufacturing was 53%, in 1980 it 

was 43%, and in 1992, 37%. Mining, basic 
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Figure 6.176: Steel consumption from 1980: A) Develop- materials, and manufactured goods antri 
ing countries (a); Industrialized countries (b); B) Korea 


0 
(2); Turkey (b); Japan (c). From calculations supplied by uted 32%, 30%, and 23 % to the turnover of 
IISI. manufacturing business in these years. 


Steel 


340 


320 


300 


280 

260 І 

240 

220 

200 

180 

160 

m 

120 g : 
100 Ё 


Figure 6.178: Capital investment per installation, West 
Germany 1990: a) Steel; b) Chemicals; c) Quarrying, ex- 
traction, and working up of stone and earths; d) Industry 
(total); e) Road vehicles; f) Food industry; g) Electrical in- 
dustry; h) Mechanical engineering. Source: IW, Cologne. 
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6.8.3 Capital Investment and 
Subsidies | 


The steel industry, а capital-, energy-, and 
raw-material-intensive industry, has always 
striven to improve productivity and cost effec- 
tiveness. Improvements in industrial plant de- 
sign production methods, and installations for 
recovering or recycling waste heat, waste 
gases, electricity, and water have been of cen- 
tral importance. The high intensity of capital 
investment brought steep cost reductions 
whenever it was possible to fully utilize the 
capacities of very large installations. Conse- 
quently, from the 1950s to the 1970s, large in- 
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tegrated steelworks were central to strategic 
planning. Optimization of locations with re- 
spect to raw material supplies (coastal steel- 
works) or large marketing regions (Rhine, 
Ruhr) was emphasized. Technical develop- 
ment at that time mainly provided the mea- 
surement and control techniques essential for 
large blast furnaces, large converters, strand 
casting plants, and large rolling mills, and the 
electronic support for the organization’ of pro- 
duction. Innovations and improvements have 
contributed to reductions in the capital cost 
per tonne steel produced, in specific energy 
consumption, in raw and auxiliary materials 
costs, and in general running costs. 

In modern steelworks, the production of 1 
tonne rolled steel requires 1.1 t crude steel, 
whereas 20 years ago it required 1.3 t. Conse- 
quent savings of raw steel are ca. 80 x 10° t/a 
worldwide. There is a further possible saving 
of 40 x 10$ t by further modernization, assum- 
ing the same volume of rolled steel. 

However, intensity of capital investment 
compared with other branches of industry is 
still relatively high. In 1990, it was 340 000 
DM per installation, which compares with 
only 118000 DM in engineering (Figure 
6.178). Capital investment constitutes just 
209^ of the cost of steel produced in West Ger- 
many. Personnel costs account for ca. 25%. 
The sum of these costs is only slightly influ- 
enced by short-term market fluctuations. 
Large production units cannot be throttled 
back at will. However, as the steel market re- 
acts extremely strongly to economic change 
(rising demand in boom periods, falling de- 
mand during recessions), suppliers have prob- 
lems in matching supply to demand, 
especially in times of weak markets. The re- 
sult is intense competition between suppliers 

for small market volumes at falling prices. As 
long as businesses can build up a financial re- 
serve in good economic times, short-term falls 
in demand can be coped with. However, this 
becomes much more difficult if medium-term 
demand forecasts are over-optimistic. 

For a long time, so-called mini-steelworks 
have become the cost and price leaders among 
producers of light-section steel products (e.g., 
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rod and wire rod). For this product area, the fa- 
vored production scheme is electrosteel pro- 
cessing of scrap and small rolling mills. This 
reduces capital costs, and gives flexibility in 
matching market fluctuations. 


Price index, 6 ———» 
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Figure 6.179: Price fluctuation in selected branches of the 
West German business economy 1974—1993. 1985 index 
recalculated to set 1974 figures — 10096. a) Producers? 
prices, motor vehicle construction; b) Commercial prod- 
ucts (total); c) Rolled steel; d) Export prices, Western Eu- 
rope (steel bars) Data supplied by the Statistisches 
Bundesamt (German Federal Bureau of Statistics). 


New technology, organization systems, and 
the resulting increase in productivity and eco- 
nomic efficiency have also influenced price. 
Steel prices have risen considerably more 
slowly than those of the average industrial 
product. In recent years they have even fallen, 
and the severe fluctuations in international 
quotations during economic cycles have at 
least been no worse than those of 20 years ago 
(Figure 6.179). 

There are very high barriers preventing 
steel making installations with overcapacity 
from getting out of the market. In western Eu- 
rope since the mid 1970s these have become 
even higher, as state intervention distorts com- 
petition, making reduction in capacity very 
difficult. Large subsidies have ensured sur- 
vival, especially of nationalized undertakings 
(Figure 6.180). Reduction in capacity is lag- 
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ging behind the true need, and finance for cap- 
ital investment im  modemization has 
continued to be available (Table 6.26). 

Private undertakings can only combat such 
subsidized competition for a limited period, if 
there is no countervailing policy to avoid sub- 
sidized companies increasing their market 
share. 
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Figure 6.180: Distortion of competition by subsidies 
1975-1993. Figures for Spain from 1984. Source: 
Wirtschaftsvereinigung Stahl (Industrial Association for 
Steel). 


Table 6.26: Capital investment and subsidies in selected 
countries 1975—1991. Average figures, DM per tonne 
crude steel produced. 


West F United 
Germany ranee Kingdom 


Subsidies 10 69 92 97 
Capital investment 47 63 70 67 


Italy 


The steel politics of the European Commu- 
nity since the middle 1970s exemplify the di- 
sastrous effects of state intervention in a 
market economy. The decisions of the Euro- 
pean Commission and the Council of Minis- 
ters during the steel crisis of 1991-1993 show 
that there is a gulf between the broad political 
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aims of a European Union and the real eco- 
nomic, financial, and structural politics of the 
member countries. 

In some steel-producing countries (e.g., the 
United Kingdom and Brazil) governments 
have become unwilling to pay high subsidies, 
on the grounds that they block the possibilities 
for investment in alternative projects. Privati- 
zation of nationalized steel undertakings has 
gone ahead. : 


6.8.4 Future Prospects 


New perspectives are opening up in the 
steel industry through further technical devel- 
opments in casting and rolling technology. A 
new generation of continuous production 
lines, from crude steel to products close to fi- 
nal dimensions, may considerably reduce the 
specific capital costs both of flat steel products 
and of heavy profiles, increasing the flexibil- 
ity of undertakings to match economic fluctu- 
ations. At the same time, productivity can be 
significantly improved. Different configura- 
tions of the supply structure are likely to be- 
come available to the large suppliers of flat 
steel products, who are themselves advancing 
these technical developments, i.e., indepen- 
dent small and medium manufacturing units, 
or a combination of several plants with an effi- 
cient source of crude iron and steel from large 
units. 

In recent years, small and medium-sized 
steelworks, mainly based on scrap, have been 
in favor, but there are limits to this develop- 
ment. Increasing amounts of scrap are avail- 
able for steel production, but growing world 
steel demand is likely to require the smelting 
of iron ore. 

Thus, from the economic point of view, 
many opportunities present themselves for 
steel as a competitive material for the future. 
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7.1 Introduction 


Ferroalloys are master alloys containing el- 
ements that are more or less soluble in molten 
iron and that improve the properties of iron 
and steel. These alloys usually contain a sig- 
nificant amount of iron. Ferroalloys have been 
used for the last 100 years, principally in the 
production of cast iron and steel [1]. As addi- 
tives, they give iron and steel improved prop- 
erties, especially increased tensile strength, 
wear resistance, and corrosion resistance. 
These effects come about through one or more 
of the following: 


e A change in the chemical composition of the 
steel 


e The removal or the tying up of harmful im- 
purities such as oxygen, nitrogen, sulfur, or 
hydrogen 

e A change in the nature of the solidification, 
for example, upon inoculation [2] 
Ferroalloys are also used as starting materi- 

als in the preparation of chemicals and pure 

metal; as reducing agents (e.g., the use of fer- 
rosilicon to reduce rich slags); as alloying ele- 
ments in nonferrous alloys; as starting 
materials for special products such as amor- 
phous metals. Table 7.1 lists some commercial 
ferroalloys. | 

Over the years, the binary ferroalloys have 
been modified by the addition of further com- 
ponents. For example, magnesium is regularly 
added to ferrosilicon, which, when used in 
cast iron, produces a spheroidal graphite; and 
manganese or zirconium can be added to cal- 
cium-silicon. 


Production. Generally, ferroalloys are pre- 
pared by direct reduction of oxidic ores or 
concentrates with carbon (carbothermic), sili- 
con (silicothermic), or aluminum (alumino- 
thermic, closely related to the Goldschmidt 
reaction; see section 7.2). However, roasted 
ores (e.g., for ferromolybdenum) and pure 
technical-grade oxides (for ferromolybdenum 
and ferroboron) are also used as starting mate- 
rials. 

The large-volume ferroalloys — ferrosili- 
con, ferromanganese, ferrochromium — are 
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prepared continuously by carbothermic reduc- 
tion in large, submerged-arc furnaces. The car- 


bon is provided by coke, and the power supply. 


ranges from 15 to 100 MVA. Ferromanganese 
is also produced in blast furnaces. Both ferro- 
manganese and ferrochromium, because of 
their affinity for carbon, contain high concen- 
trations of carbon (7—8 76). In contrast, ferro- 
silicon contains little carbon; in fact, the 
carbon concentration decreases as the silicon 
concentration is increased, e.g., ferrosilicon 
containing 25 96 Si contains 146 C, while that 
containing 75 % Si contains only 0.1% C. 


Table 7.1: Ferroalloys. 


Alloy Composition, 
% 
Calcium-silicon 28-35 Ca 
60—65 Si 
6Fe 
Calcium-silicon-aluminum 15-25 Ca 
10-40 Al 
35-50 Si 
Calcium-silicon-barium 15-20 Ca 
14-18 Ba 
55-60 Si 
Calcium-silicon-magnesium 25—30 Ca 
10-15 Mg 
50-55 Si 
Calcium-manganese-silicon 16-20 Ca 
14—18 Mn 
58-59 Si 
Calcium-silicon-zirconium 15-20 Ca 
15-20 Zr 
. 50-55 Si 
Ferroboron 12-14B 
Ferrochromium 45-95 Cr 
0.01-10 C 
Ferrosilicochromium 40-65 Cr 
45-20 Si 
Ferromanganese 75-92 Mn 
0.05-8.0 C 
Ferrosilicomanganese 58—15 Mn 
35-15 Si 
Ferromolybdenum 62-70 Mo 
Ferronickel 20-60 Ni 
Ferroniobium 55-70 Nb 
Ferroniobiumtantalum 55-70 Nb 
2-8 Ta 
Ferrophosphorus ca. 25 Р 
Ferroselenium ca. 50 Se 
Ferrosilicon 8—95 Si 
Ferrotitanium 20-75 Ti 
Ferrotungsten 70-85 W 
Ferrovanadium 35-80 V 
Ferrozirconium ca. 85 Zr 
Ferrosilicozirconium 35-42 Zr 
ca. 50 Si 
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Low-carbon ferromanganese (0.1-2% C) 
or ferrochromium (0.02—2 76 C) is produced in 
the following way: a silicon-containing alloy, 
ferrosilicomanganese ог  ferrosilicochro- 
mium, is made by carbothermic reduction of 
an appropriate ore and quartzite in a sub- 


- merged-arc furnace. Then this silicon alloy is 


used for the silicothermic reduction of an ap- 
propriate ore in an electric-arc refining fur- 
nace. Oxygen is seldom used to reduce the 
carbon content. 


Ferrophosphorus is a by-product of the car- 
bothermic production of phosphorus. Ferro- 
tungsten is produced carbothermically in 
small, high-power electric furnaces. Ferrobo- 
ron is produced from carbon, iron, and boron 
oxide or boric acid in one- and three-phase 
electric furnaces. Zirconium-containing ferro- 
silicon is made carbothermically in electric 
furnaces from zircon (ZrSiO,) or baddeleyite 
(ZrO;); ferrosilicon, with either 75 or 90% Si, 
is added. 


Silicothermic reduction, with the addition 
of some aluminum, is used to prepare ferro- 
molybdenum in refractory-lined reaction ves- 
sels. The energy released in the reaction is 
adequate to melt both metal and slag, and the 
solidified block of ferromolybdenum can be 
recovered easily. Ferronickel is also mainly 
produced by silicothermic reduction. Alumi- 
nothermic reduction is the method of choice 
for the production of ferrovanadium. The 
starting materials are vanadium(V) oxide, alu- 
minum, and iron turnings, chips, stampings, or 
nail bits. The reaction is carried out in refrac- 
tory-lined reaction vessels. The reaction pro- 
duces enough heat to melt both metal and slag. 
In fact, inert materials must be added to keep 
the peak temperature lower. Ferrotitanium and 
ferroboron are also produced aluminothermi- 
cally. 


The production and use of titanium as a 
large-volume construction material yields 
enough scrap for ferrotitanium containing ca. 
70% Ti to be made by melting iron and tita- 
nium scrap together. Ferrozirconium contain- 
ing 80-85% Zr is also made by melting metal 
scrap and iron together. Ferroselenium is pro- 
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duced by the exothermic reaction of iron and 
selenium powders. 

The production of ferroalloys is of great 
economic importance, especially in countries 
that have the raw materials and the energy 
supply. Alloy steels constitute an ever grow- 
ing fraction of total steel production because 
of their superior properties. As an example of 
the importance of ferroalloys, an estimated 1.8 
x 10° DM (ca. $0.8 x 10?) of ferroalloys were 
consumed in 1986 by the steel industry in Ger- 
many. 


Environmental Aspects. During the produc- 
tion of ferroalloys, the emission of undesirable 
substances into the environment must be kept 
under control. There are guidelines for this, 
e.g., see [3]. 


7.2  Carbothermic and 
Metallothermic Processes 


Carbothermic processes are mainly used 
for the large-scale production of ferrosilicon, 
ferromanganese, ferrochromium, ferronickel, 
and ferrotungsten. Ferrophosphorus is a by- 
product of elemental phosphorus production 
by the carbothermic reduction of phosphate 
rock. Carbothermic processes for the produc- 
tion of ferroboron, ferrotitanium, ferrovana- 
dium, and ferromolybdenum have been 
largely replaced by metallothermic processes, 
mainly aluminothermic and silicothermic. 


7.21 General Considerations 


7.21.1 Introduction! 


The usual method of reduction by carbon is 
inapplicable to the reduction of refractory ox- 
ides and ores. The products commonly cov- 
ered under this title are usually required to be 
low in carbon and they are avid carbide form- 
ers. Also, no conventional refractories would 
stand up to the long reduction times at the high 
temperatures required. For such products, ad- 


! For the production of chromium by the aluminothermic 
process, see Chapter 46. 
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vantage is taken of the high temperatures 
achieved and the rapidity of metallothermic 
reactions using reactive metals, notably Al. 

Early examples of such reactions are ВЕВ- 
ZELIUS!' reduction of K,TaF, by Na and 
Wouter’s reduction of AlCl, by Na, in 1825 
and 1828, respectively. However, the father of 
aluminothermic processes was undoubtedly 
GorpscHMiDT who, in 1898. described the pro- 
duction of low-carbon, high melting-point 
metals, without extraneous heat, by feeding an 
exothermic mix into an already ignited first 
portion [4]. 

The term “aluminothermic processes" can 
cover a wide field. For the present purposes it 
is taken. as is generally understood, to be the 
manufacture, by Al reduction of refractory ox- 
ides or ores, of metals and alloys mainly used 
in the steel and superalloy industries. Because 
some important alloys are produced alumino- 
silicothermically, they are included in the sur- 
vey. 

The main alloys under discussion are FeB, 
FeMo, FeNb, FeTi, FeV, and FeW. There are 
many minor variations, such as CrC, where 
superior purity or the absence of Fe is required 
for alloys used in superalloy production, and 
FeNb from Nb,O, instead of ore, where extra 
purity is required, again for superalloys. 

Aluminothermic Mn, formerly of impor- 
tance, has been superseded by electrolytic Mn, 
and aluminothermic production of FeTi has 
largely given way to induction furnace melt- 
ing of Fe and Ti scraps. The latter method also 
now substitutes for the former, dangerous, 
highly exothermic production of 55-60% 
TiAl and 55-60% ZrAl. When possible, com- 
bined electroaluminothermic methods can be 
used. 

Because most basic reactions require extra 
heat this is provided by Al and a vigorous oxi- 
dant. Aluminum is an expensive fuel. At an Al 
powder price of $1400/t and a small-scale 
electricity cost of 4.9 C/kWh the heating effect 
of Al combustion costs about three times that 
of electricity. 

Although a minor proportion of production, 
some FeB, FeNb, FeTi, and FeV is produced 
in the arc furnace. In view of the small ton- 
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nages involved, such productions usually oc- 
cur only where an arc furnace exists for other 
purposes. 

Apart from the necessity of metallothermic 
reduction advantages of the process as com- 
pared to conventional reduction processes are: 


e Very rapid reaction with less heat loss by ra- 
diation and convection 


e Much less gas volume 
e Easy accommodation of diverse productions 


e Small plant investment (important, consid- 
ering the small production). 

A disadvantage of metallothermic produc- 
tion is that no refining of the metal is possible. 
It is important to leave the slag in situ to allow 
metal drops to settle into the regulus, so that 
one is faced with a large depth of slag quickly 
crusting over. Alternatively, if the slag is 
tapped, requiring subsequent ore dressing pro- 
cesses to recover included metal, the metal 
regulus quickly becomes sluggish. Therefore, 
the composition of the mix must be regulated 
very carefully to produce the optimum combi- 
nation of oxygen and reactant metal levels in 
the product, and all ingredients must be low in 
harmful impurities. Obvious ones are C, S, 
and P. Other impurities in the various ores 
used for different products are As, Sn, Pb, Sb, 
and Cu. Nitrogen is not usually a problem be- 
cause the metal regulus formed is protected by 
the slag layer. Chromium metal, used in super- 
alloys and electric heating elements, is an ex- 
treme case, where, apart from low impurities 
generally, certain impurities, such as Ga, Pb, 
and B, must be kept down to a few parts per 
million. 


Table 7.2: Production of metal and alloys by aluminother- 
mic processes. 








Ша Expressed as 
FeB 1350 18% B 
FeMo* 40 500 6595 Mo 
FeNb 16 300 65% Nb 
FeV 25 000 80% V 
FeW 4 000 80% W 


* The FeMo represents about one third of the total Mo used in the 
steel industry; the remaining two thirds are used as MoO,. 


The worldwide — excluding the former 
USSR and China — production of ferroalloys 
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by aluminothermic processes is shown in Ta- 
ble 7.2. 


7.2.1.2 Basic Metallurgy 


A metallothermic reduction of a metal 
compound is possible when the reductant 
metal has a greater affinity for the nonmetal 
element of the compound than the desired 
metal. In various branches of metallurgy the 
nonmetal may be a halogen, sulfur, or oxygen. 
Aluminothermic processes, as previously de- 
fined, depend upon the high affinity of Al for 
oxygen as compared to that of many other 
metals. 


Thermochemistry 


Aluminum has a high affinity for oxygen, 
and the ease of reduction of a metal oxide de- 
pends on the difference in oxygen affinity of 
A] and the metal. The affinity for oxygen is in- 
dicated by its heat of formation, AH, ex- 
pressed for comparison purposes as AH per 
mol/oxygen (kJ/mol O). Table 7.3 gives a se- 
lection of AH values at the standard tempera- 
ture of 298 K. 

A quantitative measure for the stability of 
an oxide is the Gibbs free energy of formation, 
AG, which is related to the heat of formation 
by the formula: 


AG} = AH — TAS 


Table 7.3: Heats of formation of oxides [5]. 
Oxide ` -АН, an KJ/mol oxide AH ze KJ/mol О 


CaO 634.7 634.7 
MgO 601.7 601.7 
AlO; 1678.5 559.4 
ZrO, 1101.5 550.6 
TiO, 945.4 472.7 
SiO, 911.0 455.5 
B,0, 1272.8 424.1 
Na,O 415.3 415.3 
Та,О, 2047.3 409.5 
Nb0, 1900.8 380.2 
Cr,0, 1130.4 376.8 
У,0, 1551.6 3102 
WO, 843.2 280.9 
Ее,О, 1117.5 279.3 
Pe, 821.9 273.8 
FeO 264.6 264.6 
MoO, 745.7 248.7 
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where S is the entropy and is always zero or 
positive because it corresponds with the in- 
creasing atomic disorder of the system with 
temperature. Figure 7.1 shows the free energy 
of formation of the oxides of interest at high 
temperatures. All oxides become less stable as 
temperature increases. The more negative the 
free energy of formation at a given tempera- 
ture the greater the tendency for that metal to 
reduce an oxide of less negative free energy. 
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Figure 7.1: Change in free energy of oxide formation re- 
actions [6]. 

The free energies of reaction of oxides with 
Aland Si are given in Figures 7.2 and 7.3. 

Although the free energy of reaction is a 
quantitative measure, not all data necessary 
for such complex reactions as commercial 
metallothermic reactions are readily available 
and it is usual for the practicing metallurgist to 
rely on heats of formation for calculation of 
heats of reaction. 


Fundamental Reactions 


Although Ca and Mg may be the most suit- 
able reactants, they are not used in the reduc- 
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tions under review. Their basic costs are high 
compared to Al and Si and 16 parts by weight 
O require 40 parts Ca, 24 parts Mg, 18 parts 
Al, or 14 parts Si. Furthermore, the boiling 
points of Ca and Mg are 1484 *C and 1090 °C, 
respectively. The heats of reaction of the ox- 
ides of interest with Al and Si are given in Ta- 
ble 7.4. 

A guide for a successful aluminothermic 
reaction, permitting adequate separation of 
metal and slag, is a Al higher than 300 
kJ/mol [7]. This is confirmed in practice: addi- 
tional heat is required for Cr production, 
whereas the reaction producing 80% FeV is so 
vigorous that it requires cooling. This guide 
does not apply to silicothermic reactions. 


Auxiliary Reactions 


Many reactions require additional heat to 
produce fully liquid metal and slag. Except for 
producing pure Cr, the first step is to make an 
addition of iron oxide plus reactant, giving a 
higher average heat of reaction. This also has 
the advantage of producing significantly 
lower melting points (Table 7.5). 
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Figure 7.2: Change in free energy of reaction in the re- 
duction of oxides by aluminum. 
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Figure 7.3: Change in free energy of reaction in the re- 
duction of oxides by silicon. 


Table 7.4: Heats of reaction per mole reductant. 





TAB, KJ 
35102 + Al 3 2/51 + ,ALO, 156.0 
118,0, + Al > В + I ALO, 202.6 
3), Nb,O, + Al B + ,ALO, 268.8 
V Cr,O, + Al > Cr + '/,Al,0, 273.8 
4, ,V,0, + Al37/,V + АО, 373.9 
WO, + Al > УЛ + '/,AL0, 417.4 
3j Fe40, + Al > Ее + '/,A1,0, 420.2 
1, Fe;O, + Al > Fe + '/,ALO, 428.3 
3,,FeO + Al > 2/,Ее +'/,ALO, 442.1 
1/ M00, + Al > У,Мо + ‘ALO; 466.4 
МО, + Si > 2/4, W + SiO; 348.8 
ҒеО, + Si 7/,Fe + SiO; 352.1 
LEO, + Si “/,Fe + SiO, 363.0 
2FeO + Si — 2Fe + SiO, 381.8 
2/,MoO, + Si -э ?/,Mo + SiO, 414.1 





Table 7.5: Melting points of some metals (in °C) and of 
alloys of these metals with iron. 


V 1902 80% FeV 1770 
B 2180 16% FeB 1550 
Nb 2468 65 % FeNb 1560 
Mo 2620 65 % FeMo 1900 

80% FeW 2500 


W 3410 


Ferroalloys 


In silicothermic reactions, a proportion of 
Al is usually used to increase the exothermic- 
ity particularly, because the products, e.g., 
FeW and FeMo, have such high melting 
points. 


Because the alloy specifications have be- 
come traditional, although not necessarily 
ideal, there is a limit to the amount of iron ox- 
ide and Al to be added, and, indeed, it may be 
more economical to increase the heat content 
of the mixture further, by using highly oxidic 
compounds plus Al. The reactions and the 
heats of reaction (in kJ/mol Al) for the addi- 
tives most commonly used are: 


К,Сг,0, + 4Al —> 2Cr + 2ALO; + K,O 
AH = —422.0 kJ/mol Al 


ЗВаО, + 2А1 э 3Ba0-Al,0, 
АН,» = —812.0 kJ/mol Al 


NaClO, +2Al — ALO, + NaCl 
AH, = -869.2 kJ/mol Al 


3KCIO, + 8Al э 4ALO, + 3KCI 
АН, = 839.0 kJ/mol Al 


In some cases additional heat was applied 
formerly extraneously by preheating the 
charge. This has been given up because of 
practical difficulties of heating a mixture of 
low heat conductivity and the danger of pre- 
mature ignition, with loss of the charge and 
damage to the preheating equipment. 


The cheap nitrates are not used now be- 
cause products low in nitrogen are required 
and the metals in question are avid nitride 
formers. BaO, is useful because it not only 
acts as an oxidant, but is a strong base and as- 
sists the progress of the reaction by combining 
with the Al,O, produced. However, its high 
molecular mass and its one available oxygen 
atom make it a very expensive oxidant, and its 
use is confined to highly exothermic mixes, 
e.g., for TiAl and ZrAl, where it helps to 
smooth the reaction. The common oxidant is 
NaCIO,, but KCIO, is to be preferred because 
it is more stable and NaClO, is hygroscopic. 
In Cr mixes, К,Сг,О, is used and is preferred 
to CrO, on health grounds as well as expense. 
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Fluxes 


Both ALO, and SiO, have high melting 
points, 2050 °C and 1722 °C, respectively. 
The aim in metallothermic reactions is to pro- 
duce a fluid slag, so as to permit good separa- 
tion of slag and metal. In the case of 
aluminosilico reactions, residual iron oxide 
and ALO, are already good fluxes, and lime 
also is used because the strongly basic CaO, 
apart from fluxing, lowers the activity of 
ALO, and SiO,. 

In aluminothermic reactions residual ox- 
ides may play a part, the compound 
ALO, TiO, having a melting point of 
1590 °C; Na,O and К,О, not completely va- 
porized, also assist. The usual flux is CaO 
which has a pronounced effect on the melting 
point of Al,O,. It is not used іп Cr manufac- 
ture as it spoils the slag for use in refractories 
and calcium chromite is a stable compound. 


Figure 7.4 shows the effect on melting 
point of additions of several oxides to Al,O3. 
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Figure 7.4: Melting point curves of binary alumina slags. 
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Table 7.6: Heats of formation of compound oxides. 


Compound Ale KJ/mol 
ALO,- SiO; 192.6 
2AL0,-B,0, 69.5 
BaO- ALO, 100.5 
CaO- ALO, 15.1 
CaO- SiO, 89.2 


Table 7.7: Heats of formation of intermetallic com- 
pounds. 


Compound АН, kJ/mol 
Feri 40.6 
FeB 29.3 
FeAl, 112.2 
FeSi 77.0 
TiAl 80.8 
CaSi 150.7 
AIB 67.0 





The energy required to fuse the flux is par- 
tially compensated by the heats of formation 
of the compound oxide (Table 7.6). 


Formation of Intermetallic 
Compounds 


The heat of reaction of the mixture can be 
increased by the formation of intermetallic 
compounds. Table 7.7 gives some examples. 
However, this is restricted in that most of the 
higher heats of formation belong to unwanted 
compounds because the usual aim is to keep 
residual elements, such as Al and Si, to a min- 
imum. Of the alloys considered it is only in the 
case of FeTi and to a lesser extent in that of 
FeB that aluminides have some significance. 

All reactions are equilibria. Commercial al- 
loys must be low in oxygen and most alloys 
can be produced at 1% Al or Si without appre- 
ciable oxygen content. This is not the case 
with FeTi, where the equilibrium cannot be 
driven further than Al levels of 4-6 96. 


Thermochemistry in Practice 


A commercial metallothermic reaction 
must provide sufficient heat to drive the reac- 
tion as far to the right side of the equation as 
possible, plus that heat required to bring the 
products to a temperature sufficiently high to 
permit separation of metal and slag and to pro- 
vide for heat losses. The amount of total heat 
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must be the minimum required, because heat 
is expensive and because excess heat supplied 
to an exothermic reaction moves the equilib- 
rium in the undesired direction. 

Heats of formation have not always been 
determined at the high operating temperatures. 
Working on heats of formation at 298 K re- 
quires knowing the specific heats, latent heats, 
and, in charges employing sodium salts and 
chlorates, the heats of vaporization. Slags can 
be complex so that little idea can be had of 
their heats of formation. The amount of heat 
losses cannot be forecast and varies with the 
size of charge. Losses can be established and 
compensated for only by trial and error. 

Therefore, available information is used as 
much as possible, accompanied by intelligent 
extrapolations of such information. Final ad- 
justments to the charge are a matter of trial and 
error. A very simple example is: 


CrO,-2Al 2 2Cr+ ALO, Abbe 7 -548 IJ 
Heat required for products at 2000 *C: 


АО, Hj3— Hie 356 kJ 
2Cr Han- Hass 184 XJ 
arnounts to: 540 kJ 


According to this, there is a heat balance, so 
there should be a satisfactory result. However, 
itis found in practice that 125 kJ extra heat are 
required, provided by Al plus K,Cr,O, and/or 
KCIO, This 125 kJ (for a certain size of 
charge) is a measure of the heat losses. More 
would be required for small charges and less 
for bigger charges. It is interesting that this 
conforms with the guide. 

Chemical composition of ores is some 
guide to improving the heat balance. Gener- 
ally the higher the state of the oxide in the ore, 
the higher the heat of reaction with А] or Si. A 
classical example was that of Mn ore where 
the reaction 3MnO + 2A1 > 3Mn + ALO, did 
not supply sufficient heat. A preoxidation to 
Mn,0, produced a satisfactory result. Preoxi- 
dation also is found beneficial to some ilmeni- 
tes. 

There are many other factors affecting the 
fine control of an exothermic reaction, and it is 
not always economic to indulge in laboratory 
control of all of them. They mainly affect the 
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speed of the reaction, which should be an opti- 
mum to minimize heat losses but not to create 
excess heat with its adverse effect on the equi- 
librium. 


Granulometry. If the charge is to be reacted 
in bulk tben the ideal would be a charge of 
concrete-type granulometry, giving maximum 
contact and minimum air inclusion. However, 
to provide effective heat control, charges usu- 
ally are fed. There should be an optimum par- 
ticle size of the ingredients, therefore, coarse 
enough to minimize dust losses but fine 
enough to give an adequate speed of reaction. 
Aluminum powder can be controlled, because 
suppliers will supply within reasonable size 
ranges. In some cases, such as the highly exo- 
thermic FeV reaction, Al pellets and turnings 
can be used and they are used also to some ex- 
tent in the very competitive production of the 
cheap alloy FeTi. These are crude raw materi- 
als and different parcels require slight adjust- 
ments to the mix. Ores are a different matter. 
These must usually be used as they arise; the 
coarser they are in any one production, the 
more the amount of heat required. Where ores 
are extremely fine, leading to high dust losses, 
it may be economical to pelletize. 


Mineralogic Structure of Ores. Complex 
ores, such as pyrochlore, can vary widely in 
structure, and different parcels require adjust- 
ments to the mix. 


Bulk Density. This is related to granulometry, 
but even in Cr,O,, which would be expected to 
be uniform from parcel to parcel and where 
grain sizes are of a few microns, variations in 
the supplier's final calcination temperature 
can affect the bulk density greatly and hence 
the recovery. 


Mass of Charge. The percentage of heat 
losses varies inversely with the size of charge. 
These losses cannot be measured, but when 
the mass of a charge is increased, less heat per 
unit charge is required; this decrease can be 
obtained by an intelligent estimate finalized 
by trial and error. 


Rate of Feeding. This is very much an art and 
efficient feeding can minimize some of the 
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above mentioned difficulties. The general aim 
is to maintain a cover of unreacted mix on the 
surface of the liquid slag, so as to minimize ra- 
diation losses but not to feed too fast and pro- 
duce too hot a reaction. 

It can be seen from the above that whereas 
thermochemistry plays a vital role in provid- 
ing the basic knowledge for any metallother- 
mic production, there are other "fine tuning" 
adjustments that are a matter of experience. 


7.21.3 Commercial Production 


There are two methods of promoting the re- 
action. One is to fill the reaction vessel with 
the charge and ignite it via an easily ignitable 
mixture, such as BaO, or Na,O, plus alumi- 
num; the reaction then proceeds from top to 
bottom of the charge. This is a wasteful 
method because only approximately one third 
of the capacity of the reaction vessel is used. 
The mix calculation must be very accurate be- 
cause no control of the speed of reaction can 
be exercised. Because the charge is always 
covered by liquid slag, dust losses should be 
low, but there can be considerable loss by 
splashing owing to the violence of the reac- 
tion. The short reaction time should mean low 
heat losses, but this advantage is counteracted 
by the intense radiation from an always liquid 
surface. This method is seldom used, but there 
are some reactions that are so exothermic that 
they are dangerous and practically impossible 
to feed, such as those for the minor products 
55-60% TiAl and ZrAl. This “firing down" 
method is used sometimes also for FeW pro- 
duction, where the extra heat supplied to 
achieve the high melting point requires a 
highly exothermic reaction near the limit of 
feedability. 

The second method, almost universal, is to 
use a charge slightly. more exothermic than 
that for “firing down”, to ignite a small portion 
in the reaction vessel, and to feed the remain- 
ing charge. By doing so, the full capacity of 
the vessel is used so that vessel preparation 
costs per unit production are approx. one third 
those of the “firing-down” method. Another 
great advantage is that the speed of the reac- 
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tion can be controlled by varying the feeding 
rate so that it gets neither too hot nor too cold. 
As mentioned previously, this is quite an art, 
but it is surprising how soon a skilled worker 
becomes used to visual control of the tempera- 
ture of the reaction. 


There are also two types of reaction vessel. 
One is a mobile steel pot, lined with refractory. 
The other is a sand bed into which cylindrical 
holes are dug and lined with firebrick. This 
latter method usually is confined to alumino- 
silico reactions, such as those for FeW and 
FeMo. 


Pot reactions are carried out in firing cham- 
bers, where the under pressure, as compared to 
that outside, is kept to the minimum required 
for complete exhaust of fume consistent with 
the charge feeder's need to observe the reac- 
tion but to keep dust losses to a minimum. 
Sand bed reactions are usually under a mov- 
able hood connected to the main flue. Whereas 
tall chimneys were once the solution to dis- 
posal of fume, modern conceptions of pollu- 
tion control demand efficient dust collection. 
Owing to the volatility of MoO,, this produc- 
tion demands its separate dust collector, the 
recovery from which makes the difference be- 
tween profit and loss on the operation. For 
other productions, because of the small ton- 
nage of individual products and because the 
fume is largely Al,O,, CaO, NaOH, etc., with 
low contents of valuable oxide, a communal 
collector is used. Collectors are of many types, 
but the most efficient is the reverse-jet filter. 
Because of the presence of CaO, NaOH, etc., 
the filter, when not in use, must always be kept 
above 100 °C to prevent caking of the fume on 
the bags. 


Figure 7.5 shows the arrangement, in prin- 
ciple, for feeding, reaction in a chamber, and 
fume extraction. After firing, the reaction pots 
must be left to cool to allow final settling out 
of metal droplets and eventual solidification. 
Depending on the size of the reaction, solidifi- 
cation can take a long time, but 24 h, which of- 
ten fits in with the overall routine of the 
production, is usually sufficient. The pot is 
then stripped, leaving a block of metal with 
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adherent block of slag. The whole is then care- 
fully quenched in a water tank, which causes 
the slag block to separate and embrittles the 
metal to some extent, facilitating subsequent 
crushing. 

The sides of the metal block are surrounded 
by an adherent mixture of metal and slag cre- 
ated by penetration into the refractory lining. 
This easily breaks away and is consumed in 
the next reaction. The top surface, containing 
pockets of very adherent slag, requires re- 
moval by automatic hammers and, in the last 
resort, by hand chipping hammers. The bot- 
tom of the block usually requires less atten- 
tion. Final cleaning of the whole block is by 
shot blasting. 


The block is coarsely broken up by a mo- 
bile hammer of the pile driver type and 
crushed to desired size in jaw crushers and/or 
rotary crushers with intermediate screenings. 
There is immense variety in customer's size 
requirements, ranging from, say, 15-cm 
lumps for bulk users down to graded powders 
for welding rod manufacturers. An increasing 
demand is for bags of 6 mm and down alloy, 
each containing a fixed weight of the desired 
alloying element. 





Figure 7.5: Reaction chamber with feeding hopper, reac- 
tion vessel, and dust collector: a) Feeding hopper; b) 
Feed-regulating valve; c) Feeding chute; d) Separable re- 
fractory-lined steel plate cylinder; e) Refractory-lined 
base; f) Optional magnesite inner lining; g) Firebrick- 
lined chamber; h) Filter; i) Offtake to chimney. 
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Pot Design and Construction 


Although there is theoretically no limit to 
the size of the charge, as compared to steel 
production, the weights are small for the fol- 
lowing reasons: 


e Costs. Overall, raw materials are expensive. 
Itis the aim of a producer to try to keep pace 


evenly with sales, holding modest stocks of ` 


raw materials and finished product. The to- 
tal annual production of any one producer is 
small and diverse, with, in some cases, sev- 
eral specifications for one product. 


e Handling Facilities. The total weight of a 
refractory-lined pot full of metal and slag is 
about three times that of the metal produced. 
Crane size is limited by cost and the small 
building required for carrying out the reac- 
tions, and for total operation lift trucks are 
convenient. 


e Preliminary Metal Breaking. 'The small ton- 
nages involved preclude a very expensive, 
large, preliminary breaking plant. Some al- 
loys, particularly FeMo, are very tough and 
metal block thickness is usually limited t 
30-35 cm. 


e Metal Specification. Some residual specifi- 
cations are very tight, notably that for Al in 
Cr metal. A mishap in the weighing of the 
charge can produce an off-grade block that 
may be in stock for a long time. 


e Rejractory Failure. Although rare, there can 
be an occasional failure of the refractory, 
producing breakout of metal and slag at high 
economic loss. 

Therefore, metal block weights usually 
vary between 1000 and 2500 kg and, depend- 
ing on the density of metal and slag, two pot 
sizes suffice. A small pot of ca. 200 kg metal 
capacity is useful for intermediate size investi- 
gations on new raw materials. A typical pot 
covering 1000-1750 kg metal would have in- 
ternal dimensions of ca. 100 cm diameter and 
125 cm height and one for 2500 kg would 
have the same height but be of 120 cm diame- 
ter in order to avoid too thick a metal block. 

The outer construction consists of a plate 
steel cylinder attached to a heavy steel base by 
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quick-acting lugs. The base may be on wheels 
or adapted for lift truck operation. The lining 
is of moistened, crushed slag from chromium 
or ferrovanadium production, because this is a 
reasonably pure corundum. To ease cleaning 
of the metal block, magnesite tiles may be 
used in the metal zone, particularly for the hot- 
ter reactions. After preparation of the refrac- 
tory base, either from bricks or ramming of 
crushed slag, the sides are rammed around a 
tapered, withdrawable template. Ramming is 
by hand, by pneumatic or electric hammer, or 
by jolting on a foundy jolt molding machine. 
The lining must then be dried for several hours 
to remove moisture. It is taken up to a dull red 
heat. 


Basic sand bed operation is to construct a 
well in the sand bed from unmortared fire- 
bricks which takes the whole molten charge. 
After sufficient time is allowed for metal to 
settle out, a channel is made through the sand 
at the slag-metal interface level and the slap 
tapped off. A variation is to use a similar well 
in the sand bed sufficient to accommodate 
only the metal, topped by a firebrick-lined 
steel shell to accommodate the slag, with am- 
ple sand seal at the junction. After the reac- 
tion, the slag is tapped at the junction and the 
shell used several times. 


Charge and Charge Preparation 


Ideally, there would be an optimum size for 
raw materials, fine enough for a successful re- 
action but as coarse as possible to minimize 
dust losses. Fortunately, most oxides and ores 
are of reasonable size in these respects. Wol- 
fram ores may have to be ground sometimes 
and it is known that very fine ores, such as py- 
rochlore, have been pelletized. Chromium ox- 
ide, at a grain size of a few pm, can be 
expected to give high dust losses but the grains 
have a strong tendency to self-adherence so 
that the particles are much larger. Even so, 
there is a slightly noticeable difference in re- 
covery when different oxides are used, this 
varying directly with the final calcining of the 
oxide during its manufacture. The calcination 
increases grain size and density. 
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Auxiliary oxidants are of satisfactory grain 
size with the proviso that NaClO, tends to ag- 
glomerate on storage and must be sieved down 
to max. 1 mm before use. The minimum size 
of Alis limited by dust losses and the risk of 
dust explosions. It should not be below ca. 
BSS 240 = 64 um. The size used in exother- 
mic reactions then depends on the reaction. 
For chromium it is on the order of average 
0.25 mm, for FeB and FeNb, 0.45 mm, and the 
Al powder can be partially substituted by 
cheaper foil powder. In the highly exothermic 
FeV reaction, where the V,O, is in the form of 
flakes or lumps, only a little coarse powder is 
used to assist the start of the reaction, the bulk 
being pellets, chopped wire, and/or pure turn- 
ings. Despite the fine size of ilmenite and 
rutile, the same applies to FeTi production. 
Owing to the relative cheapness of the ores, Al 
is the most expensive ingredient, and cheap 
aluminum is used at the expense of Ti recov- 
ery. 

In aluminosilico reductions only powders 
are used, in the case of FeMo because the ore 
is fine, in the case of FeW to obtain maximum 
speed of reaction so as to achieve the high 
temperature required. The reductants are Al 
powder and 75% FeSi, on the order of 0.25 
mm average. 

The amount of flux used is kept to a mini- 
mum in aluminothermic charges. Where so- 
dium salts are used as auxiliary oxidants, 
residual Na,O already lowers the melting 
point of the slag. A calcium salt is the usual 
flux because it has such a significant effect on 
the melting point of Al,O, (Figure 7.4). In- 
stead of CaO, CaF, often is used as its low 
melting point of 1418 °C assists in promoting 
a smooth reaction. The amount used is often 
1-2 % of the total charge, never more than 5 96. 

Significant quantities of CaO-CaF, are 
used in aluminosilico thermic reactions be- 
cause it is important for their success to tie the 
SiO, produced. As can be seen from Table 7.5, 
CaO has a strong affinity for SiO,. 

After the components have been weighed 
out accurately, they are mixed completely in a 
gently acting mixer, such as a drum with lift- 
ers, V blender, or rotating cube. Duration of 
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mixing can be determined only by practice 
and can be determined initially by analyzing 
samples taken at intervals. 

The charge is then dropped into a feeding 
hopper. 


Feeding 


When a charge has been prepared accu- 
rately to produce the desired result, success 
depends on the efficiency of feeding. The 
usual method is to control the exit valve of the 
feeding hopper according to the visual obser- 
vation of the speed of the reaction, making 
slight adjustments to compensate for momen- 
tary coldness or hotness. Additional finer con- 
trol is often applied by means of a handrake in 
the feeding chute. A fast reaction, such as that 
for FeV, often requires cooling, and a second 
small hopper may be used to feed a portion of 
crushed FeV slag. A FeW reaction is fed as 
fast as possible. 


Further Processing 


Pot stripping, block cleaning, and crushing 
require no further description than given ear- 
lier, except to emphasize the importance of 
avoiding cross contamination. This is particu- 
larly the case with FeB. A small amount of B 
is very beneficial to a steel designed for it but 
an unknown amount can be disastrous. 


Safety Precautions 


It must be realized that exothermic produc- 
tion, inadequately supervised, can be a very 
dangerous operation. Aluminum powder and 
oxidants are themselves fire hazards, and risk 
is magnified, when they are in contact, maybe 
to explosive proportions. 

Aluminum powder and oxidants must be 
stored separately and the latter kept clear of 
carbonaceous material. Only sufficient for a 
single charge should be brought to the mixing 
department, and, during weighing, the oxide 
or ore should be sandwiched between the Al 
powder and the auxiliary oxidant to avoid di- 
rect, concentrated contact. 
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Mixing plants should be grounded to avoid 
buildup of static electricity. During firing, 
overfeeding can cause violent eruptions. 
Lumpy NaClO, can cause explosions. In case 
of an inadvertent lining failure, a large enough 
well should be provided to accept all the 
charge. 

The main causes of disastrous explosions 
are Al dust explosions, either primary, because 
of careless handling, or secondary, over an 
overfed reaction. It also has been known for 
the metal and slag, apparently solid, to be 
quenched while still liquid internally, creating 
a disastrous explosion. 

Employees must be protected from inhala- 
tion of dust and physical contact with charge 
components. This is particularly the case with 
hexavalent compounds of Cr, which can cause 
the well-known chrome ulcers. 

Housekeeping must be exceptional Fine 
dust accumulated on roof beams has been 
known to combust spontaneously. 


7.2.1.4 Other Uses of 
Aluminothermic Processes 


A significant use of an aluminothermic pro- 
cess is the welding of railway and tramway 
line joints, where the reaction takes place in a 
small crucible, and the steel produced is 
tapped onto the joint. In a similar manner, 
heavy cracked steel components, such as rolls, 
are welded and worn parts are built up and re- 
machined. Developments over the last few 
years are the repair of ingot mold stools, 
where the steel stream has worn a cavity, and 
of cracked ingot mold lugs. 

The use of exothermic reactions in incendi- 
ary bombs, where the intense Fe,O,-Al reac- 
tion ignites the magnesium casing, is well 
known. Other military uses are for flares, 
which in the case of sea rescue give off col- 
ored smokes. 

Milder reactions, damped down by insulat- 
ing materials, are used in feeder head com- 
pounds, which are spread over the surface of 
liquid steel ingots in order to conserve the heat 
and minimize piping. For steel castings, simi- 
lar compositions are formed into sleeves in- 
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serted in the sand mold to insure liquidity over 
the whole of the pouring time. Where large 
amounts of alloying addition are made to steel 
in the ladle, the cooling effect of the addition 
may be counteracted by the use of exothermic 
briquettes composed of alloy, Al, and oxidant. 
Minor uses are for jointing of Al and Cu ca- 
bles by a CuO-Al reaction, and as slow reac- 
tions for hand warmers and food cans for 
explorers. d 


7.2.4.5 Possible Further 
Developments 


Wherever alloys with low content are re- 
quired, aluminothermic processes are neces- 
sary, and they have been brought to such an 
efficiency that little further improvement can 
be foreseen. Improved refractories may permit 
further transfer of some reactions to the arc 
furnace, saving Al plus auxiliary oxidant, but 
at present, those which can be envisaged pos- 
sibly to stand up to the longer exposure are 
very expensive and have to compete with the 
self-produced refractory from an exothermic 
reaction. 

Plasma processes are a possibility, the very 
high temperatures encouraging the oxide car- 
bon reaction, but up to now there has been no 
success in driving the reaction to low C levels. 
Here again, refractories are a problem. 


A relaxation of maximum impurity levels 
would be of mutual economic benefit to alloy 
maker and steel maker. Stringent specifica- 
tions for superalloys are obvious, but when the 
small proportion of alloy used in many steels 
and the wealth of purification methods used in 
bulk steel production are considered, then 
some relaxation in impurity levels should be 
possible, enabling use of cheaper, more im- 
pure ores. Higher Al and/or Si levels would 
give better recovery and, where present speci- 
fications are very low, lower oxygen levels. 


7.3 Ferrosilicon [10,11] 


The term ferrosilicon refers to iron-silicon 
alloys with Si contents of 8—95 %. 
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Table 7.8: Composition of ferrosilicons (ISO 5445). 
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Chemical composition 


Designation 
Up to and 
Over including including 
FeSi 10 8.0 13.0 0.2 
FeSi 15 14.0 20.0 1.0 
FeSi 25 20.0 30.0 1.5 
FeSi 45 41.0 47.0 2.0 
FeSi 50 47.0 51.0 1.5 
FeSi 65 63.0 68.0 2.0 
FeSi 75 А11 72.0 80.0 1.0 
FeSi 75 Al 1.5 72.0 80.0 1.0 1.5 
FeSi 75 A12 72.0 80.0 1.5 2.0 
FeSi 75 A13 72.0 80.0 2.0 3.0 
FeSi 90 A11 87.0 95.0 1.5 
FeSi 90 A12 87.0 95.0 1.5 3.0 


Si Al 


Mn Cr Ti 


c-r НЕРЧЕУ C 
Over Up to and P (max.) S (max.) (max. (max) (max) (max) 


0.15 0.06 2.0 3.0 0.8 0.30 
0.15 0.06 1.5 1.5 0.8 0.30 
0.15 0.06 1.0 1.0 0.8 0.30 
0.05 0.05 0.20 1.0 0.5 0.30 
0.05 0.05 0.20 0.8 0.5 0.30 
0.05 0.04 0.20 0.4 0.4 0.30 
0.05 0.04 0.15 0.5 0.3 0.20 
0.05 0.04 0.15 0.5 0.3 0.20 
0.05 0.04 0.20 0.5 0.3 0.30 
0.05 0.04 0.20 0.5 0.5 0.30 
0.04 0.04 0.15 0.5 02 0.30 
0.04 0.04 0.15 0.5 0.2 0.30 





Silicon, МЕ % ——»- 
0 10 20 30 40 50 60 7080 100 


Temperature, °C ——» 


Magnetic 
transfor- 
mation 





0 0.2 0.4 0.6 0.8 1.0 
Mole fraction, x; ——— 


Figure 7.6: Iron-silicon phase diagram (12]. 


Table 7.8 lists the composition of commer- 
cial ferrosilicons. 


FeSi75 is commercially the most impor- 
tant, although FeSi45 is still produced in large 
quantities for the North American market. Al- 
loys containing > 95 % silicon are classified as 
silicon metal. 


Physical Properties. The Fe-Si phase dia- 
gram (Figure 7.6) shows the existence of four 
compounds: Fe,Si, Fe,Si,, FeSi, and FeSi, 
[12]. Commercial alloys differ from the com- 


pounds shown in the phase diagram with re- 
gard to their stoichiometry. : 

During solidification of the standard grade, 
FeSi75, silicon crystallizes initially, followed 
by solidification of the E-phase—the high- 
temperature phase of FeSi,—at 1207 °C. 
FeSi45 is composed of initially separated FeSi 
and FeSi, which is stable below 955 °C [13]. 

Transformation of the E-phase to stable 
FeSi, is accompanied by an increase in vol- 
ume, which can lead to disintegration of the 
alloy in the range of 45-65% silicon. The 
transformation and thus the disintegration can 
be suppressed by supercooling Ge, rapid so- 
lidification in shallow molds). 

Structural data for the iron silicides are 
summarized in Table 7.9. Table 7.10 lists the 
densities and melting ranges of commercial al- 
loys. 

Table 7.9: Crystal structure of iron silicides. 





Compound Crystal structure Lattice constants, pm 





Fe,Si, hexagonal а=615.5,с= 4717 
FeSi cubic а=448.9 

FeSi, tetragonal a =269.2, c =513.7 
Table 7.10: Density and melting range of commercial 
FeSi alloys. 

Alloy p, g/cm? Melting range, °C 

FeSi 10 7.3 1280-1350 

FeSi 25 6.5 1270-1350 

FeSi 45 5.1 1250-1350 

FeSi 75 3.2 1250-1350 

FeSi 90 2.5 1300-1400 


Ferroalloys 
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Figure 7.7: Submerged arc furnace: a) Furnace casing with lining (rotatable); b) Electrodes; c) Transformers; d) Second- 
ary power supply; e) Raw material bunker; f) Charging pipes; g) Stoker machine; h) Burning-out unit; i) Tapping-off la- 


dle. 


Raw Materials. Pure quartzes with SiO, con- 
tent > 98% are used for the production of 
FeSi45 to FeSi90. Such quartzes occur natu- 
rally as pebbles or rock (vein quartz, quartz- 
ite). Quartz sands are processed into 
briquettes, in which the reducing coal required 
for a quasi-self-fluxing burden can be incorpo- 
rated. For good gas flow through the furnace, 
the starting materials should be free of fine 
particles, which also requires that they remain 
dimensionally stable on heating and do not de- 
crepitate too early. 

Depending on the location, high-quality. 
iron ore or scrap iron is used as the iron 
source. In industrialized countries, washed 
and dried unalloyed steel turnings are gener- 
ally used. 


Flaming coals with low ash content, metal- 
lurgical coke, high-temperature brown coal 
coke, petroleum coke, brown coal briquettes, 
or wood chips are employed as reducing 


agent, depending on availability. In calculat- 
ing the amount of reducing agent required, the 
carbon resulting from consumption of the 
Söderberg electrodes must be taken into ac- 
count; the electrodes supply 5-10% of the to- 
tal requirement. 

The trend is toward the use of finer-grained 
quartz and coal. For quartz (previously 15— 
100 mm) the particle size now used is 8—40 
mm; for coal, 2—20 mm. 


Production. Ferrosilicon is produced in three- 
phase, submerged arc furnaces with power 
consumptions of 10-70 MW, corresponding to 
an annual capacity between 9 x 10? and 60 x 
10? t per furnace. 

Figure 7.7 shows a schematic of such a fur- 
nace. With few exceptions, production is car- 
ried out in open furnaces, which allow the 
burden surface to be poked with stoker ma- 
chines to prevent crust formation and thus 
maintain uniform gas flow through the fur- 
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nace. In modern furnaces the furnace casing 
can be rotated to reduce encrustation in the 
lower areas. 

Closed furnaces must be built with a rotat- 
ing furnace vessel to avoid sintering of the 
burden, since stoker machines can no longer 
be used. Closed furnaces operate more eífi- 
ciently (cheaper) because the carbon monox- 
ide gas formed can be used. However, this 
requires a more elaborate construction of the 
furnace: with a rotatable hearth and extensive 
dedusting of the hot off-gases [14]. 

Generally, large furnaces with capacities of 
> 40 MW present additional construction and 
operational problems. The thermal stress of 
the refractory materials and the off-gas losses 
also increase because these furnaces have 
higher operating temperatures [15, 16]. 

Reactions in the furnace occur according to 
the simplified scheme: 

SiO, - 2C > Si - 2CO 

Fe + Si -> FeSi 

Side reactions also occur that result in a lower 
yield of the desired product, especially when 
insufficient carbon is used: 

SiO, +C 2 SiO + CO 

SiO, + Si > 2SiO | 

Gaseous SiO is oxidized by atmospheric 
oxygen at the burden surface to give SiO, 
dust, which is carried out of the furnace with 
the off-gas. 

An excess of carbon leads to the formation 
of SiC, which also lowers the yield. 

Specific material and energy requirements 
for the production of FeSi45 and FeSi75 are 
summarized in Table 7.11. 


Table 7.11: Specific material and energy consumption for 
FeSi production. 


FeSi 45 FeSi 75 


Quartz, kg/t 1200-1300 1800-2000 
Iron turnings, kg/t 550-650 230-260 
Carbon, kg/t 450-520 700-900 
Séderberg paste, kg/t 40-50 55-70 


Energy consumption, kWh/t 5800—6500 8500—10 000 


Heating the batch to the reaction tempera- 
ture of up to 1800 *C is achieved mainly by 
electrical energy (ca. 80%). The energy up- 
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take of the batch depends on the so-called 
hearth resistance, whereby the conductivity of 
the FeSi burden is provided mainly by the 
coal. Thus, changing the type of coal influ- 
ences the resistance. The grain size also plays 
a role: the smaller the grain, the higher is the 
resistance. The hearth resistance automatically 
regulates the depth of insertion of the Sóder- 
berg electrodes and thus the power consump- 
tion of the furnace. A uniformly high hearth 
resistance and low electrodes are desirable. 

The liquid alloy, that accumulates in the 
hearth is tapped off to pouring ladles at regular 
intervals (about once an hour) and poured into 
shallow molds. 

Ferrosilicon production is a slag-free pro- 
cess, which means that all the impurities 
present in the raw materials are transferred to 
the product. To obtain high purities the alloy 
must be purified by further treatment outside 
the furnace. 

Aluminum and calcium impurities are re- 
moved by oxidation: 


e By injection of gaseous oxygen through im- 
mersed lances or through nozzles or sparg- 
ing blocks in the base of the pouring ladle 


e By treatment with oxidizing siliceous slag, 
which can be stirred or blown in 

Treatments used to obtain the lowest alumi- 
num and calcium concentrations (in the ex- 
treme case, 0.02 % max.) also result in silicon 
losses. The silicon content for these grades 
drops from 75 to ca. 65%. 

Due to the low affinity of titanium for oxy- 
gen, the content of titanium impurities cannot 
be lowered metallurgically. Low Ti contents 
must be obtained by using raw materials that 
contain as little titanium as possible. 


Environmental Protection. Silicon monox- 
ide vapor is formed in the reduction process. 
The SiO is oxidized in air to produce ex- 
tremely fine SiO, dust (particle size 0.1-1 
um), which is carried out of the furnace with 
the off-gas. Furthermore, small amounts of 
fine particles from the burden are also en- 
trained. A total of 250—350 kg of dust is pro- 
duced per tonne of FeS175 [17]. 
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The off-gas from the furnace can be 
cleaned in filter chambers (bag filters) to the 
maximum values allowed by TA Luft (20 
mg/m?) The collected dust is sometimes 
dumped but is now mainly sold as a raw mate- 
rial. Pure SiO, dusts are used as cement addi- 
tives, for example [18, 19]. 

Since the FeSi process is slag free, it has the 
advantage of having no slag that must be dis- 
posed of. 3 


Quality Specifications. Quality requirements 
and terms of delivery are summarized in ISO 
5445 (see Table 7.8) and DIN 17560. In addi- 
tion, numerous customer specifications exist, 
some of which require drastically reduced im- 
purity contents. The sieve analysis of ferroal- 
loys is set out in ISO 4551; sampling is 
described in ISO 4552; and chemical analysis, 
in ISO 4139 and ISO 4158. Recognized analy- 
sis methods are also described in [20—22]. 


Storage, Transport, and Toxicology. Ferro- 
silicons produce hydrogen on contact with wa- 
ter. Alloys containing 30-70% Si are 
classified as dangerous substances, Class 4.3, 
for transport by road and rail according'to 
GGVS/GGVE and RID/ADR. Alloys with « 
30% and > 7046 Si are excluded from this reg- 
ulation for land transportation. All commer- 
cial FeSi alloys are classified as dangerous 
goods, Class 4.3, for transportation by ship 
(IMDG Code) and by air (UN no. t408, IATA- 
DGR: Class 4.3). 

Ferrosilicon itself is nontoxic. For handling 
the dust the general MAK values for fine dust 
(6 mg/m?) are applicable [23], as well as the 
usual safety measures such as goggles and 
face masks. 

On contact with water, traces of toxic gases 
such as phosphine can be formed by reaction 
with slag adhering to the ferrosilicon. How- 
ever, if stored in ventilated rooms in accor- 
dance with regulations, the critical MAK 
concentrations are rarely attained (РН: MAK 
0.1 ppm) [23]. 


Uses. Approximately 7545 of the FeSi pro- 
duced is used in the steel industry, where a re- 
quirement of 3~3.5 kg of FeSi75 per tonne of 
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steel can be considered normal. For melting 
almost all grades of steel, silicon is added as a 
deoxidizer and alloying agent. Silicon binds 
oxygen dissolved in steel melts, leading to 
noncritical concentrations. To increase this ef- 
fect, FeSi is generally added together with 
other deoxidizers such as aluminum, calcium, 
and manganese. 

Silicon that is not consumed in deoxidation 
dissolves as an alloying element in the steel 
and increases its strength and yield point [24]. 
Conventional construction steels contain 0.2— 
0.4% silicon. More highly alloyed grades in- 
clude tool steels, in which silicon improves the 
hardenability and wear resistance; hot-work 
steels that contain silicon for better tempering 
properties; spring steels (up to 2% Si); and 
transformer and electro steels (up to 4.5% Si). 
Low hysteris losses are characteristic of the 
latter materials. Since the magnetic losses de- 
pend on the purity of the steel, high-purity 
FeSi, with drastically reduced content of alu- 
minum, carbon, and titanium, is used. 

Foundries consume almost 25 % of the fer- 
rosilicon produced worldwide. Normal cast 
iron contains 2—3 46 silicon for improved pre- 
cipitation of graphite and increased strength. 


Ferrosilicon alloys are also used as carrier 
alloys for metals such as barium, strontium, 
calcium, and titanium, usually in amounts of 
2—496. These treatment alloys for gray cast 
iron are added to the ladle or mold to improve 
the precipitation of graphite. Ferrosilicon is 
also the prealloy for FeSiMg alloys; magne- 
sium causes the formation of spherical graph- 
ite in spherulitic graphite iron. 


Economic Aspects. In 1990, world consump- 
tion of ferrosilicon, calculated as FeSi75, was 
3.4 x 10$ t, which compared to a capacity of 
5.5 x 106 t. Thus capacities were utilized only 
to ca. 62 %. Usually, the rate of utilization var- 
ies between 65 and 75%. Thus, the economic 
situation at the beginning of the 1990s was 
characterized by marked pressure on prices 
and by the closure of unprofitable operations. 
However new capacities of ca. 250 x 10? t/a 
are now planned, with almost 200 x 10? t/a in 
Venezuela alone. 
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The choice of plant location depends less 
on the raw materials (quartz, coal) than on the 
availability of cheap electricity. Production is 
spread worldwide; the CIS and China are im- 
portant producers (each with a capacity of ca. 
10° t/a) followed by Norway, the United 
States and Brazil (each ca. 0.5 x 10$ t/a). 


7.4 Ferromanganese 


A number of manganese-containing fer- 
roalloys are manufactured which are used 
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largely in the mild steel, foundry, and stainless 
steel industries [25—27]. The names and typi- 
cal compositions of these alloys are given in 
Table 7.12, and the international standards for 
the most commonly used alloys, namely high- 
carbon ferromanganese HC FeMn and silico- 
manganese FeSiMn, are given in Table 7.13 
[25]. These are generally classified as inter- 
mediate products and the range of their end 
uses is shown in Figure 7.8. 





Table 7.12: Types of ferromanganese and their general compositions [27]. 


Composition, 75 





Alloy 





Manganese Carbon Silicon 
High-carbon ferromanganese (carburé) 72-80 7.5 «1.25 
Medium-carbon ferromanganese (affiné) 75-85 «2.0 
Low-carbon ferromanganese (suraffiné) 76-92 0.5-0.75 
Silicomanganese 65—75 <2.5 15-25 
Ferromanganese silicon 58-72 0.08 23-35 
Spiegeleisen 16-28 «6.5 11-45 
Intermediate product End use Consumption 
Direct use —— — — — — — Pig iron 1% 
E ` T 0.5 kg/tonne of steel 
Mainly DM 
low grade Ferromanganese Steelmaking 90% 
ores, 1% 92% high-carbon/ Direct use Negligible 
standard Ferromanganese 3.5kg 
8% medium- and Silicomanganese 0.5 kg 
low-carbon Manganese metal 0.1kg 
per tonne of 
841% raw steel 







Manganese ore 
25x105tonne 
9.410 tonne 
of contaminated 
metal 


13% Silicomanganese 


2%‘Manganese metal 


Synthetic manganese 
dioxide 

80% electrolytic 
20% chemical 


Figure 7.8: Manganese intermediate products and end uses. 


Average manganese content 
of steel: 0.7% 
High-strength/low-alloy 
steels: 15-275 


Copper and aluminum alloys 2% 


Chemical industry 3% 
Uranium exfraction 

Brick and ceramic coloring 

Chemical oxidizer and catalyst 


Batteries (dry cell} 4% 
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Generally high-carbon ferromanganese 
and silicomanganese are produced from a 
blend of manganese-containing ores, and in 
the case of silicomanganese, slags and silica 
are added. Ferromanganese can be produced 
in either electric submerged furnaces or blast 
furnaces, although only four blast furnace pro- 
ducers exist in the Western world [26], 
whereas silicomanganese is largely produced 


Table 7.13: Ferromanganese standards [25]. 
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in submerged arc furnaces. Producers of high- 
carbon ferromanganese and silicomanganese 
are listed in Table 7.14. High-carbon ferro- 
manganese can be converted to medium-car- 
bon manganese by an oxygen blowing 
process, and silicomanganese can be further 
refined into medium- or low-carbon ferroman- 
ganese as well as manganese metal (Figure 
7.9). 








Alloy Country or organization Standard Reference 

FeMn International Standards Organization DIS 5446 
France AFNOR NF A-15-020 
Japan JIS G 2301 
United States ASTM А 99-66 
Former Soviet Union GOST 4755-70 
Germany DIN 17564 

FeSiMn International Standards Organization DIS 5447 
France AFNOR NF 4-13-030 
Japan JIS G 2304 
United States ASTM А 701 
Former Soviet Union GOST 4156-10 
Germany DIN 17564 





Metallurgical Power 
grade ores — 2400kWh/t 


Coke | Limestone 


Electric arc 
furnace 


Stag 









Nodulizing, 
sintering, 
pelletizing 














Fines 


High- silica 
ores 





Manganese 


ore Соке 4000kWh/t 






Oxygen 


Oxygen 
furnace 
Electric arc 
furnace 


Power Quartz Power 


Medium-carbon ferromanganese 
High-carbon ferromanganese 


Ferrosilicomanganese 





Medium-carbon FeMn 
Low-carbon FeMn 
Industrial Mn metal 


Arc or 
ladle 
furnace 














Electric arc 

furnace 
Sulfuric 
acid 


Battery or 
chemical 
grade ores 













Figure 7.9: Summary of process routes. 





=~ Ferrosilicomanganese 


Power -— ——e- Manganese mefal 99.5% pure 


Etectrolysis 


Chemical 


precipitation 


(cathode) 





Electrolytic manganese 
dioxide (EMD) (anode) 


Chemical manganese 
dioxide 
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Table 7.14: Producers of high-carbon ferromanganese and silicomanganese (producers of 10 000 t/a of either ferroalloy 


in 1988) [26]. 


Country 
South Africa 


India 


Japan 


Korea 


Taiwan 
Belgium 
France 
Italy 


Norway 
Spain 
Argentina 
Brazil 
Mexico 
Venezuela 


USA 
Australia 





Capacity, x 10° t (1995) Production, x 10! t (1995) 
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Company Site 
Samancor Meyerton 
Transalloys Witbank 
Ferroalloys Cato Ridge 
Tisco Keonjhar 
Facor Shreeramnagar 
Khandelwal Khandelwal Nagar 
Sandur Manganese Hospet 
UF&A Maneck Nagar 
Maharashtra Electrosmelt Chandrapur 
Nippon Denko Hidaka 
Kobe Steel Kakogawa 
Mizushima Hurashiki 
Chua Denki Kogyo Kashima 
Nippon Denko KK Tokushima 
IMC Takaoka 
Korea Ferroalloy Pohang 
Dongil Chungong Pohang 
Dongbu Industry Tonghae 
Chen Hsing Industrial Taipei 
Sadaci Gent 
SFPO Boulogne 
Pechiney Dunkerque 
Carlo Tassara Breno 
Italghisa Bagnolo Meila 
Elkem Porsgrunn 
Tinfos Jernverk Kvinesdal 
Elkem Sauda 
Hidro Nitro Monzón 
Fyesa Boo de Guarnizo 
Carburos Metálicos Cee 
Grassi Melargue 
Paulista/Sibra Various 
Maringa Itapeva 
Minera Autlan Teziutlan 
Minera Autlan Tamos 
Hevensa Puerto Ordaz 
Elkem Metals Marietta 
Temco Bell Bay 
Total, Africa 
Total, Asia 


Total, Europe 

Total, Latin America 
Total, North America 
Total, Australia 
World Total 





FeMn 


365 
0 
170 
18 
21 
30 
40 
18 
72 
0 
61 
156 
85 
95 
85 
37 
30 
55 
30 
19 
390 
0 
10 
15 
150 
0 
150 
0 
35 
50 
27 
163 
20 
0 
86 
0 
120 
105 
535 
833 
819 
296 
120 
105 
2708 


SiMn 
180 
140 
0 
12 
0 
10 
5 
50 
18 
19 
31 
0 
57 
53 
7 
48 
35 
42 
20 
10 
0 
60 
45 
33 
50 
135 
60 
40 
46 
46 
24 
255 
30 
28 
65 
70 
80 
95 
320 
407 
525 
472 
80 
95 

1899 


FeMn 


304 
0 
129 
13 
12 
11 
36 
15 
40 
0 
41 
155 
7^ 
73 
55 
37 
28 
51 
15 
15 
337 
0 

8 
1 
104 
0 
127 
0 
30 
18 
10 
122 
10 
o 
78 
0 
112 
93 
433 
653 
650 
220 
112 
93 
2161 


Table 7.15: Composition of the former Soviet blast-furnace high-carbon ferromanganese [27]. 





Deleterious elements, not to exceed 





Grade and official grade coke Mn content, 26 Si, % 
P, % (group A?) 
Mn-5 75.0 2.0 0.35 
Mn-6 70.0-75.0 2.0 0.35 
Mn-7 70.0-75.0 1.0 0.35 
* Furnace. 


P, % (group B?) 


0.45 
0.45 
0.45 


SiMn 
125 
141 


0 
9 
0 
6 
3 
35 


18 
6 
29 
0 
33 
8 

3 
27 
25 
37 
0 
10 
0 
55 
39 
32 
24 
120 
65 
10 
30 
28 
20 
230 
24 
19 
65 
32 
56 
94 
266 
239 
413 
410 
56 
94 
1478 


5,% 


0.03 
0.03 
0.03 


Ferroalloys 


7.41 High-Carbon 
Ferromanganese 


7.4.1.1 Production of Ferroman- 
ganese in Blast Furnaces [26-30] 


Ferromanganese can be produced in blast 
furnaces in a manner similar to pig iron and 
spiegeleisen; however, in the Western world 
only four producers employ this method. 
These are Thyssen Stahl (Germany), BSC 
Cleveland (United Kingdom), SFPO (France), 
and Mizushima (Japan) (see Table 7.16, page 
426), [26]. In the former Soviet Union, the 
majority of the high-carbon ferromanganese is 
produced in blast furnaces [27]. The choice of 
the use of blast furnaces over electric furnaces 
is based on the relative price of coke and elec- 
tricity. Blast furnaces are usually used where 
the cost of power is high in relation to coke. In 
blast furnaces, coke is used both as a reductant 
and as the energy source. The coke rate in 
blast furnaces is higher than in submerged arc 
furnaces, which use electricity as the power 
source [28]. Àn exception to this is SFPO, 
where off-gases from the furnace are used to 
produce electricity, which is sold back to the 
local power supplier. 

The product produced from blast furnaces 
generally contains 76% Mn and 16% Fe; the 
ferromanganese produced in the former Soviet 
Union is generally of a lower grade (Table 
7.15) [27]. 


Raw Material Selection and Pretreatment. 
The raw materials required for the production 
of high-carbon ferromanganese are manga- 
nese ores, fluxes such as limestone, dolomite, 
or silica, and solid fuels and reductants such as 
coke. 

In order to produce ferromanganese of the 
required grade a single ore is seldom suitable 
because the desired Mn/Fe ratio of the charge 
determines the Mn content of the final product 
[28]. Ores from various sources are therefore 
blended to achieve the ideal ratio and to limit 
the contents of the deleterious components sil- 
ica, alumina, and phosphorus in the raw mate- 
rial mix. 
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Figure 7.10: Variation of equilibrium MnO content of 
slag for high-carbon ferromanganese and silicomanga- 
nese production [31]. 

The raw material is crushed and screened to 
са. 5—30 mm. Altematively, sintered or pellet- 
ized fine ore can be used (see Section 47.4). 
Some deleterious components can be partially 
removed from the ore prior to melting by 
dense-medium separation or flotation. Slag- 
ging components (dolomite or limestone) can 
be added to the sintered or pelletized ore, 
which results in cost savings in the blast fur- 
nace. Partial reduction of the higher manga- 
nese oxides may also occur during sintering. 


Blast Furnace Operation. In comparison to 
iron making, high gas temperatures are re- 
quired in ferromanganese production because 
the reduction of manganese(II) oxide takes 
place at a higher temperature than is required . 
for the reduction of wustite [29]. This is 
achieved by oxygen enrichment of the hot 
blast or, in the case of SFPO, by heating the 
blast with nontransferred arc plasma torches 
[30]. The plasma arc increases the flame tem- 
perature from 2200 to 2800 *C and consider- 
ably reduces the coke consumption, which 
usually ranges from 1270 to 2000 kg/t. 

The recovery of manganese in the alloy is 
usually 75-85%. This is influenced by the 
MnO content of the slag, the slag-to-metal ra- 
tio, and losses in the flue gases. The MnO con- 
tent of the slag is highly dependent on the 
basicity ratio (СаО + MgOYSiO, (Figure 
7.10) [31], which can be controlled by the 
choice of ore and addition of flux. Losses to 
the flue gas can generally be recovered in the 
gas cleaning section (see Section 7.4.5). These 
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materials can then be agglomerated and re- 
turned to the furnace. 

At the Mizushima works, the double bell 
valve of the conventional blast furnace has 
been replaced with an arrangement incorpo- 
rating a distribution chute (Figure 7.11) [32]. 
This results in a better distribution of the bur- 
den in the shaft and therefore a more even 
flow of gas through the burden (Figure 7.12). 
The incorporation of a distribution chute low- 
ers the coke consumption of the furnace. 





Figure 7.11: The cardan distributor on the blast furnace 
[32]: a) Upper bunker; b) Gate valve; c) Upper seal valve; 
d) Lower bunker; e) Material flow control gate; f) Expan- 
sion joint; g) Lower seal valve; h) Vertical chute; i) Distri- 
bution chute; j) Driving apparatus. 

In spite of the innovations mentioned above 
the raw material costs of blast furnaces remain 
higher than those of submerged arc furnaces 
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[26] due to the high cost of coke. With the ex- 
ception of SFPO, blast furnace production 
costs are higher than the average production 
cost of ferromanganese in electric furnaces. 
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Figure 7.12: Effect of mixing on the distribution of gas in 
a blast furnace [32]. A) For layer by layer charging; B) For 
perfect-mixed charging. a) Cohesive zone; b) Lumpy 
zone; c) Raceway; d) Dead man; e) Throat sonde. 


The Reduction Process in the Blast Fur- 
nace. The reduction of the higher manganese 
oxides to manganese(II) oxide takes place in 
the upper zone of the shaft according to the re- 
actions given earlier. These generally occur 
below 900 °C and are indirect. The reactions 
are exothermic, and the heat generated causes 
high top temperatures and necessitates water 
cooling of the furnace top. 


The reduction of manganese(IT) oxide 
MnO + С э Mn + CO 


is highly endothermic, in contrast to the 
weakly endothermic reduction of wustite. This 
requires higher temperatures and, conse- 
quently, higher coke rates are required for the 
smelting of ferromanganese in blast furnaces. 
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7.4.1.2 Production of Ferroman- 
ganese in Electric Arc Furnaces 


The majority of producers of ferromanga- 
nese in the Western world use submerged arc 
electric furnaces (Table 7.16). Although elec- 
tric furnaces have lower capacities than blast 
furnaces they have the advantage that the heat 
requirement is provided by electricity, and 
coke and coal are added to the feed only as re- 
ductants. Consequently the coke consumption 
is Jower in electric furnaces than in blast fur- 
naces, which is a considerable advantage in 
the light of dramatically increasing coke 
prices. An additional advantage is that the pro- 
cess is not entirely dependent on high-strength 
coke, unlike blast furnaces, and a portion of 
the carbon requirement can be supplied in the 
form of coal. In South Africa, where coking 
coal is in short supply, up to 70 % of the carbon 
for the production of ferro- and silicomanga- 
nese is supplied in the form of bituminous 
coal. 


Originally electric furnaces were small (3— 
8 MVA); however, furnaces have grown pro- 
gressively larger with time [33]. Recently built 
electric furnaces have capacities of 75—90 
MVA. Smaller furnaces are still popular with 
producers because they offer flexibility in that 
they can be switched more easily between dif- 
ferent products than their larger counterparts 
[34]. The larger size and more stable operation 
of modern electric furnaces, due largely to 
computer control, have resulted in lower elec- 
tricity consumption. Electric furnaces used in 
the production of manganese alloys are gener- 
ally circular and have three electrodes, each 
coupled to a separate electrical phase (Figure 
7.13) [35]. The diameters of these furnaces 
range from 2 to 20 m. 


In modern electric arc furnaces the raw ma- 
terial is usually fed by gravity from bunkers 
above the furnace. Fresh burden therefore au- 
tomatically enters the furnace as the raw mate- 
rials are melted and slag and metal are 
removed from the system. In older furnaces 
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use is still made of charging cars to introduce 
raw materials to the top of the units. 


As the raw materials move down the fur- 
nace, the higher oxides of manganese are re- 
duced to MnO by the gas leaving the furnace. 
The reduction of manganese(IT) oxide occurs 
by the contact of carbon with the molten oxide 
in the slag phase. The overall reaction is: 


MnO + "AC —› '/,Mn,C, + СО 
for which 
С = 265.7 — 0.187 kJ [36] 


The heat required for this endothermic re- 
action, for heating the burden, and to compen- 
sate for heat losses is supplied by the electrical 
input to the furnace. Heating takes place by 
the flow of electricity from the tips of the elec- 
trodes, which are submerged in the burden, 
through the burden and slag to the metal, as 
well as through the flow of electricity between 
the electrodes [36]. 


Design and Operation of Electric 
Furnaces 


The degree of heating depends on the elec- 
trical current flow as well as the resistance 
provided by the burden and the slag to the 
flow of electricity. In the production of ferro- 
manganese the resistivity of the burden is low, 
hence low voltages between the electrodes are 
necessary to maintain satisfactory penetration 
of the electrodes in the charge. The vapor 
pressure of manganese is high; therefore over- 
heating of the charge must be avoided. The 
current densities on the electrodes should ac- 
cordingly be lower for ferromanganese pro- 
duction than for other ferroalloys [37]. The 
diameters of the electrodes are therefore larger 
in ferromanganese furnaces than in other fer- 
roalloy furnaces to facilitate the high currents 
required for low voltage operation. The dis- 
tance between electrode centers is usually 
larger than in other furnaces, hence the fur- 
nace diameters tend to be greater. The values 
of these design parameters for a number of op- 
erating furnaces are given in Table 7.17. 
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"Table 7.16: Profiles of manganese alloy producers [26]. 


Country 
Argentina 
Australia 


Belgium 
Brazil 


France 


Georgia 
India 


Italy 


Japan 


Kazakhstan 
Korea 


Mexico 
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Company (location) 


Industrias Sidenirgicas Grassi (El Nihuil) 
(Blanco Encalada) 
Temco (Bell Bay) 


Sadaci (Gent) 
Companhia Ferroligas do Amapa (Santana) 
Cia de Cimento Portland Maringa (Itapeva) 


Usinor Sacilor (Dunkirk) 

SFPO (Boulogne) 

Pechiney Électrométallurgie (Dunkirk) 
Zestafoni Ferroalloys (Zestafoni) 
Andhra Ferro Alloys (Kottavalasa) 
Facor (Shreeramnager) 

GMR Vasavi Industries (Tekkali) 
Nava Bharat Ferroalloys (Paloncha) 
Ispat Alloys (Balasore) 

Tata Iron & Steel Co. (Joda) 

Crescent Ferroalloys (Seoni) 

Hira Ferroalloys (Raipur) 

Jain Carbide & Cehmicals (Raipur) 
Jalan Ispat Castings (Meghnagar) 

Nav Chrome (Raipur) 

Quality Steel & Forging (Meghnagar) 
Shree Ganesh Ferroalloys (Raigarh) 
Sri Girijia Smelters (Raipur)? 
Srinivasa Ferroalloys (Raipur)* 
Standard Ferroalloys (Raipur) 

Vika Ferroalloys (Raipur) 

Dandeli Steel & Ferroalloys (Dandeli) 
Sandur Manganese (Vyasankere) 
Visvesvaraya Iron & Steel (Bhadravati) 
Balaji Electro Smelters (Yeotmal) 
Kandelwal Ferroalloys (Kanhan) 
Maharashtra Elektrosmelt (Chandrapur) 


Universal Ferro & Allied Chemicals (Tumsar) 


Italghisa (Bagnolo Mella) 
Fornileghe (Breno) 
Chuo Denki Kogyo (Kashima) 
Kobe Steel (Kakogawa) 
Mizushima (Mizushima) 
Nippon Denko (Samani) 
(Miyako) 
(Tokushima) 
Yahagi Iron (Nagoya) 
Yermak (Yermak)* 
Dongbu Corporation (Donghae City) 
Dongil Industries (Pohang) 
Hanhap Corporation (Pohang) 
Minera Autlan (Tamos) 


(Teziutlan) 


Ferroalmex (Gómez Palacio) 


Furnaces utilized on 


Furnaces utilized on 





ferromanganese silicomanganese 
1x5 MVA 1x5 ММА 
1x3MVA 1x3MVA 
1x27 MVA 1x29 МУА 
1x35 МУА 
1x45 МУА 
1x25 MVA 
1x13 MVA 
1x7MVA 1х7 MVA, 1X 3MVA. 
1x15MVA 
102x MVA 
blast furnaces 
1x45MVA 
22 furnaces 1x600MVA 
1x4MVA 
1x17MVA 
2x19 MVA 
1x17MVA 
1x15 MVA 2x15MVA 
1x17MVA 1x9 MVA 
1x3MVA 
1x7MVA 
2х3 МУА 
1х9 МУА 
1x4MVA 
1x4MVA 
1x4MVA interchangeable to SiMn 
1x4MVA 
1x4MVA 
1x8MVA 
1x3MVA interchangeable to SiMn 
1x4MVA interchangeable to SiMn 
1x18MVA interchangeable to SiMn 
2x22MVA 
1x4MVA interchangeable to SiMn 
1x9 MVA 1x9 MVA 
1x33MVA 1x33MVA 
1x17MVA 1x17 MVA,2 x9 MVA 
1x15 МУА 
2x 10MVA 1x10MVA 
1x40MVA 1x50MVA 
1x20MVA 1x20MVA 
] blasst furnace 
1х8 МУА 
1х5 МУА 
1x40MVA 
] blast furnace 
27 furnaces 
1x8MVA 1x8 МУА 
1x8MVA 1x12MVA, 1x 8 MVA 
1x13 MVA 1x16 MVA 
1x33MVA 


1x33 MVA, 2x 15 MVA 








1x12MVA,2x6 MVA 
1x5MVA 
2x15MVA 








Ferroalloys 
Country Company (location) Furnaces utilized on 
ferromanganese 
orway em (Porsgrunn x x 
1x18MVA 
Elkem (Sauda) 1x5MVA, 1 x 36MVA, 


Tinfos Jernverk (Kvinesdal) 
South Africa Ferro Alloys (Cato Ridge) 


1x30 MVA, 1x 24MVA, 
1x10 MVA, 2x 6 MVA 


2x24MVA,2x 12 MVA 
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Furnaces utilized on 
silicomanganese 


e interchangeable to n 


interchangeable to SiMn 


2x45 МУА 





Samancor (Meyerton) 2x75MVA,1x81MVA 2x18 MVA,2 x21 MVA 
3 x 10MVA i 
Transalloys (Witbank) S 1x21MVA,1 X23MVA. 
| E 2x49MVA ' 
$раїп Ferroatlántica (Воо) 1x20MVA 1x30MVA,2x 13 MVA 
(Сее) 7 1х 17 МУА 3х 24 МУА 
e (Monzón) 1 x45 MVA 
aiwan Chen Hsing Industrial (Hsi-Chih) 1x10MVA interchangeable to Si 
Ukraine Nikopol Ferroalloys (Nikopol) 16 furnaces 29 fe PN 
Zaporozhye Ferroalloys (Zaporozhye) 1x 1050 MVA 
USA Elkem Metals (Marietta) 2x40 MVA 1x50MVA 
Venezuela ^ Havensa (Matanzas) 1x11 MVA,2x9 MVA,2x 
З МУА, 1 х15 MVA ` 
* Interchangeable to FeCr. 


Raw materials 


Electrode casings 
Electrode paste 








Figure 7.13: Layout of an electric arc furnace [35]: a) Charging bins; b) Charging tubes; c) Electrodes; d) Electrode slip- 
ping device; e) Electrode positioning devices; f) Current transmission to electrodes; g) Electrodes sealing; h) Furnace 


transformer; i) Current bus bar system; j) Furnace cover; k) Furnace shell; 1) Tap hole; m) Furnace bottom cooling; n) Re- 
fractory material. 
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Table 7.17: Furnace design parameters. 
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Samancor Samancor Former So- Former So- 





oam Elkem Sauda a Пау mn з Keen KEN 
Inside shell diameter, m 15.1 12.5 10.0 16.0 9.8 2.7 6.7 
Shell height, m 8.8 6.0 52 8.0 5.7 12 3.0 
Electrode diameter, m 1.90 1.90 14 1.90 1.20 0.30 1.5 
Tapholes 2 Metal, 2 Slag 2 Metal, 1 Slag 2 Metal, 2 Metal,1 2 Metal, 1 
lSlag Slag Slag 
Megawatt rating 45 30 13 46 20 2.5 33 


Most electric furnaces have two tapholes 
offset by 60 °C which are used alternately to 
tap both slag and metal. The slag and metal are 
then separated either in the ladle or by means 
of a skimmer plate in the runner between the 
furnace and the ladle [38]. In larger furnaces, 
separate tapholes are included for metal and 
slag [34]. Tapholes are usually opened by tap- 
hole drills and closed with automatic mud 
guns. 

An important feature in the design of sub- 
merged arc furnaces is the Sóderberg elec- 
trodes. These are used because the large 
electrode diameters required for the produc- 
tion of manganese alloys make the use of pre- 
baked electrodes uneconomic. The Sóderberg 
electrode consists of a mild steel or stainless 
steel casing which is stiffened with internal 
fins and is filled with a carbonaceous paste, 
consisting of a solid aggregate, usually cal- 
cined anthracite, and a binder of coal-tar pitch 
[34]. The paste becomes plastic when hot and 
fills the entire volume of the casing. On fur- 
ther heating of the electrode by the electric 
current and furnace heat, the paste is baked 
and becomes solid. As the electrode is con- 
sumed, additional casings are welded onto the 
top. The current carrying capacity and 
strength of an electrode is a function of the 
quality of the paste, the electrode baking rate, 
and the cross-sectional area. Breakages of 
Sóderberg electrodes are a major cause of 
downtime in electric furnaces, and proper 
management of the electrodes is therefore es- 
sentia] for efficient production [34]. 

A number of devices are commercially 
available to control the electrodes' movement 
and slipping rate (rate at which the electrode is 
allowed to move through the rings to compen- 





sate for its consumption in the furnace). One 
of these is designed and manufactured by 
Elkem [38]. The electrode is clamped by hy- 
draulically operated rings and is moved up and 
down on hydraulic cylinders. Current is fed to 
the electrode through brass contact shoes 
clamped around its diameter. 

Large electric furnaces are usually com- 
pletely closed at the top, and the CO-rich gas 
leaves the furnace at approximately 290 °C 
and is cleaned in cyclones and venturi scrub- 
bers. The gas is then either flamed off to the 
atmosphere or, more recently, is used to gener- 
ate electricity. This is the case of SFPO [26] 
and at Tinfos in Norway [39]. At Elkem's 
plant in Canada the off-gases are used to fuel 
auxiliary equipment in the plant [40]. Smaller 
furnaces are either open or closed. In the case 
of open furnaces the gas is usually withdrawn 
by fans and cleaned in a bag-filter plant. In this 
case the gases are completely burnt in the fur- 
nace and have no commercial value. 

Raw materials are usually batch weighed 
and blended according to a predetermined rec- 
ipe and are then fed to bunkers above the fur- 
nace. The mix then gravitates into the furnace 
through feed chutes. To ensure an even distri- 
bution of material over the furnace, up to ten 
feed chutes are radially distributed around 
each electrode and one is positioned in the 
center of the furnace. 

After the metal is tapped from the furnace it 
is cast into molds formed from ferromanga- 
nese fines or cast iron and allowed to solidify. 
The alloy is then removed, crushed, and 
screened into various size fractions, depend- 
ing on the requirements of the user. An alter- 
native to this practice is the use of a casting 
machine. In this case the metal is tapped di- 
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rectly onto a moving train consisting of small 
molds. The metal then solidifies and is ejected 
from the mold at the end of the strand. The ad- 
vantage of this process is that the product is 
more even in size and cubical in shape. The 
generation of fines (-6 mm), which are gener- 
ally unsalable, is also minimized. To date 
Elkem, Samancor, Transalloys, Chuo Denki, 
and Mizushima use casting machines for a 
portion of their products. ‘ 


Raw Materials Required for the 
Manufacture of High-Carbon 
Ferromanganese 


Manganese ores from different sources 
vary widely in their contents of manganese, 
iron, silica, alumina, lime, magnesia, and 
phosphorus. To produce standard ferromanga- 
nese (78% Mn) and a slag containing 30% 
MnO, the manganese to iron ratio in the 
charge must be 6:5. Since a single manganese 
ore of this ratio is seldom available, blending 
of ores from different sources is common 
practice to reach the desired manganese to 
iron ratio and to control the level of deleteri- 
ous elements, particularly phosphorus. The 
ore mixes used in some operations are shown 
in Table 7.18 [37]. The use of sinter as a 
source of manganese is becoming increasingly 
popular. In the sintering process a degree of 
prereduction is achieved, reducing the energy 
requirement in the furnace. The additional ad- 
vantage of sinter is that fine ores, which are 
otherwise unusable, are agglomerated in the 
sintering process. Bag-house dust and sludge 
from gas cleaning plants can also be recycled 
to the furnace in the form of sinter. The maxi- 
mum amount of sinter that can be fed to the 
furnace is a moot point and depends on its 
mineralogy and state of prereduction. When 
sinter replaces ore of high MnO, content, the 
energy required in the furnace increases be- 
cause the highly exothermic reduction of 
MnO,, Мп,О;, and Мп,О,, (see Section 
47.5.2) no longer takes place in the furnace 
[37]. The use of Mamatwan sinter, in place of 
Mamatwan ore, results in power savings be- 
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cause the calcination of the carbonates in 
Mamatwan ore is energy consuming [41]. At 
the Zestafori ferralloy works in the former So- 
viet Union, up to 10046 sinter is used in the 
furnaces [42]. The bottom size of ore is also 
important because close packing of the ore in 
the furnace must be avoided [37]. This can re- 
sult in the formation of calcined bridges in the 
furnace, which disrupt the distribution of gas 
and can cause eruptions when the'gas en- 
trained under a bridge is suddenly released on 
its collapse [34]. Generally ores larger than 6 
mm are used in large furnaces. The addition of 
small amounts of —6 mm material to small fur- 
naces is possible. Generally, ore is screened 
prior to batch weighing of the furnace mix. 


The carbon required in the furnace is gener- 
ally added in the form of coke. The size of the 
reductant is important. Coke and coal of too 
small a size can also cause close packing as 
well as affecting the resistivity of the burden. 
To maintain electrode penetration at Elkem 
Sauda [43] coke nuts (10-20 mm) are used. 
This is a compromise between the resistivity 
and the necessity of maintaining a coke bed at 
the bottom of the furnace. 


Limestone, dolomite, or silica are added to 
the process as fluxes to adjust the basicity of 
the slag. The amount and type of flux added 
depends on the blend of ores and whether a 
discard- or high-slag practice is used. At 
Elkem's operation in Beauharnois the use of 
alumina as a flux makes the operation of the 
furnace possible with 100% Moanda ore from 
Comilog [44]. | 


Chemistry of the Process 


A dig out of a 75 MVA ferromanganese fur- 
nace at the Metalloys operation in South Af- 
rica showed that nine distinct zones exist 
around each electrode (Figure 7.14) [45]. This 
study showed that material descends rapidly 
down the side of the electrode (a) into the 
semi-active zone (b), where prereduction of 
higher manganese oxides to MnO takes place. 
Thereafter, the material moves into the active 
zones of the furnace (e, f), where reactions 
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take place between the manganese(IT) oxide in 
the melt and the coke particles in the coke bed: 


7MnO + 10C > Mn4C, + 7CO 


Equilibrium between the slag and metal was 
thought to exist under each electrode, and fur- 
ther from the electrode, layers of unreacted ore 
and coke were found to be present (h). This 
suggests that heat is concentrated under each 
electrode. The path of electrical transfer was 
deduced to be from the electrode tip through 
the coke bed and into the alloy layer (g). 

The efficient production of high-carbon 
ferromanganese therefore depends on the de- 
gree of reduction of MnO by carbon as well as 
the prereduction that occurs in the upper re- 
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gion of the furnace. The ratio of CO and CO, 
in the off-gas is important and can be used to 
monitor the condition of the furnace. The 
higher the CO, content of the off-gas, the 
higher is the energy efficiency of the process, 
because the reducing potential of the gas is be- 
ing more fully utilized (Figure 7.15) [43, 45]. 
Good operation of the furnace is indicated by a 
CO,/(CO, + CO) ratio of 0.55. This ratio, as 
well as the MnO content of the slag, can be 
used to control the coke rate of the furnace. 
Undercoking of the furnace is indicated by 
high MnO content of the slag and a low CO, 
content in the off-gas [43]. 


Table 7.18: Operating parameters of some ferromanganese electric arc furnaces. 





Temco Elkem Elkem Facor Soman- Soman- 
Bellbay Porsgrunn Beauharnois Sheermnagar corM 10. corM2 
Raw material additions, tonnes/tonne alloy 
Manganese Groote Eylandt 1.171 (18%) 
ore: South Africa: high grade 0.780 (31%) 0.927 0.926 
medium 
Mamatwan ore (51%) : 0.345 
Mamatwan sinter 0.884 0.176 
Gabon: Moanda ore (78 %) 
Moanda sinter (22%) 
India: average 44% Mn 2.18—2.23 
Operating results 
Average operating load, MW 13 25 34.4 5 45 16 
Operating time, % 98 99 99 98 
Specific energy consumption, kWh/t 2430 2399 2050 3100 2560 2710 
Manganese recovery, % 71.3 75 79 77 74 
Slag practice high slag high slag highslag discardslag discard discard 
slag slag 
Slag composition, % 
MnO 40.4 43.1 44.7 20.0 20.0 20.0 
MgO 1.8 4.4 2.5 7.3 7.4 
A10, 13.8 11.1 28.8 9.00 4.3 3.8 
CaO 15.2 11.9 1.0 32.5 35.6 34.8 
SiO, 28.2 24.2 30.5 32.4 31.5 
Metal analysis, % 
Mn 78 78 78 74.5 76.5 76.5 
Fe 14.6 17.6 15.4 15.4 
Si 0.25 0.08 0.50 0.20 0.20 
P 0.14 0.16 0.35 0.09 0.09 
C 6.7 6.89 6.7 6.9 6.9 
Ratios 
Slag/metal ratio 0.514 0.68 0.80 
Basicity ratio (mass) 0.68 1.35 1.35 
Basicity ratio (molar) 1.9 
N 
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Figure 7.14: Zones in a ferromanganese furnace [36]: a) Loosely sintered burden; b) Loosely sintered material enriched 
in carbonaceous reducing agents; c) Coke and slag region, showing the active zone away from the electrode; d) Coke 
bed; e) Coke-enriched layer, with CaO-MnO-SiO2 slag; f) MnO melt layer with some slag, coke, and additional carbon- 
aceous reducing agent; g) Ferromanganese alloy layer intermixed with MnO melt; h) Graphitized and carbon-rich mate- 
rial; i) Carbon lining; j) Brick lining; k) Slag taphole level; 1) Metal taphole level; m) Pieces of electrode. 
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slag thus decreases the residual MnO content 
(Figure 7.10). The MnO content of the slag is 
also reduced by increasing the penetration of 
the electrodes, which also increases the slag 
temperature. The target MnO content of the 
slag depends on whether a discard- or high- 
slag process is used. 
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Discard slags generally have MnO contents 
of 8-12 %. Slag is produced by the silica and 
other basic oxides entrained in the ore. Man- 
ganese(IT) oxide is entrained in the silicate 
network and is released by addition of CaO or 
MgO. By increasing the basicity of the slag 
Figure 7.15: Relationship between ofí-gas composition the recovery of manganese as metal is in- 
and power consumption for ferromanganese production ` creased; however, consumption of carbon and 
[43]. electricity also increases. The discard-slag 

A further influence on the MnO content of process is therefore only used where power is 
the slag is the basicity ratio (CaO + relatively cheap and the delivered cost of man- 
MgO):SiO, Generally the addition of basic — ganese ore is high [37]. The recovery of man- 
oxides increases the melting point of the slag. — ganese to the metal is between 70 and 75% 
The hotter slag improves the reaction between when this practice is used. The practice usu- 
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ally involves the addition of limestone or do- 
lomite to the furnace. However, in South 
Africa where high proportions of Mamatwan 
ore are used, a basic slag is produced without 
the addition of limestone, due to the high CaO 
content of the ore. In India the discard-slag 
practice is used because high recoveries of 
manganese are necessary to produce 74% Mn 
from lower grade ores. 


High-Slag Practice 


In the high-slag practice less coke is re- 
quired for reduction and little or no basic 
fluxes are used because the MnO content of 
the slag satisfies the requirement for basic ox- 
ides. Slags of this nature tend to contain more 
than 25% MnO. In the high MnO practice the 
power consumption is reduced because a 
higher proportion of the reduction occurs by 
the gases and less MnO is reduced by solid 
carbon. Maximum use is therefore made of the 
exothermic nature of the prereduction reac- 
tions. The recovery of manganese is low in the 
ferromanganese furnace, but the overall re- 
covery of manganese is high because the slag 
is usually used for the production of silico- 
manganese [37]. 


An additional attraction of the high-slag 
process is that an artificial ore, with a manga- 
nese to iron ratio of up to 100:1, can be made 
from relatively low-grade ores. This artificial 
ore can then be used to produce the highest 
grade of ferromanganese without the need to 
purchase costly high-grade ores. An additional 
benefit is the extremely low phosphorus con- 
tent of the slag, which hence lowers the phos- 
phorus content of any mix in which it is used. 
In countries having only ores with high phos- 
phorus contents, the first stage of the process 
is the production of a slag high in MnO and a 
low-manganese alloy [46]. 


Since the energy input in the production of 
ferromanganese by the high-slag process is 
lower than that of the discard-slag process, it 
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is used by most producers. Slag compositions 
for various producers are shown in Table 7.18. 


7.4.2 Production of 
Silicomanganese 


Unlike ferromanganese, silicomanganese is 
only produced in electric arc furnaces, most of 
which can be used interchangeably to produce 
either of the manganese-containing alloys. Sil- 
icomanganese is used either as a substitute for 
ferromanganese and ferrosilicon in steelmak- 
ing or as a raw material for the production of 
medium- and low-carbon ferromanganese 
and industrial manganese metal. The composi- 
tion of silicomanganese produced in the West- 
ern world is given in Table 7.12 and of that 
produced in the former Soviet Union in Table 
7.19. Although silicomanganese generally 
contains 14-19% Si, grades containing up to 
35% are produced for the production of ex- 
tremely low-carbon alloys. 


The solubility of carbon in the alloy de- 
creases with increasing silicon content (Figure 
7.16) [47]. On cooling, sparingly soluble SiC 
comes out of solution. 
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Figure 7.16: Carbon solubility in the Fe-Mn-Si-C sys- 
tem (50-80 % Mn) at 1420 °C [47]. 
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Table 7.19: Composition of Soviet silicomanganese [27]. 
Deleterious elements, not to exceed 
e ae SP, % Mn minimum, % C, % 
official grade code P, % (group Ab Р, % (group pn $,% 
CMn26 26.0 60.0 0.2 0.1 0.05 0.03 
CMn20 20.0-25.9 65.0 1.0 0.3 0.25 0.03 
СМп17 17.0-19.9 65.0 1.7 0.3 0.35 0.03 
СМп14 14.0-16.9 65.0 2.5 0.3 0.35 0.03 
CMn10 10.0-13.9 65.0 3.5 0.3 0.35 . 0.03 
= As reported. 
t Furnaces. : 


Table 7.20: Operating parameters for silicomanganese production. 


Raw material additions, tonnes/tonne alloy 
Manganese ore: Groote Eylandt 
South Africa: medium grade 
Mamatwan ore 
Mamatwan sinter 


Ferromanganese slag 

Remelt metal 

Reductants: coke 
coal 

Fluxes: limestone 
magnesite 
quartz 

Operating results 


Average operating load, MW 
Operating time, % 
Specific energy consumption, kWh/t 
Manganese recovery, % ui 
Slag composition, 76 
MnO 
MgO 
AlO; 
CaO 
510, 
Metal analysis, % 
Mn 
Fe 
Si 
P 
C 
Ratios 
Slag/metal ratio 
. Basicity ratio 


There are three general routes for the pro- 

duction of silicomanganese: 

e Reduction of manganese ores and silica 
with coke and coal 

e Reduction of MnO-rich slags from ferro- 
manganese production and quartzite with 
coke and coal 


e Reaction of standard ferromanganese and 
quartzite with coke 


Temco Bellbay Elkem Porsgrunn Elkem Beauharnois 





0.227 
0.536 0.942 
0.647 
0.754 © 
0.227 
0.091 
0.141 0.198 
0.566 0.836 
0.127 0.610 0.814 
28 46 11 
94 97 98 
4400 3870 3900 
85 74 67 
78.0 15.0 
3.9 4.5 
29.7 77 6.1 
20.9 21.1 
33.8 48.5 47.0 
65.9 67.7 65.5 
16.0 15.5 
19.1 17.5 17.8 
0.09 0.09 
1.38 1.18 1.15 
0.72 1.17 
1.0 0.54 0.55 


The first two processes are used for the pro- 
duction of alloys containing 15-25% Si and 
can be carried out in the same furnaces used 
for ferromanganese production. The third 
method is used to produce alloys containing 
30-35% Si and is generally performed in 
smaller furnaces. 


Raw Materials. The raw materials used in sil- 
icomanganese production are similar to those 
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used in making ferromanganese. Silica is 
added to the furnace as quartz or quartzite, and 
ferromanganese slag can be used as an alterna- 
tive additional source of manganese instead of 
manganese ore or sinter. As in the case of fer- 
romanganese, production advantages can be 
gained by using sintered ore (particularly from 
Mamatwan). At the Kashima works of Chuo 
Denki, 40% of the ore feed is in the form of 
sinter. The raw materials used to produce sili- 
comanganese are given in Table 7.20. 


Chemistry of the Process. In a dig out of a 
small electric arc furnace [48], four zones 
were distinguished: the burden zone, the zone 
of the coke bed, the melting zone, and the 
metal layer. In the burden zone, the higher ox- 
ides of manganese are reduced to MnO, while 
the higher oxides of iron are reduced to FeO 
and partially to metallic iron. Мапрапеѕе(П) 
oxide is converted to complex silicates, which 
begin to melt at the bottorn of the burden zone. 
Fine metallic particles exist in the coke bed 
zone, which are possibly caused by condensa- 
tion of silicon and manganese in the hot areas 
under the electrodes. In the upper and lower 
parts of the melt zone, the reduction of manga- 
nese and silicon oxides occurs. The equilib- 
rium is determined by the following reaction 
[31]: 

510, + 2Ма — Si + 2MnO 


This equation is important in determining 
the silicon and manganese contents of the 
metal that collects in the lowest part of the fur- 
nace and is influenced by the slag chemistry 
and the temperature of the process. Increasing 
the CaO content of the slag reduces the silicon 
content of the metal. The basicity requirement 
of the slag is therefore better supplied in the 
form of MgO. Higher temperatures tend to 
drive Si into the metal at the expense of Mn. 
Higher temperatures are therefore required in 
the production of silicomanganese than in the 
production of ferromanganese. 

Silicomanganese is produced by most man- 
ufacturers of manganese alloys, and the slag 
and metal compositions and operating param- 
eters of some producers are given in Table 
7.20. To produce manganese metal of 97% 
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Mn by the silicothermic method, a silicoman- 
ganese containing 28% Si is required that is 
particularly low in phosphorus and iron. This 
is made from a manganese slag produced from 
the partial reduction of manganese ore. 


Operation of the Furnace. The operation of 
the furnace for silicomanganese production is 
similar to that of ferromanganese production. 
However, deeper penetration of the electrodes 
is necessary to provide the higher temperature 
required to drive the reduction of silicon [31]. 
The resistivity of the burden is therefore im- 
portant, and the size and the activity of the re- 
ductant is critical for stable operation of the 
furnace. 


7.4.3 Production of Medium- 
Carbon Ferromanganese 


Medium-carbon ferromanganese contains 
1-1.5% carbon and has a manganese content 


of 75-85% (Table 7.12). Medium-carbon fer- 


romanganese can be produced either by refin- 
ing high-carbon ferromanganese with oxygen 
or by the silicothermic route, whereby the sili- 
con in silicomanganese is used to reduce addi- 
tional MnO added as ore or slag. The former 
process has considerable advantages [47] and 
is used by most producers. Elkem Metals in 
Norway and the United States use their pat- 
ented manganese oxygen refining (MOR) pro- 
cess to refine high-carbon ferromanganese in 
plants having capacities of 5000 t/month and 
have closed their silicothermic plant in the 
United States. A similar facility was sold un- 
der license to the Torros plant of Minera Aut- 
lan in Mexico. Thyssen Stahl (Germany) uses 
a similar process to produce medium\carbon 
ferromanganese from the high-carbon ferro- 
manganese produced in their blast furnaces. 
Samancor (South Africa) and Usinor Sacilor 
(France) have patented a similar process, but 
have not yet built a plant [49]. 


Transalloys (South Africa) produces 
20 000 t/a of medium-carbon ferromanganese 
by the silicothermic route and appears to be 
the only producer in the Western world to do 
so. In the former Soviet Union, medium- and 
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low-carbon ferromanganese are produced sili- 
cothermically with manganese recoveries of 
59-63% [27]. The silicothermic and MOR 
processes are shown schematically in Figure 
7.17. 


7.4.3.1 Production of Medium- 
Carbon Ferromanganese by Oxygen 
Refining of High-Carbon 
Ferromanganese 

In the MOR process patented by Union 
Carbide, high-carbon ferromanganese is de- 
carburized in a similar manner to the steel- 
making process in the basic oxygen furnace 
[47]. However, several distinctive differences 


are encountered in the case of ferromanga- 
nese: 


e A final temperature of 1750 ?C compared to 
1550 *C 


e Refractory attack is more severe 
e Difficult casting of the final alloy 
e The higher vapor pressure of manganese , 


e The higher volume and temperature of the 
off-gas 


Silicothermic reduction 
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Figure 7.17: Process flow sheet comparison for silicothermic reduction and the MOR process [47]. 
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In the MOR process, oxygen is blown into 
the molten high-carbon ferromanganese and 
the temperature is increased from its tapping 
value of 1300 to 1750 °C. The heat required is 
supplied by.the oxidation of manganese to 
manganese(IT) oxide and carbon to carbon 
monoxide. The need to increase the tempera- 
ture is shown by the carbon temperature rela- 
tionship in Figure 7.18. In the early part of the 
blowing process, most of the охуреп is con- 
sumed by oxidation of manganese, and the 
temperature of the melt increases from 1300 to 
1550 *C. Hereafter, carbon is rapidly oxidized 
and the temperature rises to 1650 °C. Above 
this temperature, the rate of carbon removal 
decreases and manganese is once again oxi- 
dized. The process is stopped at 1750 °С, 
which corresponds to a carbon content of 
1.3 46. Further reductions in carbon content re- 
sult in unacceptably high losses of manganese. 
In the MOR process, the recovery of manga- 
nese is ca. 80% and the distribution of manga- 
nese can be broken down as follows [47]: 


Alloy MC FeMn 80% 
Fume formed by vaporization 13% 
Slag formed by oxidation of Mn 5% 
Other losses, splashing 2% 


MOR process 
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Figure 7.18: Dependence of carbon content on tempera- 
ture for a ferromanganese alloy (Mn:Fe, 6:1) at 101.3 kPa 
[47]. 

The manganese lost in the fume is recov- 
ered in the gas cleaning plant and is then pel- 
letized and returned to the high-carbon 
ferromanganese furnace. The slag, which con- 
tains about 65% MnO, is also returned to the 
high-carbon ferromanganese furnace. The 
successful operation of this process depends 
on the design of the blowing vessel and oxy- 
gen lance as well as giving careful attention to 
operational procedures. In the joint patent of 
Samancor and Usinor Sacilor, a bottom blown 
converter is used and steam is injected at the 
end of the blow as a coolant [49]. 

The MOR process has many advantages 
over the silicothermic process: lower energy 
consumption, lower capital investment, lower 
production cost, and greater flexibility. 

The main disadvantage of the process is 
that its use is limited to production of medium- 
carbon ferromanganese because the carbon 
content cannot be reduced to below 1.3%. 


7.4.3.2 Silicothermic Production 
of Medium-Carbon 
Ferromanganese 


In the silicothermic production of medium- 
carbon ferromanganese, a high-grade slag or a 
melt containing manganese ore and lime is 
contacted with silicomanganese containing 
16—30.1 96 silicon [50]. The silicon in the alloy 
acts as the reducing agent in the process, 
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which reduces the manganese(IT) oxide in the 
melt. Similarly to silicomanganese produc- 
tion, the equilibrium is determined by the re- 
action: 


Si+2MnO = SiO, +2Mn 


The purpose of the lime is to reduce the ac- 
tivity of the SiO, in the melt, thus forcing the 
above reaction as far to the right as possible. 
The ratio of CaO to SiO, in the slag should be 
greater than 1.4 to ensure a sufficient reduc- 
tion in the activity of SiO. The carbon enter- 
ing the process in the silicomanganese 
remains entirely in the metal phase and is 
therefore found in the product. Thus, to pro- 
duce a medium-carbon ferromanganese con- 
taining 1% C, a silicomanganese containing 
20% Siis necessary (Figure 7.16). 

The heat produced by the silicothermic re- 
duction is not sufficient to sustain the process; 
hence it is usually carried out in an electric arc 
furnace. These furnaces are usually small and, 
unlike ferromanganese furnaces, are lined 
with magnesite bricks, which are fairly resis- 
tant to the highly basic slag. The power con- 
sumption is between 1000 and 3000 kW. 
These furnaces can be tilted so that the slag 
can be separated from the metal. At Transal- 
loys (South Africa) the process is carried out 
in a mixing ladle. 

Although the silicothermic reduction pro- 
cess is more energy intensive than the decar- 
burization of high-carbon ferromanganese, it 
has the advantage that the final carbon content 
is limited only by the carbon content of the ini- 
tial silicomanganese. The silicothermic pro- 
cess can therefore be used to produce low- 
carbon ferromanganese and industrial manga- 
nese metal. 


7.4.4 Production of Low-Carbon 
Ferromanganese 


Low-carbon ferromanganese contains 76— 
92% Mn and 0.5-0.75 % C (see Table 7.12). 
The production of low-carbon silicomanga- 
nese is not possible by the decarburization of 
bigh-carbon ferromanganese without incur- 
ring extremely high losses of manganese [50]. 
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Use must accordingly be made of a silicother- 
mic reduction process. 

The process is similar to that used in the sil- 
icothermic production of medium-carbon fer- 
romanganese. High-purity ores are used and in 
particular ores containing iron and phosphorus 
should be avoided. An artificial manganese 
ore, produced as a high-grade slag, is particu- 
larly suitable because of its low impurity level 
and because all the manganese is present as 
MnO. The reduction of the higher oxides of 
manganese is therefore unnecessary. 

The operating figures for 1 t of ferromanga- 
nese containing 85-92% Мп, 0.1% C, and 1 % 
Si with a manganese recovery of 75 % аге: 


Calcied manganese ore 1250-1350 kg 
Silicomanganese (32—33 % Si) 800—850 kg 
Quicklime 1000-1100 kg 
Electrodes 10-12 kg 
Electricity 1800-2500 kWh 


Since the required silicon content of the 
metal is low, a slag high in MnO is necessary. 
The MnO content of the slag can, however, be 
reduced by the use of a two-stage refining op- 
eration. In the first stage, an excess of silico- 
Manganese is maintained and a slag 
containing 6-8 % Mn is teemed and discarded. 
The second refining stage with manganese ore 
and lime results in a slag containing 10-14% 
Mn, which is returned to the silicomanganese 
furnace. 


7.4.5. Gas Cleaning 


In all the processes described in this chap- 
ter, large volumes of gas are generated. These 
gases consist generally of CO, CO,, and N,, 
and contain large quantities of dust from the 
raw materials and condensed manganese 
droplets. These gases require cleaning prior to 
their venting to the atmosphere. In open fur- 
naces, in which the gas is totally combusted, 
hoods are incorporated in the design through 
which the gas is removed. This gas is cooled 
in trombone coolers to ca. 200 °C and the dust 
is removed in bag filters. Ideally, after recov- 
ery the dust should be agglomerated and re- 
turned to the furnace. In closed furnaces, the 
gas is usually cleaned in cyclones and venturi 
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scrubbers prior to combustion to the atmo- 
sphere or used in downstream processes. At 
Elkem Sauda in Norway, gas from the 36 
MVA furnace is cleaned by two wet venturi 
scrubbers. The gas has an initial dust loading 
of 150 g/m3 which is reduced to a maximum 
of 50 mg/m? [38]. The dust recovered from the 
cleaning plant is filtered, sintered and returned 
to the process. At Samancor's Meyerton 
works in South Africa the gas from the 81 
MVA and two 75 MVA closed furnaces is 
cleaned by a cyclone followed by two venturi 
scrubbers. A mist eliminator is included in the 
gas plant of the 81 MVA furnace to reduce the 
moisture content because the gas is used for 
heating in other areas of the plant. The emis- 
sions from the gas plants are less than 50 
mg/m?, which is the statutory maximum. The 
gas from the remaining open furnaces is 
cleaned in a bag filter plant. Investigations are 
under way to briquette the dust from this plant 
due to its high manganese content and high 
manganese to iron ratio. 

It is expected that dust limits will be re- 
duced to 25 mg/m’. In addition to this the ex- 
posure limits allowed in the working 
environment in manganese producing facili- 
ties have been reduced due to the toxicity of 
manganese dust; the following limits apply: 
United States, United Kingdom, Australia, 


Belgium, Brazil, Germany 5 mg/m? 
Yugoslavia 2 mg/m? 
Former Soviet Union, Poland 0.3 mg/m? 
Bulgaria 0.02 mg/m? 


7.4.6 Recent Developments and 
Future Trends 


Energy-Saving Measures. In regions with 
high electricity prices recent developments 
have concentrated on the saving of energy. 
This is of particular importance to Japanese 
producers of manganese alloys that use elec- 
tric furnaces. Developments include the use of 
the off-gas from the furnace to preheat and 
mildly prereduce the ore, either in a rotary kiln 
or in a shaft kiln above the furnace. 


The former process is used at the Kashima 
Works of Chuo Denki, where the feed to the 
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40 MVA ferromanganese furnace is heated to 
950 °C in a rotary kiln and the higher oxides 
of the manganese ore are partially reduced. 
The ore loses 23 46 of its mass during this pro- 
cess [51]. The use of this system has resulted 
in savings in power, and an additional advan- 
tage is that coal can be used instead of coke to 
satisfy the carbon requirement of the furnace. 
Care must be taken to avoid rapid heating and 
consequent decrepitation of the ore in the kiln. 


The process in which a shaft kiln is posi- 
tioned above the furnace was invented by 
NASU [52]. In this process the gas from the 
furnace is burnt under the furnace roof and the 
hot burnt gas leaves the furnace through a ver- 
tical shaft. The raw ore mix is introduced to 
the top of the shaft and is heated in a counter- 
current fashion by the exhaust gas. The ore is 
then fed to the furnace, where further heating 
takes place as the ore is exposed to the radiant 
heat produced by the burning gas in the roof. 
Two furnaces of this type are in operation at 
the Mizushima plant and their operation has 
resulted in power savings. 


Computer Control of Electric Furnaces. 
Computer control of electric furnaces is prac- 
ticed by Elkem at Suada in Norway, at Mari- 
etta in Ohio, and at Beauharnois in Canada. 
Temco in Tasmania and Samancor in South 
Africa also use computer control [53]. The fol- 
lowing improvements in operating parame- 
ters have been realized by computer control at 
Elkem's plant at Beauharnois: 


Operating power level (MV) 5 % improvement 
Power cost reduction from increased 3% improvement 
load 9% improvement 
Manpower cost reduction lower variaiton 
Statistical process contro] in product 


Elkem is investigating the potential of en- 
hancing their process control system by the in- 
corporation of an expert system. This system, 
based on artificial intelligence, will incorpo- 
rate the experience of the operator in the pro- 
cess control system and will be used to 
diagnose reasons for poor furnace perfor- 
mance. Possible changes to improve the oper- 
ation will be suggested by the expert system 
[54]. 
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Use of Plasma Furnaces. Non-transferred arc 
plasma furnaces have been used successfully 
in the production of charge chrome. Attempts 
to produce ferromanganese in plasma furnaces 
have not been economically successful due to 
the high losses of manganese caused by vola- 
tilization in the arc attachment zone. In addi- 
tion, no preheating of the ore takes place in a 
plasma furnace, unlike in the burden zone of 
the submerged arc furnace. In an effort to 
solve these problems and to utilize the higher 
specific throughputs that are obtainable in a 
plasma unit, a combined plasma/shaft furnace 
is being jointly developed by Voest Alpina and 
Samancor [55]. 


7.5 Ferrochromium 


Ferrochromium is a master alloy of iron 
and chromium, containing 45—95 % Cr and 
various amounts of iron, carbon, and other ele- 
ments. The ferrochromium alloys are classi- 
fied by their carbon content and are known by 
their French names because basic work in this 
field was carried out mainly in France: 


e High-carbon ferrochromium (HC ferrochro- 
mium) with 4-10% C, “ferrochrome car- 
buré" 


e Medium-carbon ferrochromium (MC ferro- 
chromium) with 0.5-4% C, “ferrochrome 
affiné” 


e Low-carbon ferrochromium (LC ferrochro- 
mium) with 0.01-0.5% C, “ferrochrome 
suraffiné" 
The mechanical and chemical properties of 

steel can be improved by alloying it with fer- 

rochromium. Chromium combined with 
nickel gives stainless steel excellent chemical 
resistance. 

The first industrial use of ferrochromium in 
producing low-chromium alloy steels was in 
1860-1870 in France. Previously P. BERTHIER 
(1821) and E. Fremy (1857) produced small 
quantities of high-carbon ferrochromium in 
crucibles by reducing chromite or combina- 
tions of chromium and iron oxides with char- 
coal. This direct reduction process was 
transferred to the blast furnace or cupola to 
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produce low-chromium alloys with 7-8 % Cr, 
and later on alloys with 30-40% Cr. In the 
United States (1869), Sweden (1886), and 
Russia (1875), similar processes were devel- 
oped for producing high-carbon ferrochro- 
mium [56, pp. 1—3; 57]. 

The fundamental work by Moissan (1893) 
on using the electric arc furnace and its indus- 
trial application for the direct carbothermic 
production of high-carbon ferrochromiüm by 
HERoOuLT (1899) were major improvements 
over the blast furnace that led to the modern 
large-scale production. 


The reduction of chromite by silicon for the 
production of low-carbon ferrochromium was 
developed by F. M. Вескетт (1907) and im- 
proved by С. Jean (1909). 


The aluminothermic production of low-car- 
bon ferrochromium has proved to be too ex- 
pensive and the method is seldom used now. 


7.5.1 Physical and Chemical 
Properties 


Low-carbon ferrochromium has a bright 
silvery appearance; as carbon content. in- 
creases, the metal turns from gray to dark gray. 
The density and melting range for different 
grades of ferrochromium are summarized in 
Table 7.21 [58]. 

The Fe-Cr phase diagram (Figure 7.19, 
[59]) exhibits a continuous series of solid so- 
lutions at higher temperature and a o-phase at 
lower temperature. This brittle o-phase has a 
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tetragonal structure (а = 8.7995 x 107? m, c= 
4.5442 x 1079 m). 

Commercial ferrochromium contains 
mainly carbon as a constituent element be- 
cause of the high affinity of chromium for the 
carbon used in the reduction process. The con- 
stitution and structure of the C-Cr—Fe system 
has been reviewed [60]. A projection of the 
liquidus temperatures and solid-phase equilib- 
rium by isothermal sections from 1150 to 
600 *C have been published [60]. 


7.5.2 Raw Materials 


The only raw materials for the production 
of ferrochromium are chromite ores. The min- 
eral chromite has a spinel structure and its for- 
mula may be written as (Fe?*, Mg)O-(Cr, Al, 
Fe?*),0,. A high Cr:Fe ratio is advantageous 
to produce an alloy with high chromium con- 
tent. Chromite ores are classified as follows 
[61]: 


e Ores rich in chromium: > 4646 Cr,O,, Cr: Fe 
> 2:1;for the production of ferrochromium 


e Ores rich in iron: 40-46% Cr,O,, Cr:Fe < 
2:1; for the production of charge chrome 
and for the chemical industry 


e Ores rich in aluminum: > 60% (Сг,О; + 
АО»), > 20% ALO,; for refractories 
Metallurgical-grade chromite ores are clas- 
sified as hard lumpy or friable lump types, 
fines, and concentrates. Concentrates are pro- 
duced by mechanical upgrading of lean ores or 
fines [62]. 


Table 7.21: Some physical properties of ferrochromium and ferrosilicochromium [58]. 





Alloy 


Density p, g/cm? 


Melting range, ^C 





Chromium metal (electrolytic) 
Chromium metal (aluminothermic) 
Low-carbon ferrochromium (72 % Cr, 0.01 % C) 
Low-carbon ferrochromium (72 % Cr, 0.05 % C) 
Low-carbon ferrochromium (69 45 Cr, 0.1% C) 
High-carbon ferrochromium (69% Cr, 4-6% C, 1% Si) 
High-carbon ferrochromium (64% Cr, 5 % C, 1% Si) 
Ferrochromium, charge grade (63 % Cr, 5.5% C, 7% 51) 
Ferrochromium, charge grade (56% Cr, 6% C, 5% Si} 
Ferrochromium silicon (3645, 40 95 Si) 


* Charge chrome (see Table 7.27). 


Liquidus Salidus 

72 1900 

7.2 1850 

7.35 1690 1660 
7.35 1670 1639 
7.35 1604 1343 
7.2 1500 1350 
7.1 1450 1340 
6.7 1500 1400 
6.8 1493 1660 
5.3 1388 1360 
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Temperature, ?C 





nes 10 20 30 40 50 60 70 80 90 Cr 


Mole fraction chromium, */a ———s» 
Figure 7.19: Fe-Cr phase diagram [59]. 


In the production of high-carbon ferrochro- 
mium, which is by far the alloy in greatest de- 
mand, generally a lumpy type of chromite ore 
is necessary. The submerged arc smelting of 
high-carbon ferrochromium by direct reduc- 
tion of carbon in large low-shaft electric fur- 
naces generally requires lumpy chromite ores 
to allow the reaction gases to pass from the 
lower reaction zone to the top of the furnace, 
where the burden (i.e., charge) is continuously 
charged. 

About 80% of chromite ores in the western 
world are fines (« 10 mm). Therefore, efforts 
have been made to agglomerate these fines, by 
either sintering, briquetting, or pelletizing 
[63]. Fines of chromite ores can be used to 
produce low-carbon ferrochromium. 

Typical analyses of some important metal- 
lurgical chromite ores are summarized in Ta- 
ble 7.22 [64]. 

The reducing agent for chromite is usually 
carbon in the form of coke (gas coke, coal, or 
charcoal) its contents of S and P should be 


Handbook of Extractive Metallurgy 


low. Silicon as a reducing agent is used in the 
form of ferrosilicochromium or ferrosilicon to: 
produce low-carbon ferrochromium. Fluxing 
agents, e.g., quartzite or alumina (corundum 
or bauxite) and lime, are charged with the bur- 
den for slag formation. In the carbothermic 
production of ferrosilicochromium, chromite 
and quartzite are used as the raw materials. 


7.5.3 Production 


The oxides of iron and chromium present in 
the chromite can be readily reduced at high 
temperature with carbon. Because of the ten- 
dency of chromium to form carbides, a car- 
bon-containing alloy is always obtained. The 
oxides can also be reduced with silicon, alumi- 
num, or magnesium. However, only carboth- 
ermic and silicothermic reductions are used 
commercially. The reducibility of chromite 
depends on its composition. A chromite rich in 
iron (FeO-Cr,O,) сап be reduced by carbon at 
lower temperature than one rich in magnesium 
(MgO-Cr,O,) [65, 66]. Iron oxide is reduced 
by carbon at a lower temperature than chro- 
mium oxide. 


A thermodynamic analysis of carbother- 
mic reactions in the field of ferroalloys has 
been performed [67]. For the carbothermic re- 
duction of FeO, Сг,О,, and SiO;, equilibrium 
temperatures at different CO pressures were 
calculated. The values in Table 7.23 were 
found at 101.3 kPa. Carbides with higher car- 
bon content formed initially at lower tempera- 
ture react at higher temperature with Cr,O, 
and form carbides with lower carbon content; 
finally, reduction of SiO, starts at higher tem- 
perature. Therefore, production of ferrosilico- 
chromium alloys requires high temperature. 


In practice the reactions are somewhat 
more complicated because iron-containing 
chromium carbides are formed. In high-car- 
bon ferrochromium, the double carbide (Cr, 
Fe),C, is present. In this compound, two to 
four Cr atoms can be substituted by iron at- 
oms. Equilibrium temperatures have been cal- 
culated for the FeO reduction in chromite 
[66]: 


Ferroalloys 
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Table 7.22: Analyses of some chromite ores, metallurgical] grade. 


Chromite ore, % 





Compound z = > 5 c an? ` Albania lumn 
Tranvaallump" Zimbabwe friable USSR lump Turkey lump Albania lump 
CO, . 42.55 49.53 53.73 47.58 40.5 
FeO 21.85 11.6 8.5 9.45 11.4 
Fe,O, 4.85 2.2 4.3 3.1 — 
MgO 9.26 17.52 17.3 18.7 23.3 
ALO; 15.5 7.3 9.4 8.8 7.3 
SiO, 5.54 5.14 4.3 8.33 12.6 
L.O.L* 0.2 2.3 2.1 2.25 3.4 
Cr:Fe 1.43 + 3.20 3.81 3.42 3.13 
* Bushveldmassiv [64]. 


> Great Dyke (friable lump) [64]. 
* Kempirsajski [64]. 

4 Anatolia (Fethiye) [64]. 

Loss on ignition. 


Table 7.23: Equilibrium temperatures for various carbo- 
thermic reduction reactions [67]. 


Condensed Condensed Gases Equilibrium 
Teactants products temperature, °C 
FeO, C Fe > CO,, CO 670 
Сг,О,, С СС, co 1150 
Cr,0,,Cr,C, CrC, co 1190 
CrO, CGG Cr4C, co 1530 
Cr,0,, Cr,,C, Сг co 1810 
SiO, С SiC CO 1480 
SiO, Si CO, Si 1710 


FeQ-Cr,0,+C = Fela, B, ү) + CO, CO г= 950 °С 
For the Cr,O, reduction: 


M80-CrO, + В,С = 2,Ст,С, + MgO + ЗСО 

t= 1200 °C 
Because the difference in temperature be- 
tween these two reactions is slight and be- 
cause iron also facilitates reduction of 
chromium oxide, selective reduction of iron is 
difficult. In solid-state reduction studies on 
Transvaal chromite, the amount of iron and 
chromium found in the metallic state at 
1000 °C was 11.0% of the iron and 1.3% of 
the chromium, and at 1200 °C was 98.3% of 
the iron and 38.5 % of the chromium [64]. 

In the carbothermic reduction process, un- 
reduced oxides from the chromite (MgO, 
A1,04) and from the gangue (SiO, in serpen- 
tine and olivine) are collected in a slag, which 
generally contains 30% SiO,, 30% MgO, and 
30% ALO}. The remaining 10% is composed 
of Сг,О,, CaO, MnO, and FeO [65]. Control 
of slag composition is important with respect 
to melting temperature and fluidity. The ap- 


proximate melting temperature may be de- 
rived from the ternary diagram for MgO- 
А1,0;-510, [68]. 


Low-carbon ferrochromium is produced 
by the silicothermic reduction of chromite ore. 
Silicon is used in the form of ferrosilicochro- 
mium, which is produced in submerged arc 
furnaces (as is high-carbon ferrochromium) 
by carbon reduction of chromite ore and 
quartzite. The solubility of carbon in the 
FeSiCr alloy depends on the silicon content; if 
the silicon content is higher, the carbon con- 
tent is lower. The carbon solubility at different 
silicon contents and temperatures is shown in 
Table 7.24 [69]. The reduction of Cr,O, by Si 
is enhanced by addition of lime (CaO), which 
reduces the activity of SiO, in the slag. The re- 
duction may be written as follows: 


FeO- Cr,O, + 28i + 4CaO  (2Cr + Fe) +2Ca,SiO, 


Special chromium master alloys like CrMo, 
CrW, and CrNb are produced aluminothermi- 
cally by coreduction of the relevant oxides to- 
gether with chromium oxide. 


Table 7.24: Solubility of carbon in ferrosilicochromium 
as a function of temperature, calculated from equations 
given in [69]. 


Silicon Carbon content, % 
content, % 1550 °С 1450°C 1350°C 1300 °С 
20 2.34 221 2.08 2.02 
30 0.66 0.60 0.54 (solid) 
40 0.07 0.05 0.03 0.02 
50 0.03 0.02 (solid) ^ (solid) 
a Cr: Fe = 2.67. 
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alloy; allowance is made for some combustion 
at the top of the furnace and for reaction with 
moisture. The slag composition is important to 
High-carbon ferrochromium is produced by produce metal of desired quality and to main- 
direct reduction of chromite ores with carbon ` tain smooth furnace operation. Therefore, the 
(coke, coal, or charcoal) in large, three-phase slag is analyzed from tap to tap or once рег 
submerged arc furnaces with 10—50 MV A ca- shift, and the additives are altered accordingly. 
pacity (corresponding to 15 000-60 000 t/a о? In modern plants, calculation of the burden 
ferrochromium production). Elkem in Sweden апа collection of data from the furnace are 
operates the largest known electric arc furnace computerized [70]. 
with 105 MV-A capacity. This furnace is used The silicon content in high-carbon ferro- 
to produce high-carbon ferrochromium and chromium is dependent on the reduction tem- 
ferrosilicochromium. perature. High-melting slags lead to higher 
Submerged arc furnaces work continuously silicon content in the alloy (ferrochromium 
as a low-shaft electric furnace, where the bur- /with 4-6% C). A typical slag composition is 
den is charged around the self-burning Söder- / 30-33% SiO,, 26-28 % Al,O,, 20-25 % MgO, 
berg electrodes. These electrodes are deeply | 3-7% CaO, and 8-13% Cr,O, for charge 
immersed in the burden column and discharge | chrome containing 52-54% Cr, 6-7 % C, and 
to the reduced liquid products, i.e., the metal 2-4% Si produced from Transvaal ore or 
and slag, on the bottom of the furnace. Metal charge chrome containing 63-67 % Cr, 5-7 % 
and slag are tapped at regular intervals С, and 3-6% Si produced from Zimbabwe 
through tapholes near the furnace bottom; they оге. 
flow into a ladle with a slag overflow leading The lumpiness of the ore and the coke qual- 
to another ladle or to a slag pan. After the slag ity are important to maintain a proper sub- 
has been skimmed, the metal is poured into merged arc process. Because of the high coke 
heavy, flat cast-iron molds lined with sand or гаѓе (ca. 25%), the coke properties (size, bulk 
into sand molds. The furnace hearth and the density, volatile matter, and fixed carbon) are 
walls in the reaction zone are normally lined mainly responsible for the electrical resistance 
with carbon blocks or a ramming mix; in spe- of the burden. 
cial cases, magnesite is used. The walls of the The current/potential ratio (J/U) is particu- 
shaft are lined with fireclay or magnesite. larly important for large furnaces to maintain a 
In older plants with relatively small sub- reasonable power factor [71]; as a rule, I/U is 
merged arc furnaces, the CO reaction gas is approximately 200. Therefore, the electric 
burned at the top of the furnace and then power must be supplied at high current and 
scrubbed. Modern submerged arc furnaces low potential (e.g., 50 kA at 250 V). Specially 
with high capacities are totally closed, and the constructed leads to the electrodes are neces- 
unburned reaction gas (ca. 90% CO) is  sary to carry the secondary current in order to 
scrubbed. Thus, the volume of the off-gas can avoid self-induction and energy losses [72]. 
be minimized (by a factor of 10-20 compared Because more than 80% of chromite ores 
to that of the open top furnace), and the invest- mined in the western world are finer than 10 
ment costs for the gas-cleaning plant are cor- mm, agglomeration processes have been 
respondingly lower. Furthermore, the ^ adopted to provide a good burden porosity in 
combustible gas can be used as а fuel for pro- е electric arc furnaces, especially in the 
cesses, such as calcining the limestone and larger ones [63]. In some ferrochromium 
drying and preheating the ore or the whole plants, fines and lumpy ores are blended in ra- 
burden, or for producing energy. tios between 1:1 and 4:1. Thus, Union Car- 
The coke rate is calculated on the basis of bide in Tubatse, South Africa, produces 
the stoichiometric requirement of the oxides 120 000 t/a of charge chrome in three open 
and on the amount of dissolved carbon in the submerged arc furnaces, each with a capacity 


7.5.3.1 High-Carbon 
Ferrochromium 


Ferroalloys 


of 30 MV-A. A blend of 80% fines and 20% 
lumpy ore is used. A submerged arc process 
can be maintained by using raking machines 
to break the crusts that are formed [73]. A Cr 
recovery of 75 % was achieved for the produc- 
tion of a charge chrome containing 52.5 45 Cr, 
6.4% C, 3.5% Si, 0.04% S, and 0.02% P, and 
a slag containing 38% SiO,, 25.5% MgO, 
4.5% CaO, 32% ALO,, and 13% Cr,O,. The 
power consumption was 4000 kWh/t of alloy. 

Middelburg Steel & Alloys in South Africa 
installed a briquetting plant with a capacity of 
250 000 t/a. The use of briquettes improved 
the furnace performance and resulted in higher 
productivity and lower specific energy con- 
sumption. In two semiclosed submerged arc 
furnaces, each with a capacity of 30 MV-A, 
100 000 t/a of charge chrome (53.5% Cr, 
7.4% C, 2-3% Si, 0.015% S, and 0.015% P) 
was produced with a power consumption of 
3800 kW h/t of alloy [74]. 

Pelletizing of chromite fines and concen- 
trates as an agglomeration process has been 
adopted by Gesellschaft für Elektrometallur- 
gie (GfE) in Germany using the Lepol (grate 
kiln) process [75], and by Ferrolegeringar in 
Trollhattan, Sweden, using the Cobo (cold 
bond) process [76]. These pellets can be used 
for the production of ferrochromium and sili- 
cochromium. 

Sintered chrome ore fines were used suc- 
cessfully in Japan. However, briquetting is the 
main agglomeration method used [63]. 

Figure 7.20 shows the new process devel- 
oped by Outokumpu Oy in Finland for the pro- 
duction of ferrochromium from their own 
chromite-containing deposit near the town of 
Kemi [77, 78]. 

The chromite concentrate is pelletized, us- 
ing bentonite as a binder. After sintering in a 
shaft furnace, the pellets are blended with 
fluxes and coke. This burden is then preheated 
in a rotary kiln at 1000-1100 °C and charged 
to a fully closed 24 MV-A submerged arc fur- 
nace producing 60 000 t/a of charge chrome 
(53.5% Cr, 7% C, and 2.5% Si) and slag 
(30.2 % S1O,, 24.9% MgO, 6.8% CaO, 25.9% 
ALO,, 6.8 % Cr, and 1.8 % Fe); Cr recovery is 
84%. The off-gas from the furnace (ca. 90% 
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CO) has a heat value of 3.07 kWh/m? (STP) 
and is used as a fuel for the shaft furnace and 
for heating the kiln. 
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Figure 7.20: Outokumpu Oy high-carbon ferrochromium 
process [77, 78]. 

This technology results in a low specific 
energy consumption of 2600—2800 kWh/t of 
charge chrome. The process has been adopted 
in other countries (Orissa Mining in India, 
Elazig in Turkey, Hellenic Ferroalloys in 
Greece, and Ferrochrome Philippines in the 
Philippines). Ferrochrome Philippines suc- 
cessfully began production in 1984 in a 20 
MV.-A furnace rated for 50 000 t/a of high- 
carbon ferrochromium [79]. 
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Figure 7.21: Showa Denko high-carbon ferrochromium 
process [80, 81]. 
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A further improvement in specific energy 
consumption was achieved by the SRC pro- 
cess (solid-state reduction of chrome ores), 
developed by Showa Denko K. K. in Japan 
[80, 81]. This process is shown in Figure 7.21. 
The addition of carbon and flux during pellet- 
izing resulted in a reduction of iron oxide and 
a partial reduction of chromium oxide during 
sintering in a rotary kiln at 1350—1450 °C. Hot 
charging a burden containing 60% prereduced 
pellets in a closed 18 MV-A submerged arc 
furnace required an energy consumption of 
2000-2100 kWh/t of alloy for an annual pro- 
duction of 50 000 t high-carbon ferrochro- 
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mium (57-60% Cr, ca. 8% C, and ca. 3% Si). 
This process was also adopted by Johannes- 
burg Consolidated Investment (South Africa) 
in a 180 000 t/a ferrochromium plant. 

A special ferrochromium 4-6% C grade 
with 60—72 % Cr and max. 1.5% Si was used 
for many years in the stee] industry before in- 
expensive charge chrome from South Africa 
became more attractive. This ferrochromium 
is not saturated with carbon. It is produced the 
same way as charge chrome in large sub- 
merged arc furnaces, but with a magnesite lin- 
ing instead of a carbon lining. This process has 
been improved by using chromite ore mixes 
containing a definite fraction of hard and 
lumpy refractory ores with a high MgO con- 
tent to produce a high-melting slag (e.g., 29- 
32% SiO,, 32-35% MgO, 29-32% ALO,, 
and 3.5—6.0 % Cr,O,) [82, 83]. At a higher re- 
duction temperature of 1500—1700 °C, the fol- 
lowing refining reaction of the refractory ore 
takes place [66]: 
3(Cr, Fe),C, + Ст,О, — (Cr, Fe)4C, + ЗСО 


Because of the low sulfur specification (< 
0.05%) in this grade, coke with low sulfur 
content is used as the reductant; 30-35% of 
the sulfur in the coke is transferred to the 
metal. Alternatively, desulfurizing slags may 
be used. The ferrochromium can be poured 
into a highly basic fluid slag, e.g., slag from 
the LC-ferrochromium process. The sulfur 
forms CaS, which is removed in the slag. 

A new process for producing ferrochro- 
mium with 5% C and < 1% Si from unag- 
glomerated chromite fines in a transferred arc 
plasma furnace has been developed by Tetron- 
ics Research & Development [84]. Commer- 
cialization of this process has been 
accomplished in South Africa, where a 10.8 
МУ -A plasma furnace has been built [85]. 


7.5.3.2 Medium-Carbon 
Ferrochromium 


Medium-carbon ferrochromium with 0.5— 
4% C can be produced by refining high-car- 
bon ferrochromium or by silicothermic reduc- 
tion of chromite ores. Batch refining of high- 
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carbon  ferrochromium with refractory 
chromite ores in an electric arc furnace is no 
longer used because of the high power con- 
sumption of 8000-9000 KWh/t of ferrochro- 
mium [72]. 


Decarburization of high-carbon ferrochro- 
mium in an oxygen-blown converter is more 
economical, especially on a large scale. In the 
United States and Japan, a top-blowing pro- 
cess with oxygen using water-cooled lances to 
the metal surface was used. In Germany, a bot- 
tom-blowing process (OBM = oxygen bottom 
Maxhütte or Q-BOP) was introduced in the 
1970s [86]. This process is characterized by 
oxygen injection from the bottom into the 
metal bath with the oxygen jet, resulting in a 
high decarburization rate of ca 0.3% C/min. 
Because of the high bath temperature (1800- 
1850 °C), mainly the carbon is oxidized. 
Chromium recovery is high; for example, re- 
covery of product with 0.8-1% C is 85%, and 
it is improved to 90-93% by adding silico- 
chromium and lime. A typical sequence for a 
blow is shown in Figure 7.22 [87]. 


Because demand for medium-carbon ferro- 
chromium is small compared to demand for 
the high-carbon material, the decarburization 
processes are rarely used. However, reduction 
of chromite ores with silicon in the form of sil- 
icochromium is used and is an economical 
production method for medium-carbon ferro- 
chromium because the low-carbon grade can 
be produced as well. To make ferrochromium 
with 1-2% C, а silicochromium alloy with a 
Si content of 25-30% can be used (see Table 
7.24). The power consumption, including the 
energy for silicochromium, amounts to 5000— 
6000 KWh/t of ferrochromium. 


7.5.3.3 Low-Carbon 
Ferrochromium 


Low-carbon ferrochromium is produced 
mainly by silicothermic reduction of chromite 
ores. This process dates back to the Swedish 
three-step process introduced in 1920 by A. B. 
Ferrolegeringar in Trollhattan [72]. 
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Figure 7.22: Sequence of an OBM-oxygen blow of car- 
bon ferrochromium [87]. 

In step one, chromite ore was totally re- 
duced with carbon in an electric arc furnace to 
an intermediate  ferrochromium ` (Halb- 
produkt) with 60-65% Cr, 5-6% C, and 5— 
7% Si, and a discard slag. In step two, this in- 
termediate ferrochromium was smelted with 
quartzite and coke in a slagless process to pro- 
duce silicochromium (40-45% Si, ca. 40% 
Cr, and « 0.545 C). Finally, this silicochro- 
mium was used as a reductant in the third step; 
the crushed alloy was thrown onto the surface 
of a chrome ore-lime melt in an arc furnace. 
The tapped ferrochromium contained ca. 70% 
Cr, са. 1% Si, and 0.03-0.05 % C. The slag, 
which contained 20-25 % Cr,O,, was returned 
to the first step to improve Cr recovery. 

This Swedish process was modified, espe- 
cially when the direct silicochromium produc- 
tion by carbothermic coreduction of chromite 
ore and quartzite in large submerged arc fur- 
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naces in one step proved more economical 
than the slagless process. Furthermore, the sil- 
icothermic conversion was improved by add- 
ing more lime to form a highly basic slag 
(CaO/SiO, ratio of са. 2). Thus, ferrochro- 
mium with < 1.5% Si was produced with a 
lean slag (ca. 5% Cr,O,) in one step. Residual 
elements, ie., S and N, were low (« 0.01% 
and « 0.02%, respectively). The power con- 
sumption was 3000-3500 kWh/t of ferrochro- 
mium for the silicothermic process (arc 
furnaces with 2-10 MV-A capacity) and, in- 
cluding the power consumption for the silico- 
chromium production, was 8000—9000 kWh/t 
ferrochromium. 

Currently, the most important process for 
the production of LC ferrochromium is the 
Perrin process, developed in 1937 by the So- 
ciété Ugine in France [88]. This process com- 
bines the direct reduction of silicochromium 
in a submerged arc furnace with a countercur- 
rent silicothermic reduction of a chrome ore- 
lime melt (produced in an arc furnace) in a re- 
action ladle. 


Production of Silicochromium. Silicochro- 
mium is not only used as a reductant in the 
production of LC ferrochromium, but also as 
an alloying and deoxidizing agent in the steel 
industry. 

Silicochromium is made in large three- 
phase submerged arc furnaces of 10—36 
MV-A capacity. These furnaces are of the 
same type as those used to produce HC ferro- 
chromium. The lower reaction zone is lined 
with carbon and the upper side walls of the 
furnace shaft are lined with fireclay bricks. 
Maintaining the Söderberg electrodes deep in 
the burden column (30—50 cm above the 
hearth) is important to reduce the SiO, to Si. 
Therefore, coke with low electric conductivity 
and low bulk density (« 400 kg/m?) is used 
(e.g., gas coke). 

The electrical conditions in silicochromium 
furnaces are somewhat different from those in 
furnaces used to produce HC ferrochromium; 
e.g., the current/potential ratio is higher (/U = 
ca. 500) [72]. The volume of COS from sili- 
cochromium production is much higher than 
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from HC ferrochromium production. There- 
fore, a porous burden is essential. To scrub the 
huge volumes of CO,,, produced, modern sili- 
cochromium furnaces are closed systems; and 
the unburned gas is used as a fuel. 


To produce an alloy composed of 45 % Si, 
40% Cr, and 0.02% C, a burden containing 
100 parts of a refractory chromite (high Cr/Fe 
ratio of ca. 3 and a MgO/ALO, ratio of 1.2- 
1.4), 110 parts of quartzite, and 65 parts of 
coke (85 % fixed C) is continuously charged to 
the submerged arc furnace. Metal and slag are 
tapped every few hours. The slag contains 48— 
50% SiO, 25-27% MgO, 19-21% ALO,, 
and 1—3 % Сг,О,. The Cr recovery is 93-95 96, 
and the power consumption is 7500—8500 
kWh/t of alloy (45 % Si). The power consump- 
tion is primarily dependent on the Si content 
of the alloy. For a silicochromium with 40% 
Si and 45% Cr, the power consumption is 
6500—7500 kWh/t. 


Production of LC Ferrochromium by the 
Perrin Process. Single-stage silicochromium 
production is one portion of the Perrin pro- 
cess. This process requires two furnaces: a 
submerged arc furnace to produce silicochro- 
mium and an open-top electric arc furnace to 
melt a chromite ore-lime slag. A flow sheet of 
the entire process is shown in Figure 7.23. 

The silicochromium and slag from the sub- 
merged arc furnace are tapped to a lined segre- 
gating ladle and are allowed to settle for 1—2 h. 
Dissolved SiC floats to the top. The separated 
alloy (40-45% Si, 45-40% Cr, and 0.05- 
0.02% C) is removed through a taphole at the 
bottom of the ladle. The alloy is reacted with 
an intermediate liquid slag (8—10% Cr,O;) in 
a second basic-lined reaction ladle to produce 
an intermediate alloy and a discard slag. The 
intermediate alloy (20-25% Si, 60-55% Cr, 
and 0.05—0.03 % C) is allowed to solidify and 
is separated from the slag (< 1% Cr,O,). Be- 
cause of its high basicity, the slag disintegrates 
to powder (falling slag). 

The rich slag (chrome ore lime melt with 
25-27% Cr,O,, 7-8 % FeO, 2-3% SiO,, and 
45-48% CaQ) is tapped from the open-top 
electric arc furnace in weighed amounts to an- 
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other basic-lined reaction ladle. Crushed inter- 
mediate alloy from the first reaction ladle is 
added to form the desired LC ferrochromium 
(ca. 70% Cr, < 1.5% Si, and 0.02-0.05% C) 
and an intermediate slag (810% Cr,O,). This 
slag is reacted with silicochromium to lower 
the Cr,O, content to < 1 46. 
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Figure 7.23: Low-carbon ferrochromium production by 
the Perrin process [88] (according to [65]). 

Production of 1 t of silicochromium by this 
process typically requires 1450 kg of chrome 
оге, 1500 kg of quartzite, 870 kg of coke, 32- 
35 kg of electrodes, and 7700 kWh power 
[65]. Production of 1 t of ferrochromium re- 
quires 1440 kg of chrome ore, 1250 kg of 
lime, 660 kg of silicochromium (45% Si and 
40% Cr), 22 kg of electrodes, and 3200 kWh 
power. 

Therefore, the total energy consumed to 
produce 1t of LC ferrochromium, including 
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silicochromium production, is 8200 kW-h. 
The overall recovery of Cr by the Perrin pro- 
cess is 90—92 %. 


Low-carbon ferrochromium is tough and 
difficult to break. Therefore, it is poured into 
flat molds, sometimes filled with liquid slag to 
protect the mold. Quenching the hot alloy in 
water facilitates breaking it into small lumps, 
which is performed with heavy pneumatic 
hammers. 


Many variations of the Perrin process have 
been developed. For example, chrome ore or 
lime have been added to the exothermic reac- 
tions, which occur in the two reaction ladles 
(Figure 7.23), to "dampen" the reaction and to 
save energy. Another variation is the selective 
reduction of FeO, producing an iron-rich al- 
loy; the remaining slag, high in Cr,O,, is re- 
acted with silicochromium high in Si, to give 
LC ferrochromium (80-90% Cr). By selec- 
tively reducing FeO, CoO is also reduced in 
the iron-rich alloy and a Co-free ferrochro- 
mium can be produced. This is used to pro- 
duce alloyed steels for atomic energy plants. 


Production of LC Ferrochromium by the 
Simplex Process. From 1943 to 1953 Union 
Carbide developed a new production process 
for LC ferrochromium, the so-called Simplex 
process, in which finely ground HC ferrochro- 
mium was decarburized in the solid state with 
oxidized ferrochromium by vacuum annealing 
[89-91]. The plant in Marietta, Ohio, went 
into production in 1953 and is now managed 
by Elkem Metals Co., Pittsburgh, Pennsylva- 
nia. The flow sheet of the process is shown in 
Figure 7.24. 


High-carbon ferrochromium is crushed, 
pulverized in ball mills, and then oxidized in 
suspension in a vertical gas- or oil-fired shaft 
furnace [92]. The proper stoichiometric C/O 
ratio for decarburizing is attained by mixing 
the oxidized material with HC ferrochromium 
powder according to the following reactions: 


ЗСС, + CO, 2 Cr,,C, + 3CO 


Cr C, + Сг,О, > 7/,Cr+ ЗСО 
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Figure 7.24: Production of low-carbon ferrochromium by 
the Simplex process [90]. 

The mixture is either formed into briquettes or 
loosely packed in corrugated pasteboard 
boxes, placed on a refractory topped bogie 
hearth (33.5 m x 3.35 m), and rolled into the 
vacuum chamber, which is a horizontal steel 
cylinder (43 m in length x 4.6 m in diameter). 
The graphite resistance heating elements are 
suspended above the charge from the refrac- 
tory-lined roof. The vacuum (0.01—0.4 kPa) is 
generated by multistage steam ejectors. The 
process requires a special heating program up 
to 1370 *C, which follows the progress of de- 
carburization. When the decarburization of the 


Handbook of Extractive Metallurgy 


charge is complete, the power is shut off and 
the furnace is cooled by flooding with argon. 

A complete reaction cycle requires 4—5 d; 
ca. 100 t of material is produced. A typical 
analysis of LC ferrochromium from the Sim- 
plex process is ca. 70% Cr, ca. 1% Si, and 
0.008—0.010 % C. Oxygen is higher (ca. 1%) 
than in LC ferrochromium from the Perrin 
process (ca. 0.2 96). 


7.5.3.4  Nitrogen-Containing Low- 
Carbon Ferrochromium 


Chromium has a high affinity for nitrogen 
and forms the nitrides Cr,N and CrN. Low- 
carbon ferrochromium can form nitrides either 
in the solid or in the liquid state. These alloys 
with up to 10% N are used in steel containing 
nitrogen as well as chromium [58]. The Sim- 
plex process is convenient for forming nitrides 
inLC ferrochromium in the solid state. During 
the cooling cycle, nitrogen is added to the vac- 
uum vessel and the optimum temperature 
range of 1200-800*C is held over a longer pe- 
riod to produce an alloy with 7-10 % N. 

Silicothermically produced LC ferrochro- 
mium can form nitrides when pulverized and 
heated in boxes in a continuous annealing fur- 
nace at 1000 °C under nitrogen [93]. The sin- 
tered product (p 5-6 g/cm?) contains 5-10% 
N as CN. 

On the other hand, LC ferrochromium can 
form nitrides in the liquid state with nitrogen 
gasin a melting furnace, e.g., an induction fur- 
nace [94]. The tapped alloy contains 2—4% N 
and is very homogeneous (p 7.0 g/cm?) [95]. 


7.5.3.5 Other Chromium Master 
Alloys 


Chromium master alloys other than ferro- 
chromium are produced in much smaller 
amounts. They are used mainly to produce 
heat-resistant alloys, based on nickel or cobalt 
(superalloys), and abrasion-resistant materi- 
als, and are used to alloy small amounts of 
chromium to copper or aluminum. 

Nickel-chromium master alloys containing 
50-80% chromium may be made by alumino- 
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thermic processes or by melting chromium 
metal and nickel in induction-heated fur- 
naces. The aluminothermic process must be 
performed in water-cooled molds in an inert 
atmosphere because of the high quality re- 
quired of these master alloys [96]. For direct 
melting of chromium metal and nickel, a vac- 
uum induction furnace or an inert gas atmo- 
sphere is also preferred; refining occurs 
simultaneously during melting [97]. 

Binary chromium master alloys, such as 
chromium-molybdenum (with 30% Mo) or 
chromium—niobium (with 30-80% Nb) [98, 
99], are made by aluminothermic reduction of 
the corresponding oxides. Master alloys con- 
taining more than two metals, e.g., cobalt— 
chromium-tungsten (са. 43% Co, ca. 37% Cr, 
ca. 16% W, ca. 3% C), or cobalt-chromium- 
molybdenum (26-30% Cr, 4—5 % Mo, rest Co) 
[99], are made by direct melting of the metals 
in an inert atmosphere or in vacuum induction 
furnaces. Copper-chromium master alloys 
containing up to 1045 Cr, e.g., V-CuCr 10 
[100], are made by directly alloying chro- 
mium with an oxygen-free copper melt; the re- 
sulting alloy is quickly cast into flat pigs. The 
same method is used for the production of alu- 
minum—chromium master alloys with 5, 10, or 
20% Cr by alloying comminuted chromium 
metal with a superheated aluminum melt. The 
master alloy containing 5-6% А1 is standard 
in Germany, ie. У-А1Сг 5 [101]. Another 
aluminum chromium master alloy containing 
ca. 50% Cr and 50% Al is made for special 
purposes [99]. 


7.5.4 Quality Specifications, 
Storage and Transportation, and 
Trade Names 


International standards of specifications 
and conditions of delivery for ferrochromium 
and ferrosilicochromium are given in ISO 
5448 [102] and ISO 5449 [103], respectively. 
The following specifications are contained in 
tables in reference [102]: 


e Chromium content of ferrochromium alloys 
ranges from 45 to 95% [102, Table 1]; e.g., 
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the designation is FeCr 50 for 45-55% Cr 
content. 


Composition of HC ferrochromiums with 
normal phosphorus [102, Table 2] and with 
low phosphorus content [102, Table 3]; e.g., 
FeCr 50 C 50 (45—55 % Cr, 4-6% C, max. 
1.5% Si, max. 0.050% P, and max. 0.10% 
S), or FeCr 60 C 50 Si 2 LP (55-65 % Cr, 4— 
6% C, 1.5—3 96 Si, and max. 0.03-% P). HC 
ferrochromium is standardized to 1045 C. 
Ferrochromium with low sulfur content is 
designated LS (low sulfur, i.e., max. 
0.05 76). 


Analysis of MC ferrochromiums with nor- 
mal phosphorus [102, Table 4] and with low 
phosphorus [102, Table 5]; carbon content 
ranges from 0.5-1.0%, 1.0-2.0%, up to 
2.0-4.0%, e.g., FeCr 70 C 20 (65-75% Cr, 
1.0-2.0% C, max. 1.5% Si, max. 0.050% P, 
and max. 0.050% S); or FeCr 60 C 10 LP 
(55-65% Cr, 0.5-1.0% C, max. 1.5% Si, 
max. 0.03 % P, and max. 0.050% S). 


Standard chemical composition of LC ferro- 
chromium for normal [102, Table 6] and for 
low [102, Table 7] phosphorus alloys; car- 
bon content ranges from less than 0.015 96, 
0.015—0.030%, up to 0.25-0.50%; e.g., 
FeCr 60 C 05 (55-65% Cr, 0.03-0.05 % C, 
max. 1.5% Si, max. 0.050% P, max. 
0.03046 S, and max. 0.15% N) or FeCr 70 C 
03 LP (65-75 % Cr, 0.015-0.03% C, max. 
1.5% Si, max. 0.03 % P, max. 0.03 % S, and 
max. 0.15 96 N). 


LC ferrochromium with high chromium 
content (75—95 %) [102, Table 8]; e.g., FeCr 
90 C 03 (85—95 % Cr, 0.015-0.03% C, max. 
1.5% Si, max. 0.020% P, max. 0.03% S, 
max. 0.02 76 Co, and max. 0.2046 N). 


Nitrogenated LC ferrochromiums [102, Ta- 
ble 9] the three given are smelted 
FeCr...Cl N3, sintered FeCr-C1 N7, and 
sintered FeCr...C1 №7 Si. The Cr contents 
given in [102, Table 1] are valid for these al- 
loys. The nitrogen contents are 2—4 % in the 
smelted qualities and 4—10 % in the sintered 
qualities. 
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e Particle size ranges for ferrochromium de- 
liveries [102, Table 9]; there are seven 
classes from 100—315 mm (Class 1) to < 
3.15 mm (Class 7). 


ISO Standard 5448 [102] also covers test- 
ing (sampling and chemical analysis) as well 
as storage and transportation according to in- 
ternational regulations. ISO Standard 5449 
[103] for ferrosilicochromium specifications 
and conditions of delivery recognizes 12 dif- 
ferent compositions with increasing Si con- 
tent, ranging from FeCrSi 15 (min. 55% Cr, 
10%-18 % Si, max. 6% C, max. 0.05 % P, and 
max. 0.0396 S) up to FeCrSi 50 (min. 20% Cr, 
45-60% Si, max. 0.1% C, max. 0.03% P, and 
max. 0.03% S). Low-carbon and low-phos- 
phorus grades are FeCrSi 50 LC (max. 0.05 % 
C) and FeCrSi 48 LP (min. 35% Cr, 42—55 96 
Si, max. 0.05% C, max. 0.02% P, and max. 
0.01% S). The particle size of ferrosilicochro- 
mium deliveries is specified in seven classes 
as for ferrochromium. Ferrochromium and 
ferrosilicochromium are shipped in bulk or 
packaged in containers or steel drums. 


In the United States, standards for ferro- 
chromium and ferrosilicochromium are speci- 
fied in ASTM A 101-73 [104] and ASTM A 
482-76 [105]. Also recommended are meth- 
ods for sampling (ASTM—E32) and chemical 
analyses (ASTM—E31). Comparisons between 
the standards in Germany for ferrochromium 
and ferrosilicochromium in DIN17565 [106] 
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and the ISO standards are given in Tables 7.25 
and 7.26 [107]. 


Internationally approved methods for sam- 
pling [108] and analytical determination of 
chromium in ferrochromium and ferrosilico- 
chromium [109] and of silicon in ferrosilico- 
chromium [110] are available as a draft. 


Table 7.27 contains trade names and the rel- 
evant analyses of special and nonstandardized 
ferrochromium and ferrosilicochromium al- 
loys. Charge chrome is a relatively cheap 
high-carbon ferrochromium with no definite 
specification. It can be added to a basic oxy- 
gen-blown stainless steel charge [65]. Extra- 
high-carbon (EHC) ferrochromium is supplied 
as a powder for abrasive surface-welding pur- 
poses. Simplex ferrochromium is a low-car- 
bon ferrochromium produced by the Simplex 
process. Low-carbon and -nitrogen (LCN) and 
low-carbon, -nitrogen, and -silicon (LCNSi) 
ferrochromium are trade names for special 
grades used to manufacture corrosion- and 
heat-resistant steel. A low-carbon ferrochro- 
mium reactor grade is used to make corrosion- 
and heat-resistant steel for nuclear equipment. 
Cromax is a low-carbon, high-chromium fer- 
rochromium used to produce heat-, corrosion-, 
and wear-resistant special steel. The high- 
chromium alloys can partly replace chromium 
metal in superalloys. Silicochrom 40 is mainly 
used for deoxidizing steel and for CO, re- 
duction in slags; silicochrom 60 for alloying 
corrosion- and heat-resistant steel. 


Table 7.25: Comparison of the chemical composition of ferrochromium ISO 5448 and DIN 17565 [107]. 


Designati % Cr %C % Si % P max. % S max. 
i EE НИНЕН (———— PG EE 

TES SIN 150 DIN ISO DIN ISO. DIN ISO. DN ISO 

FeCr 70 С 5 60-72 — 4.0-6.0 — «1.5 — 0.030 — 0.50 — 

FeCr 50/60/70 C 50 — 45-75% — 4.0-6.0 — <15 — 0.050 — 0.10 

FeCr50/60/70LSLP | — 45-75% — 4.0-6.0 — <15 — 0.030 — 0.05 

FeCr 70 C 65-75 — 0.5-4.0° «1.5 0.030 — 0.050 — 

Fe 50/60/70 C — 45—75° — 0.5—4.0° — <15 — 0.050 — 0.050 

FeCr 70 C* 65-75 | — 0.001-0.50 | — «15 — 0.000 — 0.010 — 

FeCr 50/60/70 C — 45-75° — 0.015-0.50* — «15 — 0.050 — 0.030 

*FeCr 50 means 45-55 % Cr, FeCr 60 means 55-65 % Cr, FeCr 70 means 65—75 % Cr. 

* In four grades. 

“O.15%N., 

“In seven grades. 

*In six grades. 
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Table 7.26: Comparison of the chemical composition of ferrosilicochromium ISO 5449 and DIN 17565 [107]. 
2 ; % Cr %C % Si % P max. % S max. 
Designation 
SIN ISO DIN ISO DIN ISO DIN ISO DIN ISO 
FeCrSi 15 — > 55.0 — 10.0-18.0 — 6.0 — 0.050 — 0.030 
FeCrSi 20/22 55-65 255.0 25-20 20.0—25.0 0.50 0.05 0.020 0.030 0.010 0.030 
FeCrSi 23 — >45.0 — 18.0-28.0 — 3.5 — 0.050 — 0.030 
FeCrSi 26 — 2450 — 24.0—28.0 — 1:5 — 0.030 — 0.030 
FeCrSi 33 — 243.0 — 28.0-38.0 — 1.0 — 0.050 — 0.030 
FeCrSi 40 40-45 235.0 45-35 | 35.0-40.0 0.050 02 0.020 0.030 0.010 0.030 
FeCrSi 45 —  »280 —' 400-450 — 01 — 0030  —"' 0.030 
FeCrSi 5,0 LC — >20.0 — 45.0-60.0 — 0.05 — 0.030 — 0.030 
FeCrSi 55 — 228.0 — 50.0-55.0 — 0.03 — . 0.030 — 0.030 
FeCrSi 48LP — »>35.0 — 42.0-55.0 — 0.05 — 0.020 — 0.010 
Table 7.27: Special and nonstandardized ferrochromium and ferrosilicochromium alloys. 
Analysis, 96 ms 
Trade name e C Si P 5 N roducer 
Charge chrome? 53-58 5-8 6-3 — — — — — 
EHC ferrochromium min.66 min.9.0 0.5-1.0  max.0.03 max.0.05 — — GfE/EWW? 
Simplex ferrochromium ca.70 тах. 0.01 ca. 1.0 — — — — Union Car- 
bide/Elkem 
LCN ferrochromium ca.70 тах. 0.05 max.1.5 — — шох. — GfE/EWW* 
LCNSi ferrochromium ca.70 тах. 0.05 тах 0.30 — — тах — GfE/EWW* 
max. 0.03 max. 0.20 0.020 
Ferrochromium reactor grade 80-85 max.0.06 max.2.5 — — max. max. ABF/FTAS 
max. 0.05 max. 1.50 020 0.02 
Cromax-90 chrome 85-90  max.0.06 max.1.0 max.0.015 max.0.015 — — Showa 
max. 0.03 max.0.5  min.0.007 min. 0.007 Denko 
Silicochrom 40 35-40 тах. 0.05 35-40 тах. 0.03 — — — GfE/EWW? 
Silicochrom 60 55-65 тах. 0.05 20-25 тах. 0.03 — — — GfE/EWW?* 





* Alloy has no definite specification. 
> Gesellschaft für Elektrometallurgie/Elektrowerk Weisweiler. 
* Aktiebolaget Ferrolegeringar/Trollbátteverken. 


7.5.5 Uses 


Ferrochromium is used principally as a 
master alloy to produce Cr-containing steel 
and cast iron [58]. Chromium alloyed in steel 
imparts oxidation and corrosion resistance be- 
cause of the formation of a thin, continuous, 
impervious chromium oxide film on the steel 
surface. 

Most ferrochromium is used to manufac- 
ture stainless steel. Martensitic grades with ca. 
13% Cr are used for applications such as 
knives, whereas ferritic grades with 18-22% 
Cr are used as deep-drawing sheets. Austenitic 
CrNi steels exhibit especially good corrosion 
(acid) resistance and are used for equipment in 


the chemical industry as well as for food-pro- 
cessing machinery. The most widely known 
type is AISI 302, which contains 18% Cr and 
8% Ni. A small amount of molybdenum fur- 
ther improves the acid resistance. Heat-resis- 
tant steel (24—26 % Cr and 19-21 % Ni) is used 
in power stations for steam boilers and heat 
exchangers; superalloys based on nickel or co- 
balt (ca. 30% Cr) are used for gas turbine 
parts. 


Chromium addition to steel also improves 
its mechanical properties (ability to harden, 
wear resistance, and retention of strength at el- 
evated temperature). Steel with 0.5-2.0% Cr 
is widely used in the automotive industry as 
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case-hardening steel (< 0.2% C and 1.4—2.1 % 
Ni) and heat-treatable steel (0.2—0.5 % C, 0.9— 
2.1% Ni, and 0.15—0.35 % Mo). Abrasion-re- 
sistant steel for ball bearings is alloyed with 
0.5-1.6% Cr (ca. 1% C and 0.2% Mo). Per- 
manent magnetic steel contains 1-3% Cr 
(1.0-1.3% C). In tool steel for cold and hot 
working and high-speed steel, up to 14% Cris 
alloyed as carbide (in addition to carbides of 
W, Mo, and V). Stellites (35-70% Co, 25- 
33 % Cr, 10-25 % W, and 2-4 96 C) are highly 
resistant to abrasion and are used for cutting 
tools. 

Addition of up to 30% chromium to cast 
iron improves hardness and heat resistance. 
Powdered ferrochromium (mainly the high- 
carbon grade) is used for chromizing the sur- 
face of steel or cast iron parts (pack-chromiz- 
ing or case-chromizing. A  high-carbon 
ferrochromium with extra-high-carbon con- 
tent is used in powdered form for abrasive sur- 
face welding (Table 7.27, EHC 
Ferrochromium). 


7.5.6 Economic Aspects 


Ferrochromium is mainly consumed in 
highly industrialized countries producing a 
major amount of high-grade (stainless) steel, 
e.g., the United States, Europe, and Japan. 
However, production is shifting from these 
consuming countries to those with large ore 
resources; 93% of the known potential 
chromite reserves of the world are in Africa, 
mainly in South Africa, and ca. 3% in the 
former USSR and Albania [111] (see Table 
46.1). This shift is a consequence of modern 
oxygen-blowing processes in combination 
with argon and vacuum treatment, i.e., argon— 
oxygen decarburization and vacuum-oxygen 
decarburization, for the production of stainless 
steel. These processes allow the use of cheap 
HC ferrochromium (charge chrome) instead of 
LC grades. Formerly only LC ferrochromium 
could be used. Because power consumption 
for production of HC ferrochromium is only 
about half that of the L.C grade, the availability 
of cheap hydroelectric power in Scandinavia 
is no longer as advantageous. The change in 
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ferrochromium consumption from LC to HC 
grades first took place in the United States and 
later, in the 1970s, in Europe [112]. 

In 1984, world production of marketable, 
i.e., lumpy, ore and concentrates was 9.2 x 108 
t, 11% of which was produced in Western Eu- 
rope, Finland, Turkey, Greece, and Cyprus, 
37 % in Eastern Europe (former USSR and Al- 
bania), 4% in Latin America (Brazil and 
Cuba), 9% in Asia (Philippines, India, Iran, 
Vietnam, Japan, and Pakistan), and 3846 in 
Africa (South Africa, Zimbabwe, Madagascar 
and Sudan) [113]. In 1984, the world produc- 
tion of chromite ore and concentrates was 9.9 
x 10° t, 72% of which was consumed for met- 
allurgical, 12% for refractory, and 17% for 
chemical purposes. | 

The metallurgical industry was the main 
user of chromium and consumed the following 
amounts in 1980 (based on United States sta- 
tistics) [114]: 72% for wrought stainless and 
heat-resistant steels, 13% for wrought alloy 
steel, 3% for tool steel, 7% for cast iron and 
cast steel, and 5% for other uses. In 1984, the 
total consumption of primary chromium units 


. (from ferrochromium) in the United States 


was 195 380 t of which 79% was for the pro- 
duction of stainless and heat-resisting steels, 
i.e., 96 kg of chromium units per ton of stain- 
less and heat-resisting steels produced [115]. 
The ferrochromium consumption in Germany 
was 263 300 t in 1985. The change in con- 
sumption of LC to HC ferrochromium over 
the last 25 years is evident from Table 7.28. 

In 1981, consumption of ferrochromium in 
the western world was estimated to be (1.32— 
1.36) x 106 t; ca. 0.5 x 10° t of this was con- 
sumed in the European Economic Community 
(EEC). In 1982, consumption fell drastically 
because of the recession in the steel industry. 
Consumption in the western world has since 
increased to ca. 2 x 10° t [116]. In 1981, the 
production capacity for ferrochromium plants 
in the western world was 3.1 x 106 t [86]. 

Prices of ferrochromium and ferrosilico- 
chromium are reported weekly in Metal Bulle- 
tin (London). Erzmetall (published monthly) 
reports prices twice a year for raw materials 
and for ferrochromium. American Metal Mar- 
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ket is a daily publication that also gives chro- 
mium ore and alloy prices. 


Because the United States does not possess 
chromite deposits, most of the ferrochromium 
consumed is imported, mainly from Africa 
[117]. i 


7.5.7 Environmental Protection; 
Toxicology and Occupational 
Health 


Considerable attention must be paid to en- 
vironmental protection during ferrochromium 
production. Dust evolution from ores and raw 
materials must be controlled during transpor- 
tation and storage, and also during preparatory 
processes. 


The off-gas from the electric arc furnaces is 
cleaned by using devices, such as bag filters, 
scrubbers, and electrostatic precipitators [72]. 
Bag filters are mainly used in preparatory pro- 
cesses, e.g., grinding, drying, briquetting [74], 
and pelletizing [75], and in open or semiclosed 
submerged arc furnaces [73, 74]. Scrubbers 
(Venturi and disintegrators) are preferred for 
cleaning unburned CO gas from closed sub- 
merged arc furnaces [77]. Effluent water from 
the scrubber is treated to meet wastewater reg- 
ulations. Electrostatic precipitators (Cottrell 
filters) are also used for cleaning the off-gas 
from submerged arc furnaces for HC ferro- 
chromium [118] and ferrosilicochromium 
[119] production. Gas from the chrome ore- 
lime melting furnace and from the ladle reac- 
tions during the Perrin process are cleaned 
with bag filters [120]. The dust content can be 
lowered from 150 to 20 mg/m? and the emis- 


"Table 7.28: Ferrochromium consumption in Germany. 
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sion of Cr(VI) to « 1 mg/m? by optimizing the 
working conditions. 

Chromium(VI) is mainly responsible for 
the toxicity of chromium and its compounds. 
Chromic acid, CrO,, is carcinogenic. Ger- 
many has enacted an emission protection law 
and a technical guidance for clean air (TA- 
Luft) [121]. The TA-Luft restricts the mass of 
carcinogenic substances, ie., Cr(VI) com- 
pounds (specified as Cr), in respirative form to 
1 mg/m? (Class IT). The total dust concentra- 
tion in emissions is limited to 20 mg/m?, and 
other inorganic materials in dust form, i.e., 
chromium and its compounds (Class Ш), to 5 
mg/m?. The maximum allowable concentra- 
tion (MAK) of CrO, (measured as CrO,) in the 
air at the workplace is 0.1 mg/m? [122]. 

In the United States the Clean Air Act 
Amendments, enacted in 1970, mandated the 
states set standards to limit air pollution. In 
pursuing this amendment, the U.S. Environ- 
mental Protection Agency (EPA) in a joint ef- 
fort with the Ferroalloys Association studied 
dust emissions from alloy plants to establish 
ambient air quality standards [123, 124]. The 
states enacted process weight regulations and 
applied them to ferroalloy furnaces. The EPA 
published their studies ^Engineering and Cost 
Study of the Ferroalloy Industry" and pro- 
posed New Source Performance Standards 
(NSPS) for new furnaces. À comparison of the 
state regulations and the NSPS (promulgated 
October, 1974) limitations for HC ferrochro- 
mium, charge chrome, and ferrosilicochro- 
mium for a 30-MW furnace are shown in 
Table 7.29 [124]. 


Consumption, t/a 





1960 1965 
LC ferrochromium 43 450 34 650 
MC ferrochromium 20 300 24 400 
HC ferrochromium 7500 17 550 
Total Г 71 250 76 600 


1970 1973 1983 1985 
44 500 33 550 13 000 14 350 
16 700 18 400 7 500 11 600 


70 600 113 150 210 000 237 350 
131 800 165 100 220 500 263 300 
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Table 7.29: Comparison of NSPS limitations and state 
regulations for ferrochromium dust emissions [124]. 





NSPS limitation State regulation 
Material Most ` Least 
kg/mw.h) kg/h stringent stringent 
HC ferro- 0.23 6.94 13.00 17.55 
chromium 
Charge 0.23 6.94 13.00 17.55 
chrome 
Ferrosilico- 0.23 6.94 8.29 10.80 
chromium 


Regulations on water pollution control (the 
federal act was passed in 1972) were also pro- 
posed by the Ferroalloys Association Environ- 
mental Committee and EPA [124]. Finally, the 
disposal of solid waste (slags, dusts, etc.) is 
also subject to regulations. 

The TLV-TWA (1985—1986), which have 
been adopted, are as follows [125]: 0.5 mg/m? 
for chromium metal and chromium(II) and 
chromium(IUI) compounds, and 0.05 mg/m? 
for chromite ore processing (chromate) as Cr 
and chromium(VI) compounds as Сг. 
Chromite ore processing and certain water-in- 
soluble Cr(VI) compounds are listed in Ap- 
pendix Ala as human carcinogens. 


7.6 Ferronickel 


The rotary kiln electric furnace smelting 
process is now used almost universally for the 
production of ferronickel from oxide ores. 
Nippon Mining shut down the last blast fur- 
nace producing ferronickel, at Saganoseki in 
Japan, in 1985 [131]. Variations on the electric 
furnace ferronickel process, which were de- 
veloped in the 1950s by Ugine (France) and by 
Falconbridge in the 1960s, made it possible to 
achieve a more selective reduction of nickel, 
and thereby produce higher nickel grade prod- 
ucts from lower grade ores. 

The first commercial scale electric furnaces 
to produce ferronickel were the 10.5 MVA 
units installed by SLN at its Doniambo 
smelter in New Caledonia in 1958. The largest 
units currently (1989) in operation are a 51 
MVA unit at Cerro Matoso in Colombia and a 
60 MVA furnace at Pacific Metals at Hachi- 
nohe in Japan. 
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7.6.1 Rotary Kiln—Electric 
Furnace Process [130] 


In the earliest plants, the function of the ro- 
tary kiln was limited to drying and dehydrat- 
ing the оге, and furnace operating 
temperatures did not exceed 700 °C. The hot 
calcine was then blended with reductant, usu- 
ally coal, and transferred to the electric fur- 
nace where reduction of the metals occurred. 

In the electric furnace the calcined ore was 
smelted with the reductant to form immiscible 
layers of slag and ferronickel. The New Cale- 
donian ores, with their high magnesia and sil- 
ica contents (2.5% Ni, 10-15% Fe), require 
no additional flux for slag formation. Virtually 
all the nickel and 60-70% of the iron in the 
ore are reduced to metal to yield a ferronickel 
grading about 20% Ni; the slag contains only 
0.1% Ni. The energy consumption in the elec- 
tric furnace for this mode of operation is 2.0- 
2.2 GJ per tonne of dry ore (550-600 kWh/t). 

As the process was developed and applied 
to a wider range of nickel laterite ores, several 
improvements in design and operating tech- 
nique were made. The operating temperature 
of the rotary kiln was increased to 900- 
1000 °C, and reductant was added to the kiln 
feed to ensure a more complete dehydration of 
the ore and to allow a partial reduction of the 
metals to occur in the kiln. As a result energy 
consumption in the electric furnace was re- 
duced to 1.8—2.0 GJ/t (500—550 КЎ). 

The degree of reduction achieved in the 
kiln depends on the composition of the ore and 
on the reactivity of the reductant. Iron and 
nickel silicate minerals are generally less reac- 
tive than nickel oxide minerals. Usually lig- 
nites and charcoal are the most reactive 
reductants, and high-volatile coals are more 
reactive than low-volatile coals, anthracite, or 
coke. Typically, under optimum conditions, up 
to 40% of the nickel is reduced to metal in the 
kiln, while the iron oxides are reduced to 
iron(II) oxide (FeO). 

In the electric furnace the charge must be 
heated to 1400—1650 °C to permit the separa- 
tion of distinct slag and metal phases. The en- 
ergy input to the charge is provided by 
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radiation from the electric arcs around the tips 
of the electrodes and by the heat generated in 
the slag by resistance heating due to the flow 
of current through the slag layer between the 
electrodes. Since the electrical resistivity of 
the metal layer is much lower than that of the 
Slag, very little heat is generated in the metal 
layer, which must therefore receive heat by 
conduction and convection transfer from the 
overlying slag layer. For satisfactory heat 
transfer, the temperature differential between 
slag and metal layers should be at least 
100 °С. 


The mode of operation of the electric fur- 
nace is largely determined by the melting tem- 
perature of the slag. Except for the limonitic 
ores, where the alumina and lime contents 
have a significant effect, the slag melting tem- 
peratures for a particular ore can be estimated 
from the FeO-MgO-SiO, equilibrium phase 
diagram (Figure 7.25) [132]. For SiO,/MgO 
weight ratios of less than 2:1, the slag melting 
temperatures are essentially independent of 
the FeO content. At high SiO/MgO weight Ta- 
tios the slags are close to saturation with SiO;, 
and the slag melting temperatures are then a 
function of the FeO content (Figure 7.26) 
[129]. High iron contents, which normally oc- 
cur with low-magnesia ores, result in the for- 
mation of highly corrosive low-melting 
(1350—1450 ?C) slags. Since the use of mag- 
nesia or silica fluxes is usually uneconomic, 
the problem of low-melting slags must be 
overcome in the design and operating mode of 
the furnace [133]. 


Operation of the electric furnace is simplest 
when the slag melting temperature is higher 
than the metal melting temperature (1300— 
1400 *C). For such a system the furnace is op- 
erated with a covered bath (Figure 7.27A). 
The hot ore charge is allowed to build up on 
top of the molten slag, and the electrodes are 
not immersed in the slag layer. Under these 
conditions much of the reduction reaction oc- 
curs in the hot charge layer before it melts. 
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Figure 7.26: Slag melting point as a function of FeO con- 
tent. 


The high-iron limonite ores, which produce 
slags with melting points well below the melt- 
ing point of the metal phase, can be smelted if 
the distance between the electrode tips and the 
slag-metal interface is reduced significantly. 
The electrodes must therefore penetrate 
deeply into the molten slag layer (Figure 
7.27B). A vertical temperature gradient is then 
set up in the slag layer, with the highest tem- 
perature around the electrode tips. Under these 
conditions it is possible to operate the furnace 
with a metal tapping temperature higher than 
the slag tapping temperature. However the 
deep immersion of the electrodes in the slag 
results in a significant reaction between the 
carbon of the electrodes and metal oxides in 
the slag, with the evolution of carbon monox- 
ide around the electrodes. The evolution of 
gases makes covered bath operation of the fur- 
nace impractical, and necessitates open bath 
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operation (Figure 7.27B) with the slag surface 
exposed around the electrodes [130]. 
















A 
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Figure 7.27: Electric furnace operation. А) Covered bath; 
B) Open bath. a) Metal pool; b) Slag bath; c) Electrodes; 
d) Solid charge; e) Slag tap hole; f) Metal tap hole. 

The ferronickel grade produced in the elec- 
tric furnace smelting operation can be closely 
controlled by the amount of solid reductant 
added to the process. For a given addition of 
reductant, nickel recovery is highest, followed 
by cobalt, and iron recovery to the metal phase 
is lowest. Generally as much as 60-70% of the 
iron is reduced from silicate ores, while only 
10-1546 of the iron is reduced from high iron 
limonitic ores. 

Normal operating practice is to produce up 
to 25% Ni ferronickel from silicate ores and 
15-2096 Ni ferronickel from limonitic ores. 
Nickel losses to the electric furnace slag under 
these conditions are quite low (0.1% Ni in the 
slag) Nickel losses to slag increase with 
nickel grade, although grades with 35—45 % Ni 
can normally be produced from most ores 
without excessive losses (0.15—0.20% Ni in 
the slag). Above 45% Ni in ferronickel, slag 
losses increase rapidly. Where higher grades 
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are required, the ferronickel electric furnace 
product can be upgraded by removing iron by 
oxidation and slagging in an oxygen-blown 
converter, and the high Ni content slag is recy- 
cled to the electric furnace. Ferronickel grades 
as high as 90% nickel can be achieved with 
two stages of converter upgrading. 

Current industrial practice is illustrated by 
the following descriptions of specific opera- 
tions. In the Doniambo smelter of SLN in New 
Caledonia, which was built in 1958, the wet 
ores are carefully blended and screened to pro- 
duce a smelter feed with an average composi- 
tion of 2.5—3.0% Ni and Co, 20-28% MgO, 
15-20% Fe,O,, and 30-40% SiO,. The ore is 
blended with anthracite as a reductant and 
heated in a rotary kiln to 950 °C. Only a minor 
degree of reduction occurs in the kiln. The hot 
calcine is transferred to an electric furnace 
(one of eight 10.5 MVA or three 33 MVA 
units). Smelting is carried out with a charge 
covered bath, although the electrodes dip 
about 30 mm into the slag layer. Energy con- 
sumption is 90 MJ/kg Ni (2.35 GJ/t ore or 650 
kWh/t ore) and electrode consumption is 1.5 
kg/kg Ni (39 kg/t ore). Nickel and iron recov- 
eries from ore to ferronickel product are 95 
and 50%, respectively. The slag tapping tem- 
perature is 1550-1600 °C, while the metal is 
tapped at 1450 °C. The slag, which typically 
contains 0.1-0.2% Ni, is granulated and dis- 
carded [134, 135]. 

The crude ferronickel contains 24% Ni, 
69% Fe, 2% C, 3% Si, 1.5% Cu, and 0.25 % 
S. It is either cast into ingots for market, con- 
verted to nickel matte, or desulfurized and re- 
fined to higher quality ferronickel. Ferronickel 
is marketed by SLN as 25 kg ingots and as 
granules. 

Much the same process is used by the three 
Japanese ferronickel smelters, Pacific Metals 
at Hachinohe [136], Sumitomo at Hyuga 
[137], and Nippon Mining at Saganoseki, by 
Morro do Niquel in Brazil [138], by PT Aneka 
Tambang in Indonesia, and by Cerro Matoso 
in Colombia [139, 140]. All these operations 
process ores with relatively low Fe/Ni ratios 
of 6:1 or less. Representative ore and slag 
compositions are given in Table 7.30. 
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Table 7.30: Silicate ore and slag compositions [129]. 
Ore composition, 45 Slag composition, 95 
Smelter - > 
Ni Fe MgO SiO, FeO SiO, MgO 
SLN 27 14-15 20-28 35-40 12 45 30 
Hyuga 24 9-14 22-29 35-43 8 52 36 
Morro deNiquel > 1.25 6.5 30 43 7 50 30 
Aneka Tambang 2.25 13 24 45 5 56 29 
Cerro Matoso 2.9 14 15 46 22 59 20 
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Figure 7.28: Flow sheet of the Cerro Matoso ferronickel smelter: a) Drying kiln; b) Screen; c) Batch bins; d) Reduction 


kiln; e) Electric furnace; f) ASEA/SKF Fe-Ni refining. 


The most recently built plant is that of 
Cerro Matoso (1982) which treats an ore with 
the exceptionally high SiO,/MgO ratio of 3:1. 
The resulting acid slags have proved to be 
highly corrosive to furnace refractories. The 
dried ore (12% moisture) is ground, blended 
with coal, and pelletized prior to entering the 
rotary kiln (Figure 7.28). The kiln is operated 
at 900-950 °C with an oxidizing atmosphere 
and a reducing bed to achieve prereduction of 
20% of the nickel to metal, and up to 95% of 
the iron oxide to the divalent state (FeO). 
Smelting is carried out in a single 51 MVA 
electric furnace. The ferronickel, grading over 
40 % Ni, is tapped at 1420-1440 °C, while the 
slag, containing 0.2% Ni, is tapped at 1600— 
1630 °C. The ferronickel is refined and up- 
graded to 43 % Ni prior to being cast into 22 
kg ingots, or granulated [139]. 

The operation of LARCO at Larymna in 
Greece is an example of ferronickel produc- 
tion from a very low grade limonitic ore (1.2— 
1.396 Ni, 31—35 96 Fe). In this case a high de- 
gree of prereduction in the rotary kiln is essen- 


tial. The ground ore is blended with lignite, 
coal, and heavy fuel oil, and heated to 920 °C 
in one of two countercurrently fired rotary 
kilns. The kiln discharge still contains about 
3% carbon, but is reported to contain no me- 
tallic nickel, while most of the iron oxides are 
reduced to FeO. The calcine is smelted in one 
of four electric furnaces (13—16 MVA) to pro- 
duce a metal phase containing 15% Ni, 0.02% 
C, and 0.25% S. The metal is tapped at 
1520 °C and upgraded to 28% Ni in an oxy- 
gen-blown converter. This treatment also re- 
duces the sulfur content to 0.06%. Energy 
consumption for the electric furnace is 125 
MJ/kg Ni (1.6 MJ/t ore or 440 kWh/t ore) and 
electrode consumption is 0.4 kg/kg Ni (5 kg/t 
ore) [141]. 


7.6.2 Ugine Ferronickel Process 


In the rotary kiln-electric furnace process 
excess carbon is normally added to the furnace 
charge to ensure quantitative reduction of 
nickel oxide. As a result more iron oxide is re- 
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duced to metal than is desirable, decreasing 
the ferronickel grade and leaving a high resid- 
ual carbon level, typically 1-3% in the prod- 
uct. The excess iron and carbon are 
subsequently removed by oxidation with air or 
oxygen. Consequently the process is not par- 
ticularly economical in terms of energy con- 
sumption. 

Amore selective method of nickel oxide re- 
duction was developed by the French com- 
pany Ugine in the early 1950s and applied 
commercially by Hanna Mining in their plant 
in Riddle, Oregon, in 1954. In this process the 
ore is dried and calcined in a rotary kiln and 
melted in an electric furnace without addition 
of reductant to produce a melt of iron and 
nickel oxides. No slag metal separation occurs 
in the electric furnace. The molten ore is trans- 
ferred to a ladle furnace where it is reduced by 
reaction with ferrosilicon at 1650 °C. The two 
phases are mixed by repeated pouring of the 
mixture from one ladle furnace to another. The 
nickel oxide and some of the iron oxide are re- 
duced to metal. The balance of the iron is re- 
moved as slag. 


2Ғе,О, + FeSi — 4FeO + SiO, + Fe 
2NiO + FeSi э 2Ni + SiO, + Fe 
2FeO + FeSi 2 3Fe + SiO, 


The reduced ferronickel contains 30-50% 
Ni and very low levels of carbon and sulfur. 
The major impurity is phosphorus, which is 
removed by oxidation with iron ore and slag- 
ging with lime. 


7.6.3 Falcondo Ferronickel 
Process [142] 


The Falconbridge ferronickel operation in 
the Dominican Republic treats a low-grade ore 
(1.5% Ni, 17 % Fe, 24% MgO, and 35 % SiO,) 
by means of a specially developed process de- 
signed to provide a more selective reduction 
of nickel relative to iron than is possible in the 
rotary kiln-electric furnace process. Reduc- 
tion of briquetted ore is carried out in shaft 
furnaces fired with a reducing gas, generated 
by cracking low-sulfur naphtha. No solid or 
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liquid reductants are added to the furnace feed. 
A high degree of reduction of the ore is 
achieved in the shaft furnace, and the subse- 
quent electric furnace step is required to do lit- 
tle more than melt the reduced calcine to allow 
separation of the metal and slag phases. The 
ferronickel produced is high grade (38% Ni) 
and contains low impurity levels (« 0.04% C 
and Si). 


The Falcondo plant, which has a capacity 
of 35 000 t/a Ni, was commissioned in 1971. 
The ore is carefully blended to maintain a con- 
stant chemical composition, particle size, and 
moisture content, so that it can be briquetted 
without a binder. The briquettes are calcined 
and reduced in twelve open-top shaft furnaces. 
Each furnace is equipped with its own gasifi- 
cation reactor in which low-sulfur naphtha is 
cracked by combustion with a deficiency of 
air to produce reducing gas (CO + H,). The hot 
reducing gas at 1250 *C is first cooled to 
1150 °C before being supplied to the shaft fur- 
nace through the primary tuyéres. The gas 
flows upwards, countercurrent to the ore bri- 
quettes which are fed to the open top of the 
furnace. The gas reduces the nickel oxides to 
metal and the iron oxides to FeO. A portion of 
the partly reacted reducing gas is taken off 
from the top of the furnace, where it is mixed 
with a controlled amount of air and fed back 
into the furnace through secondary tuyéres lo- 
cated 1.8 m above the primary tuyéres. This 
stream provides the combustion fuel to dry 
and calcine the ore feed in the upper section of 
the shaft. 


The hot reduced briquettes are discharged 
from the bottom of the shaft furnace at 800 °C 
and are transferred to one of three 55 MVA 
electric furnaces. The furnace operation con- 
sumes only 1.6 GJ/t (440 kWh/t) of charge. 
The crude ferronickel, which is tapped at 
1475-1500 °C, contains 32-40% Ni. The 
slag, containing about 0.15% Ni, is tapped at 
1500-1600 °C. The crude ferronickel, which 
typically contains only 0.15% S, 0.03% P, 
0.04% Si, and 0.02% C, is refined to remove 
sulfur and phosphorus. 





Ferroalloys 459 
Table 7.31: Impurities in ferronickel [129]. 
Crude Fe-Ni, 95 Refined Fe-Ni, 95 
Smelter 
C S Si P C S Si P 

SLN 2.5 0.40 1.50 0.150 0.03 0.02 0.02 0.02 
Cerro Matoso 0.17 0.45 1.45 0.024 0.03 0.03 0.70 0.03 
Falcondo 0.02 0.15 0.04 0.030 0.06 0.08 0.30 0.01 


7.6.4 Refining of Ferronickel 


The refining of ferronickel resembles that 
of steel in that the principal impurities are sul- 
fur carbon, silicon, phosphorus, and oxygen. 
Typical impurity levels in crude and refined 
ferronickel are shown in Table 7.31. 

Crude ferronickel produced by the conven- 
tional rotary kiln—electric furnace process usu- 
ally contains high levels of carbon and sulfur. 
These ferronickels are first treated under re- 
ducing conditions to remove sulfur and are 
then refined sequentially under oxidizing con- 
ditions with suitable fluxes to remove carbon, 
silicon, and phosphorus. Ferronickel produced 
by the selective reduction processes, such as 
the Ugine or Falcondo processes, which typi- 
cally contain very low levels (< 0.04%) of car- 
bon and silicon, are normally treated first for 
phosphorus and then for sulfur removal. The 
Falcondo ferronickel is not refined to remove 
carbon or silicon, and in fact the levels of these 
impurities increase during refining. 

A variety of equipment is used for the refin- 
ing of ferronickel, including electric arc fur- 
naces, shaking ladles, and low-frequency 
induction furnaces for desulfurization, and ox- 
ygen-blown converters (both L-D and side- 
blown) for silicon, carbon, and phosphorus re- 
moval. The ASEA~SKF ladle furnace, which 
incorporates an electric arc furnace roof carry- 
ing three carbon electrodes and induction stir- 
ring of the melt, is used in a number of plants 
including Cerro Matoso and Falcondo. 

Sulfur is generally removed under reducing 
conditions by adding soda ash, lime, or cal- 
cium carbide to the molten ferronickel. Good 
agitation of the melt is essential to ensure ef- 
fective mixing of the reagent with the metal 
phase, and this can be achieved by adding the 
reagent to the ladle during furnace tapping, by 
using a shaking ladle, or by providing electri- 


cal induction stirring. In some plants poling 
with greenwood poles is used to provide addi- 
tional agitation and reductant. Sulfur reacts 
with the fluxes to form sodium or calcium sul- 
fides, which are slagged off with the silicates 
formed by reaction of flux with silicon: 


3Na,O + 2S + Si — 2Ма,5 + Na,SiO, 
CaC, + S — CaS +2C 


The melt cools during (us treatment and 
oxygen is blown into the melt to reheat it to 
tapping temperature. Two stages of fluxing are 
often necessary to desulfurize the ferronickel 
to the required level (0.02%). The Falcondo 
smelter uses a complex combination of ferro- 
silicon, aluminum, silicocalcium, lime, and 
fluorspar to desulfurize its low-carbon ferron- 
ickel. 

Removal of silicon, carbon, and phospho- 
rus is normally conducted in an oxygen-blown 
converter or an oxygen lanced ladle. Carbon is 
removed simply by oxidation with oxygen to 
carbon monoxide. Silicon is removed by oxi- 
dation with oxygen and fluxing with lime and 
fluorspar. Phosphorus is oxidized either by 
blowing the melt with oxygen or by adding 
iron ore and fluxing the phosphorus(V) oxide 
with lime: 
6P + 5Fe,O, + 12CaO — 10Fe + 3Ca,P,0, 


The slags are removed by skimming after 
each refining step. If necessary the ferronickel 
can be deoxidized by addition of ferrosilicon, 
although this practice increases the silicon 
content. 

Ferronickel is not usually treated to remove 
cobalt, copper, or arsenic, which may be 
present in significant amounts. Refined nickel 
can be produced by the electrorefining of 9045 
ferronickel in a chloride sulfate electrolyte, 
but this process has not found wide applica- 
tion [141]. 


460 


7.7  Ferrophosphorus 


During the production of elemental phos- 
phorus by reduction of phosphate rock in an 
electric furnace, ferrophosphorus collects un- 
der the slag. The ferrophosphorus is tapped 
off, usually once per day, through a hole in one 
of the carbon blocks, which is opened with an 
oxygen lance and closed again with a clay 
plug. The ferrophosphorus, together with 
some slag, flows into a crucible, from which 
the lighter slag overflows into a bed of sand. 
When the tapping off is completed the ferro- 
phosphorus is poured from the crucible into a 
bed of sand, and, after cooling, is broken into 
pieces [143]. 

Every time the ferrophosphorus is tapped 
off, its radioactivity is measured. If a “Co 
source becomes dislodged as the furnace lin- 
ing wears away, the Co is transferred quanti- 
tatively into the  ferrophosphorus. The 
radiation supervisor decides in each case 
whether the ferrophosphorus should be sold, 
placed in short term storage, or stored indefi- 
nitely. 

Fume extraction operates in the areas sur 
rounding the furnace tapping and sand beds. 
The waste gases are purified by wet methods. 
For new installations, the following emission 
levels are not exceeded [144]: 


Dust 50 mg/m? 
Phosphoric acid (as P,O,) 20 mg/m? 
Depending on the method of furnace opera- 
tion, the ferrophosphorus contains between 
15 and 28% P, corresponding approximately 
to the formula Fe,P. The more extensively the 
phosphate rock is reduced, the more silica is 
converted into silicon, which reduces the 
phosphorus content of the ferrophosphorus. 
The combined content of P and Si is 25-30%. 
Ferrophosphorus with a low silicon content (< 
3%) has a fairly good market potential, and is 
used in the manufacture of phosphorus-con- 
taining alloys. The grades with a low phospho- 
rus content are not in great demand, but can be 
used in smelting low-phosphorus iron ores or 
to increase the P,O, content of basic Thomas 
slag. 
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Ferrophosphorus is stored in the open, and 
supplied either loose or in drums. The other 
metals present in the ferrophosphorus in addi- 
tion to the Fe, P, and Si depend on the compo- 
sition of the phosphate rock. Examples of 
compositions of ferrophosphorus are given in 
Table 7.32. 

Valuable metals such as vanadium, can be 
recovered economically from the ferrophos- 
phorus if they are present in unusually high 
concentrations. Vanadium is recovered to- 
gether with chromium by blowing with oxy- 
gen. Both metals accumulate in the slag. 

Older processes for treating ferrophospho- 
rus, which are however no longer of impor- 
tance, are described in [145]. 


Table 7.32: Composition of ferrophosphorus (46). 





Process P Si Ti Cr V Мп 
Heechst high per- 
centage 266 03 45 02 06 0.5 
Heechst low 
percentage 200 95 5.8 02 0.5 07 
TVA 240 17 17 02 03 141 
FMC 27.1 02 03 45 54 05 





7.8 Ferrotungsten 


7.8.1 Composition 


Commercial ferrotungsten is a tungsten- 
iron alloy containing at least 75 % W, and hav- 
ing a very fine-grained structure and a steel- 
gray appearance. It is supplied in 80-100 mm 
lumps in accordance with DIN/ISO standard 
specifications. Special sizes can be produced 
by further size reduction to suit customers' re- 
quirements. The standardized compositions 
are listed in Table 7.33 [146]. 

The binary phase diagram for Fe-W is 
shown in Figure 7.29. The phases Fe,W, (і) 
and FeW (6) exist close to the edge phases. 
However, ferrotungsten occurs in the equilib- 
rium state only after prolonged high-tempera- 
ture treatment. Therefore, in commercial 
ferrotungsten, the phase Fe,W (A) should still 
be present alongside the 5-phase. The melting 
temperature of ferrotungsten containing ca. 
80% W is very high, the liquidus temperature 
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being > 2500 °C and the solidus temperature 
ca. 1640 °C. The density of ferrotungsten is 
15.4 g/cm’. 


7.8.2 Uses 


Ferrotungsten and tungsten melting base 
are mainly used as alloying materials in the 
steel industry as they dissolve more readily 
than pure tungsten in molten steel, owing to 
their lower melting points, and are also 
cheaper. 


Tungsten additions increase the hardness 
yield strength, and ultimate tensile strength of 
the steel without reducing the elongation, area 
reduction on breaking, and notched bar frac- 
ture toughness [148]. 
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In steel, tungsten forms stable carbides that 
increase hot strength and wear resistance. 
Tungsten-containing alloys are therefore 
mainly used in the production of tool steels, 
especially high-speed steels [149]. 


High-speed steels represent the main appli- 
cation area for ferrotungsten. These steels are 
highly alloyed with tungsten, molybdenum, 
vanadium, and chromium. After the, correct 
heat treatment, they have high hardness and 
wear resistance, and are mainly used for ma- 
chining at high cutting rates and temperatures 
up to 600 *C. The alloying elements and the 
carbon form hard, wear-resistant carbides in a 
matrix with good hardness retention proper- 
ties. The standard high-speed steels specified 
in DIN 17350 contain 6-18.5% tungsten 
[150]. 


Table 7.33: Specifications of the composition of ferrotungsten, DIN 17562 and ISO 5450 [146] (impurities: 0.6-1.0% 
Si; 0.6-1.0 % Mn; 0.20—0.25 % Cu; 0.05-0.06 % S; 0.05-0.06 % P). 








САД % С тах. % А1 тах. % Ѕп тах. % Asmax. % Ы тах. % Мо max. 
DIN 150 DINISO DIN/ISO  DIN/ISO DINASO DN ISO DIN ISO 

FeW 80 75-80 1.0 0.10 0.10 0.08 
FeW 80 70-85 1.0 0.10 0.10 0.10 0.05 1.0 
FeW 80LC 70-85 0.1 0.10” 0.10 0.10 0.05 0.5 
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Figure 7.29: Binary phase diagram of the Fe-W system [147]. 
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Figure 7.30: Effect of temperature on the oxygen potentials of oxides [151]. 


7.8.3 Production 


The raw materials used for ferrotungsten 
production are rich ores or concentrates con- 
taining the minerals wolframite, hübnerite, 
ferberite, and scheelite. “Synthetic scheelite", 
a precipitated calcium tungstate, is also used. 

These raw materials contain tungsten in the 
form of WO,, which can be relatively easily 
reduced either with carbon or silicon and/or 


aluminum. Reduction with magnesium and 
calcium is also possible, but is of no industrial 
importance for cost reasons. Figure 7.30 
shows the effect of temperature on the oxygen 
potentials of metal oxides. Although tungsten 
forms carbides with carbon, the formation of 
tungsten carbide in the finished product can be 
virtually prevented by suitably controlling the 
CO:CO, ratio, so that a low-carbon ferrotung- 
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sten with a maximum carbon content of 1 % is 
produced. Tungsten oxides are reduced in 
preference to iron oxides, so that ferrotungsten 
with a high tungsten content can be produced, 
even if the ore has a high FeO content. 


Thus, ferrotungsten can be produced by 
carbothermic reduction in an electric arc fur- 
nace or by metallothermic reduction alumi- 
num. 


The carbothermic or silicocarbothermic 
method is preferred for cost reasons. More- 
over, higher impurity contents (tin and ar- 
senic) can be tolerated in the raw materials. 


When high levels of arsenic and tin are 
present in the concentrates, these cab ne va- 
porized by roasting in rotary tube furnaces. 


7.8.3.1 Carbothermic Production 


Because of the high melting point of ferro- 
tungsten, the so-called solid block melting 
process is normally used, as tapping off is not 
possible at the furnace temperatures that are 
required. 

In this process, the ferrotungsten accumt- 
lates in the hearth of the furnace vessel, which 
is constructed in sections. After the desired 
weight has been produced, the furnace lining 
is removed and the metal ingot can be re- 
moved after cooling. The solid block is 
cleaned, crushed, and sorted. The cleaned-off 
material and skin of the ingot are returned to 
the furnace for remelting. 


The use of several melting vessels enables 
the process to be semicontinuous. 


The process is usually operated in two 
Stages, as an excess of tungsten ore is used in 
the ingot melting process (refining stage), pro- 
ducing a WO,-rich slag that must be processed 
in a second (reduction) stage to give ferro- 
tungsten with a low W content and a low-WO, 
slag. 


The low-W ferrotungsten is reused in the 
refining stage. The slag, which contains « 1% 
WO,, can be dumped. The flow diagram of 
this two-stage process is shown in Figure 7.31 
[152]. 
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In the three-phase electric arc furnaces usu- 
ally used today, the pitch circle diameter of the 
electrodes is small to ensure adequate energy 
concentration. Typical furnace data for a 
three-phase electric arc furnace for the pro- 
duction of FeW 80 are [153]: 


Power 2000-3000 kVA 
Refractory lining monolithic rammed carbon 
Electrode material , 
refining stage graphite 
reduction stage Söderberg 
Energy consumption 
per tonne FeW 7500-8500 kWh 
FeW ingot weight 11-12t 


The electric arc furnaces are provided with 
waste-gas purification plants both for environ- 
mental reasons and to realize the value of the 
WO, in the flue dust. This dust, enriched in ar- 
senic and tin vaporized from the concentrates 
is usually added to the reduction stage or pro- 
cessed in special batches. The resulting sec- 
ondary dust must either bé chemically 
processed to obtain tungsten compounds or 
disposed of as a special waste if it cannot be 
sold. 


7.8.3.2 Carbothermic and 
Silicothermic Production 


In 1937, V. N. Gusarov developed a contin- 
uous process for the production of ferrotung- 
sten containing ca. 75% W. This was used in 
the former Soviet Union and former Czecho- 
slovakia [154, 155]. Itis presumably now used 
in the Czech Republic. 


This metallurgically interesting process is 
carried out in three successive stages in a 
three-phase electric arc furnace lined with 
magnesite. Of the oxygen in the WO,, 60 % re- 
acts with carbon and 40% with silicon (as fer- 
rosilicon containing 75 % Si). In the first stage, 
ferrotungsten (75 % W) is produced by substo- 
ichiometric carbon reduction. This ferrotung- 
sten is formed in a pasty consistency under a 
WO,-rich slag, and can be scooped out with 
ladles. Details of the individual processes are 
as follows: 
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Figure 7.31: Carbothermic production of ferrotungsten. 


Tungsten yields of 97-98% can be ob- 
tained in the solid block process. 


Stage 1. Reduction of tungsten ore concen- 
trates by carbon under a WO,-rich slag (10— 
16% WO,, 26-28 % FeO, 15-17 % MnO), and 
scooping out the ferrotungsten (e.g., 73.3% 
W, 0.4% Mn, 0.43% Si, 0.05% P, 0.06% S, 
25.2% Fe). 


Stage 2. Reduction of the WO,-rich slag with 
FeSi 75 and addition of scrap iron (to reduce 
the tungsten content of the ferrotungsten pro- 
duced). Tapping off the low-WO, slag (e.g., 
0.3% WO,, 20.8% MnO, 51% SiO,, 2.7% 
FeO, 3.6% ALO,, 21.1% CaO). The metal, 
with a reduced tungsten content (54-70% W, 
3-8 % Si, 1-2% Mn) remains in the furnace. 


Stage 3. Refining of the low-tungsten metal 
by adding tungsten concentrates. А WO,-rich 
refining slag (18-25% WO,) is formed, and 
the tungsten content of the metal increases. 
The advantage of the process is the continu- 
ous method of operation; thus the furnace can 
be operated for considerably longer periods 
without interruption for relining than in the 
solid block process. A further advantage is the 
lower energy consumption, i.e., ca. 4000 kWh 


Flux Ferrotungsten 
ingot 


Crushing, sorting 





Ferrotungsten Recycle metal 
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Charcoal (or coke} 


{remelt, ca. 25%) 


L |] 





per tonne of ferrotungsten. The tungsten yield 
is 98%, approximately the same as for the 
solid block process. 

Disadvantages include the heavy labor of 
the scooping operation and the accumulation 
of some of the ferrotungsten in a “furnace 
sow” or “salamander”. This ferrotungsten can 
be retrieved only after furnace relining, and is 
recovered as product after remelting. 


7.8.3.3 Metallothermic Production 


Tungsten oxide can be reduced by silicon 
and/or aluminum (Figure 7.30). Compared 
with carbothermic reduction, metallothermic 
production of ferrotungsten requires purer raw 
materials, as the reactions proceed very rap- 
idly, and the impurities are chemically re- 
duced as well as the raw materials. In this 
process, about 50% of the tin and arsenic 
present, most of which would be vaporized 
during the longer carbothermic process, end 
up in the ferrotungsten. 

The tungsten concentrates in finely divided 
form are mixed with coarsely powdered alu- 


. minum and silicon. Pure silicon or ferrosilicon 


cannot be used, as these would not give a self- 
sustaining reaction, the heat evolved being in- 
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sufficient to melt the ferrotungsten and slag 
formed. Aluminum and silicon in the ratio 
770:30 are therefore used. 

The reaction mixture is charged into a re- 
fractory-lined furnace vessel and preheated to 
400—500 °C. The preheating can be omitted if 
Fe;O, and Al are mixed into the reaction mix- 
ture as a booster. 

The reaction is started at the top by igniting 
initiators, which are mixtures of, e.g., BaO, 
and aluminum powder. A purely aluminother- 
mic mixture burns completely in a few min- 
utes, but silicothermic-aluminothermic 
mixtures react more slowly. After cooling, the 
furnace vessel is removed, and the blocks of 
metal and slag are separated. This method pro- 
duces ferrotungsten ingots of 700—2000 kg. 
The metal ingot is cleaned, crushed, and 
sorted. Pieces with adhering slag are sent back 
for remelting. 

The metallothermic production process has 
lost much of its importance in recent years, 
owing to the high costs of the aluminum and 
silicon reducing agents, and the necessity for 
using pure and therefore expensive raw mate- 
rials. j 

The process is suitable only for special cus- 
tomer requirements, and for operations which 
also produce other alloys by the aluminother- 
mic principle. 

Advantages of the process include the sim- 
ple, low-cost plant, and the minimal tying-up 
of materials resulting from the short process- 
ing time. The tungsten yield is ca. 96%. 

M. Riss and Y. Kyoporovsxy have de- 
scribed the electroaluminothermic production 
of ferrotungsten from scheelite [155]. The re- 
action time is extended by melting in an elec- 
tric arc furnace, and separation of the metal 
from the slag is improved. 


7.9 Ferroboron 


Ferroboron is basically an iron-boron al- 
loy containing 10-20% B. It is used mainly in 
the steel industry. Ferroboron was first pro- 
duced іп 1893, by Henri MorssAN [156], from 
boric acid, iron, and carbon in a single-phase 
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electric-arc furnace lined with.carbon. Fer- 
roboron produced in this way contains carbon. 
The introduction of the thermite reaction by 
GoLDSCHMIDT in 1898 led to the aluminother- 
mic reduction of boric oxide to ferroboron, for 
years the main commercial method for pro- 
ducing ferroboron. Recently though the carbo- 
thermic process has again found use for the 
production of ferroboron, now as a raw mate- 
rial for the manufacture of amorphous metals. 
Aluminothermic ferroboron contains residual 
aluminum, which causes severe casting prob- 
lems. 


Boron, wt ?/s — — 
3 5 10 20 30 4050 70 


2100 
2000 
1900 
1800 
1700 
1600 


1500] 


1400 
1392°C 
1300 


1200 
1100 
1000 


Temperature, °C ——» 





0 10 20 30 40 50 60 70 80 90 
Fe Boron, mol % —— 


Figure 7.32: Phase diagram of iron—boron [157]. 


7.9.1 Physical Properties 


In the system iron-boron, shown in Figure 
7.32 [157], there are two intermetallic com- 
pounds, FeB and Fe,B (p 6.3 and 7.3 g/cm’, 
respectively). The crystal structure of FeB is 
orthorhombic (a = 0.5502, b = 0.2948, c = 
0.4057 nm), whereas that of Fe,B is tetragonal 
(a = 0.5109, c = 0.4249 nm). Additional phys- 
ical properties of the two iron borides are sum- 
marized in Table 7.34. Also see [161]. 
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The enthalpies of formation at 1385 K have 
been determined by high-temperature solution 
calorimetry [162]: —67.87 + 8.05 kJ/mol for 
Fe,B, and —64.63 + 4.34 kJ/mol for FeB. 

Commercial ferroboron alloys, either alu- 
minothermic or carbothermic, are bright silver 
and brittle with a fine or coarse crystalline 
fracture. The density depends mainly on the 
boron content: 





boron, % 20.2 17.9 
aluminum, % 2.7 0.8 
density, g/cm? 6.02 6.41 
Table 7.34: Properties of Fe,B and FeB [158-160]. 
Property Fe,B FeB 
Microhardness, Vickers, 100 g, 
kN/mm? 1324 16.19 


Thermal conductivity, Wem! K^! 0.2-0.3 0.1-0.2 
Electrical resistivity, at room tem- 


perature, рО ст =10 =20 
Temperature coefficient of resis- 

tance, Q/K 0.18 0.4 
Curie temperature, K 1015 598 


Coefficient of linear expansion 


(300-1000 К), К! 8x10 10-16 x 105 





7.9.2 Chemical Properties 


Commercial ferroboron changes in appear- 
ance over prolonged exposure to humid air; its 
bright silver disappears, the surface turning 
dull gray, with almost red "rusty" stains. Fer- 
roboron dissolves in mineral acids (Section 
7.9.7). Distilled hot water may react slightly 
with ferroboron [163]. Some contradictory 
statements about the chemical behavior of fer- 
roboron in the literature are probably due to 
other elements in the alloy. Ее,В dissolves in 
НСІ (1:2), hydrogen and boranes evolving, 
the latter hydrolyzing into suboxides [164, 
165]. FeB is resistant to HCl (p = 1.19 g/cm?) 
and H,SO, (p = 1.84 g/cm’), both at room 
temperature and at their boiling point. FeB 
dissolves completely in HNO,. Both FeB and 
Fe,B react with nitrogen at temperatures 
above 350 ?C to give boron nitride [158]. 

The behavior of boronized steels, i.e., steel 
with thin layers of FeB on the surfaces, was 
discussed by A. МАТОЅСНКА [159]. Such steels 
are oxidation resistant up to 700—900 *C. The 
boronized steel CK45 (AISI 1042) is resistant 
to 20% НСІ, 10% H4PO,, and 10% HSC, at 
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56 °C. Stainless steels, such as X1OCrNiTi 18 
9 (Werkstoff Nr. 1.4541, AISI 321, SAE 
30321) can be made more resistant to attack 
by 20% НСІ or 10% H,SO, at 56 °C by bo- 
ronizing the surface. 


7.9.3 Raw Materials 


The following boron minerals can be used 
for the manufacture of ferroboron: colemanite 
(51% B,O,) pandermite (48% B,O,), pri- 
ceite (51% B,O,), and boracite (62% BO.) 
However, the raw materials most commonly 
used are boric oxide (= 99% В,О,) and boric 
acid (= 57% В,О,). 


Аб°, kJ/mol ——» 
AG? kcal/mol ——» 








1000 1500 2000 
Temperature, К ——» 


Figure 7.33: Free energies AG? of reactions reducing bo- 
tic oxide as a function of temperature. 

I— “В.О; +2C > "LB +2CO 

п —7,8,0, + "/,C > '4B,C + 2CO 

ш — 7/,B,0, + /,Fe - 2C > 4/,FeB +2CO 

IV — 7/3B,0, + Si ^ ^AB + SiO, 

V —¥,B,0, + /,Al > /,B + 2/,А1,О» 

VI—7/,B,0, + 2Mg —°/,В + 2MgO 


7.9.4 Production 


Boric oxide can be reduced by carbon, alu- 
minum, or magnesium. Reduction by silicon is 
incomplete. Figure 7.33 shows the calculated 
free energies of the corresponding reactions as 
a function of temperature [160]. For commer- 
cial production, either reduction by carbon 
(carbothermic or endothermic) or reduction by 
aluminum, sometimes with some magnesium 
(aluminothermic or exothermic) is usual. The 
coreduction of iron and boric oxide proceeds 
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more readily than the reduction of either alone 
because of the formation of the borides Fe,B 
and FeB. Iron can be replaced by other boride- 
forming metals, manganese, nickel, or cobalt. 
In carbothermic reduction there is a tendency 
to form boron carbide, thus leading to a car- 
bon-containing ferroboron. 

Aluminum and boron also form borides, 
and this results in residual aluminum in alumi- 
nothermic ferroboron. ` 


7.9.4.4 Carbothermic Production 


In order to produce a carbothermic ferrobo- 
ron with a low carbon content the boron con- 
tent must be high, i.e., the higher the boron 
content the lower the carbon solubility and 
thus carbon pick-up. 

The reduction of boric oxide by carbon re- 
quires high temperature; therefore, the process 
is carried out in an electric-arc furnace (single- 
or three-phase type) of capacities up to 1500 
kVA. These are relatively small production 
units, for the worldwide demand for ferrobo- 
ron is low compared with that for other elec- 
trothermic ferroalloys. н 

The London & Scandinavian Metallurgical 
Co., United Kingdom, produces a ferroboron 
with 16-18% B, 0.5% C, and « 0.15% Al by 
carbothermic reduction of boric oxide. 

In a Japanese patent [166] the carbothermic 
production of ferroboron from boric acid, iron 
powder, and charcoal in a Héroult-type elec- 
tric-arc furnace with carbon lining is claimed. 
One example describes the production of an 
alloy with 10.3 % B, 2% Si, and 0.98% C ina 
350-kW three-phase electric-arc furnace. The 
mix is 100 parts boric acid, 135.8 parts iron 
powder (92.9% Fe), and 57 parts charcoal 
powder. The boron recovery is 81.7 %, and the 
power consumption 4550 kWh per tonne of al- 
loy. Another example describes the small- 
scale production of an alloy containing 15.3% 
B. Another Japanese patent [167] claims the 
carbothermic production of a B- and Si-con- 
taining alloy, e.g. 3.3% B, 2.9% Si, and 3.0% 
C, in a special vertical blast furnace. The fer- 
roboron is intended for use in the manufacture 
of amorphous alloys. 
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The production of ferroboron from pig iron 
and boric acid in an electric-arc furnace with a 
final oxygen blow leads to an alloy with 
16.3 % B, 0.03-0.06% Al, and 0.03-0.06 96 C. 
The boron recovery in small-scale runs is said 
to be 60-65%; the power consumption, 
16 500 kWh per tonne of alloy [168]. Silicon- 
containing boron alloy can be produced by 
carbothermic reduction. The process is de- 
scribed by K. D. FRANK in [169]. A mixture of 
100 parts colemanite, 100 parts quartzite, 40 
parts iron turnings, and 60 parts low-tempera- 
ture coke is charged to a 1000-kW electric-arc 
furnace. A metal containing 5.35 % B, 37.2% 
Si, and 0.21% C is tapped. Boron recovery is 
70%, and the power consumption is 6000 
kWh per tonne of alloy. 

Gesellschaft für Elektrometallurgie mbH, 
Düsseldorf, Germany, has developed a process 
for the carbothermic production of ferroboron 
containing 15-2076 B and < 0.1% Alina 
three-phase submerged arc furnace, whereby 
boric oxide and iron oxide are simultaneously 
reduced by charcoal and other low-density 
carbonaceous materials, e.g., wood chips 
[170]. 

Nickel boron can also be produced carbo- 
thermically. Boric oxide and/or boric acid and 
nickel are the raw materials. London and 
Scandinavian Metallurgical Co., London, 
United Kingdom, produces a nickel boron 
containing 15-18% B; 0.5 and 0.15% C 
(max.); and 0.20% А] (max.) in the electric- 
arc furnace by carbon reduction. 


7.9.4.2 Aluminothermic 
Production 


Ferroboron can be made batchwise in a 
convenient way by the reduction of boric ox- 
ide and iron oxide with aluminum powder. 
Some magnesium in the aluminothermic mix 
is beneficial: Magnesium is the stronger re- 
ducing agent at temperatures below its boiling 
point, whereas aluminum is more effective 
above the boiling point of magnesium, where 
such metallothermic reactions generally take 
place. The aluminothermic coreduction of bo- 
ric oxide and iron oxide (Fe,O,) is highly exo- 
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thermic, and only a little additional energy is 
necessary for a self-propagating reaction. The 
thoroughly mixed compounds are charged into 
a refractory-lined pot and ignited, either the 
whole mix (top firing) or by igniting a starting 
mix, the rest then charged as the reaction pro- 
ceeds over a few minutes. The liquid metal 
and slag separate on account of differing den- 
sities, and after cooling the metal button, up to 
1500 kg, is removed. After mechanical clean- 
ing, the metal button is broken and crushed to 
the desired size. The companies of the Metal- 
lurg Group [171], who produce ferroboron 
from boric oxide, iron oxide, and aluminum 
powder, obtain boron recoveries of 70-75 % 
for the 18-20% B grade and 80—85 % for the 
15-18% B grade by optimizing process pa- 
rameters. The aluminum consumption can be 
as low as 4.8-5 kg Al per kg of B. 


N. A. Сніккоу et al. [172] investigated heat 
balances for an electro-aluminothermic fer- 
roboron process using either 1) boric oxide or 
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2) boric acid as the raw material. Three differ- 
ent mixes — igniting, main, and precipitation 
— are charged consecutively into a three- 
phase electric-arc furnace and reacted to pro- 
duce a ferroboron melt with = 20% B. The 
composition of the charges and the results are 
summarized in Table 7.35. The heat balances 
for these two cases are shown in Table 7.36. 
The investigators are convinced that the pro- 
cess can be optimized to improve the boron re- 
covery and the consumption figures. 


When borate ores such as boracite or cole- 
manite are used as raw materials, instead of 
boric oxide, the aluminothermic process gives 
boron recoveries as low as 40-50% [173- 
175]. The specific aluminum consumption is 
normally higher because the process needs ad- 
ditional energy, in form of either a booster 
(peroxides or chlorates plus aluminum pow- 
der) or in the form of electricity by smelting 
the mix in the electric-arc furnace (electro-alu- 
minothermic process). 


Table 7.35: Charge composition during electro-aluminothermic production of ferroboron using boric oxide and boric 


acid raw rnaterials [172]. 

















Mix 1 Mix2 
Igniting Main Precipitation Igniting Main Precipitation 
Raw materials 
Boric oxide, kg — 1200 — — — — 
Boric acid, kg — — — — 1800 — 
Iron ore, kg 200 200 1000 200 180 950 
Al powder, kg 65 820 282 65 820 262 
Lime, kg 70 100 170 70 450 170 
Total, kg 335 2320 1452 335 3250 1382 
Time, min 30 98 32 3 114 23 
Power consumption, kWh 1130 1980 
Products 
Ferroboron, kg 1200? 1100? 
KR 20 18 
% Al 3 3.9 
% Si 1.13 17 
Slag, kg 2900 2080° 
% BO. 14-157 10-12? 
Boron recovery, % 64 63 
Aluminum consumpton, kg per 
tonne of ferroboron 973 1043 
Energy consumption, kWh per 
tonne of ferroboron 940 1800 
* Estimated, 
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Table 7.36: Heat balances for the electro-aluminothermic production of ferroboron using boric oxide and boric acid as 


raw materials [172]. 











| From В,О, From Н,ВО, 
Input and consumption SC ——— 
AH, 105 J Kä AH, 10°J % 
1. Chemical reactions 13 182 69.0 12 345 58.3 
2. Electric power 4072 21.3 7 143 33.7 
3. Side reactions 1 833 97 1 699 8.0 
Total input 19 087 21186 
1. Heat content of slag 9515 49.3 9 237 42.9 
2. Heat content of metal E 3 235 16.7 2 907 *13.5 
3. Heat content of dust 63 0.3 125 0.6 
4. Dehydration of acid 48 02 1084 5.0 
5. Decomposition of carbonates 60 0.3 98 0.5 
6. Heat content of gases 141 0.7 2 805 13.1 
7. Accumulation of heat by furnace brickwork 4 678 24.2 4212 19.6 
8. Radiation 1581 8.3 1045 4.8 
Total consumption? 19 319 21 514 
* The discrepancies between input and consumption arc 232 x 105 J (1.2%) and 328 x 105 J (1.5%). 
Table 7.37: German Standards 17567 [180]. 
S Composition 
Designation с 

В, % А1, max. 46 Si C Mn P S Co 
FeB16 15-18 4.0 1.0 
FeB18 18-20 20 20 0.10 0.50 0.005 0.001 0.005 
FeB12C 10-14 
FeB17C 1419 0.50 4.0 2.0 0.50 0.005 0.1 0.005 


Table 7.38: United States standards [181]. 


Composition, % 


Grade Boron Carbon Silicon Aluminum 

min. max. max. max. max. 
Al 12.0 14.0 1.5 4.0 0.5 
A2 12.0 14.0 1.5 4.0 8.0 
Bl 17.5 19.0 1.5 4.0 0.5 
B2 17.5 19.0 1.5 4.0 8.0 
Cl 19.0 24.0 1.5 4.0 0.5 
C2 190 24.0 1.5 4.0 8.0 


Complex boron additives for steel, which 
contain boron in a dilute alloy together with 
protective elements, are produced from fer- 
roboron and other alloying elements by a 
melting process (see Table 7.39, and [176]). 
Other boron master alloys such as nickel bo- 
ron and cobalt boron with = 15% B and 0.1% 
or 1.0% Al (max.) can be produced alumino- 
thermically using boric oxide and nickel or co- 
balt (as metal and/or oxide) [177]. Copper 
boron with ca. 296 B is commercially pro- 
duced by Gesellschaft für Elektrometallurgie 
[178], using an electromagnesiothermic pro- 
cess with copper and boric oxide as raw mate- 


rials. Aluminum master alloys with 2.5—4.5 76 
B and 5% Ti + 1% B are produced in an in- 
duction furnace by adding potassium boron 
fluoride and potassium titanium fluoride to an 
aluminum bath [179]. 


7.9.5 Quality Specifications for 
Commercial Grades 


Quality standards are specified in Ger- 
many by DIN 17567 [180], which also de- 
scribes sizing, sampling, analytical methods, 
shipment, and storage. Analyses of the stan- 
dard grades are summarized in Table 7.37. 
The American ASTM recognizes six grades of 
ferroboron; analyses are given in Table 7.38. 
Ferroboron is shipped in various sizes. In Eu- 
rope pieces of fist size and in the United States 
sizes such as 2 in or 1 in x Down are commer- 
cial. Ferroboron can also be ground to powder 
of desired size (e.g., 20 mesh x D, i.e., less 
than 0.84 mm). In the United States, where the 
use of boron in steel is fast growing, and also 
in the United Kingdom, special boron alloys 
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have been developed as hardenability intensi- 
fiers (Table 7.39). These complex alloys con- 
tain elements to protect boron against 
oxidation (Al, S1) and boron nitride formation 
(TL Zr) [182]. Boron-containing aluminum 
master alloys (Table 7.40) are standardized in 
Germany [183]. Nickel boron, cobalt boron, 
and copper boron are not standardized. Typi- 
cal analyses for commercial alloys are given 
in Table 7.40. 

In the United States and the United King- 
dom special boron additives for the steel in- 
dustry have been developed. The trade names, 
e.g.. BATS (abbreviation for boron-alumi- 
num-titanium-silicon), are shown in Table 
7.39. 


7.9.6 Storage and Shipment 


Ferroboron and other boron master alloys 
are generally not toxic, and there is no special 
legislation on use and handling. Ferroboron is 
generally packed in steel drums marked with 
material grade, size, lot number, and producer. 
The shipment is accompanied by a data sheet 
on safe handling including physical and chem- 
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ical properties, sale storage, and handling di- 
rections, e.g., use of protective gloves or dust 
respirators. Ferroboron and other boron mas- 
ter alloys and additives should be stored in a 
dry area in their original containers. 


7.0.7 Chemical Analysis 


For the determination of boron in ferrobo- 
ron the sample is dissolved in HCl (1:1) or 
H,SO, (1:1) containing a few drops of HNO, 
and refluxed. Residues rich in boron are fused 
with sodium peroxide. The solution is passed 
through an ion-exchange column, neutralized, 
diluted with polyalcohol, and titrated with so- 
dium hydroxide [184—186]. Small amounts of 
boron in steel are determined by special meth- 
ods [182]. One photometric determination of 
boron in steel is the curcumin method. A fully 
automated determination of boron in ferrobo- 
ron, aluminum, and complex ferroalloys by 
neutron transmission is a convenient method 
for routine analyses [187]. Standard analyti- 
cal methods in the United States and the 
United Kingdom [188, 189] have been de- 
scribed. 











Table 7.39: Complex boron alloy “hardenability intensifiers" [176, 182]. 
D Composition®, % 

Designation B Al m Si Zr Mn C 
BATS 50° 0.50 13 20 7 5 8 — 
BATS ТТ? 1.60 11 58 — 3.5 5 — 
BATS 27° 2.50 11 36 8 — — 
BATS Wire 2.3 89.7 8 = == — — 
CARBOTAM* 2.0 3.0 15-20 4 = = 0.50 
BALCORE 101° 2.5 25 = = 
BALCORE 102° 3.4 34 — S = — = 


* The remainder is iron. 


*BATS 50, BATS TT, BATS 2Z, and CARBOTAM are registered trademarks of the Shieldalloy Corp., Newfield, NJ. А 
* BALCORE is a registered trademark of the LSM Co., London. The size of ВАГ. СОКЕ 101 wire is 3.2 mm (34 g/m). The size of BAL- 


CORE 12 wire is 5 mm (75 g/m). 


Table 7.40: Composition of boron master alloys [176-178]. 





All 
ov 7 
Aluminum boron V-A] B 3 2.5-3.4 
V-A] B4 3.5—4.5 
Aluminum-titanium-boron У-АІТ 5 В 1 0.9-1.4 
Nicke! boron 15-18 
Cobalt boron 15-18 
Copper boron = 
* See DIN 1725 [183]. 


Analysis, % 





Ti Al Si C Others 
um rest max. 0.2 А 
— rest max. 0.2 — * 
5.0-6.2 гезї тах. 0.2 — Ч 

0.1-1.0 тах. 0.8 0.1-0.5 rest Ni 

— max. 1.0 — — rest Co 

rest Cu 
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7.9.8 Pollution Control 


During production the usual proscriptions 
on pollution have to be obeyed. 


In both the carbothermic and the exother- 
mic reduction processes the dust off-gases 
have to be cleaned, either dry in bag filters or 
electrostatic dust precipitators or wet in disin- 
tegrators or Venturi scrubbers (O. Renz in 
[169]). A special combined dry—wet cleaning 
plant for the off-gases of an aluminothermic 
plant is described by SEvBorp [190]. 


7.9.9 Uses 


The main use of ferroboron is in steel [182, 
191]. Very small amounts of boron improve 
the hardenability of both plain carbon and al- 
loyed steels. Boron acts as a hardenability in- 
tensifier of other hardening elements, such as 
carbon, manganese, chromium, molybdenum, 
etc. The boron should be present in the con- 
centration range of 5-15 ppm (max. 30 ppm). 
Thus the use of boron saves the expense of 
more costly alloying elements. Because of the 
high affinity of boron for oxygen and nitrogen, 
also that dissolved in steel, boron has to be 
protected from these two elements. Therefore, 
good predeoxidation by calcium, aluminum, 
or silicon and denitrification by titanium or 
zirconium are necessary. In the United States 
and the United Kingdom complex boron mas- 
ter alloys that contain these protective ele- 
ments have been developed and have proved 
very effective for controlled boron addition to 
steels. In case-hardened steels, boron exhibits 
better hardenability and strength; in nonaging 
steels, especially for the automotive industry, 
the sheet-forming properties are improved. 
Boron also offers benefits in high-strength 
low-alloy (HSLA) steels, and it improves the 
cutting properties in high-speed steels. 

In stainless steels of the chrome-nickel 
type (ASTM 316), 0.004-0.009% B signifi- 
cantly improves the ductility in the hot form- 
ing range (950-1250 °C). In very low 
concentration (0.002-0.005%) boron is bene- 
ficial to creep properties in austenitic heat-re- 
sistant stainless steels, as well as in ferritic 
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steels, then in combination with titanium, mo- 
lybdenum, or niobium. Steels with boron con- 
tents up to 2.5% are used for control rods in 
nuclear reactors because the thermal neutron 
cross section of boron is so high. Boron is also 
used in hardfacing and abrasion-resistant al- 
loys; e.g, Colmonoy, a Ni-Cr-Si-B alloy 
containing up to 396 B, and Stellite, an abra- 
sion-resistant Co-Cr-W alloy containing up 
to 2.596 B. 


The copper-boron master alloy is the best 
agent for deoxidizing copper for the produc- 
tion of a highly conducting metal. Aluminum 
18 treated with aluminum boron master alloy to 
increase the electrical conductivity and with 
aluminum-titanium-boron master alloy to re- 
fine the grain [179]. 


A new field of boron usage is the produc- 
tion of amorphous alloys or metallic glasses. 
Intensive development has been carried out by 
Allied Chemical Corp. [192]. These alloys 
consist of a transition metal (Fe, Ni, or Co) 
and about 20 mol% of a metalloid (B, C, Si, or 
P). They exhibit extraordinary physical prop- 
erties, especially the magnetic properties, and 
may be used for low-hysteresis-loss trans- 
former cores [193]. 


7.9.10 Economic Aspects 


The consumption of ferroboron is relatively 
low due to the small concentrations necessary 
in steel. In the Western World and Japan, fer- 
roboron production was = 1400 t/a in 1982 and 
= 2000 t/a in 1983, showing an increasing ten- 
dency. In 1981 only 2% of the total boron con- 
sumption in the United States was for the 
metallurgy and nuclear fields [194]. Accord- 
ing to American Metal Market (28 Dec. 1983), 
ferroboron costs $3.89 per pound (one pound 
= 454 g); nickel boron, $5.57 per pound of the 
regular grade, $5.67 per pound for the low- 
aluminum grade, and $6.30 per pound for the 
low-carbon grade. 
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7.9.11 Toxicology and Industrial 
Hygiene 


Ferroboron and boron master alloys are 
generally not toxic, but in the handling of raw 
materials for their production protective mea- 
sures must be taken, e.g., the use of protective 
gloves and glasses as well as dust respirators 
when handling boric acid. In the production 
facilities the usual protective measures (cloth- 
ing, glasses, dust respirators) must also be 
taken. 


7.10 Ferroniobium 


Approximately 85-90% of the total nio- 
bium production is used in the steel industry in 
the form of iron niobium alloy (ferroniobium) 
containing 40-70% niobium. Depending on 
the application, the alloy can also contain 
small amounts of Ta (ferroniobium tantalum), 
e.g., FeNb65Ta2, which contains 65% Nb and 

2% Ta. Other alloy specifications are given in 
[195]. 


7.10.1 Production 


Ferroniobium is usually produced by alu- 
minothermic reduction of niobium oxide ores, 
with the addition of iron oxides if the niobium 
ore used contains insufficient iron. The start- 
ing materials are mainly columbites and pyro- 
chlore concentrates. 

The enthalpy of the reaction between 
Nb,O; and Al is 2276.1 kJ/mol Al, which is 
lower than the threshold value for self-sustain- 
ing aluminothermic reactions. The mixture 
must therefore either be preheated or mixed 
with oxygen-releasing compounds such as 
Ba, CaO,, KCIO,, КС1О; or NaNO. 

Concentrates with lower percentages of 
niobium (ca. 40%) can also be treated by the 
aluminothermic process in an electric arc fur- 
nace. Also, a two-stage electroaluminothermic 
process for the production of ferroniobium 
from columbite has been developed [196]. 

The method of operation is to charge the 
mixture of niobium concentrate with the addi- 
tives to refractory lined reaction vessels. Ei- 
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ther the whole mixture is reacted, or a small 
amount is set aside, ignited with a special exo- 
thermic mixture, and added to the bulk mix- 
ture. The molten reaction product is allowed to 
solidify in the furnace, and the block of metal 
separates from the slag. After cooling, it is 
broken into pieces of the required size. 

In the aluminothermic process operated at 
Araxa, Fe-Nb blocks of metal up to 11 t in 
weight are produced. The yield of niobium 
metal is 96-97%. The typical composition of 
a reaction charge 1s as follows: 


Pyrochlore concentrate 18 000 kg (60% М,О,) 
Iron oxide 4000 kg (68% Fe) 
Aluminum powder 6000 kg 

Fluorspar 750 kg 

Lime 500 kg 

The reaction gives ca. 11 000 kg of ferronio- 
bium of composition: 

Nb 66.096 

Fe 30.596 

Si 1.5% 

Al 0.5% 

Ti 0.1% 

P 0.1% 

S 0.04% 

C 0.08% 

Pb 0.02% 

and ca. 20€ 000 kg of slag containing: 
Al.0, 48% 

СаО. 25.096 

TiO, 4.096 

BaO 2.0% 

Be, 4.096 

Nb.O; trace 

Tho, 2.0% 

0,05 0.05% 


Special niobium alloys, e.g., nickel-niobium, 
cobalt-niobium,  aluminum-niobium, and 
chromium-niobium, are also manufactured by 
the aluminothermic process. For these alloys, 
which have various niobium contents [197], 
niobium oxide is the only raw material used. 


7.10.2 Uses of Ferroniobium 


Niobium has very marked carbide and ni- 
tride forming properties and is therefore 
mainly used in the production of steels and 
gray iron [198]. The addition of niobium pre- 
vents intercrystalline corrosion in stainless 
austenitic chromium nickel steels and im- 
proves corrosion resistance, weldability, duc- 
tility, and toughness in ferritic chromium 
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steels (199]. Ferroniobium is also used as a 
trace additive in large quantities for the pro- 
duction of high-strength low-alloy (HSLA) 
steels used in automobile body manufacture, 
structural] steels, concrete reinforcing steel, 
and pipelines. Superalloys containing up to 
5% niobium are used for gas turbine compo- 
nents. These materials have high hot strength 
[200, 201]. and mostly have a nickel or copper 
base. The niobium is added in the fórm of 
nickel niobium or cobalt niobium. 


7.11 Ferrotitanium 


7.11.1 Composition and Uses 


Ferrotitanium is described in DIN 17566 as 
a master alloy containing at least 2896 Ti, ob- 


tained by reduction of the corresponding raw 
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Figure 7.34: Ti-Fe phase diagram [202]. 
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materials or their concentrates. The Interna- 
tional Standard for ferrotitanium is ISO 5454- 
1980 (E), which specifies a Ti content of at 
least 2096 and allows greater variation in the 
Al content (up to 10% Al) than DIN 17566. 
The Standards specify not only the chemical 
composition (Table 7.41) but the condition, 
testing methods (sampling and analysis), ship- 
ping, and storage. Ferrotitanium in “normal 
lump form" usually means lumps up to 25 kg 
in weight. Ferrotitanium can also be supplied 
on demand as crushed material and/or sieved 
as agreed. It 1s supplied in sealed steel drums. 


Melting points and densities of some com- 
mercial ferrotitanium alloys are listed in Table 
7.42. 


The binary titanium-iron phase diagram is 


shown in Figure 7.34 [202]. 
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7.9.11 Toxicology and Industrial 
Hygiene 


Ferroboron and boron master alloys are 
generally not toxic, but in the handling of raw 
materials for their production protective mea- 
sures must be taken, e.g., the use of protective 
gloves and glasses as well as dust respirators 
when handling boric acid. In the production 
facilities the usual protective measures (cloth- 
ing, glasses, dust respirators) must also be 
taken. 


7.10 Ferroniobium 


Approximately 85-90% of the total nio- 
bium production is used in the steel industry in 
the form of iron niobium alloy (ferroniobium) 
containing 40-70% niobium. Depending on 
the application, the alloy can also contain 
small amounts of Ta (ferroniobium tantalum), 
e.g., FeNb65T22, which contains 65% Nb and 
2% Ta. Other alloy specifications are given in 
[195]. 


7.10.1 Production 


Ferroniobium is usually produced by alu- 
minothermic reduction of niobium oxide ores, 
with the addition of iron oxides if the niobium 
ore used contains insufficient iron. The start- 
ing materials are mainly columbites and pyro- 
chlore concentrates. 

The enthalpy of the reaction between 
Nb,O, and Al is 276.1 kJ/mol Al, which is 
lower than the threshold value for self-sustain- 
ing aluminothermic reactions. The mixture 
must therefore either be preheated or mixed 
with oxygen-releasing compounds such as 
BaO,, CaO,, KC1O,, KCIO, or NaNO,. 

Concentrates with lower percentages of 
niobium (ca. 4096) can also be treated by the 
aluminothermic process in an electric arc fur- 
nace. Also, a two-stage electroaluminothermic 
process for the production of ferroniobium 
from columbite has been developed [196]. 

The method of operation is to charge the 
mixture of niobium concentrate with the addi- 
tives to refractory lined reaction vessels. Ei- 
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ther the whole mixture is reacted, or a small 
amount is set aside, ignited with a special exo- 
thermic mixture, and added to the bulk mix- 
ture. The molten reaction product is allowed to 
solidify in the furnace, and the block of metal 
separates from the slag. After cooling, it is 
broken into pieces of the required size. 

In the aluminothermic process operated at 
Araxa, Fe-Nb blocks of metal up to 11 t in 
weight are produced. The yield of niobium 
metal is 96-97%. The typical composition of 
a reaction charge is as follows: 


Pyrochlore concentrate 18 000 kg (60% Nb,O,) 
Iron oxide 4000 kg (6896 Fe) 
Aluminum powder 6000 kg 

Fluorspar 750 kg 

Lime 500 kg 


The reaction gives ca. 11 000 kg of ferronio- 
bium of composition: 


Nb 66.0% 
Fe 30.5% 
Si 1.5% 
Al 0.5% 
Ti 0.1% 
P 0.196 
S 0.04% 
C 0.0896 
Pb 0.02% 
and са. 20 000 kg of slag containing: 
А0; 48% 
СаО 25.0% 
TiO, 4.096 
BaO 2.0% 
Bet, 4.0% 
Nb.O, trace 
ThO, 2.0% 
0,05 0.05% 


Special niobium alloys, e.g., nickel-niobium, 
cobalt-niobium, aluminum-—niobium, and 
chromium-niobium, are also manufactured by 
the aluminothermic process. For these alloys, 
which have various niobium contents [197], 
niobium oxide is the only raw material used. 


7.10.2 Uses of Ferroniobium 


Niobium has very marked carbide and ni- 
tride forming properties and is therefore 
mainly used in the production of steels and 
gray iron [198]. The addition of niobium pre- 
vents intercrystalline corrosion in stainless 
austenitic chromium nickel steels and im- 
proves corrosion resistance, weldability, duc- 
tility, and toughness in ferritic chromium 
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steels [199]. Ferroniobium is also used as a 
trace additive in large quantities for the pro- 
duction of high-strength low-alloy (HSLA) 
steels used in automobile body manufacture, 
structural steels, concrete reinforcing steel, 
and pipelines. Superalloys containing up to 
5% niobium are used for gas turbine compo- 
nents. These materials have high hot strength 
[200, 201], and mostly have a nickel or copper 
base. The niobium is added in the foim of 
nickel niobium or cobalt niobium. 


7.11 Ferrotitanium 


7.11.1 Composition and Uses 


Ferrotitanium is described in DIN 17566 as 
a master alloy containing at least 28% Ti, ob- 
tained by reduction of the corresponding raw 
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materials or their concentrates. The Interna- 
tional Standard for ferrotitanium is ISO 5454- 
1980 (E), which specifies a Ti content of at 
least 20% and allows greater variation in the 
Al content (up to 10% Al) than DIN 17566. 
The Standards specify not only the chemical 
composition (Table 7.41) but the condition, 
testing methods (sampling and analysis), ship- 
ping, and storage. Ferrotitanium in “normal 
lump form” usually means lumps up to 25 kg 
in weight. Ferrotitanium can also be supplied 
on demand as crushed material and/or sieved 
as agreed. It is supplied in sealed steel drums. 


Melting points and densities of some com- 
mercial ferrotitanium alloys are listed in Table 
7.42. 

The binary titanium-iron phase diagram is 
shown in Figure 7.34 [202]. 
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Table 7.41: Composition of commercial ferrotitanium alloys DIN 17566. 


Alloy grade Alloy number? 
FeTi 30 0.4530 28-32 . 45 
FeTi 40 0.4540 36-40 6.0 
FeTi 50 0.4550 46-50 75 
FeTi 70 0.4570 65—75 2.0 
FeTi 70 VB (vacuum 0.4571 65-75 0.50 
treated) 





Chemical composition, 96 





T? Total А тах. Simax. Мр Мах. Cmax. Pmax. $ тах. 


4.0 1.5 0.10 0.050 0.060 
4.5 1.5 0.10 0.10 0.060 
4.0 1.0 0.10 0.10 0.060 
0.20 1.0 0.20 0.040 0.030 


0.10 0.20 0.20 0.030 0.030 





*In accordance with DIN 17007, Sheet 3 (draft). 
* Variation within a batch must not exceed 4-296. 


Applications in the Iron and Steel Industry. 
Compared with pure titanium, ferrotitanium 
has the advantages of better solubility (lower 
melting point and higher density) and lower 
price. Titanium is useful mainly because of its 
ability to form a carbide. However, as the af- 
finity of titanium for oxygen is considerably 
higher than for carbon, the steel must be effec- 
tively deoxidized before titanium is added. Ti- 
tanium is only used for this deoxidation in 
special cases. Titanium is also used for nitro- 
gen removal and for bonding with sulfur 
[203]. 

Table 7.42: Melting points and densities of some com- 
mercial ferrotitanium alloys. 


Composition, 9o 





mp, °C , g/cm? 
Ti Al Si Р iu 
30.6 40 3.7 1325-1500 6.2 
39.1 5.8 4.0 1325-1480 5.9 
46.6 7.6 3.2 1305-1480 5.5 
70.0 0.1-0.5 1070-1135 5.4 


In the production of stainless austenitic 
chromium-nickel steels, titanium is added to 
combine with the small amount of carbon 
present to form ТІС ("stabilization"), thereby 
preventing intergranular corrosion (e.g., adja- 
cent to welds). 

Deoxidation of killed steel with titanium 
improves its quality by minimizing oxidic in- 
clusions. Depending on the carbon content, it 
also reduces cracking tendency (grain refine- 
ment of austenite) and increases yield strength 
(titanium-containing ferrite). Titanium addi- 
tion also minimizes segregation in the upper 
part of the ingot on casting, thus improving the 
yield. 

Addition of titanium to tool steels gives a 
finer grain and reduces the depth of hardening 


and hence the cracking tendency. In sulfur- 
containing free-cutting steels, especially 
highly alloyed stainless chrome and chro- 
mium-nickel steels, the sulfur is bonded to the 
titanium. This prevents red shortness and im- 
proves ductility. 

Some complex master alloys with boron 
contain titanium and other elements (BATS = 
boron-aluminum-titanium-silicon). The bo- 
ron is added in small amounts to the steel to 
improve the hardening properties and grain re- 
finement, and the titanium is added to protect 
the boron from nitrogen (by forming TiN). 

High-temperature hardenable alloys based 
on iron and especially nickel (e.g., nimonic al- 
loys) contain up to 4.596 Ti [204]. Here, the ti- 
tanium reacts with the aluminum and nickel to 
form coherent particles with the composition 
Ni,(Ti, AD, which cause precipitation harden- 


ing. Titanium is also used as а microalloying 


element in high-strength, low-alloy (HSLA) 
steels [205]. 

The addition of titanium to cast iron causes 
the formation of finer graphite on supercool- 
ing, thereby improving the mechanical proper- 
ties. 

Powdered ferrotitanium and ferrosilicon- 
titanium alloys, sometimes with higher alumi- 
num contents, are used as coatings on welding 
electrodes. Also, welding wires for HSLA 
steels are alloyed with ca. 0.5% Ti to give a 
fine-grained weld bead. 


7.11.2 Production 


The starting materials for the production of 
ferrotitanium are ilmenite, leucoxene, perov- 
skite, and slag concentrates produced from il- 
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menite. Because of the increasing availability 
of titanium scrap, this also is used to an in- 
creasing extent for the production of ferrotita- 
nium (mostly > 70% Ti) and other titanium 
master alloys. | 


Reduction with Carbon. Carbothermic pro- 
duction in electric arc furnaces leads to high 
carbon contents in the ferrotitanium. How- 
ever, as the main use of ferrotitanium. is to 
combine with the carbon in steel, the presence 
of carbon in the ferrotitanium is undesirable, 
and this production method is therefore now 
hardly used. The carbothermic production of 
ferrotitanium containing 15-18% Ti, 5-896 C, 
1-3% Si, and 1-2% AI, and of ferrosilicon ti- 
tanium containing ca. 30% Ti, ca. 30% Si, up 
to 0.3% C, and 1-3% Al is described in [206]. 


Metallothermic Production. DIN 17566 


- specifies grades of ferrotitanium containing 
28-50% Ti and 4.5-7% Al. These are mainly ` 


produced by the aluminothermic process. The 
reduction of TiO, by Al proceeds via TiO. 


3TiO, + 2Al + 3TiO + ALO, 
3TiO + 2Al 9 3Ti + ALO, 


If there is too much TiO, in the reaction 
mixture, TiO can be formed as a third phase 
besides the metal and slag [207]. In the alumi- 
nothermic production of ferrotitanium there is 
a high consumption of aluminum, as it reacts 
both with the iron oxide in the ilmenite and 
with the oxygen-producing substances added 
to increase the exothermicity. 

An aluminothermic mixture, consisting, for 
example, of 4320 kg Australian ilmenite 
(58.55% TiO), 480 kg rutile (96.7% ТіО,), 
190 kg calcined limestone, 107 kg potassium 
perchlorate, and 1693 kg Al powder, is placed 
in a refractory-lined combustion vessel and ig- 
nited to start the reaction. After cooling, a 
2250 kg block of ferrotitanium is obtained 
containing 39.8% Ti, 6.7% Al, 3.4% Si, and 
0.02% C, which separates well from the slag. 
The titanium yield is 50%, and the specific 
consumption of aluminum (based on the Ti in 
the ferrotitanium) is 1.89 kg Al/kg Ti. 

n the electro-aluminothermic process, 
which is carried out in an arc furnace, the raw 
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materials contain as little iron oxide as possi- 
ble, so that most of the aluminum is used to re- 
duce titanium oxide. The consequent lack of 
exothermicity is compensated by electrical en- 
ergy. A process developed in France is now 
widely used [208]. Here, an ilmenite concen- 
trate, after addition of lime, is partially re- 
duced with carbon in an electric-arc furnace to 
give a slag concentrate with a high concentra- 
tion of titanium oxide, and the reduced'iron is 
tapped off. The molten slag is then reduced in 
several stages by blowing in aluminum and 
iron, producing ferrotitanium of the desired 
composition. 


In a process developed by the Gesellschaft 
für Elektrometallurgie [209]; a calcium oxide/ 
titanium oxide melt containing ca. 75% TiO, 
is first produced from prereduced ilmenite, 
from rutile and lime, or from perovskite with 
addition of iron scrap, and is reacted with a 
molten aluminum iron alloy containing 60— 
70% Al in a reaction ladle to give ferrotita- 
nium and slag. Yields of titanium of 60-67% 
are obtained, and the specific aluminum con- 
sumption is 1.0-1.1 kg Al/kg Ti. 


Production from Titanium Scrap and 
Sponge. As the availability of titanium scrap 
is increasing with the growth in the consump- 
tion of titanium, it is being increasingly used 
for the production of ferrotitanium (mainly 
high-grade material containing 65-75% Ti) 
arid ferrotitanium-silicon. Because of its low 
melting point (ca. 1100 °C) the alloy contain- 
ing 70% titanium melts comparatively readily 
when alloyed with iron in an induction fur- 
nace, in an arc furnace with consumable elec- 
trodes under vacuum or argon, or in an 
electroslag melting furnace. Contact of the 
melt with air must be prevented because of the 
strong affinity of titanium for oxygen and ni- 
trogen. Ferrotitanium can also react with re- 
fractory crucibles [210]. The high-grade 
ferrotitanium alloys produced by melting un- 
der vacuum are designated FeTi 70 VB in DIN 
17566. 


Caleium-silicon-titanium alloys are pro- 
duced by melting together commercial cal- 
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cium silicon and titanium sponge or scrap in 
an induction furnace [206, p. 579]. 


7.11.3 Economic Aspects 


The prices of ferrotitanium are published in 
the London “Metal Bulletin”, and the monthly 
average prices (from the Metal Bulletin), with 
the corresponding exchange rates, have been 
published since 1979 in the journal Erzmetall 
[211]. 


7.12 Ferrovanadium 


According to DIN 17563 [212], ferrovana- 
dium is “а master alloy with a vanadium con- 
tent of at least 5096 produced by reduction of 
the corresponding raw materials or their con- 
centrates". In the United States alloys with 
lower vanadium contents are also commer- 
cially available. The iron vanadium and vana- 
dium aluminum master alloys and the 
commercial grades of vanadium alloys are 
listed in Table 7.43. 


Table 7.43: Commercial grades of vanadium master al- 
loys [213, 214]. 





ip iit Ae A FREE ы == ===— == к= 
Ferrovanadium %V 96 C. 96 Si % Al 
FeV 40 35—48 0.5 2.0 0.5 
FeV 50 48-60 0.5 2.0 0.3 
FeV 60 50-65 «0.15 «L5 «2,0 
FeV 80 78-82 0.15 1.5 «L5 





Vanadium, wt% ——»- 





0 
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Figure 7.35: Phase diagram Fe-V [215]. 
The Fe-V phase diagram (Figure 7.35) 
shows almost complete mutual solubility of 
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the elements. At compositions approximating 
to FeV below 1200 °C, a o-phase exists which 
forms tetragonal crystals. 


7.121 Production from Vanadium 
Oxides 


The reduction of vanadium oxides is as- 
sisted by the presence of iron, as the activity of 
the vanadium is reduced, and the solubility of 
oxygen in vanadium-iron is much lower than 
in pure vanadium, because of the lower melt- 
ing point [216]. The vanadium oxides can 
therefore be reduced with carbon, silicon, and 
aluminum in the presence of iron, the product 
being ferrovanadium. 


Reduction with Carbon. The high affinity of 
vanadium for carbon leads to carbide forma- 
tion, so that carbothermic reduction can only 
be used when there is no requirement for vana- 
dium with low carbon content. The Union 
Carbide Corporation has developed a process 
that gives a V4C-containing alloy known as 
Carvan [217], with a C content in the range 
10-13% [213]. 

Reduction with Silicon. Under today's condi- 
tions for the processing of УО», silicothermic 
reduction is no longer generally profitable, as 
the process has multiple stages and gives a 
poor vanadium yield in the form of a low-va- 
nadium ferrovanadium. The vanadium losses 
in this process are 10-25% [218]. 


Reduction with Aluminum. The high-vana- 
dium grades of ferrovanadium, FeV 60, FeV 
80, and FeV 90, are now usually produced by 
aluminothermic treatment of У,0;. The alu- 
minothermic process can readily be controlled 
on a large scale. It is especially suitable for the 
treatment of vanadium pentoxide because it 
gives a high yield of high-grade ferrovana- 
dium in a single process step. 

After ignition, the reaction of V,O, with 
aluminum is self-sustaining. Some of the mix- 
ture of VO, flakes, aluminum powder or 
granules, fine steel shot, and an initiating mix- 
ture (e.g., BaO, + Al powder) is ignited, and 
further quantities of the mixture are then 
added. The combustion time for the usual 
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batch size (to produce 0.5—1 t metal) is only a 
few minutes. After cooling for 2—3 d, the fur- 
nace is dismantled, and the block of metal at 
the bottom is cleaned and crushed or ground to 
the commercially desired particle size. 


As the reaction proceeds very rapidly, the 
aluminum in the metal and the vanadium ox- 
ide in the slag may not attain equilibrium, so 
that the vanadium content of the slag mày be 
too high. To prevent this, an electric arc is ig- 
nited after completion of the aluminumother- 
mic reaction to maintain the molten state of 
the melt and the slag until reaction is complete 
[219]. 


7.12.2 Direct Production from 
Slags and Residues 


Enriched vanadium-containing oxidation 
slags can also be processed directly to a tech- 
nical-grade ferrovanadium. In the method of 
Christiania Spigerverk [220], a 50% ferrova- 
nadium is obtained in an electric arc furnace 
by a two-stage reduction process. In the first 
stage, the FeO fraction of the slag is reduced 
with ferrosilicon (FeSi 75) with addition of 
lime, and in the second stage the slag obtained 
in the first stage is reduced with 90% silicon 
to give a ferrovanadium alloy. The vanadium 
yield is 80%, and the FeV still contains traces 
of Si, Cr, Mn and Ti. 


Ferrovanadium can be obtained by the elec- 
trosilicothermic treatment of high-vanadium 
boiler ashes and enriched fly ash, either alone 
or in combination with vanadium-containing 
oxidation slags, depending on their composi- 
tion. As oil residues and fly ash contain only 
small amounts of iron, the iron removal stage 
normally necessary with oxidation slags can 
be omitted. 


7.13 Ferromolybdenum 


In the steel and foundry industry molybde- 
num is added to melts, either as technical ox- 
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ide or in the form of ferromolybdenum. Table 
7.44 summarizes the internationally standard- 
ized ferromolybdenum alloys; the typical mo- 
lybdenum content ranges from 55 to 75%. 
Compared to pure molybdenum, ferromolyb- 
denum dissolves much more easily in the steel 
melt and is cheaper to produce. Practical expe- 
rience has shown that alloys with up to 75% 
molybdenum do not cause any dissolution 
problems. Nevertheless there is still a demand 
for 65% molybdenum alloys which are even 
less critical as regards dissolution characteris- 
tics. The Fe-Mo phase diagram is shown in 
Figure 7.36. Due to the limited information 
available, the melting temperatures of the al- 
loy at high molybdenum concentrations can 
only be estimated. In practice they are likely to 
be considerably lower than indicated by the 
phase diagram because of significant concen- 
trations of silicon and other impurities. 
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Figure 7.36: Fe-Mo phase diagram showing estimated 
liquidus (L) compositions at higher molybdenum concen- 
trations [221]. о, б, and R are intermetallic phases. 
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Table 7.44: International specifications for ferromolybdenum. 





Composition, % 





Specification Symbol/designation 
Mo 
ASTM A 132-74 Ferromolybdenum 60.0 min. 
(reapproved 1979) (formerly grade B) 


DIN 17561 FeMo 70 (0.4270*) 60-75° 
FeMo 62 (0.4262") .58-65* 
ISO 5452 FeMo 60 55.0—65.0* 
FeMo60Cul 55.0-65.0 
FeMo 60 Cu 1.5 55.0-65.0 
FeMo 70 65.0—75.0* 
FeMo 70 Cu 1 65.0—75.0 
FeMo 70 Cu 1.5 65.0—75.0 
Japanese Industrial 
Standard, JIS G 
2307 1978 
Class: 
High-carbon ferro- 
molybdenum - FMoH 55.0—65.0* 
Low-carbon ferro- 
molybdenum FMoL 60.0—70.0* 


Si C S P Cu Pb Sn 


(max.) (max.) (max.) (max. (max) (max) (max.) 


1.0 0.10 0.15 0.05 1.0 0.01 0.01 


1.0 010 O10 0.10 0.5 
2.0 0.50 0.10 0.10 1.0 


1.0 0.10 0.10 0.05 0.5 
1.5 0.10 0.10 0.05 1.0 
2.0 0.50 0.15 0.05 1.5 
1.5 0.10 0.10 0.05 0.5 
2.0 0.10 0.10 0.05 1.0 
2.5 0.10 020 0.10 1.5 


3.0 6.0 0.20 0.10 0.5 
2.0 0.10 0.10 0.06 0.5 





* Material numbers in preparation, proposed numbers. 
> The range of variation within a lot may not exceed +29%%, 


* The range of variation within a graded lot should not exceed 3% absolute, 


The principal raw materials used for ferro- 
molybdenum production are molybdenum 
concentrates and technical-grade molybde- 
num trioxide. One method proposed for the 
production of ferromolybdenum used molyb- 
denum concentrates which were reacted with 
ferromanganese to form ferromolybdenum 
and manganese sulfide [222]: 


MoS, + 2Mn > Мо + 2MnS 


Due to the high Gibbs free energy of manga- 
nese(II) sulfide formation, this reaction is 
claimed to yield ferromolybdenum with a rela- 
tively low sulfur concentration, but a further 
sulfur removal step appears to be necessary. 
This process is not, however, used on a com- 
mercial basis. 

Technical-grade molybdenum trioxide is 
commonly used as the molybdenum raw mate- 
rial. Because of its high value and the fact that 
MoO, starts to sublime at 700 °C, electrostatic 
precipitators or bag houses must be used to 
collect the molybdenum dust and sublimates 
for recirculation. Good housekeeping is also 
essential to minimize molybdenum handling 
losses. 

Two principal processes are used for mo- 
lybdenum oxide reduction: carbothermic re- 


duction in a submerged arc furnace and 
metallothermic reduction. The most com- 
monly applied method is the silicothermic re- 
duction, a type of metallothermic reduction. 


7.13.1 Submerged Arc Furnace 
Carbothermic Reduction 


The carbothermic reduction of MoO, can 
proceed as follows: 


2MoO, + 2C 2 2MoO, + 2CO 
MoO, + 2C 2 Mo+2CO 


or with formation of molybdenum carbide: 
MoO, + 2.5C — 0.5Мо,С + 2CO 


The Gibbs free energies of oxide and carbide 
formation are shown in Figure 7.37 as a func- 
tion of temperature. The reduction of MoO, 
starts at fairly low temperatures. If the process 
were run at these temperatures (i.e., < 600 °C) 
then Mo,C would be formed because it is 
more stable than molybdenum. However, 
since the process is run at 1700-2000 °C, any 
intermediately formed molybdenum carbide 
reacts to form molybdenum metal: 


2Мо,С + MoO, 3 5Mo + 2CO 





| 
| 
| 
| 
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Figure 7.37: Gibbs free energy of oxide and carbide formation [223]. Т = transformation point; M, = melting point of 


metal; M, = melting point of oxide. 


Under practical conditions the resulting metal 
alloy is low in carbon. | 

Because of the commercial disadvantages 
of the process, detailed literature describing 
the process is limited [224—227]. The process 
was previously run in single-phase 300—500 
kW and three-phase 1500—2000 kW electric 
arc furnaces. The use of the single-phase arc 
furnace seems to have been more successful 
because of its higher energy density within the 
furnace. A single-phase system with a cylin- 
drical magnesite or carbon-based rammed fur- 
nace body and equipped with a bottom carbon 


electrode is shown in Figure 7.38. The top 
electrode is adjustable and the whole furnace 
arrangement runs on tracks so that it can easily 
be replaced with a new unit. The process is run 
batchwise, producing a semimolten metal 
block and a slag. The slag contains up to 10% 
molybdenum oxide and must be retreated by 
remelting. Melting of a 1.5-2 t metal block 
takes about 20-28 h. To separate metal and 
slag, the furnace assembly must be stripped 
and later rebuilt for reuse. 

Raw materials are technical-grade molyb- 
denum oxide; iron ore or millscale, steel 
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punchings, nail nips or turnings; lime and flu- 
orspar as fluxing agents; and charcoal as re- 
ducing agent. To minimize MoO, sublimation, 
the concentrate and carbon material are bri- 
quetted. The reaction is started by melting slag 
from a previous reaction and adding the bri- 
quetted mixture to the slag to avoid molybde- 
num sublimation. Once the initial reduction to 
MoO, has taken place, sublimation is avoided. 
The resulting slag consists of some unreduced 
MoO, and FeO which has a higher Gibbs free 
energy than MoO, (Figure 7.37). To improve 
metal-slag separation, lime and fluorspar are 
added. The slag should be fluid and is tapped 
toward the end of the reduction cycle. The 
metal block is stripped while it is still red hot 
and quenched in water to aid subsequent 
crushing. The metal must be hand-sorted to re- 
cycle any parts of the block contaminated with 
slag. The resulting molybdenum-rich slag has 
to be remelted in a separate process into a low- 
molybdenum, high-carbon intermediate alloy 
which is recycled. 





Figure 7.38: Single-phase submerged arc furnace [227]: 
a) Furnace with rammed lining; b) Bottom electrode 
power supply bar; c) Bottom electrode (carbon); d) Top 
electrode; e) Electrode clamp with power supply cables: f) 
Electrode control; g) Transformer. 
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Table 7.45: Consumables required to produce 1 t of ferro- 
molybdenum in the carbothermic process [227]. 


Single-phase Three-phase 


Consumable furnace furnace, 
300 kW 1500 kW 
Roasted Mo concentrate, kg 1160 1420 
Remelt material, kg 280 330 
Slag treatment metal, kg 165 168 
Nail nips. kg 172 230 
Platescale, kg 290 102 
Lime, kg 150 178 
Fluorspar, kg 150 178 
Charcoal, kg 255 310 
Electrodes, kg 95 135 
Power, kWh 4300 4450 
Products 
Ferromolybdenum, kg 1000 1000 
Remelt, kg 270 250 
Dust, kg 66 





Table 7.45 shows the consumption of elec- 
tric energy and ingredients required to pro- 
duce ferromolybdenum using the 
carbothermic process. 


7.13.20 Metallothermic Reduction 


Metallothermic reduction in which silicon 
(or aluminum) is used to reduce the MoO, is 
the commonly used production process for 
ferromolybdenum today. Its advantages are 
that it is a single-step process which results in 
a saleable metal and a low-molybdenum slag 
and that it requires only basic process equip- 
ment. Due to the large difference in the Gibbs 
free energy for aluminum oxide and silicon di- 
oxide formation compared to molybdenum 
oxide formation (Figure 7.37), the reduction 
process approaches 100% molybdenum re- 
duction. | 

An aluminothermic or silicothermic геас- 
tion must be sufficiently exothermic to melt 
all the reaction constituents resulting in satis- 
factory separation of the liquid metal and liq- 
uid slag phases before cooling. According to 
SHEMTCHUSHNY, a minimum specific heat of re- 
action of -2700 kJ/kg is required for a reaction 
to be self-sustained [228]. This assumes that 
no additional heat is added to the reaction 
(e.g., by preheating the charge or by adding 
booster oxides and further reducing metal). 
Consideration of the specific heats of reaction 
shows that both aluminum and silicon can be 
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used to reduce MoO, in self-sustained reac- 
tions: 

*/;MoO, +Si Мо + SiO, -3241 kJ/kg 

1 МоО, + Al !/,Мо + А.О, 4689 kJ/kg 

If aluminum is reacted with MoO,, the result- 
ing heat of reaction is very high, leading to ex- 
cessive evaporation of MoO, and the danger 
of an explosion of the reaction mixture. 

Consequently, silicon is the preferred re- 
ducing element. Furthermore, less silicon is 
necessary compared to aluminum (stoichio- 
metric consumption is 0.439 kg silicon per ki- 
logram of molybdenum, compared to 0.562 kg 
aluminum per kilogram of molybdenum) and 
silicon in the form of ferrosilicon is consider- 
ably cheaper than aluminum. 

Practical experience, even when using 
charges much larger than a 200 kg, shows that 
silicon alone does not result in a self-sustained 
reaction. Some of the silicon must therefore be 
replaced with aluminum or other elements 
with a similar oxygen affinity. Some of the re- 
quired iron is often added in the form of 
millscale or iron ore concentrates which react 
with silicon or aluminum to generate addi- 
tional heat. Part of the iron remains as FeO in 
the slag and acts as a fluxing agent. Further 
fluxing agents are lime and fluorspar, which 
are necessary to ensure good separation of 
metal and slag and low molybdenum concen- 
trations (typically « 196) in the slag. The dust 
generated in the process can contain up to 5% 
of the molybdenum in the charge. Any dust 
and sublimed MoO, must be extracted, recov- 
ered, and recycled to achieve an overall mo- 
lybdenum yield of 97-99%. 

To achieve reproducible reactions, a homo- 
geneous mixture of the precisely weighed re- 
action ingredients is required. All ingredients 
must be dry, well-calcined, and ideally their 
particle size should be < 1 mm. A typical fir- 
ing arrangement is shown in Figure 7.39. The 
crucible unit consists of a circular or square, 
sand- or brick-lined base section and a cylin- 
drical refractory-lined, steel section that con- 
tains the reaction slag. The mix feeding 
arrangement allows part of the reaction mix- 
ture to be placed into the well-dried crucible 


481 


unit. The reaction is started by adding a small 
amount of a mixture of barium peroxide and 
aluminum to a special starter mix which tends 
to be more exothermic than the main mix. 
Once the main mix has started to react, the 
bulk of the reaction mix is continuously fed 
into the crucible arrangement. Total reaction 
times of 30—60 min for metal block weights of 
1-4 t can be expected. After completion of the 
reaction, metal and slag are allowed to segre- 
gate for another 30-60 min before the bulk of 
the slag is tapped off. The red-hot metal block 
is then stripped off the furnace base and 
quenched in water to aid crushing. Jaw crush- 
ers are commonly used for crushing the metal. 
Considerable care has to be taken when sam- 
pling the metal for molybdenum content be- 
cause the molybdenum tends to segregate 
within the block. Any highly segregated metal 
and metal contaminated with slag inclusions is 
recycled for remelting. Good housekeeping is 
necessary to recycle all splashings, floor 
sweepings, etc. and achieve a good total mo- 
lybdenum yield. 

In a process modification used by Duval 
Corporation, Duval Sierrita [230], the entire 
reaction mix is charged into the reaction cruci- 
ble before ignition. The advantage is that con- 
trolled addition of the reaction mix is not 
required. The disadvantages are that the reac- 
tion speed cannot be controlled by varying the 
feed rate and that a larger crucible unit is re- 
quired to contain the initial mixture. 

Recent developments have centered on im- 
proving process economics. Automatic han- 
dling and weighing of the raw materials as 
well as finished metal and ferromolybdenum 
slag is one area of activity. Other activities 
center around the optimization of ingredient 
and consumable costs. 


Metallothermic mixtures used to produce 
ferromolybdenum are summarized in Table 
7.46. Mixtures A—D represent different possi- 
bilities of increasing the reaction heat by using 
aluminum or calcium in the form of a cal- 
cium-silicon or a ferrosilicon—aluminum alloy 
[227]. Reaction D can be regarded as a fairly 
typical ferromolybdenum reaction mix; it 
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gives 87 kg ferromolybdenum with 67-73 % 
molybdenum, 0.05-0.08% carbon, 0.03- 
0.05% sulfur, 0.25-0.6% silicon and 5 kg re- 
melt metal as well as a slag containing 0.34% 
Mo, 13.85% Fe, 7.4% СаО, 9.9% 





х) 
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А1,О,, and 64.5% SiO,. The reaction mix also 
contains recycled dust and metal remelt which 
is normal practice when continuously produc- 
ing ferromolybdenum. 









Figure 7.39: Metallothermic firing arrangement [229]: a) Storage hopper for iron ore or millscale; b) Storage hopper for 
roasted Mo concentrate; c) Storage hopper for fluorspar; d) Storage hopper for aluminum and ferrosilicon (7596 Si) pow- 
der; e) Mixing hopper; f) Balance: g) Air lift system; h) Firing hopper; i) Reaction vessel; k) Electrostatic precipitator. 


Table 7.46: Reaction mixtures used for ferromolybdenum production. 


Durrer, VOLKERT [227] 
Component 
A B с 
Roasted Мо concentrate, ко 100 100 100 100 
MoO, concentration, 96 ca.90 са. 90 ca.90 ca.90 
Platescale, kg 29 16—18 35 51 
Fe ore, kg 
Fe concentration, 96 
Fe turnings, kg 5-6 18 
Fe scrap. kg 
Ferrosilicon, kg 31.5 213 65° 38 
Si concentration, 96 75 75 45 75 
Ca-Si alloy. kg 17-18 
A] powder. kg 9.0 5 
A] concentration, 96 99.5 99.5 
Lime, kg 2.5 
Fluorspar, kg 7 7.5 
CaF, concentration, % 
Dust. kg 9.5 
Remelt, kg 5.5 


*Up to 36 mixes used in one reaction. 
^ Mix preheated to 150 °C. 

* Calculated mix. 

d Fe shot. 

*FeSi 45 Al 10 alloy. 


Literature from the 
former Soviet Union 


[233] [234] [235] 
н" Р г 


Climax Molybdenum 
[31] [232] [232] 
E F G 


100 100 100 100 100 100 
85 85 85 81.7-84 80.3 85 


242 22.5 
26.9 26 22 29.6 
69 657 671 
19.5 
1734 52% 19 19.2 
489 208 31.2 351 316 368 
50 75 75 75 71 73.6 
5.1 121 69 3.7 4.3 3.8 
93 93 99 
7 8.7 3.0 3 
22 52 2.0 3 2 
95 
52 
6.9 
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Mixtures E-G have been reported to have 
been used by Climax Molybdenum in their 
Langeloth (USA) plant [231]. The mixtures 
are based on 100 kg technical molybdenum 
oxide input with 85% MoO, in the technical 
oxide. Reaction E can be regarded as a typical 
reaction mix for a ferromolybdenum with 58- 
6496 molybdenum. The maximum impurity 
levels quoted were 0.1% carbon, 0.2594: sul- 
fur, 0.5% copper, and 1% silicon. Reaction G 
can be regarded as a typical reaction mix 
yielding an approximately 7096 molybdenum 
alloy. 


Mixtures H—J have been taken from litera- 
ture from the former Soviet Union [233—235]. 
Mixture H gives ferromolybdenum containing 
60-65% molybdenum, 0.15-0.9% silicon, 
0.04% phosphorus, 0.08% sulfur, 0.05% car- 
bon, and ca. 0.5% copper and slag containing 
0.06-0.17% molybdenum, 67-70% S1O,, 7- 
11% FeO, 10-13% А1,0,, 6-8% СаО, and 1— 
3% MgO. Mixture I uses a mix preheating to 
150 °C, and should have resulted in a ferromo- 
lybdenum with ca. 56% molybdenum (calcu- 
lated). Mixture J is part of a calculated: 
formulation according to Ervurm [235]. The 
calculation is based on 96.8 kg ferromolybde- 
num containing 58.14% molybdenum, 0.53% 
silicon, and 0.07% carbon and 87 kg slag con- 
taining 65.65% silicon oxide, 10.06% alumi- 
num oxide, and 24.28% iron(II) oxide. A heat 
balance has been calculated for this formula- 
tion. The total heat generated is 422.45 М1, 
This heat is assumed to be consumed to pro- 
vide the latent and melting heat for the metal 
(25%), the slag (50%), and to cover the heat 
losses of 25%. 
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Preface 





Extractive metallurgy is that branch of met- 
allurgy that deals with ores as raw material and 
metals as finished products. Tt is an ancient art 
that has been transformed into a modern sci- 
ence as a result of developments in chemistry 
and chemical engineering. The present volume 
is a collective work of a number of authors in 
which metals, their history, properties, extrac- 
tion technology, and most important inorganic 
compounds and toxicology are systematically 
described. 

Metals are neither arranged by alphabetical 
order as in an encyclopedia, nor according to 
the Periodic Table as in chemistry textbooks. 
The system used here is according to an eco- 
nomic classification which reflects mainly the 
uses, the occurrence, and the economic value of 
metals. First, the ferrous metals, i.e., the pro- 
duction of iron, steel, and ferroalloys are out- 
lined. Then, nonferrous metals are subdivided 
into primary, secondary, light, precious, refrac- 
tory, scattered, radioactive, rare earths, ferroal- 
loy metals, the alkali, and the alkaline earth 
metals. 

Although the general tendency today in 
teaching extractive metallurgy is based on the 
fundamental aspects rather than on a system- 
atic description of metal extraction processes, 
it has been found by experience that the two 
approaches are complementary. The student 
must have a basic knowledge of metal extrac- 
tion processes: hydro-, pyro-, and electromet- 
allurgy, and at the same time he must have at 
his disposal a description of how a particular 
metal is extracted industrially from different 
raw materials and know what are its important 


compounds. It is for this reason, that this . 


Handbook has been conceived. 


The Handbook is the first of its type for ex- 
tractive metallurgy. Chemical engineers have 
already had their Perry's Chemical Engineers ' 
Handbook for over fifty years, and physical 
metallurgists have an impressive 18-volume 
ASM Metals Handbook. It is hoped that the 


present four volumes will fill the gap for mod- 
ern extractive metallurgy. 

The Handbook is an updated collection of 
more than a hundred entries in Ul/mann’s En- 
cyclopedia of Industrial Chemistry written by 
over 200 specialists. Some articles were writ- 
ten specifically for the Handbook. Some prob- 
lems are certainly faced when preparing such 
a vast amount of material. The following may 
be mentioned: 


e Although arsenic, antimony, bismuth, bo- 
ron, germanium, silicon, selenium, and tel- 
lurium are metalloids because they have 
covalent and not metallic bonds, they are in- 
cluded here because most of them are pro- 
duced in metallurgical plants, either in the 
elemental form or as ferroalloys. 


e Each chapter contains the articles on the 
metal in question and its most important inor- 
ganic compounds. However, there are certain 
compounds that are conveniently described 
together and not under the metals in question 
for a variety of reasons. These are: the hy- 
drides, carbides, nitrides, cyano compounds, 
peroxo compounds, nitrates, nitrites, silicates, 
fluorine compounds, bromides, iodides, 
sulfites, thiosulfates, dithionites, and phos- 
phates. These are collected together in a spe- 
cial supplement entitled Special Topics, under 
preparation. 

e Because of limitation of space, it was not pos- 
sible to include the alloys of metals in the 
present work. Another supplement entitled 
Alloys is under preparation. 


e Since the largest amount of coke is con- 
sumed in iron production as compared to 
other metals, the articles “Coal” and “Coal 
Pyrolysis” are included in the chapter deal- 
ing with iron. 

Tam grateful to the editors at VCH Verlags- 
gesellschaft for their excellent cooperation, in 
particular Mrs. Karin Sora who followed the 
project since its conception in 1994, and to 


vi 


Jean-Frangois Morin at Laval University for 
his expertise in word processing. 

The present work should be useful as a refer- 
ence work for the practising engineers and the 
students of metallurgy, chemistry, chemical en- 
gineering, geology, mining, and mineral benefi- 
ciation. Extractive metallurgy and the chemical 
industry are closely related; this Handbook will 
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therefore be useful to industrial chemists as well. 
It can also be useful to engineers and scientists 
from other disciplines, but it is an essential aid 
for the extractive metallurgist. 


Fathi Habashi 
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8.1 Introduction 


Copper, the red metal, apart from gold the 
only metallic element with a color different 
from a gray tone, has been known since the 
early days of the human race. It has always 
‘been one of the significant materials, and to- 
day it is the most frequently used heavy non- 
ferrous metal. The utility of pure copper is 
based on its physical and chemical properties, 
above all, its electrical and thermal conductiv- 
ity (exceeded only by silver), its outstanding 
ductility and thus excellent workability, and 
its corrosion resistance (a chemical behavior 
making it a half-noble metal). 


Its common alloys, particularly brass and 
bronze, are of great practical importance. Cop- 
per compounds ores are distinguished by 
bright coloration, especially reds, greens, and 
blues. Copper in soil is an essential trace ele- 
ment for most creatures, including humans. 


Etymology. According to mythology, the god- 
dess Venus (or Aphrodite) was born on the 
Mediterranean island of Cyprus, formerly 
Kunpog (Greek), where copper was exploited 
millennia before Christ. Therefore, in early 
times the Romans named it cyprium, later 
called cuprum. This name is the origin of cop- 
per and of the corresponding words in most 
Romance and Germanic languages, e.g., cobre 
(Spanish and Portuguese), cuivre (French), 
Kupfer (German), koper (Dutch), and koppar 
(Swedish). 

A "cross with handle", from the Egyptian 
epoch, was called the mirror of Venus. In the 
alchemistic period, this sign meant the metal 
copper. Even now in astronomy it designates 


the planet Venus and in biology stands for "fe- 
male". 


History [21—24]. The first metals found by 
Neolithic man were gold and copper, later sil- 
ver and meteoric iron. The earliest findings of 
copper are presumed to be nearly nine millen- 
nia old and came from the region near Konya 
in southern Anatolia (Turkey). Until recently 
the six-millennia-old copper implements 
from Iran (Tele Sialk) were presumed to be the 
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oldest. In the Old World, copper has been 
worked and used since approximately: 
7000 B.C. Anatolia 
4000 B.C. Egypt, Mesopotamia, Palestine, Iran, and 
Turkestan 
3000 B.C. Aegean, India 
2600 B.C. Cyprus 
2500 B.C. Iberia, Transcaucasis, and China 
2200 B.C. Central Europe 
2000 B.C. British Isles 
1500 B.C. Scandinavia 
Empirical experience over millennia has 
led to an astonishing knowledge of copper 
metallurgical operations: 


e Native copper was hardened by hammering 
(cold working) and softened by moderate 
heating (annealing). 


e Heating to higher temperatures (charcoal 
and bellows) produced molten copper and 
made possible the founding into forms of 
stone, clay, and later metal. 


Similar treatment of the conspicuously col- 
ored oxidized copper ores formed copper 
metal. 


The treatment of sulfide copper ores (chal- 
copyrite), however, did not result in copper 
metal, but in copper matte (a sulfidic inter- 
mediate). Not before 2000 B.C. did people 
succeed in converting the matte into copper 
by repeated roasting and smelting. 


e In early times, bronze (copper-tin alloy) 
was won from complex ores, the Bronze 
Age beginning ca. 2800 B.C. At first, cop- 
per ores were smelted with tin ores; later, 
bronze was produced from metallic copper 
and tin. Brass (copper-zinc alloy) was 
known ca. 1000 B.C. and became widely 
used in the era of the Roman Empire. 

In Roman times, most copper ore was 
mined in Spain (Rio Tinto) and Cyprus. With 
the fall of the Roman Empire, mining in Eu- 
rope came to a virtual halt. In Germany (Sax- 
ony), mining activities were not resumed until 
920 A.D. During the Middle Ages, mining and 
winning of metals expanded from Germany 
over the rest of Europe. In the middle of the 
16th century, the current knowledge of metals 
was compiled in a detailed publication [23] by 
Georgius Agricola, De Re Metallica (1556). 
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Independent of the Old World, the Indians 
of North America had formed utensils by 
working native copper long before the time of 
Christ, although the skills of smelting and 
casting were unknown to them. On the other 
hand, the skill of copper casting was known in 
Peru ca. 500 A.D., and in the 15th century the 
Incas knew how to win the metal from sulfide 
ores. 

Around 1500, Germany was “the “world 
leader in copper production, and the Fugger 
family dominated world copper trade. By 
1800, England had gained first place, process- 
ing ores from her own sources and foreign pits 
into metal. Near 1850, Chile became the most 
important producer of copper ores, and toward 
the end of the last century, the United States 
had taken the world lead in mining copper ores 
and in production of refined copper. 

Technical development in the copper indus- 
try has made enormous progress in the last 120 
years. The blast furnace, based on the oldest 
principle of copper production, was continu- 
ally developed into more efficient units. Nev- 
ertheless, after World War I, it was 
increasingly replaced by the reverberatory für- 
nace, first constructed in the United States. 
Since the end of World War П, this furnace has 
been superseded slowly by the flash smelting 
furnace invented in Finland. Recently, several 
even more modern methods, especially from 
Canada and Japan, have begun to compete 
with the older processes. 

An important development in producing 
crude metal was the application of the Besse- 
mer converter concept to copper metallurgy 
by Manhés and David (France, 1880): this 
principle is still the most widely used method 
for copper converting in the world. 

Over time the requirements for copper pu- 
rity have become increasingly stringent. The 
invention and development of electrolysis by 
J. B. Elkington (England, 1865) and E. Wohl- 
will (Germany, 1876) made refining of high- 
purity copper possible. 

In addition, the quantity of copper pro- 
duced has increased immensely (Table 8.1). 
Since 1880, ca. 275 x 10$ t was mined be- 
tween 1800 and 1900. 
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Table 8.1: World mine production of copper (approxi- 
mate, from several sources). 








Year Production, Year Production, 
10t 103 1 
1700 9 1960 4200 
1800 17 1965 5000 
1850 57 1970 6400 
1900 450 1975 7300 
1950 2500 1980 7900 
1955 3100 1984 8100 


8.2 Physical Properties g 


Most properties of metallic copper depend on 

the degree of purity and on the source of the 

metal. Variations in properties are caused by: 

e Grade of copper, i.e., the oxygen content: 
tough-pitch, deoxidized copper oxygen- 
free copper 

e Content of native impurities (e.g., arsenic) 
or remnants of additives (e.g., phosphorus), 
which form solid solutions or separate 
phases at the grain boundaries 

e Thermal and mechanical pretreatment of the 
metal, which lead to states such as cast cop- 
per, hot-rolled copper, cold-worked (hard) 
copper, annealed (soft) copper, and sintered 
copper 

These property differences are caused by the 

detects in the crystal lattice. Two groups of 

properties are to be distinguished: 

e Low dependence on crystal lattice detects, 
e.g., caloric and thermodynamic properties, 
magnetic behavior, and nuclear characteris- 
tics 

e High dependence on defects, e.g., electrical 
and thermal conductivity, plastic behavior, 
kinetic phenomena, and resistance to corro- 
sion 
The variations in properties are caused ei- 

ther by physical lattice imperfections (disloca- 

tions, lattice voids, and interstitial atoms) or 
by chemical imperfections (substitutional 
solid solutions). 


Atomic and Nuclear Properties. The atomic 
number of copper is 29, and the atomic mass 
A, is 63.546 x 0.003 (IUPAC, 1983). Copper 
consists of two natural isotopes, Cu 
(68.94%) апа Cu (31.06%). There are also 
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nine synthetic radioactive isotopes with 
atomic masses between 59 and 68, of which 
67 Cu has the longest half-life, ca. 58.5 h. 


Crystal Structure. At moderate pressures, 
copper crystallizes from low temperatures up 
to its melting point in a cubic-closest-packed 
(сср) lattice, type Al (also Е! or Cu) with the 
coordination number 12. X-ray structure anal- 
ysis yields the following dimensions (at 
20 °C): 

Lattice constant 0.36152 nm 
Minimum interatomic distance 0.2551 nm 

Atomic radius 0.1276 nm 

Atomic volume 7.114 cm?/mol 
Density. The theoretical density at 20°C, 
computed from lattice constant and atomic 
mass is 8.93 g/cm’. The international standard 
was fixed at 8.89 g/cm? in 1913 by the IEC 
(International Electrotechnical Commission). 
The maximum value for 99.999% copper 
reaches nearly 8.96 g/cm?. 

The density of commercial copper depends 
on its composition, especially the oxygen con- 
tent, its mechanical and thermal pretreatment, 
and the temperature. At 20 °C, a wide range of 
values are found: 

Cold-worked and annealed copper 8.89-8.93 g/cm? 
Cast tough-pitch electrolytic copper 8.30-8.70 g/cm? 
Cast oxygen-free electrolytic copper 8.85-8.93 g/cm? 

The values for cold-worked copper are 
higher than those of castings because the cast- 
ings have pores and gas cavities. 

The density of copper is nearly a linear 
function of temperature, with a discontinuity 
at the melting point: 








4°C D Siem? 
solid copper: 20 8.93 
600 8.68 
900 8.47 
1083 8.32 
liquid copper: 1083 7.99 
1200 7.81 


The solidification shrinkage is 4%; the spe- 
cific volume at 20 °C is 0.112 cm?/g. 


Mechanical Properties. Important mechani- 
cal values are given in Table 8.2. High-purity 
copper is an extremely ductile metal. Cold 
working increases the hardness and tensile 
strength (hard or hard-worked copper); subse- 
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quent annealing eliminates the hardening and 
strengthening so that the original soft state can 
be reproduced (soft copper). The working pro- 
cesses are based on this behavior. Impurities 
that form solid solutions of the substitutional 
type likewise increase hardness and tensile 
strength. 


Table 8.2: Mechanical properties of copper at room tem- 
perature. 





Annealed Cold-worked 


Property Unit (soft) (hard) 
copper copper 

Elastic modules GPa 100-120 120-130 
Shearing modulus GPa 40-45 45-50 
Poisson’s ratio 0.35 
Tensile strength MPa 200-250 300-360 
Yield strength MPa 40-120 250-320 
Elongation 9b 30-40 3-5 
Brinell hardness (HB) 40—50 80—110 
Vickers hardness (HV) 45—55 90-120 
Scratch hardness =3 


Pure copper has outstanding hot workabil- 


ity without hot brittleness, but the high-tem- 
perature strength is low. Detrimental 
impurities, those that decrease the strength at 
high temperatures, are principally lead, bis- 
muth, antimony, selenium, tellurium, and sul- 
fur. The concentration of oxides of such 
elements at the grain boundaries during heat- 
ing causes the embrittlement. However, such 
an effect can be desirable when free cutting is 
required. At subzero temperatures, copper is a 
high-strength material without cold brittle- 
ness. 

The changes in typical mechanical proper- 
ties such as tensile strength, elongation, and 
hardness by heat treatment result from recrys- 
tallization [25]. The dependence of recrystalli- 
zation temperature and grain size on the 
duration of heating the amount of previous 
cold deformation and the degree of purity of 
copper can be determined from diagrams. The 
recrystallization temperature is ca. 140 °C for 
high-purity copper and is 200-300 °C for 
common types of copper. A low recrystalliza- 
tion temperature is usually advantageous, but 
higher values are required to maintain strength 
and hardness if the metal is heated during use. 


Thermal Properties. Important thermal val- 
ues are compiled in Table 8.3. The thermal 


Copper. 


conductivity of copper is the highest of all 
metals except silver. 
Table 8.3: Thermal properties of copper. 

Property Unit Value 
Melting point | K 1356 (1083 °C) 





Boiling point K 2868 (2595 °C) 
Heat of fusion Vg 210 
Heat of vaporization Vg 4810 
Vapor pressure (at mp) Pa 0.073 
Specific heat capacity ^ 
at 293 K (20 *C) nd 

and 100 kPa (1 bar) Jg К 0.385 
at 1230 K (957 *C) 

and 100 kPa 0.494 
Average specific heat 
273-573 К (0-300 °С) 

at 100 kPa (1 bar) Jetk! 0.411 
273-1273 К (0-1000 °C) 

at 100 kPa 0.437 
Coefficient of linear thermal 

expansion 
273-373 К (0-100 °С) x? 16.9x 10% 
273-673 K (0-400 °C) 17.9 x 1076 
between 273 and 1173 K 

(0-900 *C) 19.8 x 10° 
Thermal conductivity 

at 293 K (20 °C) Walk! 394 


Electrical properties. In practice, the most 
important property of copper is its high elec- 
trical conductivity; among all metals only sil- 
ver is a better conductor. Both electrical 
conductivity and thermal conductivity are 
connected with the Wiedemann-Franz rela- 
tion and show strong dependence on tempera- 
ture (Table 8.4). The old American standard, 
100% IACS (International Annealed Copper 
Standard), corresponds to 58.0 MS/m at 
20 °C, and it is still widely used in the United 
States. The corresponding electrical resistivity 
(p) is 1.7241 x 10% Q-cm, and the less usual 
resistivity based on weight (density of 8.89 
g/cm?, IEC) is 0.1533 W-gm`!. The corre- 
sponding temperature coefficients are 0.0068 
x 103 OmK"! (dp/dT) and 0.00393 K^! (p^ 
ар/ат). The theoretical conductivity at 20 °C 
is nearly 60.0 MS/m or 103.4 % IACS, and to- 
day commercial oxygen-free copper (e.g. 
C10200 or Cu-OF) has a conductivity of 
101% IACS. 

The factors that increase the strength de- 
crease electrical conductivity: cold working 
and elements that form solid solutions. Ele- 
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ments that form oxidic compounds that sepa- 
rate at grain boundaries affect electrical 
properties only slightly. Copper may lose up to 
ca. 3% of its conductivity by cold working; 
however, subsequent annealing restores the 
original value. There is a simple rule: the 
harder the copper, the lower is its conductivity. 


Other Properties. High-purity copper is dia- 
magnetic with a mass susceptibility of 0.085 
x 1076 cm?/g at room temperature. Thé depen- 
dence on temperature is small. However, a 
very low content of iron can strongly affect the 
magnetic properties of copper. 

The lower the frequency of light, the higher 
the reflectivity of copper. The color of a clean, 
solid surface of high-purity copper is typically 
salmon red. 

The surface tension of molten copper is 
11.25 x 10? N/cm at 1150 °С, and the dy- 
namic viscosity is 3.5 x 10^? Pa-s at 1100 °C. 
Detailed physical-property information and 
data are to be found in the literature, particu- 
larly as tabular compilations [25—30]. 


Table 8.4: Temperature dependence of thermal and elec- 
trical conductivity of copper. 





Temperature Thermal Electrical 
— sa conductivity, conductivity, 
K c WmK MS/m 

17  -256 5000 

73 | —200 574 460 
113  -160 450 
173  -100 435 110 
273 0 398 60 
293 20 394 58 
373 100 385 44 
473 200 381 34 
573 300 377 27 
973 700 338 15 


8.3 Chemical Properties 


In the periodic table, copper is placed in pe- 
riod 4 and subgroup IB (together with silver 
and gold); therefore, it behaves as a typical 
transition metal. It appears in oxidation states 
+1 to +4, its compounds are colored, and. it 
tends to form complex ions. 

At relatively low temperature, copper(I) is 
the most stable state, but above 800 °C, cop- 
per(I) predominates, which is significant for 
pyrometallurgical processes; oxidation states 
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+3 and +4 were discovered in recent years in 
some coordination compounds. 

The distribution of the 29 electrons is 1s? 
25?2p635?3p634104 51. From this electron con- 
figuration, [Ar]3d!94s!, is derived the cop- 
per(I) ion (Cu*) with a complete M shell (18 
electrons). The copper(H) ion (Cu?*) origi- 
nates from the configuration [Ar] 3? 452, 
which has a slightly higher energy level. 

The valence states and their radii determine 
the space lattice of alloys and compounds: 


Coordination 





Species number Radius, nm 
Cu —— 12 0.128 
Cu* 6 0.096 
Cut 6 0.072 


The standard electrode potentials (at 25 °C) 
of copper correspond to the relative stabilities 
of the three species: 


+ 
ey 


40.153 V Cu? 
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These values [31], or thermochemical data 
[32], in comparison with those of other ele- 
ments, establish copper as a relatively noble 
metal. 


Behavior in Air. Copper in dry air at room 
temperature slowly develops a thin protective 
film of copper(T) oxide.. On heating to a high 
temperature in the presence of oxygen, copper 
forms first copper(I) oxide, then copper(I) 
oxide, both of which cover the metal as a loose 
scale. ` 

In the atmosphere, the surface of copper 
oxidizes in the course of years to a mixture of 
green basic salts, the patina, which consists 
chiefly of the basic sulfate, with some basic 
carbonate. (In a marine atmosphere, there is 
also some basic chloride.) Such covering lay- 
ers protect the metal. 


Behavior versus Diverse Substances. While 
many substances scarcely react with copper 
under dry conditions, the rate of attack in- 
creases considerably in the presence of mois- 
ture. Copper has a high affinity for free 
halogens, molten sulfur, or hydrogen sulfide. 
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Therefore, copper is essentially not at- 
tacked by nonoxidizing acids, such as dilute 
sulfuric, hydrochloric, phosphoric, or acetic 
and other organic acids. 

Dissolution of copper is possible either by 
oxidation or by formation of complexed cop- 
per ions. Thus, copper is soluble in oxidizing 
acids, such as nitric acid, hot concentrated sul- 
furic acid, and chromic acid, or in nonoxidiz- 
ing acids containing an oxidizing agent such 
as oxygen or hydrogen peroxide. For example, 
acetic acid attacks copper in the presence of 
atmospheric oxygen to form verdigris, a green 
or greenish-blue pigment. In hydrometallurgi- 
cal practice, metal compounds such as 
iron(IIT) sulfate, iron(II) chloride, and cop- 
рег(П) chloride are suitable oxidizing agents. 

The other method of dissolving copper is 
through formation of complex ions. The best 
reagents for this purpose are aqueous solutions 
of ammonia and ammonium salts or alkali- 
metal cyanides. However copper is essen- 
tially not attacked by alkali-metal hydroxide 
solutions. 

Fresh water has practically no corrosive ef- 
fect on copper, and seawater has only a small 
effect but wastewater containing organic sul- 
fur-bearing compounds can be corrosive. 
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Figure 8.1: Pourbaix diagram for copper in highly dilute 
aqueous solution at normal temperature [35]. 

Corrosion [33—34]. M. I. N. Pourbaix has de- 
veloped potential pH equilibrium diagrams for 
metals in dilute aqueous solutions [35]. Such 
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graphs give a rough indication of the feasibil- 
ity of electrochemical reactions. Figure 8.1 
shows the behavior of copper at room temper- 
ature and atmospheric pressure. The Си-Н,О 
system contains three fields of different char- 
acter: 


e Corrosion, in which the metal is attacked 


e Immunity, in which reaction is thermody- 
namically impossible 


e Passivity, in which there is no cause of ki- 
‘netic phenomena 


Gases and Copper [36—37]. An exact knowl- 
edge of the behavior of solid and liquid copper 
toward gases is important for production and 
use of the metal. With the exception of hydro- 
gen, the solubility of gases in molten copper 
follows Henry's law: the solubility is propor- 
tional to the partial pressure. 


Oxygen dissolves in molten copper as cop- 
per(I) oxide up to a concentration of 12.65 % 
Cu,O (corresponding to 1.4% O) (also see 
Figure 8.22). Copper(I) oxide in solid copper 
forms a separate solid phase. 


Sulfur dioxide dissolves in molten copper 
and reacts: 


ECH + 50, = Duef + 2Си,О 


Hydrogen is considerably soluble in liquid 
copper, and after solidification some remains 
dissolved in the solid metal, although copper 
does not form a hydride. The solubility fol- 
lows Sievert's law, being proportional to the 
square root of the partial pressure because the 
H, molecules dissociate into H atoms on dis- 
solution. Hydrogen has high diffusibility be- 
cause of its extremely small atomic volume. 


Hydrogen dissolved in oxygen-bearing 
copper reacts with copper(I) oxide at high 
temperatures to form steam: 


СиО + 2H = 2Cu + H2O(y 


Steam is not soluble in copper; therefore, it 
either escapes or forms micropores. 
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Nitrogen, carbon monoxide, and carbon di- 
oxide are practically insoluble in liquid or 
solid copper. Hydrocarbons generally do not 
react with copper. An exception. acetylene 
(ethyne), reacts at room temperature to form 
the highly explosive copper acetylides CuCC, 
and СиС,; therefore, acetylene gas cylinders 
must not be equipped with copper fittings. 


Table 8.5: Typical copper contents of natural materials. 





Mineral Content, ppm 
Basalt 85 
Diorite 30 
Granite 10 
Sandstone 1 
Copper ores (poor) 5 000 
Copper ores (rich) 50 000 
Native copper 950 000 
Seawater 0.003 
Deep-sea clays 200 
Manganese nodules 10 000 
Marine ore sludges 10 000 
Earth's crust (average) 50 
Meteorites (average) 180 


8.4 Occurrence 


In the upper part of the earth's crust (16 km 
deep), the average copper content is ca. 50 
ppm. Older estimates were nearly 100 ppm, 
while recent spectral analysis values are 30— 
40 ppm. Copper is 26th in order of abundance 
of the elements in the accessible sphere of the 
earth. Table 8.5 shows average copper con- 
tents in natural materials. 


8.41 Copper Minerals 


More than 200 minerals contain copper in 
definable amounts, but only ca. 20 are of im- 
portance as copper ores (Table 8.6) or as semi- 
precious stones (turquoise and malachite). 
Copper is a typical chalcophilic element; 
therefore, its principal minerals are sulfides, 
mostly chalcopyrite, bornite, and chalcocite, 
often accompanied by pyrite, galena, or 
sphalerite. 
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Table 8.6: The most important copper minerals. 
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Mineral Formula Copper Crystal system Density, g/cm? 
Native copper Cu < 99.92 cubic 8.9 
Chalcocite Cu,S 79.9 orthorhombic 5.5-5.8 
Digenite CugS5 78.0 cubic 5.6 
Covellite CuS 66.5 hexagonal 4.7 
Chalcopyrite CuFeS; 34.6 tetragonal 4 1-4.3 
Bornite CusFeS,/Cu3FeS3 55.5-69.7 tetragonal 4.9—5.3 
Tennantite Cuj2As48,3 42-52 cubic 4.4—4.8 
Tetraedrite Cuj5Sb,S,4 30-45 cubic 4.6-5.1 
Enargite Cu3AsS, 48.4 orthorhombic 444.5 
Bournonite CuPbSbS, 13.0 orthorhombic 5.7-5.9 
Cuprite Cu 88.8 cubic 615 
Tenorite CuO 79.9 monoclinic 6.4 
Malachite CuCO;-Cu(OH)2 57.5 monoclinic 4.0 
Azurite 2CuCO;4- Cu(OH); 55.3 monoclinic 3.8 
Chrysocolla CuSiO;-nH,0 30-36 (amorphous) 1.9-2.3 
Dioptase Cug[SigO;g]- GO 40.3 rhombohedral 3.3 
Brochantite CuSO,-3Cu(OH); 56.2 monoclinic 4.0 
Antlerite CuSO,4-2Cu(OH); 53.8 orthorhombic 3.9 
Chalcanthite CuSO,4-5H20 25.5 triclinic 2.2-2.3 
Atacarnite СиСЪЬ.3Сщ(ОН)» 59.5 orthorhombic 3.75 





Secondary minerals are formed in sulfide 
ore bodies near the earth's surface in two 
stages. In the oxidation zone, oxygen-contain- 
ing water forms copper oxides, subsalts (sub- 
carbonates and subsulfates), and silicates. In 
the deeper cementation zone, copper-bearing 
solutions from these salts are transformed into 
secondary copper sulfides (chalcocite and 
covellite) and even native copper of often high 
purity, e.g., in the Michigan copper district 
(Keweenaw Peninsula). 

Other metallic elements frequently found in 
copper ores are iron, lead, zinc, antimony, and 
arsenic; less common are selenium, tellurium, 
bismuth, silver, and gold. Substantial enrich- 
ments sometimes occur in complex ores. For 
example, ores from Sudbury, Ontario, in Can- 
ada contain nickel and copper in nearly the 
same concentrations, as well as considerable 
amounts of platinum metals. The copper ores 
from Zaire and Zambia are useful sources of 
cobalt. Many porphyry copper ores in America 
contain significant amounts of molybdenum 
and are the most important single source of 
rhenium. The extraction of precious metals 
and other rare elements can be decisive for the 
profitability of copper mines, smelters, and re- 
fineries. 


8.4.2 Origin of Copper Ores 


Ore deposits are classified according to 
their mode of formation, but the origin of cop- 
per ores is geologically difficult to unravel, 
and some of the proposed origins are contro- 
versial The classification distinguishes two 
main groups, the magmatic series and the sed- 
imentary series. 


Magmatic Ore Formation. This involves 
magma crystallization and comprises the fol- 
lowing groups: 

e Liquid magmatic ore deposits originate by 
segregation of the molten mass so that the 
heavier sulfides (corresponding to matte) 
separate from the silicates (corresponding to 
slag) and form intrusive ore bodies. Exam- 
ples: Sudbury, Ontario; Norilsk, western Si- 
beria. 

e Pegmatitic-pneumatolytic ore deposits de- 
velop during the cooling of magma to ca. 
374 °C, the critical temperature of water. 
Examples: Bisbee, Arizona; Cananea, Mex- 
ico. 

o Hydrothermal ore deposits result by further 
cooling of the hot, dilute metal-bearing so- 
lutions from ca. 350 *C downward, i.e., be- 
low the critical temperature of water. Such 
deposits contain copper primarily as chal- 
copyrite and satisfy ca. 50% of the demand 
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in the Western world. There are many exam- 
ples of different types of hydrothermal de- 
posits. Examples: Butte, Montana (gangue 
deposit); Tsumeb. Namibia (metasomatic 
deposit); Bingham Canyon, Utah; Chu- 
quicamata, Chile; Toquepala, Peru; Bouga- 
inville, Solomon Islands (impregnation 
deposits). Impregnation deposits are also 
called disseminated copper ores or porphyry 
copper ores (or simply porphyries) because 


> of their fine particle size. 


e Exhalative sedimentary ore deposits origi- 
nate from submarine volcanic exhalations 
and thermal springs that enter into seawater, 
and constitute a transitional type to sedi- 
mentary deposits. These ores are third in 
economic importance in the Western world. 
The actual formation of such sulfidic pre- 
cipitations can be observed, for example, 
the marine ore slimes in the Red Sea. Exam- 
ples: Mount Isa, Queensland; Rio Tinto, 
Spain; Kammelsberg (Harz), Germany. 


Sedimentary Ore Formation. The origin of 
sedimentary ore occurs in the exogenous cycle 
of rocks and may he subdivided into the fol- 
lowing groups: 


o Arid sediment in sandstones and conglom- 
erates occur widely in Russia as widespread 
continental zones of weathering with un- 
even mineralization. Examples: Dsheskas- 
gan, Kazakhstan; Exótica, Chile. 


e Partly metamorphized sedimentary ores in 
shales, malls, and dolomites form large 
strata-bound ore deposits, especially in the 
African copper belt, and represent the sec- 
ond most important source of copper to the 
Western world, as well as supplying nearly 
75% of its cobalt. Examples: Zaire (oxida- 
tion zone, oxidized ores € 6% Cu); Zambia 
(cementation zone, secondary sulfide ores, 
< 4% Cu). 


e Marine precipitates have formed sedimen- 
tary ore deposits similar to the present phe- 
nomenon of sulfide precipitation by sulfur 
bacteria in the depths of the Black Sea. Ex- 
amples: Mansfeld (copper schist), Ger- 
many; Silesia (copper marl), Poland. 
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e Deep-sea concretions lie in abundance on 
the bottom of the oceans, especially the Pa- 
cific Ocean. These so-called manganese 
nodules could also be a source of copper in 
the future. 


8.4.3 Copper Ore Deposits 


Geologically, the main regions of copper 
ore deposits are found in two formations: the 
Precambrian shields and the Tertiary fold 
mountains and archipelagos. There are major 
producing countries on every continent [38]. 


e North America: United States (Arizona, 
Utah, New Mexico, Montana, Nevada, and 
Michigan), Canada (Ontario, Quebec, Brit- 
ish Columbia, and Manitoba), and Mexico 
(Sonora) 


e South America: Chile, Peru, and Brazil 


e Africa: Zaire, Zambia, Zimbabwe, South 
Africa, and Namibia 


e Australia and Oceania: Queensland, Papua 
New Guinea 


e Asia: Russia (Siberia, Kazakhstan, and 
Uzbekistan), Japan, Philippines, Indonesia, 
India, Iran, and Turkey 

e Europe: Poland (Silesia), Yugoslavia, Spain 
(Huelva), Norway, Sweden, and Finland 


Antarctica may be an important copper ores 
in the foreseeable future. 


Table 8.7: Copper ore reserves in 1983 of the most impor- 
tant producing countries of the Western world [41-42]. 


Orereserves, Percentage of 





Country x 10°t world reserves 
United States 99.6 21.1 
Chile 96.5 20.5 
Peru 30.6 6.5 
Zambia 30.3 6.4 
Zaire 29.6 6.3 
Canada 27.4 5.8 
Mexico 23.1 49 
Australia 16.1 3.4 
Panama 12.7 2.7 
Philippines 11.9 2.5 
Papua New Guinea 10.8 2.3 
Brazil 10.0 2.1 
Total 398.6 84.5 
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8.4.4 Copper Resources 


The copper contents of the worldwide pri- 
mary copper reserves are listed in Table 8.7. 
Reserves are the identified (measured, indi- 
cated, and inferred) resources and do not in- 
clude undiscovered (hypothetical and 
speculative) resources. In the course of time, 
the available reserves increase in consequence 
of both technological progress in the process- 
ing of ores with low copper content or undesir- 
able impurities and the discovery of new ore 
deposits [39-40]. In 1982 the world reserves 
were estimated at 505 x 10° t of copper. The 
total land-based resources were estimated at 
1.6.x 10° t of copper. In addition there is an es- 
timated 700 x 10° t of copper in deep-sea nod- 
ules. 

If one assumes that total production will re- 
main stable, the identified resources would 
last until ca. 2050, which is the static outlook. 
In contrast, the dynamic approach which as- 
sumes that production will increase at the rate 
it has in recent years, would reduce the dura- 
tion of known reserves by nearly half. If one 
considers all copper resources, these times 
would be at least doubled. However, all of 
these forecasts are quite unreliable. In addi- 
tion, the forecasts do not take into consider- 
ation secondary copper (recycling scrap). 


8.4.5 Mining 


Exploration, which is the search for ore de- 
posits and their subsequent detailed investiga- 
tion, is required to ascertain the commercial 
feasibility of a potential mine. Many geologi- 
cal, geochemical, and geobotanical methods 
are available, but all are complicated and ex- 
pensive. Often legal and political factors are 
more decisive than technological aspects. The 
average copper content of ores is an essential 
factor. In 1900, this content worldwide was ca. 
5% Cu. Today it is ca. 1 %; nevertheless, this 
represents a ca. 200-fold enrichment of the av- 
erage in the earth’s crust. High-grade deposits 
(> 6% Cu) are largely exhausted. 

For economic reasons, modern copper min- 
ing must have high capacity, which means ex- 
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tensive mechanization. The high cost of 
mining and of ore beneficiation contributes up 
to two-thirds of the final price of copper. 

There are several methods of mining cop- 
per ores: 

ə Open-pit (surface) mining 

ə Underground (deep) mining 

e In situ leaching (solution mining) 
e Ocean mining 

At present, the greatest part of primary cop- 
per comes from open-pit mines, mostly from 
porphyry ores. The first open-pit mine was 
started at Bingham Canyon, Utah, early in this 
century; other big mines are found in Chu- 
quicamata, Chile and Toquepala, Peru. Profit- 
able open-pit production requires large ore 
bodies near the surface with a minimum cop- 
per content of 0.5 % (in some cases, as low as 
0.3 %) in sulfidic form for subsequent benefi- 
ciating by froth flotation. 

Underground mining has been practiced for 
millennia. However, in the last few decades 
the competition of open-pit mining has made 
such older underground methods as overhand 
and underhand stoping uneconomical. Newer 
procedures such as open stoping or block cav- 
ing can be used if good ores occur in deep de- 
posits. The copper concentration should 
exceed 1%, and some content of other profit- 
able metals is desirable. 

In situ leaching is a hydrometallurgical pro- 
cess in which copper is extracted by chemical 
dissolution in sulfuric acid. This method is 
suitable for low-grade copper ore bodies for 
which customary mining operations would be 
uneconomical as well as for the leaching of 
remnant ores from abandoned mines. In some 
cases, the ore body must be broken before 
leaching by blasting with explosives to in- 
crease the surface area for chemical reaction. 

A recent development is ocean mining, 
which involves obtaining metalliferous raw 
materials from the deep oceanic zones. Two 
groups of substances are of interest: deep-sea 
nodules [43] and marine ore slimes [44]. The 
nodules (manganese nodules) contain, in addi- 
tion to iron oxides, ca. 25% Mn, 1% Ni, 
0.35% Co, and 0.5% (max. 1.4%) Cu. Spe- 
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cially equipped ships have collected and lifted 
these nodules from depths of 3000-5000 m; 
specific metallurgical and chemical methods 
for processing the nodules have been devel- 
oped in pilot plants. Because of the extremely 
high expenses, large-scale operations of this 
type have not yet been undertaken. Marine ore 
slimes from the Red Sea (2200-m depth) aver- 
age ca. 4% Zn, 1% Cu, and a little silver. А]- 
though methods for processing these’ slimes 
have been investigated. this resource is not 
now economically important. 


8.5 Production 


Over the years copper production methods 
have been subjected to a continual selection 
process because of the need [45] for (1) in- 
creased productivity through rationalization, 
(2) lower energy consumption, (3) increased 
environmental protection, (4) increased reli- 
ability of operation, and (5) improved safety in 
operation. During this development a number 
of tendencies have become apparent: 


e Decrease in the number of process steps | 


e Preference for continuous processes over 
batch processes 


e Autogenous operation 
e Use of oxygen or oxygen-enriched air 


e Tendency toward electrometallurgical meth- 
ods 


e Increased energy concentration per unit of 
volume and time 

e Electronic automation, measurement, and 
control 


e Recovery of sulfur for sale or disposal 


e Recovery of valuable byproducts 

The selection of a particular production 
method depends essentially on the type of 
available raw materials, which is usually ore 
or concentrate and on the conditions at the 
plant location. 

About 80% of the primary copper in the 
world comes from low-grade or poor sulfide 
ores, which are usually treated hy pyrometal- 
lurgical methods, generally in the following 
sequence: 
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e Beneficiation by froth flotation to get a con- 
centrate 

e Optional partial roasting to obtain oxidized 
material or calcines 


e Two-stage pyrometallurgical treatment 
a) smelting concentrates to matte 


b) converting matte by oxidation to crude 
(converter or blister) copper 


e Refining the crude copper, usually in two 

steps 

a) pyrometallurgically to fire-refined cop- 
per 
b) electrolytically to high-purity electro- 
lytic copper 

About 15% of the primary copper origi- 
nates from low-grade oxidized (oxide) or 
mixed (oxidized and sulfidic) ores. Such ma- 
terials are generally treated by hydrometallur- 
gical methods. 5 

The very few high-grade or rich copper 
ores still available can be processed by tradi- 
tional smelting in a shaft furnace. This process 
is also used for recovering copper from sec- 
ondary materials such as intermediate prod- 
ucts scrap and wastes. 

Figure 8.2 illustrates the most important 
operations in copper extraction from various 
copper ores. 


8.5.1 Beneficiation 


Most sulfide copper ores must be benefici- 
ated to increase the metal content. The essen- 
tial operation is froth flotation, which is 
usually carried out in two successive steps: the 
first is collective or bulk flotation for concen- 
trating all the metal-containing minerals, and 
the second, if necessary, is selective flotation 
to separate the various minerals [47]. 

Figure 8.3 shows the reduction in total 
mass with simultaneous enrichment of copper 
content in the steps from ore to metal. Modem 
dressing plants are always built near the mines 
to reduce the transportation costs and are con- 
structed in a relatively uniform manner. The 
first operation is the comminution of lumpy 
ores to a pulp in the following stages: 
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Figure 8.2: The most important stages in copper production [46]. 


e Crushing in jaw, gyratory, and cone crushers 
e Sizing on vibrating screens 


e Wet grinding in rod and ball mills or, more 
recently, by autogenous milling 


e Classifying in classifiers and hydrocyclones 
The separation of the feed pulp into metal 
sulfides and gangue or into different sulfide 
groups is done by froth flotation using 
frothers, collectors, activators, depressers, and 
reagents to control the pH (e.g., lime). In sim- 
ple cases, the flotation cells are combined into 
three groups with three distinct functions: 


e Rougher flotation for sorting into precon- 
centrate and tailings 


e Cleaner flotation for posttreatment of pre- 
concentrate 


e Scavenger flotation for posttreatment of the 
tailings from the first step 


Figure 8.4 illustrates the relationship 
among these three operations, omitting the in- 
termediate grinding steps. 

The next step is solid—fluid separation by 
sedimentation in settlers and thickeners with 
subsequent vacuum filtering by drum and disk 
filters. The residual moisture is 8-12% and 
the concentrates are usually shipped in this 
condition. In a few cases, the pulp is conveyed 
in pipelines. Dewatered concentrates may heat 
spontaneously or even catch fire; therefore, 
appropriate precautions must be taken [48]. 


The copper content of dried chalcopyrite 
concentrates (CuFeS,) averages 20-30%, 
rarely less, but considerably more if chalcosite 
(Cu,S) is present. The average particle size is 
determined by the flotation conditions and is 
generally between 0.25 and 0.01 mm. 
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Figure 8.4: Froth flotation of sulfide copper ores. 


8.5.2 Segregation 


Special low-grade oxidized copper ores 
that are not economically usable by current 
methods, especially hydrometallurgical pro- 
cesses, occur in large ore bodies in Africa and 
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America. These contain copper mostly as sili- 
cates (chrysocolla and dioptase), and because 
of their high content of silica and often lime- 
stone, they are treated by segregation, a pro- 
cess known for more than 60 years and 
recently used sporadically in the socalled 
TORCO (treatment of refractory copper ores) 
process. The chemical reactions are compli- 
cated: ore, gangue, and furnace gases react 
with added sodium chloride and pulverized 
coal or coke to form copper(I) chloride and 
then metallic copper, which is sulfidized and 
collected by flotation. TORCO [50] plants 
were built in Zambia and Mauretania, and a 
variant, the Mitsui segregation process, has 
been installed in Peru [51]. 


8.5.3 Roasting 


Roasting may be used to prepare sulfide 
concentrates for subsequent pyrometallurgi- 
cal or hydrometallurgical operation. For pyro- 
metallurgical processing, the purpose of 
roasting is to decrease the sulfur content to an 
optimum level for smelting to copper matte. In 
many modern processes, however, roasting is 
not a separate step, but is combined with matte 
smelting. For hydrometallurgical extraction, 
roasting forms compounds that can be leached 
out. 

The roasting process, which produces the 
so-called calcines, has several effects: 


e Drying the concentrates 

e Oxidizing a part of the iron present 

e Controlling the sulfur content 

e Partially removing volatile impurities, espe- 
cially arsenic 

e Preheating the calcined feed with added 
fluxes, chiefly silica and limestone 


Chemical Reactions. When the moist con- 
centrates, which contain many impurity ele- 
ments are heated, a multitude of chemical 
reactions occur. Because analysis of the many 
thermodynamic equilibria is not practical, a 
few fundamental systems are usually chosen. 
The most important is the ternary copper—oxy- 
gen-sulfur system (Figure 8.5). The next most 
important system is the ternary iron-oxygen- 
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sulfur system because most sulfidic copper 
ores contain significant amounts of iron. 





Figure 8.5: Partial phase diagram of the ternary Cu--O-S 
system [52]. 

Initially, sulfides such as pyrite and chal- 
copyrite decompose and generate sulfur vapor, 
which reacts with oxygen to form sulfur diox- 
ide: 

Ғе5) — FeS + Sq) 
2CuFeS2 — Cu2S + 2FeS + Buer 
5) + Ода) 2 Оза 


Тһе principal reactions, i.e., ће formation 
of metal (= M) oxides, sulfur trioxide, and 
metal sulfates, are exothermic. 

MS + 1.50; = MO+ SO; 
SO; + 0.50. = SO, 
MO + SO; = MSO, 


In addition, there are secondary reactions 
such as the formation of basic sulfates, ferrites 
(especially magnetite), and silicates, the last 
providing most of the slag in the subsequent 
smelting: 

MO + MSO; э MO.MSO, 
MO + Fe;04 — MFe,0, 
FeO + Fe,03 — Pest 
МО + SiO, — MSiO, 


Methods. There are several important roast- 
ing methods; all involve oxidation at an ele- 
vated temperature, generally between 500 and 
850 °C: 

e Partial (oxidizing) roasting is the conven- 
tional way of extracting copper from sulfide 
concentrates. At 800-850 °C, the degree of 
roasting is determined by controlling the ac- 
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‘cess of air. A predetermined amount of sul- 
fur is removed and only part of the iron 
sulfide is oxidized. The copper sulfide is rel- 
atively unchanged. These conditions are im- 
portant for the formation of a suitable matte. 


e Total, or dead, roasting is occasionally used 
for complete oxidation of all sulfides for a 
subsequent reduction process or for special 
hydrometallurgical operations. 


e Sulfatizing roasting is carried out at 550— 
565 °C to form sulfates. This method yields 
calcines well-suited for hydrometallurgical 
treatment. 

e Chloridizing roasting involves sulfatizing 
roasting with addition of sodium chloride. 
The temperature should not exceed 600 °C 
to avoid loss of copper(I) chloride. This 
treatment, which was developed by the Du- 
isburger Kupferhtitte, Germany, is limited to 
pyrite cinders for subsequent leaching and 
precipitating [53]; however, the process was 
discontinued several years ago. 


e Chloridizing volatilization involves heating 
to ca. 1200 °C in the presence of calcium 
chloride so that various metal chlorides and 
other volatile compounds can be separated. 
The Finnish Vuoksenniska process, which 
used this procedure, was discontinued years 
ago. Recently a Japanese company started 
up a similar procedure. 

The roasted product is obtained in one of 
three states, depending on the maximum roast- 


ing temperature: 


e Low temperature. The roasted concentrates 
remain in the same state as before (solidus 
range). 

e Intermediate temperature. A sinter forms if 
some liquid phase appears (range of soften- 
ing). 

e High temperature. The whole feed melts 
during roasting (liquidus range). 

Roasters. Only a few roaster designs are now 

used. 

e Multiple-hearth furnaces, which produce 
pulverous calcines, were the most widely 


used type (in various models, e.g., the well- 
known Herreshoff furnace) until the middle 
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of the 20th century. Since then, they have 
been increasingly displaced by the fluid- 
ized-bed roaster. 


e Fluidized-bed reactors, the most modem 
type, also yield pulverous calcines. Their 
two key advantages are exploitation of 
waste heat and high productivity in conse- 
quence of favorable kinetic reaction condi- 
tions. The reactors are 5-12 m high and 
have a diameter of 4—8 m. Examples: Ana- 
conda Co., Butte, Montana; RTB Bor, Bor, 
Yugoslavia. 

e Sintering (blast) roasters are used only if 
concentrates are to be processed in blast fur- 
naces (see the Blast Furnace Smelting sec- 
tion). The most important type is the 
Dwight-Lloyd sinterer. Example: Lubum- 
bashi smelter Zambia. 

e Flash smelting furnaces combine roasting 
and smelting in the same unit (see the Au- 
togenous Smelting section). 

The average residence time of concentrate 
in the various roasters is very different: 


multiple-hearth furnace a few hours 
sintering apparatus afew minutes 
fluidized-bed reactor а few seconds 


The roaster gases that are generated contain 
sulfur dioxide, which is generally converted to 
sulfuric acid in contact acid plants. The SO, 
content in the roast gas is ca. 


5—8 vol% for multiple-hearth furnaces 
8—15 vol% for fluidized-bed reactors 


8.5.4 Pyrometallurgical Principles 


Smelting of unroasted or partially roasted 
sulfide ore concentrates produces two immis- 
cible molten phases: a heavier sulfide phase 
containing most of the copper, the matte, and 
an oxide phase, the slag. In most copper ex- 
traction processes matte is an intermediate. 


8.5.4.1 Behavior of the 
Components 


The most important equilibrium matte 
smelting is that between the oxides and sul- 
fides of copper and iron: 


Cu,0 + FeS = CuS + FeO 
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Іоп(П) oxide reacts with added silica flux 
to form fayalite, a ferrous silicate that is the 
main component of slag: 


2FeO + SiO; — Fe5SiO4, 


Liquid iron sulfide reduces higher iron ox- 
ides to iron(II) oxide: 


3Fe,03 + FeS 2 TFeO + SOx) 
3Fe30, + FeS  10FeO + SO» 


The second reaction serves to remove mag- 
netite, which complicates furnace operations 
because of its high melting point (1590 °C) 
[55]. 

The pyrometallurgical production of cop- 
per from sulfide ore concentrates may be con- 
sidered as a rough separation of the three main 
elements as crude copper, iron(II) silicate slag, 
and sulfur dioxide. About 20 accompanying 
elements must be removed from the copper by 
subsequent refining. Table 8.8 shows the dis- 
tribution of important impurities among matte 
slag and flue dust. Precious metals, such as sil- 
ver gold, platinum, and palladium, collect al- 
most entirely in the matte, whereas calcium, 
magnesium, and aluminum go into the slag. 


Table 8.8: Average percentage distribution of the accom- 
panying elements in copper smelting [20]. 


Element Matte Slag Flue dust 
Arsenic 35 55 10 
Antimony 30 55 15 
Bismuth 10 10 80 
Selenium 40 — 60 
Tellurium 40 — 60 
Nickel 98 2 — 
Cobalt 95 5 — 
Lead 30 10 60 
Zinc 40 50 10 
Tin 10 50 40 
Silver and gold 99 1 — 


8.5.4.2 Matte 


The ternary Cu-Fe-S system is discussed 
in detail in the literature [56-58]. Figure 8.6 
shows the composition of the pyrometallurgi- 
cally important copper mattes and the liquid- 
phase immiscibility gap between matte and 
the metallic phase. In the liquid state, copper 
matte is essentially a homogeneous mixture of 
copper(I) and iron(II) sulfides: the pseudobin- 
ary Cu,S—FeS system. 
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tric furnace; e Blast furnace; g Converter. 

Arsenides and antimonides are soluble in 
molten matte, but their solubility decreases 
with an increasing percentage of copper in the 
matte. Accordingly, when the arsenic concen- 
tration is high, a special phase, the so-called 
speiss, can separate. It is produced under re- 
ducing conditions in the blast furnace, and its 
decomposition is complicated. 

Compositions of several copper mattes are 
shown in the partial diagram Cu,S—FeS- 
(Fe,0, + FeO) (Figure 8.7), which is a section 
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of the quarternary Cu-Fe-O-S system. The 
density of solid copper mattes ranges between 
4.8 g/cm? (FeS) and 5.8 g/cm? (CuS); liquid 
mattes have the following densities: 4.1 g/cm? 
(30% Cu, 40% Fe, 30% S), 4.6 g/cm? (50% 
Cu, 24% Fe, 26% S), and 5.2 g/cm? (80% Cu, 
20% S). 


8.5.4.3 Slags 


Slags from copper matte smelting contain 
30—40 % iron in the form of oxides and about 
the same percentage of silica (SiO), mostly as 
iron(II) silicate. Such slags can be considered 
as complex oxides in the CaO—FeO-SiO, sys- 
tem [60] or, because of the relatively low CaO 
content of most slags, in the partial diagram 
FeO—Fe4504-SiO, [61] (Figure 8.8). Ternary 
systems of these and other pertinent oxide sys- 
tems are found in the literature [62—63]. Table 
8.9 shows the general composition of some 
slag types. Important properties of copper slag 
systems are compiled in [64]. 
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Figure 8.8: Ternary FeO-Fe;O5-SiO; diagram [61]. 


The objectives of matte smelting are to 
achieve a rapid complete separation of matte 
and slag, the two immiscible phases, and a 
minimal copper content in the slag. The differ- 
ing properties of slag and matte affect this sep- 
aration: 


e the low, narrow melting interval of slag 
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e the low density of liquid slag (са. 3.1—3.6 
g/cm?) and the difference in density be- 
tween molten matte and slag of ca. 1 g/cm? 


e the low viscosity and high surface tension of 
the slag 


The ratio of the weight percent of copper in 
matte to that of copper in slag should be be- 
tween 50 and 100. High matte grades gener- 
ally cause high copper losses in'slag. Such 
losses depend on the mass ratio of slag to cop- 
per produced, which is usually between 2 and 
3. Copper in slags occurs in various forms, in- 
cluding suspended matte, dissolved copper(I) 
sulfide, and slagged copper(I) oxide, partially 
as a silicate, which is typical of nonequilib- 
rium processing. 


Slags containing « 0.8% copper are either 
discarded as waste or sold as products with 
properties similar to those of natural basalt 
(crystalline) or obsidian (amorphous). When 
liquid slag is cooled slowly, it forms a dense, 
hard crystalline product that can be used as a 
large-size fill for riverbank protection or dike 
construction and as a medium-size crushed fill 
for roadbeds or railway ballast. Quick solidifi- 
cation, by pouring molten slag into water, 
gives amorphous granulated slag, an excellent 
abrasive that has partially supplanted quartz 
sand. Ground granulated slag is used as a trace 
element fertilizer because of its copper and 
other nonferrous metals. 


Most of the newer copper smelting pro- 
cesses produce high-grade mattes, and the 
short residence time of the materials in the re- 
action chamber results in an incomplete ap- 
proach to chemical equilibrium. Both factors 
lead to high amounts of copper in the slag, 
generally > 1%. Such slags must be treated by 
special methods for copper recovery. 
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8.5.4.4 Oxidizing Smelting 
Processes 


Nearly all pyrometallurgical copper pro- 
cesses are based on the principle of partial oxi- 
dation of the sulfide ore concentrates. 
Methods based on the total oxidation of sul- 
fide ores with subsequent reduction to metal, 
avoiding the formation of copper matte, are 
used only rarely because of high fuel con- 
sumption, formation of copper-rich slags, and 
production of crude copper with a high level 
of impurities. 

Prior to the 1960s, the most important way 
of producing copper was roasting sulfide con- 
centrates smelting the calcines in reverbera- 
tory furnaces and converting the matte in 
Peirce-Smith converters. Since that time, the 
modern flash smelting process with subse- 
quent converting has become predominant. 
Figure 8.9 shows the flow sheet of a modern 
copper smelter from concentrate to pure cath- 
ode copper, including the use of oxygen, re- 
covery of waste heat, and environmental 
protection. Table 8.10 compares the important 
stages and processes of copper production, 
showing the range of the matte composition 
for each process. 


Cost. Both capital and operating costs for cop- 
per smelters must be estimated with care be- 
cause the published data vary considerably 
[68-69]. The costs depend on the plant loca- 
tion, generally increasing with 


e the leanness of the raw material-the lower 
the copper content the higher the costs 


e the price and demand for energy 
e rigorous environmental protection 
e inflation 


e low foreign exchange rates 


Table 8.9: Composition (75) of typical copper smelter slags [65]. 


Reverberatory 


Peirce-Smith 


Component furnace Flash furnace Noranda reactor RACER 
Copper 0.4-0.6 1-1.5 8-10 3-5 
Tron (total) 35 40 35 50 
Silica 38 30 21 25 
Magnetite 7-12 13 25-29 25 
Ratio of Fe to SiO; 0.92 1.33 1.67 2.0 





508 Handbook of Extractive Metallurgy Copper 303 


Cancentrate and The amount of energy required to produce 











































ch | MEET: d 
md 2 ES а а | flux store кады id copper pyrometallurgically depends on the 
Е З S 2E 2 z Z wa rocess (Table 8.11). 
i; 13 Es a E. B. 3 | from еза], Process Cale 6.2) 
BR Е 3 8 EE ^8 Së 9 | sources Table 8.11: Energy required for pyrometallurgical pro- 
ad SE E 8 59 Ei ac ee S i duction of copper [13]. 
AE $= $4 së BE = go со wd t E e CCS 
КЕ А ZS B mg E d > 23 55 = } Environmental Energy 
33 8 8 S 2 8 2 5 SS Е = © | control Process required per 1 t 
wu an ka 
"E | Flash smelting Cu, GI 
x Б 9 ; plant INCO Flash smelting (95% O;) 17 
* 5 , Ge "LL Electric furnace (O41 
& | Sulfur Noranda process (30% О») “6.7 
е 8 ! OY SH recovery Outokumpu flash smelting 84 
= = masa 7 45 ) Slag Mitsubishi process 10.1 
` E | treatment Reverberatory furnace with roasted 
5 Е 2 ! Anode furnace t concentrate (calcine feed) 13.4 
m | refining Waste Brixlegg process 19.3 
= | ei gases Reverberatory furnace with raw con- 
3 | i» i centrate (green feed) 21.8 
ROS 4E | products . . 
em 2 + Electrorefining Sulfuric acid, 
Т = SEP 8.5.4.5 Proposals 
єч о о ! 
ES EH | Cathode copper Numerous laboratory experiments and pi- 
8 : m | А | | lot-plant runs have been carried out to develop 
8 aeg | Figure 8.9: Typical flow sheet for pyrometallurgical cop- smelting methods based on elements other 
8. : | per production from ore concentrates [66]. than oxygen. Two lines of development have 
B gis | ' The flash smelting process is the most effi- dominated reduction with hydrogen and chlo- 
E dom d cient pyrometallurgical method, costing as lit- rination, however, without leading to commer- 
| | tle as one-third the conventional processes.  Cialization. 
чае ! The costs of hydrometallurgical processing Reduction. A potential process involves the 
| also depend on the copper content, but gener- reduction of chalcopyrite [73, 74]: 
i . 
еее 4 | | ally the capital costs аге up to 50% lower than 2CuFeS,+3H,+3CaO —› CuS + 2Fe + 3CaS + 3H,0 
8 | conventional processing. CuFeS, + 2H, + 2CaO — Си + Fe + 2CaS + 2Н,О 
Nee d 5 | Energy requirements have a large effect on The reduction by hydrogen is endothermic, 
S | operating costs. There are publications On but the overall reaction with calcium oxide is 
o 
| 


comparative power demands [70-72]; how- exothermic. A similar proposal is based on the 
ever, the data vary widely and must be used reaction of a metal sulfide with steam in the 
with care. The step that uses the largest frac- presence of calcium oxide: 


10 
A 





Survey of pyrometallurgical processes for copper production [67]. 


оз ! А 
а ae | tion of the energy needed to produce copper ` Ve, HA MO + HS 
| pyrometallurgically is ће smelting itself [13]: H2S + CaO —> CaS + H20 
= E bo | Е MS + СаО — CaS + MO 
Uu с Б i nergy 
"do ч ^ | А CE 
920 = qw 5 3 | Step required per1t Deviation, % A А > 
^ © bo a 3 > E i Cu, GJ Chlorination. The reactions of chalcopyrite 
9H Z KEE S is | 1 1 1 . 
és E 3 Z E ы 5 i Mining 55 35 with chlorine are also of interest [75]: 
3 “9, m GER s 8 8 | Beneficiation 3.8 35 > 500 °C: CuFeS + 2Cl; — CuCl + FeCl, + 28 
3 в , £285 9 2 $ ; Smelting 
E ы Pe Я cease E £ 8 g | (Outokumpu flash) 84 20 < 500 °C: CuFeS, + 3.5Cl, > CuCl, + FeCl; + 5С1, 
Z 55 B acap 5 Be fue m | Converting 0.0 : 
5 BER E £ 2 ES B. Е Ев £ | Anode casting 02 10 followed by electrolysis of the molten cop- 
x e we 29 H case 2758, 320 SEI, 25 | Electrolysis 13 10 per(I) chloride. 

2 я 23 89 = БЕБЕ РЕ 55 ЕП Zug Ro | Cathode castig 1.7 16 The recently proposed thermoelectron 
а $ Se od Z M шоди dert 68У 2 TEE | Total ca. 21.0 chlorination process is another variation [76]: 
| 
} 
| 
! 


510 


CuFeS;  2Cl; — CuCl + FeCl; +25 


Electrolysis. Another approach, to avoid con- 
verting, proposed the electrolysis Popper 
matte [77]. 


8.5.5 "Traditional Bath Smelting 


At the end of the Middle Ages, copper was 
produced by the German or Swedish smelting 
process that involved roasting reduction with 
up to seven process steps in small shaft fur- 
naces. Around 1700, reverberatory furnaces 
were constructed in which the ore was pro- 
cessed by roasting reaction, the so-called En- 
glish or Welsh copper. smelting process, 
originally with ten process steps. 

The large blast and reverberatory furnaces 
of the 20th century were derived from these 
principles. Later, the electric furnace for matte 
smelting was developed. 


8.5.5.1 Blast Furnace Smelting 


The blast or shaft furnace is well-suited for 
smelting high-grade, lumpy copper ore. If 
only fine concentrates are available, they must 
first be agglomerated by briquetting, pelletiz- 
ing, or sintering. Because of this additional 
step and its overall low efficiency, in the last 
decades, the blast furnace lost its importance 
for primary copper production and currently is 
obsolete and, thus, used in only a few places. 

Smaller types of blast furnace, however, are 
used to process such copper-containing mate- 
rials as intermediate products (e.g., cement 
copper or copper(I) oxide precipitates), reverts 
(e.g., converter slag, refining slag, or flue 
dusts), and copper-alloy scrap. 

The construction of the furnace is basically 
related to that of the iron blast furnace, but 
there are considerable differences in design, 
especially in size and shape: the copper blast 
furnace is lower and smaller, and its cross sec- 
tion is rectangular. Recent developments in 
the steel industry have been adopted, includ- 
ing use of preheated air (hot blast), oxygen-en- 
riched air, and injection of liquid fuels. 

The furnace is charged with alternate addi- 
tions of mixture (copper-containing materials 
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and accessory fluxes such as silica, limestone, 
and dolomite) and coke (which serves as both 
fuel and reducing agent). There are three 
zones in the furnace: 


e In the heating zone (the uppermost), water 
evaporates and less stable substances disso- 
ciate. 


e In the reduction zone, heterogeneous reac- 
tions between gases and the solid charge 
take place. 


e In the smelting zone, liquid phases react. 

The usual mode of operation is reducing 
smelting, which yields two main products. 
Sulfide ores are used to produce a matte (40— 
50% Cu) and a disposal slag (ca. 0.5% Cu). In 
contrast, oxide ores are processed directly to 
impure black copper (< 95 % Cu) and to a cop- 
per-rich slag. The two ore types can be 
smelted together to produce matte and a slag 
with low copper content. Another product is 
top gas, which contains flue dust. Ores that 
contain high concentrations of arsenic and an- 
timony also form speiss, which is difficult to 
decompose. 

Oxidizing smelting in blast furnaces has 
been discontinued-not only the older pro- 
cesses such as pyrite and semipyrite smelting, 
but also the comparatively new Momoda pro- 
cess developed in Tapan (1955) and operated 
in Spain (Rio Tinto) as well. 

Examples of operating matte blast furnaces 
include Lubumbashi, Zaire; VEB Mansfeld 
Kombinat, Germany; Glogow, Silesia, Poland. 


8.5.5.2 Reverberatory Furnace 
Smelting 


Parallel to the increasing production of fine 
concentrates in the first half of the 20th cen- 
tury, the reverberatory furnace (reverb) be- 
came the main producer of copper matte. 
About 1960, there were nearly 100 large units 
in operation, mainly in the United States, Can- 
ada, Chile, Zaire, Zambia, Australia, Japan, 
and Russia. Since that time, the number has 
declined as a result of severe competition from 
modern autogenous smelting processes. The 
reverberatory furnace erected in Sar Chesh- 
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meh, Iran, a few years ago was probably the 
last of its type. 


The largest units, with hearth areas up to 
380 тп2, are up to 38 m long, 11 m wide, and 
ca. 4 m high. The construction scheme is 
shown in Figure 8.10. The internal furnace 
walls have a refractory lining of basic brick, 
preferably magnesite brick, for prolonged op- 
erating life; in addition, water jackets are pro- 
vided for protection of sidewalls, and the 
suspended arch is made with exchangeable 
bricks. Throughput can attain 1000 t/d and 
consists of concentrates with fluxes (silica and 
limestone) and copper-rich converter slag. 


The treatment of sulfide concentrates de- 
pends on the sulfur: copper ratio. If the sulfur 
content is too high, the material must be par- 
tially roasted to remove excess sulfur and to 
obtain an optimum composition for the forma- 
tion of matte. This process is called a hot-cal- 
cine-charged operation. On the other hand, if 
the S:Cu ratio is in the proper range, no spe- 
cial pretreatment of the concentrate is required 
and the cold-wet-charged (or green-chargéd) 
operation can be used. A combined action of 
the two methods has been demonstrated [78]. 


The charge is passed into the part of the fur- 
nace near the burners, either through central or 
lateral openings in the roof or through the 
sidewalls, as shown in Figure 8.10. Fuel (pul- 
verized coal heavy fuel oil or natural gas) and 
combustion air are injected at the front; the 
maximum flame temperature exceeds 
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1500 °C, and heat is transferred by radiation. 
In contrast to the reducing operation in a blast 
furnace, the reverberatory furnace atmo- 
sphere is slightly oxidizing or neutral. The off- 
gas (1200—1300 °C) flows through a waste- 
heat boiler for steam generation and then a gas 
purification plant. | 


The front part of the furnace functions as a 
melting zone, and the back half as a settler 
where matte and slag separate. The copper 
content of such mattes is generally controlled 
to 35-50%. The depth of the molten bath is 
generally 40-50 cm for slag and 60—80 cm for 
matte. 


A special problem with reverberatory fur- 
naces is the formation of high-melting magne- 
tite, which can lead to operational problems 
and even furnace shutdown. Because of roast- 
ing, calcine charging produces more magne- 
tite than does green charging. 


The concentration of sulfur dioxide in the 
waste gases, « 1 vol% in calcine-charged 
smelting and ca. 2 vol% in green-charged 
smelting, is too low for the production of sul- 
furic acid. | 


The reverberatory process has the highest 
energy consumption of all proven pyrometal- 
lurgical copper matte smelting methods. A 
green-charged furnace consumes ca. 60% 
more fuel than a calcine-charged unit for the 
same smelting capacity, and nearly thrice the 
energy input of the Outokumpu flash smelting 
furnace. 
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Figure 8.10: Schematic longitudinal and cross-section views through a reverberatory furnace [46]. 
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8.5.5.3 Modern Reverberatory 
Smelting 


Conventional reverberatory smelting is 
thermally inefficient and produces a large vol- 
ume of low-SO, waste gas that is unsuitable 
for producing sulfuric acid. New develop- 
ments derived from the principle of reverbera- 
tory smelting eliminate these disadvantages, 
chiefly by using oxygen and rebuilding extant 
furnaces. Some of these developments are the 
following: 


e Conventional-burner oxygen enrichment. 
The improvement in efficiency is achieved 
by increasing the oxygen concentration in 
the combustion air of conventional front 
burners to 30—40 vol% О», saving energy 
and increasing the concentration of sulfur 
dioxide in the off-gas to the point that the 
off-gas is suitable for sulfuric acid produc- 
tion. 


e Oxy-fuel reverberatory smelting [79]. Spe- 
cial oxy-fuel burners mounted in the furnace 
roof fire vertically downward onto the 
charge with up to 60% oxygen-enriched 
combustion air. The smelting rate may in- 
crease to 50%, and the concentration of sul- 
fur dioxide in the off-gas may increase to 7 
vol %, adequate for producing sulfuric acid. 
Several plants have been built on this princi- 
ple: Onahama smelter, Japan; Caletones 
smelter, El Teniente, Chile; and smelters in 
Canada and Russia. 


e Oxygen sprinkle smelting. A recent inven- 
tion [80] that involves installation of three 
or four sprinkler burners in the furnace roof 
for feeding concentrates fluxes fuel (pulver- 
ized coal) and oxygen (98%) produces a 
high-grade matte containing ca. 75% Cu. 
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While the conventional reverberatory fur- 
nace is primarily a physical melting appara- 
tus, the new variant is an efficient chemical 
reactor. This operation was a transition stage 
to the autogenous flash smelting processes 
and was first employed at the Morenci 
smelter. Phelps Dodge Corp,. New Mexico, 
United States. 


e Bai-Yin copper smelting process (BYCSP). 
A new concept originating from the Bai- Yin 
Non-Ferrous Metals Co. [81], China, uses a 
furnace divided by a partition wall into a 
roasting/smelting zone and a settling zone. 
The molten bath is intensively agitated by 
air, which is blown through tuyéres arranged 
in series. This method is said to have twice 
the smelting capacity of conventional opera- 
tions. 


8.5.5.4 Electric Furnace Smelting 


In regions where relatively cheap electrical 
power was available, electric furnaces were 
built. The Scandinavian countries were the 
first to do electric matte smelting: 1929 at Su- 
litjelma, Norway; 1938 at Imatra, Finland, and 
1949 at Rönnskär, Sweden. Approximately 
30 electric matte smelting furnaces are now in 
operation in Scandinavia, the United States, 
Canada, Zambia, South Africa, and Russia. 


Electric furnaces have the rectangular 
ground plan and the dimensions of larger re- 
verberatory furnaces. Along the centerline, up 
to six Soderberg continuous self-baking elec- 
trodes are used with alternating current (Table 
8.12). The largest furnace of this type in the 
world, at the Inspiration smelter in Arizona, 
has an electrical power input of 51 000 kVA 
[82—83]. 


Table 8.12: Two examples of electric matte smelting furnaces. 





Company and Electrical 


Inside dimensions, m Hearth 


Electrodes Furnace 





plant location 


2 4 
load, KVA Length Width Height 218, D Number Diameter m  !BPut td 





Boliden, 


Rónnskár, Sweden 12 000 24 6 
Inspiration, 

Inspiration, Arizona, 

United States 51 000 36 10 


3 144 3 1. 500 


5 360 6 1.8 1650 


————— Ga 


Copper 


The smelting process in such units is simi- 
lar to the operation in reverbs, but the concen- 
trate is usually dried-rarely roasted-before 
charging. The converter slag is returned to the 
furnace. The composition of matte and slag re- 
sembles that of the reverb products, but the 
content of magnetite is lower because the 
roasting process is omitted. No fuel is burned 
and the volume of waste gases and the quan- 
tity of flue dust are small. The SO; content of 
the waste gas can be 10%. The off-gas also 
contains carbon oxides from the consumption 
of the graphite electrodes. 


A significant difference between the elec- 
tric furnace and the reverb is the inversion of 
the temperature gradient in the furnace cavity. 
In the reverb, the combustion gases have the 
highest temperature, whereas in electric matte 
smelting, the waste gases are ca. 500 °C cooler 
than the slag phase, which is heated by the 
electric energy. Accordingly, in the electric 
furnace, cheap refractories are sufficient for 
lining the walls above the slag zone and the 
roof; only a common arch is required. 


The temperatures of both molten phases de- 
pend on the submergence of the electrodes, 
and the required heat is controlled by the elec- 
trical power supplied. Heat transfer takes 
place chiefly by convection, which causes in- 
tense circulation in the molten bath. 


The current is divided into two partial cir- 
cuits, through slag and through matte. The dif- 
ference in conductivity is great, slag:matte 
ratio of 1:102 to 1:103; therefore, the depth of 
immersion of the electrodes into the liquid 
slag must be precisely controlled. As the elec- 
trodes immerse deeper into the slag, more cur- 
rent flows through the matte. If they touch the 
matte layer, a short circuit occurs. These con- 
siderations lead to an approximate relation be- 
tween the electrical power input and the depth 
of the slag layer: 6000 kVA and 0.5 m, 30 000 
kW and 1.0 m, and 50 000 kW and 1.5 m. 


The matte layer reaches a maximum height 
of ca. 0.8 m. The smelting capacity of electri- 
cal furnaces is higher than that of reverbs, av- 
eraging 3-4 tmd. 
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Brixlegg Process. Lurgi developed [84] and 
practiced at Brixlegg, Tirol, Austria, a modifi- 
cation of the old roasting reaction process. 
Nearly dead-roasted concentrates are reduced 
in batches by coal in a small special circular 
electric furnace (2500 kVA, 5-m diameter). 
The crude copper averaged only 95 % Cu, and 
the operation has been discontinued. 


8.5.6 Autogenous Smelting * 


Autogenous smelting involves the use of 
combustion heat generated by reactions of the 
feed in an oxidizing atmosphere in which the 
sulfide concentrate acts partly as a fuel. The 
formerly separate steps of roasting and smelt- 
ing are combined into a roast-smelting pro- 
cess. The spatial and temporal coupling of 
exothermic and endothermic reactions leads to 
an economical process, but the sensible heat of 
nitrogen in the air causes a deficit in the heat 
balance. In practice, various measures must be 
taken: 


e Preheating combustion air with waste heat 
or in a preheater 

e Increasing the oxygen content of the com- 
bustion air and even using pure oxygen 


e Combustion of natural gas, fuel oil, or pul- 
verized coal in supplementary burners 
To achieve autogenous operation and pre- 
vent agglomeration of the feed, the moisture in 
the concentrate must be removed by drying 
before charging. The quantity of added fluxes 
is minimized as far as practical to save energy. 
Because the residence time of the sulfide 
particles in the reaction chamber is only a few 
seconds, kinetic conditions predominate over 
the thermodynamic equilibrium. The reactants 
form a heterogeneous system, with the feed 
suspended in the gas flow, thus the term smelt- 
ing in suspension. These processes have sev- 
eral advantages: 
e High rate of reaction, increasing the produc- 
tion rate 


e Energy savings 


e Low volume of off-gas and correspondingly 
high concentration of SO, and low quantity 
of flue dust if oxygen is used 
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However, a typical disadvantage is the high 
copper content of the slags. 


8.5.6.1 Outokumpu Flash 
Smelting 


After a preliminary test in 1946, the first 

full-scale flash smelting furnace was started in 
1949 by Outokumpu Oy in Harjavalta, Fin- 
land. In recent years this process has partially 
replaced reverberatory smelting, and it will 
probably become the most important method 
in the future. At present, more than 30 Outo- 
kumpu furnaces are in operation, with a total 
capacity of nearly one-third of the world pri- 
mary copper production. In Japan alone there 
are seven Outokumpu units. The Outokumpu 
process is easily converted to computer con- 
trol [85]. 
Furnace Design (Figure 8.11). A flash fur- 
nace has been developed from a reverb with a 
mounted roaster in which smelting takes place 
simultaneously. Large units comprise three 
sections with approximate dimensions as fol- 
lows: 


e Circular reaction shaft for roasting and 
smelting dried concentrates in suspension; 
6—7 m in diameter and 7—9 m high 

e Settling hearth for collecting the molten 
droplets and separating matte from slag; 
120-160 m? hearth area and up to 24 m 
long, 6—7 m wide, and 3 m high 


LLL LLL LLL 





Figure 8.11: Outokumpu flash smelting furnace, longitu- 
dinal section [86]: a) Concentrate bumers; b) Reaction 
shaft; c) Settler; d) Offtake shaft. 
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e Rectangular uptake shaft for waste gas and 
flue dust; 6—7 m long, 3 m wide, and 6—7 m 
high 

Operation [87]. Various sorts of concentrates 

(€ 10% H4O) and a few fluxes (mainly silica) 

are mixed and dried in rotary dryers or in flash 

dryers. The dried feed is conveyed to the top 
of the reaction shaft, where three or four spe- 
cial concentrate burners are mounted. Mea- 
sures required to maintain autogenous 
conditions include preheating of combustion 
air in special air preheaters up to ca. 500 *C, 
oxygen enrichment, and conventional burners 
for additional firing. The oxygen: concentrates 
ratio determines the final copper content in the 
matte. The heterogeneous mixture of gas and 
particles or gas and droplets remains in the re- 
action shaft only a few seconds before reach- 
ing the settler; the liquid matte and slag 
separate at ca. 1200°C, and the matte is 
tapped for converting. Outokumpu mattes, 
which contain 50—70 45 Cu, result in slags that 
contain up to 2% Cu. Typical operating data 
are shown in Table 8.13. 


Table 8.13: Outokumpu process, Ashio plant (Furukawa 
Co.), Japan [88]. 





Air(21 X Oxygen-enriched 
vol% О») air (41.5 vol % О») 


Concentrate throughput, 

tld 440 550 
Process air, т? 22 000 9600 
Copper matte grade, % Cu 48 60 
Heavy oil consumption, 

Lit 65 10 
Off-gas 

SO, content, % 11.5 33 

О» content, % 1.0 1.5 

Flue dust, % 8.8 5.2 
Production 

Blister copper, t/d 95 120 

Sulfuric acid, t/d 250 330 
Relative electric power 

consumption, 46 100 128 
Total consumption of 

heavy oil, 96 100 35 


Slag Cleaning. In practice two methods are 
used: froth flotation and treatment in small cir- 
cular electric slag furnaces. The decision for 
one or the other is determined by economics. 
In froth flotation the slag concentrate is re- 
turned to the feed, and the tailings are dis- 


Copper 


carded. The second method involves the 
reduction of flash furnace slags in an electric 
furnace, which yields a matte and slag that is 
suitable for sale. 


Off-gas and Flue Dust. The waste gases are 
separated from part of the flue dust at ca. 
1250 ?C in the offtake shaft and pass through a 
waste heat boiler for generating steam, and 
subsequently to an electrostatic (Cottrell) pre- 
cipitator for separating the mass of flue dust, 
which is recycled to the feed. The precleaned 
off-gas with SO, content of > 8% is usually 
processed to sulfuric acid. 

The flue dust consists chiefly of sulfates 
and basic sulfates of copper lead and zinc as 
well as some volatile compounds of arsenic, 
antimony, bismuth, and selenium. Repeated 
recycling makes it possible to enrich selected 
elements for later extraction. The quantity of 
flue dust can reach ca. 10% of the input. 

In large furnaces the throughput is ca. 60 t 
of concentrate per hour, corresponding to a 
copper production of nearly 150 000 t/a. 


Special Operations. There are several recent 
variations of Outokumpu flash smelting, espe- 
cially in Japanese smelters: 


e Ashio smelter (Furukawa Co.), Japan. The 
flash furnace has been rebuilt with the short- 
est reaction shaft of all Outokumpu units, 
only 4.7 m high, to minimize heat loss. A 
special bumer and use of high oxygen con- 
tent in the blast air compensate for this short 
reaction zone [88]. 


e Saganoseki smelter (Nippon Mining Co.), 
Japan. The smelter operates two Outo- 
kumpu units in which hot oxygen-enriched 
blast air is used. Heating of the input air to 
1000—1200 °C takes place in special hot- 
blast stoves. The overall energy efficiency is 
reported to exceed that of the conventional 
Outokumpu process [89]. 


e Tamano smelter (Hibi Kyodo Smelting 
Co.), Japan. To eliminate the slag cleaning 
furnace, electrodes are inserted into the set- 
tler of the flash furnace. This mode is 
termed the FSFE (flash smelting furnace 
with electrodes) process [90]. A second 
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plant, the PASAR smelter, has been erected 
recently in the Philippines. 


e Glogow smelter, Silesia, Poland. The con- 
centrates used here have an unusual compo- 
sition: 17-32% Cu, 1-3% Pb, only 2—5 % 
Fe, 7-10% S, and even 5-8 % organic car- 
bon. Air that is highly enriched with oxygen 
(up to 80 vol% О») is used, which permits 
the direct production of blister copper. The 
two disadvantages are the high coftent of 
impurities (lead, arsenic, and bismuth) in 
the copper and the extremely high percent- 
age of copper (7—16 75) in the slag, both de- 
pending on the level of oxygen enrichment 
[91]. 

e Hidalgo smelter (Phelps Dodge Corp.), New 
Mexico, United States. This new plant is in- 
tended to produce elemental sulfur instead 
of sulfuric acid by reducing the SO; in the 
offtake shaft with pulverized coal and hy- 
drocarbons [92]. 


Trends. The diversity of modified furnace 
constructions and operating methods shows 
the adaptability of the Outokumpu process to 
different raw materials and smelter locations. 
As increasing oxygen content has been used in 
the blast air, the process has approached the 
principle of INCO flash smelting. On the other 
hand, newer developments aim at the produc- 
tion of blister copper or white metal (75-80% 
Cu) from concentrates in only one vessel, 
thereby approaching continuous smelting and 
converting as in the Noranda process. 


8.5.6.2 INCO Flash Smelting 


INCO Metals Co., Canada, was the first 
company in the nonferrous metal industry to 
use commercially pure oxygen, which it did in 
autogenous flash smelting. After tests in the 
late 1940s, two smaller furnaces were put into 
operation іп 1952-1953, and a rebuilt unit 
with a capacity of ca. 1400 t/d has been operat- 
ing since 1968 [93]. 

The construction is similar to that of a me- 
dium-sized reverb (about 23 m x 6 m with a 
maximum height of 5 m), but feed and oxygen 
(95—98 vol%) are blown horizontally through 
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burners at both ends of the furnace. The 
offtake is arranged at the center of the roof. A 
sheet steel encasing keeps the furnace nearly 
gastight. The matte contains ca. 50% Cu and 
the slag 0.7 % Cu. 

The advantages of the process rest on the 
use of pure oxygen and relate particularly to 
handling off-gas. Because of the relatively 
small gas volume, the dust formation is negli- 
gible, and the cooling and dust-collecting sys- 
tem can be small. On the other hand, the SO, 
content of the off-gas is ca. 80%, so that liquid 
sulfur dioxide can be produced. Other advan- 
tages are the relatively low energy require- 
ment and the simple design. Figures 8.12 and 
8.13 give the heat balance for INCO flash 
smelting and a sketch of the furnace. 

However, the INCO process is employed 
only to a small extent. Apart from an older 
plant in Almalyk, Uzbekistan [94], only two 
companies in the United States have chosen 
this process in recent years for modernizing 
their facilities: Hayden smelter (ASARCO), 
Arizona and Hurley smelter (Kennecott Cop- 
per Corp.), New Mexico. 


8.5.6.3 KIVCET Cyclone Smelting 


Developments in power-plant technology 
have led to adoption of the cyclone principle 
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Figure 8.13: Principle of INCO flash smelting furnace. 
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by the metallurgical industry. The acronym 
KIVCET uses the initial letters of the follow- 
ing Russian terms: oxygen, vortex, cyclone, 
electrothermic. The development began in 
1963, and the first plant was operated by Ir- 
tysh Polymetal Combine in Glubokoe, Ka- 
zakhstan; other ex-USSR plants are under 
construction [95]. 
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Figure 8.12: Heat balance of INCO flash smelting [93]. 
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Figure 8.14: KIVCET furnace [95]: a) Smelting cyclone; b) Separating chamber; c) Cyclone waste-gas offtake; d) Parti- 
tion wall; e) Settling reduction hearth; f) Slag tap hole; g) Feed of reductant and offtake for waste gas from the hearth; h) 


Electrical resistance heating; i) Matte taphole. 


Table 8.14: KIVCET process: analysis and yield [95]. 


Metal 
Analysis and yield ——— =—=————= 
Cu,% Zn,% Pb, 

Analysis 

Concentrate* 25.60 10.0 1.7 

Copper matte 50.00 2.5 2.0 

Slag 0.35 3:3 0.2 
Yield 

In matte 99.1 12.7 60.Q 

In oxidic condensate — 71.0 34.1 

? Also 24,0% Fe and 33.0% S. 


The method is aimed at processing copper 
sulfide concentrates that contain considerable 
amounts of other metals. The essential part of 
the continuously operated plant is the smelting 
cyclone, in which the concentrates are fed ver- 
tically, and technical-grade oxygen (< 95 %) is 
blown in horizontally, so that reaction takes 
place rapidly above 1500 °C. 


The furnace is divided to allow separating 
and settling of the reaction products, in this re- 
spect similar to a reverb. In contrast to the sep- 
aration chamber, the atmosphere in the 
electrically heated settler is maintained in a re- 
ducing state so that the slag does not need spe- 
cial posttreatment. 


The off-gas volume is small, and the per- 
centage of SO, can be up to ca. 80%. Metals 
are recovered from the flue dust of both the 
separating chamber and the settler. Table 8.14 
and Figure 8.14 explain the process. 


Using a KIVCET license, KHD Humboldt 
Wedag AG, Kóln (Cologne), is developing the 
combined Contop process [96] (Section on 
Other Processes). 


8.5.6.4 Flame Cyclone Smelting 


The flame cyclone reactor (FCR) process 
was suggested by LURGI and Deutsche Bab- 
cock AG ca. 1975 and has been demonstrated 
at a pilot plant of Norddeutsche Affinerie in 
Hamburg with a capacity of ca. 10 t/h. It is a 
high-temperature (> 1500 °C) reaction for au- 
togenous smelting of copper sulfide concen- 
trates in a high-oxygen atmosphere (up to ca. 
75%). A second characteristic is the simulta- 
neous removal of volatile compounds of other 
elements, such as zinc, cadmium, tin, lead, ar- 
senic, antimony, and bismuth, as oxides and 
basic salts, in the flue dust. The SO, content of 
the off-gas is greater than 50%. The products 
are a high-grade matte containing up to 80% 
Cu and slag, which separates in a settler [97]. 


The principle of this method differs from 
that of the KIVCET process in that the reac- 
tion in the FCR process takes place in a special 
chamber situated before the cyclone, where 
the molten droplets are separated by cen-trifu- 
gal force. The process is well-suited for pro- 
cessing complex or dirty concentrates, the raw 
material of the future. 
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8.5.7 Converting 


Matte produced by smelting processes is 
treated in the molten state by blowing with air; 
this stage of concentration is known as con- 
verting. Copper and iron sulfides, the main 
constituents of matte, are oxidized to a crude 
copper, ferrous silicate slag, and sulfur diox- 
ide. 

The batch converting process has been em- 
ployed for many decades in two operating 
steps at ca. 1200 °C in the same vessel. Inves- 
tigations and development of continuous 
methods are being made [98—99]. 


8.5.71 Discontinuous Converting 


The conventional converting of matte is a 
batch process that yields in the first step an im- 
pure copper(I) sulfide containing ca. 75-80% 
Cu, the so-called white metal, and in the sec- 
ond step the converter, or blister, copper aver- 
aging 98-99% Cu. The name blister copper 
derives from the SO,-containing blisters that 
are enclosed in the solidified metal. 


First Step. The main reactions are oxidation 
of iron(II) sulfide and slagging of iron(II) ox- 
ide by added silica flux: - 
2FeS + 30, э 2FeO + 2805 
2FeO + SiO;  Fe5SiO, 

Formation of magnetite occurs near the 
tuyéres: 
3FeS + 50, ә Fe,0,+ 380; 


In Figure 8.6, the first step corresponds to 
moving along the pseudobinary Cu,S—FeS 
line to form an impure copper(I) sulfide. 


Second Step. Continuing oxidation occurs as 
in a typical roasting reaction process: 


2Cu58 + 30, 5 2Cu50 + 250, 
2Cu50 + CuzS > 6Cu + SO; 


CuS + O; 2 2Cu + SO; 


In Figure 8.6 and Figure 8.15, the composi- 
tion moves along the Cu,S—Cu line from the 
copper(I) sulfide to crude metallic copper, the 
two phases being immiscible. 

The blister copper contains < 0.1% S, ca. 
0.5% O, and traces of other impurities. 
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Figure 8.15: The Cu-CuS system [100]. 


Converter Slags. The slags from the first step 
are 1їгоп(П) silicates (40-50% Fe) with high 
magnetite content (15-30% Fe4O,4). The ini- 
tial copper content of 3-8 % can increase up to 
15% at the end of the reaction by formation of 
copper(I) oxide. This slag can be decopper- 
ized by returning it to the smelting unit or by 
froth flotation. 

The high-viscosity small-volume converter 
slags from the second step have a high copper 
content (20—40 %) in the form of copper(I) ox- 
ide or silicate. When enough slag has accumu- 
lated, it is returned to the first converting 
stage. 


Temperature. Converting is a strongly exo- 
thermic process that can overheat during oxi- 
dation of iron-rich mattes. The temperature 
must he held ca. 1200 *C by adding fluxes, 
copper scrap, precipitates from hydrometallur- 
gical treatment (e.g., cement copper), or con- 
centrates. The off-gas (5-8 vol% SO») is 
transferred to a sulfuric acid plant. 

The blowing time per batch is a few hours; 
however, as the copper content of the matte in- 
creases, the converting time decreases. Occa- 
sionally. oxygen-enriched air is used to 
increase the throughput. 
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Impurities. The distribution of other elements 
among the phases during converting is as fol- 
lows: 

ə Noble metals and most of the nickel, cobalt, 
selenium, and tellurium collect in white 
metal and then in blister copper. 

ə The bulk of zinc and some nickel and cobalt 
collect in converter slag. 

e The oxides and sulfates of arsenic, anti- 
mony, bismuth, tin, and the basic sulfates of 
lead are found in flue dust. 
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Figure 8.16: The evolution of the copper converter [101]. 
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Converter Types. The copper converter was 
invented in 1880 by Manhés and David, based 
on the Bessemer converter, which had been 
used in the steel industry since 1855. This de- 
velopment led to the incorrect name "copper 
bessemerizing", although the true Bessemer 
process is a refining step. Originally, the cop- 
per converter was upright, and such obsolete 
units were in operation until the early 1980s, 
e.g., the Great Falls converter developed by 
Anaconda Mining Co., United States. 
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Figure 8.17: Schematic cross section and back view of a Peirce-Smith converter [45]. 


The following types are in use currently 

(Figure 8.16): 

e Peirce-Smith converter. The P-S type has 
been the most important apparatus for con- 
verting for many decades, and the number in 
operation may be in the range of a thousand. 
It is a horizontal cylinder lined with basic 
bricks (magnesite, chrome magnesite) that 
can be rotated about its long axis (Figure 
8.17); blast air is blown through a horizontal 
row of tuyéres. In practice, the punching of 
tuyéres with special devices is necessary to 
maintain the flow of air. The largest vessels 
are 9—11 m long with a diameter of 4—4.5 m. 


e Hoboken or syphon converter [102]. This 
variation of the P-S type was developed 
years ago by Metallurgie Hoboken N.V., 
Belgium, but is now used by only a few 
smelters in Europe and in North and South 
America; larger units are operated at Gl- 
ogow smelter in Silesia, Poland; Inspiration 
smelter in Arizona; and Paipote smelter 
(ЕМАМІ), Chile [103]. Its advantage is its 
freedom from sucking in air, so the off-gas 
can attain SO, levels up to 12%. Special 
features of the design are the small con- 
verter mouth and the syphon or goose neck 
that guides the off-gas and flue dust flow. 


Inspiration converter [104]. The construc- 
tion of the Inspiration Consolidated Mines, 
Arizona, United States, is the most recent 
development in converter technology. Its 
design is similar to the Caletones type as it 
also has two mouths, the smaller for charg- 
ing, the larger for the off-gas. The latter is 
well hooded in all operating positions. 


Caletones or El Teniente modified con- 
verter. Another modification longer than the 
Р--5 converter is the TMC [105]. The main 
design differences are two separated mouths 
for charging and off-gas flow, and the lateral 
tapholes for liquid slag and white metal. The 
latter is converted to blister copper in a con- 
ventional P-S converter. Further character- 
istics are testing for the direct smelting of 
concentrates in the converter with oxygen 
and the tendency to continuous operation. 
There are two units at Caletones smelter 
(ЕМАМІ), El Teniente, Chile. 


Top-blown rotary converter [106]. The 
TBRC, which is known in the steel industry 
as the Kaldo converter, was adopted by the 
nonferrous industry (first by INCO, Canada) 
because of its great flexibility. Air, oxygen- 
enriched air, or on occasion, commercial ox- 
ygen is blown through a suspended water- 
cooled lance onto the surface of a charge of 
copper-containing materials. In practice, the 
TBRC is used batchwise for special opera- 
tions on a small scale: 


— Converting copper matte with high levels 
of such impurities as bismuth and arsenic 
took place at the Tennant Creek smelter 
(Peko-Wallsend Ltd.), Australia, but it has 
been discontinued. 


— Direct smelting of concentrates (clean, 
complex, or dirty) to white metal or blister 
copper is performed at Rönnskär smelter 
(Boliden Metall AB), Sweden. 


— Slags from sulfide concentrate smelting 
and native copper are treated at Kamloops 
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smelter (Afton Mines Ltd.), British Co- 
lumbia, Canada. 


— Copper extraction from copper scrap and 
other secondary materials is also carried 
out. 


Sirosmelt process [107]. A new develop- 
ment, the Sirosmelt process (not shown in 
Figure 8.16) operates batchwise, similar to 
the TBRC process when used for direct 
smelting and subsequent converting (cf. b) 
above). Pelletized concentrates, air, and fuel 
are fed through a submerged lance into a 
special stationary furnace of circular design. 
After withdrawal of the primary slag, the 
matte is converted to white metal and then 
to blister copper in the same reactor. This 
concept of CSIRO, Australia, needs more 
testing before commercialization. 


8.5.7.2 Continuous Converting 


. While continuous copper smelting pro- 
cesses have been in operation for many years, 
continuous converting of matte has come into 
use only slowly. In the Western world, haw- 
ever, these trends have recently led to a novel 
combination of continuous smelting and con- 
verting methods (Section on Continuous 
Smelting and Converting). The Eastern bloc 
has also been investigating continuous con- 
verting [108—109]. 

Among tbe newer concepts originating 


from companies in Canada and the United 


States is the flash converting method devel- 


oped by Kennecott Copper Corp., United 
States [110], termed the SMOC (solid matte 


oxygen converting) process. Solidified matte 
from a smelting furnace is comminuted; the 


finely powdered matte is oxidized in a flash 
furnace with commercial oxygen to give blis- 


ter copper slag, and an off-gas containing ca. 


75 vol% SO,. 


8.5.8 Continuous Smelting and 
Converting 


Recently, copper metallurgists have tried 
to combine operation steps into simplified en- 
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ergy-saving processes. There are now two 
modern methods in use: the multistep Mitsub- 
ishi process and the single-step Noranda pro- 
cess. The Outokumpu process has recently 
been modified to produce blister copper [91]. 
Attempts have been made to employ continu- 
ous production, autogenous operation, and the 
use of oxygen. Apart from furnace design, the 
various processes differ in the following im- 
portant details: | 


e Blowing the combustion air through 
tuyéres into the molten bath or through 
lances onto the charge 


e Mode of streaming of the two liquid phases 
(matte and slag) in uniflow or countercur- 
rent 


e Method of slag decopperizing 


8.5.8.1 Mitsubishi Process 


Mitsubishi Metals Corp., Japan, tested the 
new concept in 1961 and started a commercial 
plant in Naoshima in 1974 with an annual ca- 
pacity of 70 000 t of copper [111]. The princi- 
ple of the process is the interconnecting of 
three furnaces, as shown in Figure 8.18: 


e Smelting or S-furnace. Dried concentrates, 
fluxes (silica and limestone), pulverized 
coal, basic return converter slag, and flue 
dust are smelted with fuel oil and unpre- 
heated oxygen-enriched air to produce 
matte. 


Slag cleaning or CL-furnace. Separation of 
matte from slag is effected in this electric 
furnace by addition of coke and some pyrite 
for decopperizing the slag, which is then 
discarded. 


Converting or C-furnace. Blister copper is 
produced by continuously oxidizing the 
high-grade matte. A special basic. slag 
(Fe;0,-CaO-Cu4O) is formed by addition 
of small amounts of limestone. This slag is 
returned to the S furnace after granulation. 
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Figure 8.18: Mitsubishi process [112]. Furnaces and furnace parts: a) Smelting furnace; b) Charging part for dried con- 
centrates and fluxes; c) Lances for blowing air and oxygen; d) Burners; e) Slag cleaning furnace; f) Matte syphon; g) Slag 
overflow; h) Converting furnace; i) Charging part for limestone; j) Blister copper syphon; k) Revert slag overflow; D An- 
odes; m) Slag return system. Material flow: n) Matte and slag; o) Matte; p) Slag to granulator; q) Blister copper. 


Table 8.15: Mitsubishi process: composition of smelting 
products at the Naoshima, Japan, plant [113]. 


Composition, % 
Cu Fe S SiO, CaO Als 


Concentrates 275 275 310 55 05 15 
Matte 65.0 11.0 22.0 

Discarded slag 05 420 0.7 302 42 33 
Converter slag 15.0 440 01 02 15.0 02 
Blister copper 98.5 0.1 

Copper anodes 99.4 


Material 








Table 8.15 contains typical analytical data 
on the intermediate products. The off-gas con- 
tains ca. 15 vol% SO, and is used to produce 
sulfuric acid; the flue dust comprises 2—3 % of 
the charged concentrates. The energy con- 
sumption is about the same as that of the Outo- 
kumpu process, but the investment and 
personnel costs are lower. 

A new plant of this design was put into use 
in 1981 by Kidd Creek Mines Ltd. at Timmins 
smelter, Northern Ontario, Canada [114], 
which is to increase in capacity from 60 000 to 
90 000 t/a. 


8.5.8.2 Noranda Process 


The tests of this first single-step continuous 
copper smelting process began in 1964, and a 
large-scale plant was put into use in 1973 at 
Horne smelter (Noranda Mines Ltd.) in No- 
randa, Quebec, Canada. The original annual 
capacity of 70 000 t/a has since been increased 
to ca. 100 000 t/a [115]. 


The Noranda reactor is a rotatable horizon- 
tal cylinder up to 21 m long with a diameter of 
ca. 5 m and lined with chrome—magnesite 
bricks. Its longitudinal section is shown in 
Figure 8.19. In normal operation the vessel re- 
mains stationary with 50—60 tuyéres on a level 
with the molten matte. If the process is inter- 
rupted, the reactor must be revolved to raise 
the tuyéres. 

The furnace is continuously charged at one 
end with pellets consisting of wet sulfide con- 
centrates (< 10% HO), silica flux, and pul- 
verized coal. The slag is very viscous as a 
result of the high percentage of magnetite (20— 
30%) and contains 10-15% copper because 
liquid matte and slag move in uniflow, the 
copper content in both phases increasing dur- 
ing the reaction. The slag is decopperized by 
flotation. The slag concentrates containing 
50—55 % Cu are returned to the reactor as addi- 
tional feed with all flue dusts. The tailings (ca. 
0.5% Cu) are discarded. Blister copper col- 
lects as a third liquid layer in the lowest part of 
the reactor. 

The burners at both ends of the reactor are 
fed by gas or oil and oxygen-enriched air. The 
SO, content of flue gas is between 8 and 15 
vol%, depending on the oxygen content of the 
combustion air and the fuel quantity. 

Apart from the advantages of continuous 
and partially autogenous operation, the No- 
randa process suffers several disadvantages in 
its original mode: 
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Figure 8.19: Noranda Process prototype reactor [116]. 


e High copper content in the slag 


e High sulfur content in the blister copper (1- 
2%, only ca. 0.146 in batch converting) 


e Large amounts of such impurities as arsenic, 
antimony, and bismuth in blister copper if 
dirty concentrates are charged r 

The isolated steps of conventional methods 
are better suited for treating ores with high 
levels of impurities. Therefore, the blister 
mode of the Noranda process was replaced by 
the matte mode to produce white metal, which 
is converted to blister copper in P-S convert- 
ers. The copper content of the Noranda slag is 
cut in half. Table 8.16 shows the distribution 
of impurities in the intermediate products 
starting with a concentrate containing 25% 
Cu, 29% Fe, and 32% S. 

In 1978, the Utah Copper Division of Ken- 
necott Copper Corp. started three Noranda re- 
actors in its Garfield smelter in Utah, United 
States. 


8.5.8.3 Other Processes 


WORCRA Process. The acronym comes 
from the inventor (H. K. Worner) and the com- 
pany (Conzinc Rio-Tinto of Australia). In a pi- 
lot plant at Port Kembla, New South Wales, 
the process was demonstrated in 1968 and at- 


tained a capacity of ca. 8000 t of blister copper 
per year. In spite of initial progress, the 
method was not technically successful, and 
the tests were dropped. However, reports in 
the literature (118] imply that the principle 
may be revived. 

The process differs from the Noranda pro- 
cess in that the stationary furnace is U-shaped, 
dried concentrates are charged, and the liquid 
matte and slag flow in a countercurrent. The 
slag contains only ca. 0.5% Cu and needs no 
subsequent treatment. The energy consump- 
tion and the required space are greater. The 
principal problem was the rapid deterioration 
of the injection lances. which are immersed in 
the molten slag. 


Q-S Process. A method invented by P. E. 
Queneau and R. Schuhmann, Jr. [119] and un- 
der development since 1981 for the extraction 
of lead from sulfide concentrates in a pilot 
plant at Berzelius Metallhiitten GmbH, Duis- 
burg, Germany, is to be tested for the produc- 
tion of blister copper or white metal. The Q-S 
reactor is similar to the Noranda design with a 
rotating nearly cylindrical vessel. The flow of 
molten matte and slag is countercurrent; thus, 
it produces a low-grade slag. The copper con- 
tent of this slag is lowered to 0.2 % Cu by a re- 
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ducing treatment with carbon monoxide in the 
same reactor, called deconverting. 


KHD-Contop Process. Another recent 
project for the direct production of copper or 
lead from sulfide concentrates has been devel- 
oped by KHD Humboldt Wedag AG, Kóln 
(Cologne). The acronym Contop stands for 
continuous top-blowing process [120]. The 
process involves a series of steps in a station- 
ary double-furnace system, each divided into 
several sections for different tasks. The con- 
centrates and fluxes are continuously charged 
into a cyclone flash smelter resembling the 
KIVCET reactor, where the raw material re- 
acts with pure oxygen at 1500—1700 °C. This 
heating, and slag fuming by top-blowing a 
mixture of pure oxygen and gaseous fuel 
through lances into the adjoining settling and 
slag cleaning reactor, remove most of the im- 
purities by volatilization. 

Thus the process provides relatively pure 
metal from dirty concentrates in one continu- 
ous operation. High-grade matte (75-80% 
Cu) flows into the second part of the reactor, 
which uses the HCCR process. The final prod- 
uct is fire-refined copper suitable for anode 
casting. The slag does not need posttreatment, 
and the off-gas can contain up to 20 vol% 
SO. 

Two other proposals, the Britcosmaco pro- 
cess [121] of G. J. Brittingham, Australia, and 
the BM Autogenous process [122] of the U.S. 
Bureau of Mines, require special stationary 
furnaces in which molten matte and slag flow 
in a countercurrent. Tests of these processes 
have been discontinued. 
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8.5.9 Recovery of Copper from 
Secondary Materials 


Copper is recovered from materials, includ- 
ing copper and copper-alloy scrap, as well as 
substances that contain oxidized copper, such 
as slag, flue dust, dross, ash, residue, and 
sludge. 


New scrap (fabricating waste) can be recy- 
cled to the appropriate melting and casting 
plant. Old scrap (used copper), however, must 
be sorted and sampled to select the most suit- 
able sequence of recovery operations in a 
smelter or refinery. The recovery of metals 
from copper alloys is complicated because of 
separation problems. In practice, pyrometal- 
lurgical treatments employing a blast furnace 
and converter are preferred. 


Converter-Blast Furnace Method. The 
original so-called Knudsen process was pat- 
ented in 1915 and its variants became the con- 
ventional method. Copper-alloy scrap, such as 
brass, bronze, gunmetal, and nickel alloys, is 
melted in small converters with coke and iron 
scrap (but no silica) during air blowing. The 
iron performs the three functions of reducing 
agent, fuel, and component for slag formation. 
Iron also minimizes the oxidation of copper 
and, thus, lowers the copper content of the 
nevertheless copper-rich slag. Unlike the large 
matte converter, the scrap converter operates 
under reducing conditions above the molten 
bath [123]. 


Table 8.16: Noranda process: distribution of accompanying elements in the material flow [117]. 


Mode of operation 





Converting to blister copper with 








Converting to matte with Converting to blister copper with Р А 
Element atmospheric air atmospheric air eras Ge 
Off-gas Reactor Matte Off-gas Reactor Blister Off-gas Reactor Blister 

(flue dust) slag (70% Cu) (flue dust) slag copper · (flue dust) slag copper 
Lead 74 13 13 24 74 2 21 77 2 
Zinc 27 67 6 21 78.9 0.1 14 85.8 0.2 
Cadmium — — — 95.5 4 0.5 95 4.5 0.5 
Arsenic 85 7 8 19 27 54 39 14 47 
Antimony 57 28 15 29 36 35 18 52 30 
Bismuth 70 21 9 52 30 18 43 42 15 
Selenium — — — 78 7 15 60 21 19. 
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Figure 8.20: Converter-blast furnace method: scheme for the recovery of copper from scrap [123]. 


Zinc and tin are volatilized as zinc vapor 
and SnO and burn in the converter hood to 
ZnO and SnO;. Lead is also oxidized, and the 
PbO is partly volatilized and partly collected 
in the slag. The volatile compounds collect in 
flue dust, from which they are recovered. * 

Crude copper in the converter contains 
some impurities and must be retained. The 
copper-rich slag must be processed by reduc- 
ing blast furnace smelting to yield black cop- 
per (Figure 8.20). 


Blast Furnace-Converter Method. The re- 
versed process is well-suited for smelting oxi- 
dized secondary materials [124]. This method 
of processing brass scrap produces zinc oxide, 
which is utilized as a raw material for zinc 
white or zinc metal. Bronze and gunmetal 
scrap yield mixtures of oxides from which tin 
lead solder is made. 

The treatment of nickel alloys (e.g., Ger- 
man silver, a Cu-Ni-Zn alloy) is difficult be- 
cause of the tendency of nickel to form slag. 
Methods have been developed that let the 
nickel pass into the electrolyte during copper 
electrolysis (see Chapter 12). 


Summary. There is no satisfactory general 
method for the processing of alloy scrap de- 
spite many proposals [125—129]. Secondary 


metal reserves are becoming increasingly im- 
portant, as are processes for the recovery of 
metals from them [130—131]. 


8.510 Hydrometallurgical 
Extraction 


Most "new" hydrometallurgical methods 
are derived from well-known reactions of ana- 
lytical chemistry. While pyrometallurgical 
processes readily handle raw materials of vari- 
able composition, hydrometallurgical meth- 
ods have advantages of specific adaptability 
and high selectivity. They are particularly suit- 
able for processing low-copper-content. oxi- 
dized or combined oxide-sulfide copper ores, 
dump stocks, residues, or intermediate prod- 
ucts. 

Disadvantages are the relative slowness of 
leaching, the large volume of solution per unit 
mass of copper, and the complicated extrac- 
tion of precious metals that remain in the 
leaching residues. Another problem is the re- 
moval of sulfur from sulfide ores. Although 
sulfur dioxide is not generated, dilute solu- 
tions containing sulfate ion, which must be 
precipitated as gypsum to avoid water pollu- 
tion, are formed. Newer developments are 
aimed at direct separation as elemental sulfur. 
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Currently, ca. 15% of the primary world 
copper is produced by hydrometallurgical ex- 
traction. The main products are electrowon 
pure copper and crude cement copper. 


8.5.10.1 Principles 


The following is only a brief survey of hy- 
drometallurgical processes; details are to be 
found in the literature, e.g., [132-133]. 


Basic Process Steps. Hydrometallurgical pro- 
cesses can generally be subdivided into the 
following steps: 

e Pretreatment, physical (e.g., comminution) 
or chemical (e.g., roasting) 

e Leaching, chiefly with sulfuric acid or am- 
moniacal solutions, sometimes under oxi- 
dizing conditions 

e Solution purification, e.g., by precipitation 
of impurities and filtration or selective en- 
richment of copper by solvent extraction or 
ion exchange 

e Separation, precipitation of copper metal or 
copper compounds such as Си,О, CuS, 
CuCl, Сш, CuCN, or CuSO,-5H,O (crys- 
tallization) . 

e Posttreatment, e.g., fire-refining of crude 
cement copper or thermal reduction of cop- 
per compounds 


Leaching. In copper production, leaching is 

used in a number of ways: 

e In situ leaching, applied in loose ore bodies. 

e Dump or heap leaching of lumpy material 

e Vat or percolation leaching of small-sized 
material 

e Agitation or slime leaching of fine-grade 
material without pressure 

e Pressure leaching of fine-grade material or 
without oxygen 
In practice, only a few proven chemicals, 

lixiviants, are used: 

e Dilute sulfuric acid, suitable for leaching 
oxidized copper ore such as oxides, basic 
carbonates and sulfates, and silicates 

e Solutions of iron (Ш) salts, especially 
iron(IIT) sulfate, as oxidizing agents in sul- 
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furic acid if sulfide copper minerals are also 
present 


e Ammoniacal solutions of ammonium salts, 
especially ammonium carbonate for oxi- 
dized ores, as well as for native copper if the 
accompanying gangue is soluble in acids 


Other lixiviants have been proposed and 
occasionally used, e.g., hydrochloric acid, ni- 
tric acid, concentrated sulfuric acid, and solu- 
tions of iron(III) chloride, copper(I) chloride, 
or dichromates. In pressure leaching of sulfide 
ores, oxygen is advantageously applied to oxi- 
dize the sulfide to sulfate or elemental sulfur. 
Economic aspects are decisive for the choice 
of a lixiviant. 


A recent development is the bacteria-as- 
sisted leaching of low-grade copper ores and 
industrial wastes. Certain autotrophic bacteria 
accelerate the oxidation of copper and iron 
sulfides. Typical species are Thiobacillus 
thiooxidans, which oxidizes sulfide to sulfate, 
and Thiobacillus ferrooxidans, which oxidizes 
ігоп(П) to iron(III). The Fe(II) — Fe(II) reac- 
tion takes place slowly in atmospheric oxy- 
gen, but the bacteria catalyze it. 


The reaction rate depends on the living con- 
ditions of the bacteria. Bacterial leaching of 
sulfide copper ores is carried out at tempera- 
tures between 25 and 40 °C, pH (sulfuric acid) 
of 1.5-3.5, a definite concentration of metal 
ions, access to oxygen, and no direct exposure 
to sunlight. 


Currently, species of bacteria can be devel- 
oped and cultured for the performance of spe- 
cific tasks. It seems likely that such 
biotechnological methods may assume in- 
creased importance because of their lack of 
environmental problems and their low energy 
consumption [134—135]. 


Solvent or Liquid-Liquid Extraction [136— 
137]. The solvent extraction of dilute copper 
solutions from leaching processes concen- 
trates copper and eliminates impurities. This 
operation is based on the immiscibility of lig- 
uid aqueous and organic phases, with a high 
solubility of copper, but not of impurities, in 
the organic phase. 


MÀ À— 
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The solvent extraction process comprises 
two steps: selective extraction of copper from 
an aqueous leach solution into an organic 
phase (extraction circuit) and the reextraction 
or stripping of the copper into dilute sulfuric 


acid to give a solution suitable for electrowin- ` 


ning (stripping circuit). ' 

There are two important groups of proven 
organic chemicals for solvent extraction: LIX 
types (Henkel Corporation, formerly General 
Mills Chemicals, United States) and KELEX 
types (Ashland Chemical, United States). The 
improved selectivity of newly developed re- 
agents has increased the importance of solvent 
extraction. 


Ion Exchange [138]. Resins for selective ab- 
sorption of copper have been used only in'spe- 
cial cases, e.g., for recovery of dissolved 
metals from electroplating wastewater [139]. 


. Cementation. The reduction and precipitation 


of copper from dilute suifuric acid leach solu- 
tions by iron is the oldest hydrometallurgical 
method. In practice, iron scrap, if possible 
sheet iron, or sponge iron produced by reduc- 
tion of iron oxides so that a large surface area 


` is available, is used. The precipitation is car- 


ried out in vessels such as launders, cells, 
tanks, and special cone precipitators [140]. 


The precipitate, cement copper, is an im- 
pure copper, from ca. 60% to > 90% Cu. Fur- 
ther treatment is usually by a 
pyrometallurgical process. Relatively pure ce- 
ment copper can be used as a raw material for 
the production of copper sulfate. 


Electrowinning [141]. The electrolytic depo- 
sition of copper from its solutions differs from 
the electrolytic refining process in two impor- 
tant ways: the use of insoluble anodes instead 
of soluble ones and, consequently, much 
higher voltage (ca. 2-2.4 V), with a resultant 
power consumption of 2000-2600 kWh p 


The cathodic half-reaction is the same as in 
electrolytic refining: 


Cu?* + 2е7 — Cu (pure cathodes) 
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The anodic half-reaction results in the gen- 
eration of oxygen and hydrogen ions: 


H,0 э 2H* + 0.505 + 2e” (formation of mist) 


The reformed acid is returned to the leach- 
ing or the extraction circuit. Because of the in- 
solubility of anodes, anode slime does not 
form. 


Various types of anodes have been devel- 
oped [142], e.g.: ` 


e Lead-antimony (hard lead) anodes, the con- 
ventional type 


e Chilex anodes (copper-silicon alloy), an 
older development from Chuquicamata. 
Chile 


e Titanium anodes-a new type—coated with а 
layer containing platinum metals to de- 
crease the high overpotential of oxygen 


The use of titanium avoids the disadvan- 
tages of lead anodes. Titanium anodes have 
high corrosion resistance, do not contaminate 
copper cathodes with lead, and save energy 
because of the lower oxygen overpotential. 


In this way, the current efficiency (usually 
80-90%) can be improved. Impurities from 
anodes and from the electolyte lead to higher 
energy consumption, secondary redox reac- 
tions, and the necessity for keeping the current 
density below 200 A/m?. Newer develop- 
ments allow the use of high current densities 
[143]. 

The electrolyte can be obtained in two 
ways. High-value pregnant copper solutions 
(containing 30—40 g/L) from agitation and 
pressure leaching are suitable for direct elec- 
trowinning after solution cleaning. Low-value 
pregnant copper solutions (containing « 10 
g/L) from in situ, dump, heap, and vat leach- 
ing must be enriched and cleaned by solvent 
extraction. 


Electrowinning plants are constructed, 
equipped, and operated like electrolytic refin- 
eries. Their production capacity, however, is 
relatively small, apart from one exception in 
Zambia. Several plants exist in the United 
States, Chile, Peru, Zambia, and Zaire. 
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Precipitation by Reducing Gases. A third 
way to precipitate copper from dilute solutions 
is reduction with gases under pressure at high 
temperature, usually with hydrogen, to pro- 
duce metal powder. However. there is no com- 
mercial production of copper powder by this 
technique [144]. 


8.5.10.2 Processes 


Of the great number of proposed hydromet- 
allurgical methods, only a few have found 
their way into industrial practice (Figure 
8.21). Numerous examples of proven and un- 
proven processes can be found in the literature 
[145—147]. 


Processing of Oxidic Copper Ores. The most 
widespread method, used for many decades at 
Chuquicamata, Chile, involves leaching of ox- 
idized ores, such as copper subcarbonates, 
subsulfates, and silicates. in dilute sulfuric 
acid and the separation of metallic copper by 
cementation with scrap iron or by electrowin- 
ning. 

A new example is the technique of the large 
copper oxide processing plant of the Anamax 
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Figure 8.21: Typical flow sheet for hydrometallurgical copper production from ores [145]. 


Mining Co. at Twin Buttes. Arizona, which 
was started up 1975 [148]. This operation 
comprises ore leaching in dilute sulfuric acid, 
solvent extraction, and electrowinning. This 
succession of process steps has proven to be 
an advantageous combination. 


Chlorine-containing oxidic ores, such as 
atacamite, are treated at Mantos Blancos, 
Chile [149], by leaching with a mixture of sul- 
furic and hydrochloric acids to produce a solu- 
tion of copper(I) chloride, from which 
copper(I) chloride is precipitated by reduction 
with sulfur dioxide. The acid mixture is regen- 
erated: 


2CuCl, + SO; + 2Н,0 > 2CuCl + Н,50, + 2HCI 


Refined copper is obtained from the precip- 
itate pyrometallurgically. 


Processing of Sulfide Copper Ores. There 
are numerous possibilities for treating sulfide 
ore concentrates by hydrometallurgical meth- 
ods, with or without pretreatment by roasting. 
The following examples of commercial pro- 
cesses are arranged according to the final state 
of sulfur (sulfur dioxide; sulfates, including 
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thiosulfates and dithionates, or elemental sul- 
fur). 

One of the oldest methods is the RLE pro- 
cess (145], which involves roasting, leaching, 
and electrowinning. After roasting concen- 
trates in fluidized-bed reactors and generating 
sulfur dioxide, the calcines are leached with 
sulfuric acid spent electrolyte, and pure cop- 
per is separated by electrowinning.' This pro- 
cess, developed by Hecla Mining Co., was 
applied at Lakeshore Mine, Arizona, and later 
at Chambishi, Zambia and.Shituru, Zaire. 


The Arbiter process [150] of the Anaconda 
Copper Co. uses countercurrent leaching of 
concentrates with ammonia solution under an 
oxygen atmosphere at low pressure and low 
temperature. Copper is produced by solvent 
extraction and electrowinning. The sulfur is 
recovered as ammonium sulfate, or the ammo- 
nia can be regenerated. 


The Cymet process [151], based on recov- 
ering elemental sulfur, has been developed by 
the Cyprus Mines Corp. and has undergone 
some variations, such as combination with an- 
odic dissolution of chalcopyrite. A preferred 
technique consists of leaching concentrates 
with an iron(III) and copper(I) chloride solu- 
tion and separating solid copper(I) chloride: 


CuFeS; + 3FeCl4 — CuCl + 4FeCl; + 25 


The intermediate copper(I) chloride is re- 
duced to metallic copper with hydrogen in a 
fluidized-bed reactor. 


Another chloride leaching operation is the 
CLEAR (copper leaching, extraction, and re- 
fining) process [152], developed by the Duval 
Corp. at their plant in Sieritta. Arizona. The 
concentrate is treated with boiling copper(I) 
chloride solution: 


CuFeS; + 3CuCl; > 4CuCl + FeCl; + 25 


A high concentration of sodium chloride is 
maintained to keep copper(I) in solution as a 
complex. Coarse copper powder is produced 
by electrolyzing the purified solution. 
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8.6 Refining 


Conventional refining comprises three 
stages: (1) pyrometallurgical or fire refining, 
(2) electrolytic refining, and (3) remelting of 
cathodes and casting of shapes. Refining with- 
out electrolysis is adequate if the fire-refined 
copper has the necessary purity and if the con- 
tent of precious metals can be neglected. Ex- 
tremely high-purity copper is occasionally 
needed for research purposes; in such cases, 
zone melting or repeated electrolysis of cath- 
odes is used. 


8.6.] Pyrometallurgical 


Fire refining is applied to crude copper 
such as blister copper from converters (97— 
99% Cu), black copper from blast furnaces 
(ca. 90—95 76 Cu), cement copper from hydro- 
metallurgical operations (85-90% Cu), anode 
scrap from electrolytic refining, and high- 
grade copper scrap, chiefly unalloyed wire 
scrap. 

The refining of molten copper to anode 
copper for electrolysis or commercial fire-re- 
fined copper has the following functions: 

e Removing impurities by slagging and vola- - 
tilization with the precious metals remain- 
ing entirely in the metallic copper 

e Reducing the sulfur content to ca. 0.003% 
by oxidation 

e Decreasing the oxygen content to « 0.1% by 
reduction (poling) to get a flat surface as a 
result of the water-gas equilibrium in mol- 
ten copper 


8.6.1.1 Discontinuous Fire 
Refining 


Two different furnace types are available 
for batch copper refining, the older reverbera- 
tory furnace and the more modern rotary fur- 
nace. The former, which resembles smaller 
reverbs for matte smelting from concentrates, 
has a capacity of 200-400 t of copper per 
charge and can be fed with molten or solid 
copper. Rotary furnaces hold up to 350 t of 
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molten metal per charge and are generally fed 
only with liquid copper. An extra melting fur- 
nace, e.g., anode shaft type, can be required 
for remelting of solid materials (scrap and an- 
ode rests). 

Low-sulfur pulverized coal, fuel oil, natural 
gas, or reformed natural gas serve as fuel. The 
refractory lining consists of basic bricks, such 
as magnesite or the more spall-resistant 
chrome magnesite bricks. 

After charging and possibly melting, oxida- 
tion and reduction stages are carried out in se- 
quence. At the beginning of the oxidation 
period, air is blown into the melt, partly slag- 
ging and partly volatilizing the impurities. 
During this blowing step, a part of the copper 
is oxidized to copper(I) oxide, which dissolves 
in the liquid metal (Figure 8.22). If the content 
of Cu4O in copper ca. 10% (corresponding to 
> 1% О), it acts as a selective oxidizing agent: 
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Figure 8.22: Partial phase diagram of the Cu-Cu;O sys- 
tem. 

In practice, large amounts of SO, are gener- 
ated so that this final stage of the oxidation pe- 
riod is termed boiling. Reduction of the sulfur 
content limits SO, blisters in the solid copper. 

The subsequent poling with wood is a cen- 
turies-old method that is still employed in 
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older reverb plants. Large tree trunks (poles) 
of beech, birch,. eucalyptus, etc. are plunged 
under the surface of the melt to generate re- 
ducing gases and steam by dry distillation of 
the wood. The escaping gas mixture reacts 
with copper(I) oxide and mixes the molten 
bath [1, p. 441; 2, p. 392]. 

This awkward operation has been largely 
displaced by gas poling [153] in rotary fur- 
naces: natural gas (CH,), reformed gas (CO, 
Н», and N3), propane, or ammonia [154] is 
blown into the copper melt through tuyéres. 
This new process has been introduced at sev- 
eral large smelters in North America, Europe 
and Japan. 

The poling operation proceeds in two steps. 
During tight poling, the remaining sulfur diox- 
ide from copper(I) sulfide is almost entirely 
flushed out by the escaping gas a sample of 
liquid copper at the end of this stage solidify- 
ing without blisters or cavities. Next comes 
the poling tough pitch, which is necessary to 
reduce the copper(I) oxide and achieve the re- 
quired low oxygen content. High CuO con- 
tent in the solidified metal causes brittleness 
and decreased strength: moreover СиО dis- 
proportionates to copper metal and cupric ions 
in sulfuric acid electrolytes which disturbs the 
electrolytic refining operation. 

The final oxygen content in fire-refined 
tough-pitch copper must be 0.02—0.05 %; for 
anodes it can be 0.05—0.3 %. The fire-refining 
process can be understood from the Cu-O sys- 
tem [155] (see Figure 8.22); the system Cu- 
O-S is important in the oxidation period (see 
Figure 8.5) and ће Cu—H-O system for the re- 
duction or poling period. 

When a copper melt solidifies, a shrinkage 
of ca. 5 vol% occurs, but a flat surface can be 
achieved by careful control of the equilibrium 


Cu;O +H2= Cu+ HO 


The steam of micropores can compensate 
the volume difference and a flat set cast is ob- 
tained. 

Surface and fracture of small samples of so- 
lidified copper from the molten bath are ob- 
served during the refining process to ascertain 
the current state. Recently it has become pos- 
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sible to measure the oxygen content of the 
copper melt potentiometrically. 

A special problem is the extremely high 
copper content (up to ca.40% Cu, chiefly as 
Cu4O) in refining slags. Such products are 
treated as high-grade oxidized copper ores. 


8.6.1.2 Continuous Fire Refining 


As in converting processes, the develop- 
ment of continuous pyrometallurgical refin- 
ing has begun. 


HCCR Process [156]. In the HCCR (Hum- 

boldt continuous copper refining) process, a 

special stationary top-blown furnace accom- 

plishes the following functions in three sec- 

tions: 2 

e Charging or melting of solid ог liquid crude 
copper in the first chamber 


e Oxidizing the flowing copper melt by oxy- 
Ben in the second chamber 


e Deoxidizing the metal by reducing gases 
such as methane or propane in the third 
chamber. у 
АП gases are blown through lances as su- 

personic jets onto the surface of the melt. 


Contimelt Process [157]. A two-stage pro- 
cess for copper melting and refining was de- 
veloped in 1968 by Norddeutsche Affinerie at 
Hamburg, in cooperation with Metallurgie 
Hoboken-Overpelt in Olen, Belgium. The first 
stage began operation in 1979, and the com- 
plete process has been operated since 1982 on 
a commercial scale. The continuous opera- 
tions are performed successively in two units 
connected by launders. First is the anode shaft 
furnace, where charging, melting, and oxida- 
tion of crude copper take place. Second is the 
small drum-type furnace, where poling and 
casting of anodes are carried out. The oxygen 
content of copper from the anode shaft furnace 
averages 0.6%, with 0.15% after poling. A 
feature of the shaft furnace is the additional 
equipment with oxygen burners for regulating 
the composition of the furnace atmosphere 
and the overheating of copper. In comparison 
with conventional fire refining, the Contimelt 
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process provides savings in energy and labor. 
Increased throughput to 100 t/h is planned. 


8.6.1.3 Casting of Anodes 


The conventional method of producing an- 
odes is the discontinuous casting on casting 
wheel machines. The pure copper molds must 
be sprayed with a slurry that prevents the 
sticking of solidified anodes; baryte, alumina, 
or silica flour are suitable. (Calcium-contain- 
ing material is not suitable because it forms 
gypsum, which is partially soluble in the elec- 
trolyte.) The casting rate can reach 80 t/h. The 
anode weights vary between 160 and 400 kg, 
depending on the refinery. Anodes from mod- 
ern plants usually have the following dimen- 
sions: 0.9-1.1 m long; 0.9—1.0 m wide; and 
3.5-5.0 cm thick. They weigh 300—400 kg. 
Economic considerations call for anodes of 
nearly the same weight within a plant; there- 
fore, discontinuous casting is best controlled 
by electronic systems. 


Contilanod Process. A recent development 
produces uniform anodes by using the contin- 
uous Hazelett twin-belt casting system. A spe- 
cial method developed by  Metallurgie 
Hoboken-Overpelt in Olen, Belgium, in coop- 
eration with Norddeutsche Affinerie in Ham- 
burg, is called the Contilanod process [158]. 
The continuous cast strip of anode copper 
formed between two belts and damblock 
chains is 1 m wide and 1.5—6 cm thick; special 
cutting equipment separates the strip into indi- 
vidual anodes 1 m long. Some refining plants 
use the new method, e.g., White Pine, Michi- 
gan, United States; Onahama, Japan. 


8.6.2 Electrolytic 


About 80% of the world copper production 
is refined by electrolysis. This treatment 
yields copper with high electrical conductivity 
and provides for separation of valuable impu- 
rities, especially the precious metals. 

The basic patent for galvanic deposition of 
metals was awarded to J. B. Elkington in 
1865. The most important technical problems 
were solved by E. Wohlwill at the Norddeut- 
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sche Affinerie in Hamburg, Germany, in 1876, 
and this method has been used ever since. The 
first electrolytic copper refinery in the United 
States was operated from 1883 to 1918 by the 
Balbach Smelting and Refining Co., Newark, 
New Jersey. 


8.6.2.1 Principles [159-160] 


Several possible half-reactions can occur 
at the electrodes. 





Standard 
Anode Cathode electrode 
reactions reactions potential 
(25 °C), V 
Cu э Си + 2е7г Си^*+2е — Cu 0.337 
Cu > Cut Ae" Cu* +e > Cu 0.521 
Cut > Cu ке Cie ә Cut 0.153 


Secondary reactions occur in the electro- 
lyte: 
2Cu* —› Си?* + Си (disproportionation) 
2Си* + 2Н* +0.50;  2Cu?* A НО (air oxidation) 
СиО + 2H* > 2Cu*+H,O (dissolution of СиО) 
Oxidation by air and disproportionation of 
copper(I) ions yield a surplus of copper(II) 
ions in the electrolyte. The copper metal pow- 
der formed by the disproportionation of Cu* 
contributes to the accumulation of the anode 
slime. 


The electrochemical equivalent of copper 
depends on the oxidation state of the copper: 





Species ВАЛЬ! mg/L 
Cu? 1.185 0.3294 
Cu* 2.371 0.6588 





The greater electrochemical equivalent of 
copper(I) suggests the use of solutions of cop- 
per(I) ions instead of copper(IT) ions. How- 
ever, this concept has not been put into 
practice because of enormous industrial diffi- 
culties [161]. 


The two most important electrical parame- 
ters in electrolytic copper refining operations 
are the cell voltage and the current density. 
The cell voltage, which usually ranges be- 
tween 0.25 and 0.3 V, is determined by several 
factors: 
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e Ohmic resistance of the electrolyte, depend- 
ing on composition, temperature, electrode 
distance, and cell construction 


e Polarization, especially concentration polar- 
ization of electrodes, which depends on the 
rate of electrolyte circulation 


e Overpotential because of organic additives 
(e.g., an inhibitor for achieving uniform 
electrocrystallization of copper) 


e Voltage loss in the circuit 


e Anode passivity, which may occur at high 
current densities 


The interaction of these effects is difficult 
to predict. At any particular electrolytic facil- 
ity, a continuing effort is made to optimize pa- 
rameters the cell voltage. The voltage loss in 
the conductors and contacts is minimized by 
good plant design and use of special contacts 
(Baltimore grooves, Whitehead contacts, wet 
contacts, etc.). 


The second important parameter is the ca- 
thodic current density, which is 180-280 A/m? 
in conventional electrolytic copper refining. 
With increasing current density the production 
of copper increases and the current efficiency 
decreases because the cathode potential de- 
pends on the current density. 


Impurities. The behavior of impurities de- 
pends on their position in the electrochemical 
series: elements more electropositive than 
copper are insoluble, while less electroposi- 
tive ones dissolve in or react with the electro- 
lyte. For that reason, the anode material is 
distributed by electrolysis among three 
phases: cathode copper, electrolyte, and anode 
slime (Table 8.17) [162]. 


Copper Cathodes. Cathode copper is pro- 
duced currently in a purity between 99.97 and 
99.99%. Silver can be deposited in traces; 
however, this can be avoided by precipitating 
the silver from the electrolyte with chloride 
ion. Other impurities, such as suspended slime 
or droplets of the electrolyte, may be mechani- 
cally occluded. The following measures are 
taken to produce copper of high purity: 


Copper 


e Maintenance of the optimum current den- 
sity, to prevent cathodic deposition of other 
elements (e.g., arsenic) 

e Addition of organic inhibitors to avoid the 
formation of nodules on the cathode surface 

e Removal of impurities such as arsenic, anti- 
mony, and bismuth from the electrolyte by 
adsorption or chemisorption 

e Prevention or elimination of ' suspended 
slimes by regulating the electrolyte flow and 
occasionally filtering it. 


Table 8.17: Electrolytic copper refining: distribution of 
elements in cathodes and electrolyte [162]. 


Anode, %* Cathode, ppm" Electrolyte, g/L 





Cu 99.5 99.99% 45 

Au 25.5 ppm 0.1 

Ag 399 ppm 5.0 

Pb 0.076 1.3 

Zn 0.001 0.3 0.43 
Fe 0.025 2.4 0.92 
Ni 0.070 0.7 16 

Se 0.030 0.4 

Te 0.006 0.3 

As 0.044 0.4 3.58 
Sb 0.011 0.8 0.34 
Bi 0.006 0.3 0.1 
Sn 0.002 0.4 0.001 , 
S 0.007 4 

Insolubles 0.020 — 

H5SO4 — — 200 





3 Unless otherwise stated. 


Electrolyte. The composition of copper elec- 
trolytes from various plants is generally simi- 
lar: ca. 35-45 g of copper and 150-220 g of 
sulfuric acid per liter at an operating tempera- 
ture of 55—65 °C (see Table 8.17). As a result 
of secondary reactions during electrolysis, the 
concentration of copper(II) ions increases 
slowly; therefore, this copper surplus must be 
recovered by cathodic deposition in a few (ca. 
2%) liberator cells equipped with insoluble 
anodes, usually of antimonial lead. Soluble 
impurities, such as iron, cobalt, zinc, manga- 
nese, most of the nickel, and some arsenic and 
antimony, are also enriched in the electrolyte. 
The upper limits of impurity content are ca 
10 g/L for arsenic and 20—25 g/L for nickel. 
Part of the electrolyte is withdrawn continu- 
ously from the circuit for purification, and the 
volume is compensated by adding sulfuric 
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acid and cathode wash water. There are two 
methods of purification. In the first, the solu- 
tion can be completely decopperized in a sys- 
tem of special liberator cells with insoluble 
anodes; arsenic and antimony are almost com- 
pletely deposited and returned to pyrometal- 
lurgical operations. The electrolyte is then 
concentrated by vacuum evaporation to yield 
concentrated sulfuric acid and crude nickel 
sulfate, from which pure nickel sulfate or 
nickel metal can be produced. 

The second method of purification is by 
producing copper sulfate. For this purpose, the 
sulfuric acid is usually neutralized by addition 
of copper shot in the presence of air. The cop- 
per sulfate is obtained by crystallization, and 
the mother liquor is cemented with iron scrap. 


Anode Slimes [163—164]. The content of in- 
soluble substances is < 1% of the anode 
weight, and they collect on the bottom of cells 
as anode slime. They contain precious metals 
(silver, gold, and platinum); selenides and tel- 
lurides of copper and silver; lead sulfate; stan- 
nic [tin(IV)] oxide hydrate; and complex 
compounds of arsenic, antimony, and bismuth 
(the undesired floating slimes). The main 
component is copper. In addition, gypsum and 
silica, alumina, or baryte from anode casting 
are present. 

The distribution of the elements (in %) var- 
ies over wide ranges: 


copper 20—50 
nickel 0.5—2 
lead 5-10 
arsenic 0.5-5 
antimony 0.5-5 
bismuth 0.5-2 
selenium 5-20 
tellurium 14 
silver <25 
gold <4 


Although the separation techniques differ 
greatly from plant to plant, anode slimes are 
generally treated as follows: 


e Oxidizing leaching of copper with dilute 
sulfuric acid 


e Recovery of selenium and tellurium by py- 
rometallurgical or hydrometallurgical meth- 
ods 
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e Removal of detrimental elements and pro- 
duction of silver alloy (Doré bullion) 


e Separation of precious metals by electroly- 
sis (silver and gold) and fractional precipita- 
tion (platinum metals) 


The greatest part of the world selenium pro- 
duction comes from processing copper anode 
slimes. 


8.6.2.2 Practice [165-167] 


Figure 8.23 gives a schematic flowsheet of 
a conventional plant. À modern example is the 
Amarillo, Texas, plant of ASARCO [169] 
with a capacity of 420 000 t/a, the second larg- 
est plant in the world, constructed in 1973— 
1975. 
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Figure 8.23: Fiow sheet for electrolytic refining of copper 
[168]. 
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Cells and Cell operation. The cells or elec- 
trolytic tanks are generally constructed of re- 
inforced concrete lined with antimonial lead 
sheet or a plastic such as hard poly(vinyl chlo- 
ride). The cells are rectangular, ca. 3.5-5 m 
long, 0.8-1.2 m wide, and 1.2-1.5 m deep. 

Copper anodes and starting sheet cathodes 
are suspended alternately in the cells with pre- 
cise spacing. Commercial cells contain be- 
tween 30 and 50 electrodes of each type. The 
distance between the surfaces of two adjacent 
electrodes should be small (ca. 2 cm) to avoid 
voltage loss, but not so small that the depos- 
ited copper is contaminated with anode slime. 

The anodes remain in the cell for 20—28 d, 
the anode life. During this time the cathodes 
are usually changed twice so that their weight 
is only 60-160 kg. The anode scrap, ca. 15% 
of the total anode mass, is returned to fire re- 
fining. 

Stripper tank groups for producing starting 
sheets are in a special section of the tank 
house. A stripper tank contains copper anodes 
and stripper blanks (cold-rolled copper plates) 
as cathodes. Copper is electrodeposited on the 
surface of these blanks and forms a metallic 
layer « 1 mm thick in 1 d. The stripper blanks 
must be swabbed with a film of mineral oil to 
make it possible to strip off the thin copper 
sheets from which the final starting sheets are 
fabricated. Techniques have been developed 
for separating copper sheets from copper 
blanks and also for fabricating the final start- 
ing sheets. The starting sheet preparation ma- 
chine constructed by the Swedish company 
Wennberg [170] is one example. 

In recent years, the copper stripper have 
been slowly replaced by titanium blanks 
[171], which offer the advantages of not re- 
quiring lubrication with oil, easy separation of 
the metals, providing a smoother surface of 
the deposited copper sheet, and excellent cor- 
rosion resistance. The higher price of titanium 
is a disadvantage. 


Electrical System. The energy consumption 
per tonne of copper ranges from 220 to 280 
kWh in conventional plants; the current effi- 
ciency is between 92 and 98 46. Short circuits, 
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caused primarily by faulty suspension of start- 
ing sheets, decrease the output of cathodes. 
Short circuits are frequently or continuously 
monitored by checking for a temperature in- 
crease with infrared scanning or older electri- 
cal and magnetic methods. 

Two electrical connection systems have 
been developed, the multiple system and the 
series system. In the series system the elec- 
trodes are connected in series, each acting as 
an anode on one side and a cathode on the 
other. This system is no longer used commer- 
cially, but the combination of this connection 
with high current density shows promise 
[172]. 

The multiple system is employed exclu- 
sively in 70 large refineries. The anodes and 
the cathodes within one cell are connected in 
parallel, and a group of such cells are con- 
nected in series. Each cell usually has 30—50 
anodes and the same number of cathodes. 

The direct current is converted from alter- 
nating current by rectifiers; the older types 
have been largely replaced by silicon rectifi- 
ers. 


Electrocrystallization [173]. The structure 
of an electrodeposited cathode surface can be 
influenced by adsorption of molecules on the 
crystallites. The addition of colloids or special 
organic compounds improves cathode quality 
by yielding an evenly grained copper deposi- 
tion. Important surface-active additives, or in- 
hibitors, are bone glue, gelatine, avitone A 
(sulfonated aliphatic hydrocarbons), goulac, 
or bindarene (sulfonated wood fibers). Effec- 
tive substances with definite composition are 
thiourea and its derivatives and other sulfur- 
nitrogen compounds. These inhibitors, mostly 
in combination, are added to the electrolyte in 
extremely small amounts, although more is 
added at higher current density. Inhibitors in- 
crease the voltage and, therefore, the energy 
consumption. 


New Developments. In addition to continuous 
casting of anodes by the Contilanod system 
and remelting of cathodes in the ASARCO 
shaft furnace, the following are innovations in 
operating techniques: 


535 


e Extensive mechanization of the handling 
and preparation of electrodes. Examples: 
Outokumpu Oy, Finland; Metallurgie Hobo- 
ken-Overpelt, Belgium; Onahama Smelting 
and Refining, Japan; and Phelps Dodge, 
United States [174]. 


Jumbo tanks instead of conventional cells, 
first installed in 1972 at the Onahama plant 
in Japan [175]. The capacity of the new 
plant is nearly 100 000 t/a. Jumbo tanks 
with ca. 20 times the effective volume of 
usual cells, contain relatively light anodes 
(130 kg). Anode and cathode lives are the 
same, only 10 d; accordingly, the amount of 
anode scrap that must be returned to the an- 
ode furnace is increased 30 %. In contrast to 
the conventional process, the electrolyte 
flows parallel to the electrode surfaces, 
which are separated by only 10 mm. A 
newer jumbo tank installation is at the Tim- 
mins plant (Kidd Creek Mines), Northern 
Ontario, Canada. 


Higher current density (300—400 A/m?) for 
increased production capacity. A conse- 
quence is higher anodic and cathodic over- 
potentials because of anodic passivation and 
concentration polarization, with the result- 
ant risk of cathodic impurities. These disad- 
vantages can be overcome by use of 
periodic current reversal (PCR or PRC pro- 
cess) [176], developed by Kombinat G. 
Damjanow at Pirdov, Bulgaria. This innova- 
tion involves reversal of current flow for a 
few seconds every few minutes (e.g., 100 s 
forward and 5 s reverse). The procedure re- 
duces overpotentials without deterioration 
in cathode quality. The switching is pre- 
cisely controlled by equipment with thy- 
ristoformers. At present only a few 
refineries, e.g., in Japan and Austria (Brix- 
legg), employ the PCR process. 


The ISA system [177] introduced at the 
Townsville plant (Copper Refineries Pty.), 
Australia. The use of copper starting sheets 
has been eliminated by the use of permanent 
stainless steel starting sheets as cathodes. 
This decreases production time and cuts ma- 
terial costs. After 8—10 d, the copper deposit 
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is easily removed from the steel sheets, 
which are equipped with special plastic 
edge strips. The flat and stable sheets allow 
close spacing between the electrodes, 
thereby decreasing the electrical resistance 
in the cell and lowering the energy con- 
sumption. The ISA system is also used at the 
White Pine refinery, Michigan, United 
States. 


8.6.3 Melting and Casting 


Copper cathodes must be remelted and cast 
to shapes because the structure of copper 
formed by electrocrystallization is not suitable 
for working to semifinished products. Cath- 
odes are remelted in several types of special 
furnaces that perform the tasks of melting, 
postrefining (if necessary), holding, and cast- 
ing. Casting can be carried out by the older 
discontinuous methods or by modern continu- 
ous casting. 


8.6.3.1 Remelting of Cathodes 


There are various kinds of furnaces that use 
either fossil fuels (coal, coke, fuel oil, natural 
gas, or reformed natural gas) or electric en- 


ergy: 
e Small coke-fred crucible furnaces 
e Gas- or oil-fired rotary furnaces 
e Large hearth furnaces (reverbs) 
e Electric-arc furnaces 
e Low-frequency induction furnaces 
e Cathode shaft furnaces (e.g, ASARCO 
type) 
Copper ready for pouring must be nearly 
free of sulfur, at most 10-3 % (10 ppm) S, be- 


cause a higher content affects detrimentally 
the mechanical properties of the metal. 


In practice, copper is treated in two ways: 


e After melting cathodes with sulfur-contain- 
ing fuels, the copper melt must be fire-re- 
fined like blister copper, by oxidation and 
poling. This is the case when hearth fur- 
naces are employed for casting wire bars. 
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e Use of electric power or sulfur-free fuels al- 
lows the use of continuous units, such as in- 
duction or ASARCO furnaces. 


The ASARCO shaft furnace, constructed 
by American Smelting and Refining Co. 
[178—179], has a cylindrical shaft consisting 
of a steel jacket with a brick lining. Cathodes 
are charged near the top, and the combustion 
gases ascend in countercurrent now from 
groups of burners; the liquid metal is collected 
in a holding furnace. Apart from its effective- 
ness and high productivity, a distinct advan- 
tage is the maintenance of a constant, slightly 
reducing atmosphere by automatic control. 
The largest types (1.8 m diameter and 8 m 
high) can have a throughput up to 80 t/h. 
Worldwide ca. 200 units are in operation. 


8.6.3.2 Discontinuous Casting 


The discontinuous casting of various 
shapes on horizontal casting wheels with open 
ingot molds, analogous to the casting of an- 
odes, was formerly the most important casting 
method. It is being replaced by continuous 
casting processes. 


The capacity of the largest casting wheels is 
nearly 100 t/h. They are usually operated in 
combination with large hearth furnaces hold- 
ing up to 650 t of liquid copper. The molds 
consist of pure copper, usually sprayed with a 
bone ash slurry to avoid sticking. The major 
product is still the 90-136 kg horizontally cast 
wire bar [180], or occasionally ingots and in- 
got bars. 


8.6.3.3 Continuous Casting 


Since the end of World War II, several con- 
tinuous casting methods have been developed. 
A comprehensive synopsis, including patents, 
has been published [181]. 


Continuous casting has several technologi- 
cal and economic advantages over the older 
casting processes, such as excellent surface 
quality, uniform grain structure without blis- 
ters and shrinkage cavities, and energy sav- 
ings. 


RM MÀ — 


Copper 


The principle is simple, but actual practice 
proved difficult. Molten copper flows continu- 
ously into a relatively short water-cooled chill, 
usually lined with graphite and open at both 
top and bottom. The solidifying metal itself 
forms the lower closure. The shape is steadily 
withdrawn by clamping rolls and cooled by 
spraying with water. 

There are three main continuously cast 
shapes: circular billets with a diameter up to 
500 mm (for extrusion presses or tube rolling 
mills), square bars, and rectangular cakes with 
cross sections up to 1200 x 200 mm (for roll- 
ing to sheets and strips). Seamless tubes and 
other hollow shapes are occasionally pro- 
duced. Continuous casting shapes are auto- 
matically sawn off by flying saws when they 
reach the required lengths (up to 6 m). In semi- 
continuous casting, the process must be inter- 
rupted, but the shapes can be up to ca. 12m 
long. 

The kind of chill is generally independent 
of the furnace: the liquid metal stream free- 
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falls into the chill (e.g., Junghans system), or 
the less frequent fixed connection of chill with 
the furnace (e.g., ASARCO casting system). 

Recent methods employ a joint moving in 
unison with the solidifying metal and a mold 
with traveling parts forming a gap of the re- 
quired cross section. (An example is the Ha- 
zelett process employed for continuous 
casting of anodes. Such casting methods are 
particularly suitable for continuous próduction 
of shapes with a small cross section. 


8.6.3.4 Continuous Rod Casting 
and Rolling 


The continuous production of cast and 
rolled wire rod [182—183] involves consider- 
able energy savings because the solidified hot 
metal can be rolled immediately. Several 
plants use such a direct process starting from 
molten electrolytic tough-pitch copper. World- 
wide > 100 plants are in operation, using the 
following systems: 











Figure 8.24: Scheme of continuous rod casting and rolling [186]. A) Southwire process; B) Contirod process. a) Melting 
furnace (ASARCO); b) Holding furnace; c) Wheel; d) Tundish; e) Steel band; f) Continuously cast copper bar; g) Prelim- 
inary rolling mill train; h) Finishing rolling mill train; i) Pickler; j) Coiler; k) Casting receptacle; 1) Casting canal; m) Sta- 


tionary edge dams; n) Middle rolling mill train. 
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e Properzi process [184]. The first continuous 
copper rod caster was constructed in 1960 
following developments for other nonfer- 
rous metals. It operates on the wheel-belt 
casting principle, i.e., casting into the gap 
between the periphery of the casting wheel 
and the closing steel belt. About ten plants 
are in operation with a capacity up to 30 t/h. 


Southwire process (185]. Started in 1963 as 
a further development of the wheel-belt 
casting principle with capacity up to ca. 50 
t/h. the Southwire process directly intro- 
duces the continuous cast bar into the rolling 
mill (Figure 8.24). After rolling, the rod, 
which is oxidized on the surface, is continu- 
ously treated by pickling with dilute sulfuric 
acid, water or steam rinsing, and wax coat- 
ing. The saleable product (8-16 mm diame- 
ter) is formed into "coils" of up to 5 t, which 
are packaged. About 30 plants exist at 
present. 


e Secor process [187]. Only two factories 
(Australia and Spain) use this modified 
wheel-belt casting concept, dating from 
1975, with a capacity up to ca. 10 t/h. 


e Contirod or Krupp—Hazelett process [188]. 
As a variant of the Hazelett twin-belt pro- 
cess similar to the Contilanod process (Sec- 

= tion on Casting of Anodes), the continuous 
cast bar solidifies between two belts and 
damblock chains and is directly moved to 
the rolling mill (Figure 8.24). Metallurgie 
Hoboken-Overpelt, Belgium, developed 
this system in the 1960s; the capacity of the 
largest units is ca. 50 t/h. At present ca. 16 
plants are operated. 


e General Electric dip forming process [189]. 
A process based on the “candlestick” princi- 
ple has been operated since about 1970. A 
copper core rod is pulled upward through 
liquid copper so that its diameter increases, 
the thickened rod moves immediately to 
rolling. Oxygen-free copper can be pro- 
duced by using a reducing atmosphere. The 
capacity is ca 10 t/h. Nearly 20 plants exist 
at present. 
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e Outokumpu up-cast process [190]. A new 
upward casting system developed in 1969 
draws copper upward through a vertical die 
cooler with a cooled graphite mouthpiece 
dipping into the melt. The caster, compris- 


ing 8 or 12 strands, yields oxygen-free cop- · 


per at the rate of ca. 2 t/h per line. Because 
of the small cross section (8—25 mm diame- 
ter), hot rolling is not required. Approxi- 
mately 20 plants are in operation. 


8.6.4 Copper Powder 


Copper and copper-alloy powders are re- 
quired for products prepared by powder metal- 
lurgical techniques, including friction 
materials, carbon brushes, self-lubricating 
bronze bearings, special filters, and other sin- 
tered components. 


The principal methods for producing cop- 
per powders are electrolytic deposition at high 
current densities and the atomization of mol- 
ten metal, the latter more for copper-alloy 
powders. Copper powders are also formed by 
cementation or by pressured precipitation 
from aqueous solutions, but such precipitates 
are of little commercial interest. 


Atomizing is done by spraying a melt into a 
pressured air or water flow. Various grain 
shapes are formed, depending on the cooling 
rate and on additives that change the surface 
tension. Additives that decrease surface ten- 
sion, e.g., magnesium, form irregular pow- 
ders; those that increase it, e.g., lead or 
phosphorus, yield globular particles. Spongy 
powders can be obtained by reduction of oxi- 
dized copper powders with hydrogen. 


Electrolytically deposited powder particles 
have dendritic shape; a typical flow sheet is 
shown in Figure 8.25. For this purpose elec- 
trolysis is used as a shaping process rather 
than for refining because high-purity copper 
cathodes are the anodes. The main parameters 
of powder electrolysis are, as Figure 8.26 
shows, the following [191]: 
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Figure 8.25: Flow sheet for electrolytic copper powder 
production [191]. 


e Cathodic current density 
e Electrolyte temperature 
e Concentration of copper(I) ions 


e Concentration of chloride ions 

Varying these reactors markedly change 
particle shapes and apparent densities. 

Anodic and cathodic current densities dif- 
fer. The former is normally 300-600 A/m?, 
and the latter is 2000-4000 A/m?, which is 
10—20 times higher than the cathodic values in 
conventional electrolytic copper refining. This 
effect is obtained by using copper rod cath- 
odes and platelike anodes. The energy con- 
sumption in powder electrolysis averages 
nearly 2 kWhkg". The powders are generally 
posttreated for various purposes. Electrolytic 
copper powders are characterized hy dendritic 
particle shape, high purity, low oxygen con- 
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tent, favorable resistance to oxidation, and 
good green strength. 
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Figure 8.26: Apparent density of electrolytic copper pow- 
der as a function of four electrolysis parameters [191]. 
Other conditions: A) Cu 6 g/L, no Cl, 60°C; B) Cu 17 
g/L, no Cl, 3600 A/m?; C) no Cl, 50 ^C, 3600 A/m?; D) 
Cu 13 g/L, 50 °C, 3600 A/m?. 


8.6.5 Copper Grades and 
Standardization 


The three main grades of refined copper are 
(1) tough-pitch copper, (2) de-oxdized copper, 
and (3) oxygen-free copper. 


e Tough-pitch copper normally contains 0.02— 
0.04% (as СиО) and ca. 0.01% total of 
other impurities. This grade is easily worked 
and has an electrical conductivity of 2 10045 
IACS, but it is unsuitable for welding and 
brazing because of the danger of hydrogen 
embrittlement. About 80% of the world pro- 
duction of refined copper is tough pitch, 


540 


mostly electrolytic  tough-pitch copper 
(ETP). 


e Deoxidized copper, with no oxygen content 
is produced by addition of nonmetallic or 
metalic reducing agents, usually copper 
phosphide. As a result of the absence of ox- 
ygen, hydrogen embrittlement cannot occur, 
and such copper is well suited for welding 
and brazing. The content of residual phos- 
phorus, however. increases the electrical re- 
sistivity. Deoxidized copper with low 
residual phosphorus (DLP, ca. 0.005 % P) is 
required if the metal is to be used as a con- 
ductor. Copper with high residual phospho- 
rus (DHP, ca. 0.04% P) can he employed for 
nonelectrical purposes. 


Oxygen-free (OF) copper is a special quality 
produced by keeping oxygen away from the 
copper melt in a controlled atmosphere. 
Copper of this type with an oxygen content 
less than 0.001 %, is suited for purposes re- 
quiring weldability and high electrical con- 
ductivity, especially electronics. OFHC, 
oxygen-free high-conductivity copper, is in- 
ternationally known. 


Standardization [14, 192—193]. Most indus- 
trial countries have established standards for 
copper; these national specifications include 
detailed specifications for chemical composi- 
tion, physical properties, and geometrical di- 
mensions, but differences exist. Table 8.18 
indicates the Tough equivalent between inter- 
national and some national specifications for 
the most important copper-properties. 


Table 8.18: Comparison of international and selected na- 
tional standards [14]. 


Germany United States 


International Great Britain 
DIN 1708 ASTM B a 
DIN 1787 ISO К 1337 224 BS 2872, etc. 
KE-Cu Cu-CATH CATH 
El-Cu 58 Cu-ETP ETP C 101 
E2-Cu 58 Cu-FRHC FRHC C102 
E-Cu 57 Cu-FRHC FRHC 
F-Cu Cu-FRTP FRTP 104 
OF-Cu Cu-OF OF C 103 
SW-Cu Cu-DLP DLP 
SF-Cu Cu-DHP DHP C 106 


а Also BS 1036, BS 1037, BS 1038, BS 1172, and BS 1861. 
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8.6.6 Quality Control and Analysis 


Tests for quality control of copper are car- 
ried out on samples of both refinery shapes 
and semifinished products. There is need to 
standardize the testing methods, but currently 
only some of them are fixed in national speci- 
fications. The most important tests are the 
measurement of electrical conductivity, me- 
chanical properties, and quality of the metal 
surface. 


The electrical conductivity is very sensitive 
to impurities and crystal lattice imperfections. 
Mechanical tests measure hardness, tensile 
strength, elongation at failure, and torsional 
fatigue strength. The spiral elongation test 
[194] is a complicated test method that as- 
sesses the purity and the mechanical behavior 
of the sample. Defects on the surface and sub- 
surface can occur in various forms, e.g., folds, 
splashes, cracks, inclusions, and voids. The 
voids are caused by gas porosity, shrinkage 
porosity, and shrinkage cavities. 


Nondestructive testing procedures, such as 
radiography, ultrasonic examination, or eddy- 
current technique can be used. Metallo- 
graphic methods (polishing and etching) give 
information by microscopic examination. 

Analytical methods are of interest for deter- 
mining the impurity level of copper products. 
Both wet chemical procedures and physico- 
chemical procedures, such as atomic absorp- 
tion spectrometry, optical emission spectros- 
copy, and X-ray fluorescence spectroscopy, 
are employed, the latter essentially for quick 
analysis of solid and liquid co- and byproducts 
[195—196]. The classical analytical methods 
are gradually being superseded by the modern 
automatic instrumental techniques. It is espe- 
cially important to analyze the oxygen con- 
tent, and one effective modernized method is 
available, hot extraction, i.e., melting a copper 
sample in a small graphite crucible and deter- 
mining the CO formed by IR absorption spec- 
troscopy. 
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8.7 Processing 


The pure metal produced in refineries or re- 
melting plants is manufactured into semifabri- 
cated products. 


8.7.1 Working Processes 


Usually copper is treated initially by non- 
cutting, shaping processes to obtain semifin- 
ished products or "semis". These processes 
are subdivided into hot working, cold working 
and, if necessary, process annealing. 


Hot working means plastic forming above 
the recrystallization temperature. Generally 
copper is preheated to 800—900 ?C, and the 
subsequent hot forming is finished at ca. 
400 ?C. Cast bars from modern combined con- 
tinuous casting/rod-rolling systems already 
have sufficient temperature, thus saving ther- 
mal energy. After cooling, the hot-worked 
copper is soft copper. Its mechanical and elec- 
trical properties are scarcely changed, but its 
density has increased to nearly 8.9. 


The next step is cold working, which in-, 
volves plastic forming below the recrystalliza- 
tion temperature. In practice, the operation is 
done at room temperature. Unlike hot work- 
ing, this procedure entails an essential strain 
hardening of the metal by increasing the num- 
ber of lattice defects; however, simultaneously 
formed lattice voids cause a considerable de- 
crease of electrical and thermal conductivity. 
After cold working, the metal is hard copper. 


Process annealing is a heat treatment that is 
necessary if the hardened copper must be soft- 
ened again, either for continued working or for 
producing (soft) copper with high electrical 
conductivity. Special furnaces are used for the 
purpose of steady heating and cooling of the 
metal—often in a nonoxidizing atmosphere. To 
achieve the intended microstructural change, 
the recrystallization temperature of 200- 
300 °C must be exceeded: in practice, the 
metal is heated to 400—500 °C for accelerated 
recrystallization. Copper products with ex- 
actly defined properties can be obtained if all 
annealing conditions are carefully controlled. 
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The engineering techniques are versatile. 
The following working methods are of special 
importance: 


Hot working Cold working 
hot rolling cold rolling 
extrusion cold drawing 
drop forging cupping 


Foils only ca. 0.002 mm thick are manufac- 
tured by rolling, and wires to 0.004 mm diam- 
eter by drawing. Many products of varying 
size are fabricated by modern variants of the 
extrusion process [197]. The fabrication of 
tubes is also quite diverse [198]. The most 
widely used working processes are compiled 
in Table 8.19. 


Table 8.19: Important fabricating processes for copper 
products. 


Hot- ; Semi- 
ed working беков finished 
ap process P products 
Cakes hot rolling — — cold rolling sheets/ 
strip 


Wirebars or hotrolling — — wire drawing wires 
square bars 


Billets extruding — cold drawing  tubes/ 


pipes 
Billets extruding  — cold drawing  tubes/ 
or or pipes 
hot rotary — — cold pilger 
piercing rolling 





8.7.2 Other Fabricating Methods 


In many cases, machining operations are 
required, e.g., cutting, turning, planing, drill- 
ing, and sawing. However, these are more im- 
portant for copper alloys than for pure copper 
because of copper’s tendency to gum. Non- 
continuous casting processes are likewise 
more suitable for copper alloys because cop- 
per has a disadvantageous coulability. These 
include sand mold casting, permanent mold 
casting, gravity die casting, pressure die cast- 
ing, and centrifugal casting. Continuous or 
semicontinuous casting processes, however, 
are well-suited for pure copper. 

Galvanoplasty is an electrolytic operation 
for manufacturing complicated objects that re- 
quire high precision and flawless surfaces 
such as hollow bodies, disk matrices, and elec- 
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trotypes. A special galvanic method is copper 
plating, which involves electrolytic deposition 
of a thin layer of copper on another metal ei- 
ther for surface protection or as a base layer 
for electroplating with another metal. 


Powder-metallurgical techniques are used 
primarily for the mass production of small 
pieces, especially intricate forms such as elec- 
trotechnical and mechanical structural parts. 
The metal powders are first compacted by 
pressure and then sintered in a controlled at- 
mosphere. The copper powder is often mixed 
with other powdered metals, including those 
that do not form common copper alloys. 


There are other important fabricating meth- 
ods [199]. Joining is usually carried out above 
room temperature by soldering, brazing, or 
welding. Soldering may be used for all sorts of 
copper, owing to the low temperature. How- 
ever, welding and brazing are feasible only 
with deoxidized or oxygen-free copper. 


When tough-pitch copper is heated in an at- 
mosphere containing hydrogen, the steam 
generated collects within the grain boundaries 
at high pressure and can destroy the grain 
structure by forming cracks. This phenome- 
non is known as "hydrogen embrittlement". 


Mechanical joining and metal bonding are 
also possible ways of joining copper with 
other materials. 


Surface treatment of copper is a group of 
operations for surface protection or surface re- 
finement. These include mechanical, electri- 
cal, or electrochemical handling, e.g., 
polishing, matte finishing, pickling by dilute 
sulfuric or nitric acid, metal coating or electro- 
plating (with nickel, nickel and chromium, tin, 
silver, gold, or platinum metals), lacquering or 
coating with synthetic plastics (mainly for 
electrical insulation), enameling of objects 
(applied art), and chemical or electrochemical 
coloring (decoration). Coloration is effected 
by chemicals, mostly specially formulated 
metal salt solutions which form thin layers of 
insoluble green, red, brown, or black com- 
pounds. 
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8.7.3 Uses 


Copper is a useful material with a wide 
range of applications because of its combina- 
tion of properties. Because of its excellent 
electrical conductivity, it is the dominant con- 
ductor material. Copper is used primarily as 
round wire or rods, bare or insulated, for cur- 
rent generation, transmission, and conduction; 
various sorts of cables are produced for spe- 
cial applications. Substantial quantities of 
copper are made into generators, motors, 
transformers, and other electrical appliances. 
About 50% of the world consumption of cop- 
per is for electrical purposes. As a result of its 
high thermal conductivity, copper is well- 
suited for vessels and pipes, especially for 
heating, cooling, and heat exchange. 

While high-conductivity copper is required 
for electrotechnical and electronic uses, spe- 
cial copper qualities are chosen for other uses. 
About 30% of world copper production is 
used for alloying. Copper alloys are usually 
cold-worked; only ca. 10% of them are cast. 

Copper is frequently used in the chemical 
and food industries because of its high resis- 
tance to corrosion. There is substantial use of 
copper in mechanical engineering, by fabrica- 
tors of precision implements, in vehicle con- 
struction, and in ship building. There is 
increasing interest in copper building con- 
struction as a material for installation, wall lin- 
ing, and.roofing. Hydraulic engineers use 
copper sheets for tightening on dams, sluices 
(floodgates), and bridges. ~ 

Other areas of application are in the fabri- 
cation of household articles, art objects, coins 
and medals, and in military hardware as am- 
munition. There is a smaller demand for other 
purposes, such as electrodeposition; powder- 
metallurgical copper, special materials for 
brakes and self-lubricating bearings, small 
precision parts, filters, graphite brushes; and 
alloying additives for aluminum, iron, and 
steel. Use in copper compounds, chiefly cop- 
per sulfate and copper oxides, consumes only 
1-2% of the primary world production. 

Table 8.20 lists the distribution of copper 
consumption among various industries. This 
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distribution is effectively determined by the 
specific useful properties of copper. The use of 
copper (including alloys) in the United States 
in 1982, based on essential properties, can be 
broken down as follows [201]: 


Electrical conductivity 57.0% 
Corrosion resistance 21.9% 
Thermal conductivity 12.1% 
Constructional behavior 7.4% 
ZEsthetic effects 1.6% S е 


Table 8.20: Industrial use of copper (including alloys) іп 
the Western world in 1981, percentage by country [200]. 


* United United Ger- 


Branch States Kingdom many Japan 
Electrical and elec- 
tronic industry 46 55 52 52 
Industrial machinery 
and equipment 19 12 14 15 
Building construction 16 11 15 9 
Transportation 10 13 11 17 


Ошег 9 9 8 7 


Substitution and Miniaturization. Several 
materials compete with copper and may sub- 
stitute for it, depending on the relative costs. 
Copper is partly replaced by aluminum in au- 
tomotive radiators and in transmission cables, 
high-voltage long-distance lines, and house- 
hold wiring. Copper wires and cables for tele- 
communications are being displaced by 
microwave technology and fiber optics. Cop- 
per is being replaced by plastics for water 
pipes in both residential and commercial con- 
struction. In the area of corrosion-resistant 
materials, in addition to plastics there are also 
stainless steel and titanium, 

The movement toward making smaller and 
smaller parts has been one of the most perva- 
sive and continuing pressures on the copper 
market. A dramatic drop in the use of copper 
has occurred in the widespread acceptance of 
printed circuits. The use of wire has plum- 
meted. The number and size of the connectors 
have dropped. On the other hand, miniaturiza- 
tion has steadily decreased the cost of the final 
products, thus increasing the number of units 
sold. 

The average cross section of parts has 
steadily decreased. At one time, 0.813 mm 
was a base point for metal thickness, but this 
has decreased generally to 0.250 mm and in 
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electronics even to 0.250 mm. In electronics, 
formerly 4500 kg of metal was necessary to 
furnish products to a consumer market that 
currently requires less than 900 kg. 


Table 8.21: Mine production of copper [202]. 





Copper content 
Country or region (х 10? H E 
1973 1978 19837 

Chile 735 1034 1257 6.3 
United States 1559 1358 1038 12.6 
Canada 824 659 625 76 
Zambia 707 643 543 6.6 
Zaire 489 424 502 6.1 
Peru 208 376 322 3.9 
Others 1516 1605 1924 23.4 

Western world 6038 6099 6211 75.5 


Eastern countries 
1473 1754 2009 24.5 


World total 7511 7853 8220 100 


а The 1983 mine production is given for more countries and re- 
gions in Table 8.22. 


At the same time, however, this drive to- 
wards miniaturization, whether in the thick- 
ness of an automotive radiator or in the size of 
an electronic component, is a challenge to the 
copper industry to produce purer copper and 
more useful alloys and to the copper fabricat- 
ing industry to produce the new miniaturized 
products. 


8.8 Economic Aspects 


There are numerous tabular compilations of 
statistics on copper resources, production, and 
consumption [202-206]. Many books deal 
with economic relations and commercial 
problems, e.g., [207-210]. Compilations of 
companies in the nonferrous metal industry 
[211] and the mining industry [212] are pub- 
lished at irregular intervals. 


Production and Consumption. The copper 
production of mines, smelters, and refineries 
and the consumption by country and region 
are given in Tables 8.21 and 8.22. Production 
and consumption per capita are listed in Table 
8.23. Over the decades, the annual per capita 
consumption of primary copper in the United 
States has grown [205]: 
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Late twenties 7.5 kg 
Early thirties 2.5kg 
World War П 9.5 kg 
Postwar period 7.5 kg 
1970 13.3 kg 
1979 14.6 kg 


During the 1980s, there has been no in- 
crease in consumption in America and Europe 
and only a small increase worldwide. 


Prices. The development of copper prices 
since 1850 is shown in Figure 8.27. The fluc- 
tuation caused by political and economic 
events after World War II are conspicuous. 


Table 8.22: Production and consumption of copper in 
1983 (x 10? 1) [202]. 


Production Consump- 
tion of 


refined 





Country or region 
Mine  Smelter Refinery 


copper 
Austria 41.9 21.9 
Belgium- 

Luxembourg 2.8 4046 258.2 
Finland 37.8 70.1 55.4 65.8 
France 0.1 43.9 390.0 
Germany 12 159.1 4203 737.0 
Italy 1.6 312 325.0 
Norway 26.2 26.5 22.7 9.0 
Portugal 24 2.8 4.6 12.3 
Sweden 64.0 78.8 63.4 113.0 
Spain 63.9 890 158.6 122.5 
United Kingdom 
Yugoslavia 0.7 144.4 358.0 
Other? 129.5 86.8 123.7 133.5 

2.6 2.8 53.4 
Europe” 3275 5159 15147 2599.6 
India 43.8 35.4 28.1 96.0 
Indonesia 78.6 16.7 
Iran 65.0 47.0 10.0 
Japan 46.0 944.6 1091.9 1216.3 
Korea (South) 2.6 113.0 134.8 152.3 
Malaysia 29.1 17.9 
Oman 11.0 7.6 3.8 
Philippines 2714 388 388 5.0 
Taiwan 37.9 38.0 104.8 
Turkey 24.9 18.3 31.8 57.9 
Other 1.5 20.8 
Asia! 573.9 1242.6 13772 1687.7 
South Africa 211.8 1923 157.7 73.6 
Botswana 20.3 
Morocco 242 
Namibia 52.1 54.2 
Zaire 5022 4658 2269 23.5 
Zambia 542.8 5627 575.4 
Zimbabwe 23.7 31.2 25.4 
Other 0.3 24 


Africa 1377.4 13062 987.8 97.1 
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Production Consump- 
А tion of 
Country or region 
ч j Mine Smelter Refinery Tfined 
copper 
United States 1038.1 927.7 1583.7 1775.4 
Argentina 37.0 
Brazil 33.0 63.1 88.5 148.4 
Canada 625.0 336.9 4643 195.0 
Chile 1257.1 1058.1 833.4 23.8 
Mexico 206.1 66.9 80.2 79.2 
Peru 322.2 295.9 190.6 18.3 
Other” 2.8 6.0 
America! 3484.3 2748.6 3240.7 2283.0 
Australia > 264.2 173.6 201.9 114.8 
New Zealand 0.4 
Papua New 
Guinea 183.2 
Australia 


and Oceania 447.4 173.6 201.9 115.2 
Western world 6210.5 5986.9 7322.3 6782.6 


USSR 1180.0 1280.0 1500.0 13600 
Bulgaria 80.0 60.0 62.0 62.0 
Germany (DDR) 12.0 17.0 50.0 115.0 
Poland 402.3 320.0 3601 176.6 
Romania 28.0 40.2 47.0 68.0 
China 175.0 195.0 310.0 410.0 
Korea (North) 10.0 35.0 35.0 17.0 
Mongolia 95.0 

Other 27.0 22.5 47.9 124.4 


Eastern countries 
and Cuba 
2009.3 1969.7 2412.0 2333.0 


Total 8219.8 7956.6 9734.3 9115.6 


a Excluding Eastern countries. 
* Excluding Cuba. 


Table 8.23: Per capita production and consumption of 
copper, kilograms per person, in 1979 [205]. 


Country or region Production Consumption 


United States 9.0 14.6 
Tapan 8.5 15.1 
Germany 6.2 16.5 
Economic Community 

(EEC) 3.6 11.6 
Western world 2.4 3.4 
USSR 5.6 — 
World 2.2 — 


Prices are set primarily at two metal ex- 
changes: the London Metal Exchange (LME) 
and the New York Commodity Exchange 
(Comex). 


Product Promotion. Two international orga- 
nizations deal with copper promotion, re- 





} 
| 
| 
| 
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search, and development: the Conseil 
international pour le développement du cuivre 
(CIDEC) and the International Copper Re- 
search Association (INCRA). 

Three European Institutions are the Deut- 
sches Kupfer-Institut e.V. (ОКТ), Berlin; the 
Copper Development Association (CDA), 
London; and the Centre d'information cuivre, 
laitons et alliages, Paris. 

In 1968, four developing countries that are 
among the main copper ore exporters in the 
world-Chile, Peru, Zambia, and Zaire-formed 
an association, CIPEC (Conseil intergouv- 
ernemental des pays exportateurs de cuivre). 
Some other countries have since joined. 
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Figure 8.27: Annual average copper prices in London be- 
tween 1850 and 1984 [202]. 
8.9 Environmental 
Protection 

The worldwide growth of industry and pop- 


ulation has caused a series of environmental 
problems, particularly the following: (1) emis- 
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sion control; (2) water protection; (3) solid- 
waste disposal. 


Emission Control. There are two important 
tasks in the treatment of off-gas from pyromet- 
allurgical processes in copper metallurgy: the 
removal of sulfur dioxide and the containment 
of flue dust. s 

Because most copper comes from sulfide 
ores, sulfur is the main problem in copper ex- 
traction. In pyrometallurgical operations, it 
appears as sulfur dioxide (Table 8.24) [214— 
215]. The mass ratio of sulfur to copper in sul- 
fidic concentrates is usually between 0.8 and 
1.6. Consequently, a large quantity of sulfur 
dioxide must be captured because of its harm- 
ful effects on health, vegetation, and property. 
In most cases, sulfuric acid is produced from 
the SO,-containing off-gas [216]. 

Flue dust can be separated from off-gas to a 
high degree in modern gas-cleaning systems 
such as electrostatic precipitators, baghouses, 
cyclones, and wet scrubbers. This metal-con- 
taining dust is recycled. 

A growing problem is caused by the in- 
creasing arsenic content of available copper 
ores-the so-called dirty copper ores. Much of 
the arsenic is removed as arsenic trioxide dur- 
ing pyrometallurgical operations by volatiliza- 
tion and can be captured with flue dust [217]. 


Table 8.24: Comparison of SO; concentrations in copper 
smelting off-gas [213]. 





Process SO;, vol% 
Multiple-hearth roasting 5-8 
Fluidized-bed roasting 8-15 
Sinter roasting 1-2 
Blast furnace smelting 2-5 
Reverberatory furnace smelting 0.5-2.5 
Electric furnace smelting 0.5-5 
Outokumpu flash smelting 10-30 
INCO flash smelting 75-80 
KIVCET process 80-85 
Peirce-Smith converter 5-12 
Hoboken converter 7-17 
TBRC process 1-15 
Mitsubishi process 15-20 
Noranda process 10-20 


Water Protection. Harmful wastewater does 
not usually result from pyrometallurgical cop- 
per production but water for direct or indirect 
cooling of furnaces, casting machines, and 
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cast copper products is required on a large 
scale. This cooling water is moderately 
warmed, but does not acquire chemical impu- 
rities. Closed circulation is used as much as 
possible in modern plants. 

Hydrometallurgical operations for the ex- 
traction of copper from ores or concentrates 
present the risk of water pollution. These solu- 
tions, of various compositions, must be post- 
treated if they cannot be recycled. Such post- 
treatment consists of neutralization or precipi- 
tation of specific ions, chiefly anions bearing 
sulfur and the cations of heavy metals. Lime is 
an excellent precipitant. Thus, the sulfate ion 
in sulfuric acid solutions formed during hy- 
drometallurgical extraction is precipitated as 
gypsum [218]. 


Solid-Waste Disposal. The following means 
are used for handling solid residues: 


e Recycling 


e Exploitation as raw material for the prepara- 
tion of useful products 


e Dumping in deposits 
One example of each method follows: 


e Flue dust from pyrometallurgical opera- 
tions, e.g., from the Outokumpu flash smelt- 
ing process, are added to the feed and 
recycled into suitable furnaces and occa- 
sionally into blast furnaces after agglomera- 
tion. Zinc-containing flue dusts can be 
processed into zinc and zinc compounds. 


e Discarded slags with low copper content 
from some copper smelting processes can 
be sold after suitable treatment. 


e Hydrometallurgical techniques yield vari- 
ous precipitates such as elemental sulfur or 
impure gypsum, which can easily be depos- 
ited. 


8.10 Toxicology 


Copper is a vital trace element for humans, 
most animals, and plants. For higher organ- 
isms, the compact metal is completely harm- 
less. However protista, especially bacteria, die 
in contact with metallic surfaces of copper and 
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many of its alloys (oligodynamic effect) [219— 
220]. 

Continued exposure to the metal dust or 
fumes can irritate mucuous membranes. The 
following exposure limits have been estab- 
lished: 


Form Germany United States 
Metal dust MAK TLV/STEL 
1 mg/m? 2 mg/m 
Metal fumes MAK TLV/TWA 
0.1 mg/m? 0.2 mg/m? 





8.11 Compounds 


Copper compounds, although they repre- 
sent a small fraction of total copper produc- 
tion, play an important and varied role in 
industry and agriculture. One of the oldest 
known fungicides was copper-based and was 
used extensively in the early part of the cen- 
tury. The last 20 years have brought about a re- 
surgence in the use of copper-based fungicides 
partly because of a lack of tolerance by fungi 
to copper and also because of its relatively low 
toxicity to higher plants and animals. Al- 
though copper is an essential trace element for 
higher plants and animals, it is acutely toxic in 
higher doses. Copper compounds are used as 
nutritional additives in animal feeds and fertil- 
izers, and are found in a variety of dietary sup- 
plements. Copper salts are used in the control 
of algz in Jakes and ponds, and the oxides are 
used in antifouling paints and coatings. Cop- 
per acetoarsenite, Paris green, is used as an in- 
secticide, and copper chromium arsenate is an 
effective alternative to creosote for the preser- 
vation of wood. 

Copper and its compounds are used catalyt- 
ically in nurnerous organic reactions, e.g., po- 
lymerization, isomerization, and cracking 
reactions. They are used in the textile and dye 
industries in the preparation of rayon and 
acrylonitrile, as mordants and oxidants in tex- 
tile dyeing and printing, and in the preparation 
of azo dyes. Copper compounds are used as 
pigments in glass, ceramics, porcelains, var- 
nishes, and artificial gems, and in the manu- 
facture of the copper phthalocyanine 
pigments. Copper salt solutions are used for 
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electroplating, in brazing and burnishing prep- 
arations, and as brighteners for aluminum. So- 
lutions of copper(f) complexes arc used to 
selectively absorb carbon monoxide, butadi- 
ene, and alkenes from gas streams. In the pe- 
troleum industry, copper compounds are used 
as deodorizing (desulfurization) and purify- 
ing agents. Copper(If) carbonate is used in 
drilling muds to protect against release of poi- 
sonous hydrogen sulfide gas, and copper(I) io- 
dide is used in acid muds to bind corrosion 
inhibitors to the iron drills. More recent appli- 
cations of copper compounds are in pollution 
control and solar technology. 

The multitude of applications of copper 
compounds in the biosphere is largely respon- 
sible for the extent of academic interest in 
them. Also, the facile reduction-oxidation of 
the copper(I)-copper(II) couple, the ease of 
theoretical treatment of the A соррег(П) sys- 
tem, and the varied stereochemistries and 
magnetic behaviors associated with copper 
ions enhance their theoretical] appeal. Since 
this treatment of copper compounds is prima- 
rily from an industrial perspective, the reader 
whose interest is academic is referred to the 
classic references [221—224] as well as to 
more recent materials [225—231] that are at- 
tune to the subtle chemistries of copper and its 
compounds. Compounds of primary indus- 
trial importance are distinguished from com- 
pounds of minor importance in this section. 


8.11.1 The Copper Ions 


Copper, [Ar] 3410 4s}, is a member of the 
first transition series. It is classified as a transi- 
tion element in the broader definition because 
the copper(I) valence state, [Ar] ЗФ, com- 
prises such a large proportion of the defined 
chemistry of copper. Copper in its compounds 
exists primarily in two oxidation states, 1+ 
and 2+. Although соррег(0) and copper(I) 
compounds have been identified, they are not 
presently of commercial importance. The sta- 
bilities of the various valence states of copper 
are illustrated by the following standard re- 
duction potentials: 


Си + e7 > cw? Eo = 40.52 V 
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Cu?* + Ae" —› Cu Eg 240.34 V 
Cu? +e — Cut Eg 40.15 V 
Сш? + & > Cu” Ey =+1.80V 


From the above, it is seen that 
2Cu* 2 Cu? + Cu” 
with pK = —5.95 

In other words, the free copper(I) ion does 
not exist to any appreciable extent in aqueous 
solution. In the presence of ligands such as 
ammonia, chloride, or cyanide, solutións of 
copper(I) can be prepared that are stable with 
respect to disproportionation. For example, 
the colorless solution of tetraamminedicop- 
per(I) sulfate is prepared readily by contact of 
blue tetraamminecopper(II) sulfate with me- 
tallic copper in the absence of air. Upon acidi- 
fication with sulfuric acid, copper powder and 
a copper(II) ammonium sulfate solution are 
produced. The insoluble copper(I) chloride 
can be produced by sulfuric acid acidification 
of a copper(T) ammine chloride solution. If the 
solution is acidified with hydrochloric acid, a 
solution of [Cuch], [CuCl]?-, or [CuCl] 
species is produced, depending on chloride 
concentration. Copper(I) chloride is stable to 
water because of its insolubility, which is a re- 
sult of the polymeric structure that arises from 
the chloride's ability to bridge copper. This 
contrasts with the sulfate's inability to coordi- 
nate or bridge strongly. Consequently, cop- 
per(I) sulfate can be produced only in 
nonaqueous media. 

The electronic structure of the copper(D ion 
is [Ar] 3dl9. The compounds are diamagnetic 
and colorless except where charge-transfer 
bands arise. Copper(1) is isoelectronic with 
zinc(II) and the preferred stereochemistries 
are similar. As a result of the filled 3d level, no 
ligand field stabilization occurs and electronic 
distortions are minimized. The stereochemis- 
try around the copper(I) ion is determined 
mainly by the size of the anions, as well as by 
the electrostatic and covalent bonding forces. 
The preferred stereochemistry is tetrahedral, 
with linear and trigonal planar compounds 
also being common. 

The majority of copper(IT) compounds ex- 
hibit square planar or distorted octahedral con- 
figurations about the copper ion. The 34? 


AE 2 -0.37 V 
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electronic structure gives rise to the classic ex- 
ample of Jahn-Teller distortion in which the 
four planar metal-ligand distances are smaller 
than the two axial distances. Copper(I) ions 
are also found in distorted tetrahedral and var- 
ious five-coordinate environments. 

The copper(I) ion, [Ar] 3, is predomi- 
nantly blue or green, and the unpaired 3d elec- 
tron results in magnetic phenomena. In most 
copper compounds, the unpaired electrons of 
the copper ions are sufficiently isolated from 
each other so that the compounds exhibit para- 
magnetic behavior. However, there are many 
polynuclear copper compounds in which the 
spins are coupled, which lowers the magnetic 
moment. The coupling may be so weak that it 
must be observed near the absolute zero of 
temperature, or it may be strong enough to 
render the compound diamagnetic at room 
temperature or above. 


8.11.2 Basic Copper Compounds 


8.11.2.1 Соррег(1 Oxide 


CuO, mp 1235 °С, 225 5.8-6.2, decom- 
poses above 1800 *C. It occurs in nature as the 
red or reddish brown mineral cuprite with a 
cubic or octahedral crystal morphology. De- 
pending on the method of preparation and par- 
ticle size, the synthetic material is yellow, 
orange, red, or purple. The yellow material has 
erroneously been referred to as copper(I) hy- 
droxide, but X-ray diffraction patterns indi- 
cate that there are no differences in the crystal 
structures of the colored forms. Their thermo- 
dynamic data are as follows: c, (298 K) 429.8 
Jkg 1K", c, (290-814 К) 519.2 Jkg K”, c, 
(290-1223 К) 565.2 Jkg!K-l, AH? (25 °C) 
— 166.6 kJ/mol. Copper(I) oxide is stable in 
dry air but slowly oxidizes to соррег(П) oxide 
in moist air. It is practically insoluble in water 
but dissolves in aqueous ammonia. In excess 
hydrochloric acid, soluble copper(I) chloride 
complexes are formed; however, in dilute sul- 
furic or nitric acids, disproportionation to the 
soluble copper(I) salts and copper powder re- 
sults. 
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Production. Copper(I) oxide is produced eas- 
ily by a variety of methods; its instability with 
respect to oxidation requires careful consider- 
ation. Copper(I) oxide produced pyrometallur- 
gically is usually coated with isophthalic acid 
or pine oil to preserve its integrity [232]. Hy- 
drometallurgically produced material can be 
stabilized by mixing the particle slurry with 
glue, gelatin, casein, or dextrin before drying 
[233—236]. 

Pyrometallurgical Processes. Copper(1) 
oxide is formed when copper powder is heated 
above 1030 °C in air; to prevent further oxida- 
tion, it must be cooled quickly in an inert at- 
mosphere. To allow for lower temperature 
production of copper(I) oxide, carbon can be 
blended with copper(II) oxide and heated to 
750 *C in an inert atmosphere. The material 
must be stabilized by coating the formed parti- 
cles with isophthalic acid or pine oil [232]. A 
more stable copper(I) oxide results when sto- 
ichiometric amounts of copper powder and 
copper(IT) oxide are blended, heated to 800— 
900 °C in an inert atmosphere, and allowed to 
cool. The production can be effected at lower 
temperature if ammonia or certain ammonium 
salts are added to the blend [237—239]. The 
autoclave oxidation of copper metal at 120 °C 
and about 0.6 MPa gauge pressure with air in 
the presence of water and small amounts of 
sulfuric and hydrochloric acids produces a 
red, pigment-grade product [240]. By varying 
the pressure and temperature, considerable 
differences in particle size, coloring, apparent 
bulk density, and buoyancy have been found. 

Hydrometallurgical Processes. Tetraam- 
minedicopper(I) sulfate, Cu,(NH3),5O,, pre- 
pared by leaching an excess of copper with a 
solution of ammonia and ammonium sulfate, 
with air as the oxidant, yields a red copper(I) 
oxide upon acidification to pH 3—5 [241]. The 
less corrosive ammonium carbonate leach sys- 
tem in which Cu9(NH3)4CO, is produced is 
more common. Upon vacuum distillation, a 
very stable red Cu5O product remains [241]. If 
sodium hydroxide is added to the leach liquor, 
a yellow microcrystalline powder is precipi- 
tated [242]. When the yellow СиО is heated 
in an excess of sodium hydroxide, it is con- 
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verted to an orange material of somewhat 
larger particle size. 

Steam stripping of the copper(I) ammine 
carbonate solution yields a brown, impure 
product [243] which can be converted to a red 
material by washing it in an organic acid, e.g., 
formic or acetic acid [244]. An impure, brown 
product can also be converted to a red material 
by boiling it in 2075 sodium hydroxide solu- 
tion [245]. 

Ifa saturated solution of copper(I) ammine 
carbonate is agitated over copper metal, a 
layer of red copper(I) oxide is continuously 
produced which can be broken loose and re- 
covered [246]. When copper salts are leached 
with chelating agents such as ethylenedi- 
aminetetraacetic acid [247] or ammonia [248] 
under pressure of carbon monoxide or hydro- 
gen, and sodium hydroxide is subsequently 
added, a relatively stable, yellow copper(I) ox- 
ide is obtained; the reaction is catalyzed by an 
alkali metal iodide [249]. 


The reduction of a boiling slurry ‘of basic 
copper(II) sulfate with sulfur dioxide at a pH 
of about 3 produces a reddish product [250].* 
Red copper(I) oxide has also been prepared by 
mixing a slurry of basic copper(I) sulfate with 
neutral copper(I) sulfate and adding sodium 
sulfite to a pH of 5.2. The mixture is then acid- 
ified to pH 3.5—5 and heated to boiling. The 
intermediate copper(I) sulfite slurry is decom- 
posed to copper(I) oxide and sulfurous acid. 
Alkali is subsequently added to maintain a pH 
of 2.6-2.8 [251]. 


When a solution of copper(D chloride and 
sodium chloride is neutralized with sodium 
hydroxide and then heated to 138 °C under 
pressure, a red copper(I) oxide is obtained 
which has an average particle diameter of 
about 2.5 рт [252]; an orange product (about 
1-ыт particles) is prepared by neutralizing the 
solution to pH 8.5 at 60°C [253]. Simulta- 
neous mixing of copper(I) chloride solutions 
with sodium chloride and sodium hydroxide 
solution in the presence of copper(I) oxide 
seed crystals at a controlled pH of 10.0, 55 °C, 
and under nitrogen, gives a reddish purple ma- 
terial (average diameter 48 um). At pH 7.0, a 
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yellow material is obtained with an average 
particle size of 0.4 um [254]. 

The electrolytic production of copper(I) ox- 
ide between copper electrodes in brine yields a 
yellow product at room temperature. At higher 
temperature, an orange or red material is pro- 
duced. 


Uses. The largest commercial use of copper(I) 
oxide is in antifouling paints for boat and,ship 
bottoms; it is an effective control for barnacles 
and alge. The yellow or orange copper(I) ox- 
ide is used as a seed and crop fungicide, and 
the red material is used as a pigment in ce- 
ramic glazes and glass. Соррег(ї) oxide is also 
used in rectifiers and in brazing. Numerous or- 
ganic reactions are catalyzed by copper(I) ox- 
ide, and it is an effective absorbent for carbon 
monoxide. 


Analysis and Specifications. The ASTM ap- 
proved analysis and specification for pigment- 
grade copper(I) oxide [255] and the military 
specification for the pigment grade [256] are 
listed in Table 8.25. 


Table 8.25: Specifications for pigment-grade copper(I) 
oxide (%). 





NavyI Мауу П 


Assay [256,257] [256] 
Copper(I) oxide 97.0 90.0 
Total copper (min.) 86.0 80.0 
Reducing power (min.) 97.0 90.0 
Nitric acid-insolubles (max.) 0.3 0.3 
Chloride (max.) 0.4 0.4 
Sulfate (max.) 0.1 0.1 
Zinc oxide (max.) — 10.0 
Other metals (max.) 0.5 0.5 
Acetone-soluble material (rnax.) 0.5 0.5 
ZE EE 


8.11.2.2 Соррег(П) Oxide 


CuO, тр 1330 °С, 225 6.48, occurs in па- 
ture as the black minerals tenorite (triclinic 
crystals) and paramelaconite (tetrahedral, cu- 
bic crystals). Commercialy produced cop- 
рег(П) oxide is usually black, although a 
brown product (particle size « 10 m) can 
also be produced. Thermodynamic data: с 
(298 К) 531.1 Jkg" K^, c, (290-1253 К) 
682.4 Jkg"! Kl, AH? (25 °C) —155.3 kJ/mol. 
Copper(II) oxide is stable to air and moisture 
at room temperature. It is virtually insoluble in 
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water or alcohols. Copper(IT) oxide dissolves 
slowly in ammonia solution but quickly in am- 
monium carbonate solution; it is dissolved by 
` alkali metal cyanides and by strong acid solu- 
tions. Hot formic acid and boiling acetic acid 
solutions readily dissolve the oxide. Cop- 
рег(П) oxide is decomposed to copper(I) oxide 
and oxygen at 1030 °C and atmospheric pres- 
sure; the reduction can proceed at lower tem- 
perature in a vacuum. Hydrogen and carbon 
monoxide reduce copper(II) oxide to the metal 
at 250°C and to copper(I) oxide at about 
150 °C. Ammonia gas reduces copper(II) ox- 
ide to copper metal and copper(I) oxide at 
425—700 °C [237]. 


Production. Соррег(П) oxide can be prepared 
pyrometallurgically by heating copper metal 
above 300 °C in air; preferably, 800 °C is em- 
ployed. Molten copper is oxidized to cop- 
рег(П) oxide when sprayed into an oxygen- 
containing gas [257]. Ignition of copper(II) ni- 
trate trihydrate at about 100—200 °C produces 
a black oxide. Basic copper(II) carbonate, 
when heated above 250 ?C, produces a black 
oxide if a dense carbonate is employed; a 
brown material is produced when the light and 
fluffy carbonate is used. An alkali-free oxide 
can be prepared by ignition of copper(I) car- 
bonate produced from ammonium carbonate 
and a copper(II) salt solution. Copper(IT) hy- 
droxide, when heated above 100 ?C, is con- 
verted to the oxide. 

Hydrometallurgy is the most common 
method for the production of copper(II) oxide. 
A solution of ammonia and ammonium car- 
bonate in the presence of air effectively 
leaches metallic copper; the process is repre- 
sented by the following reactions: 


2Cu + 1/50; + 2NH; + (NH4;CO, > 
[Cu2(NH3)4]CO3 + H20 
2NH; + (NH4CO, + [Cu,(NH;),]CO; + 1/00; > 
2[Cu(NH3)4ICO, + HO 
Cu+ [Cu(NH3)4]CO3 > Cua(NH3)4CO3 
The second and third reactions proceed 
readily; the first is slow. Consequently, in 


batch operations the leach is usually begun 
with a small charge of the copper solution, but 
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continuous operations offer significantly im- 
proved rates. The leach liquor is then filtered 
to remove iron impurities and metallic copper, 
and is subsequently oxidized by air sparging. 
If necessary, lead and tin are removed by treat- 
ment with strontium, barium, or calcium salts 
[258-261]. The solution is filtered again and 
stripped of ammonia and carbon dioxide by 
steam injection or pressurized boiling to pro- 
duce a black copper(1I) oxide [258]. The am- 
monia and carbon dioxide are recycled for 
further use. The process is illustrated in Figure 
8.28. Alternatively, the leach liquor can be 
treated with strong alkali to precipitate the in- 
termediate copper(II) hydroxide, and then 
boiled to remove ammonia, with subsequent 
decomposition of the hydroxide to the black 
oxide. 

Flue dust can be separated from off-gas to a 
high degree in modern gas-cleaning systems 
such as electrostatic precipitators, baghouses, 
cyclones, and wet scrubbers. This metal-con- 
taining dust is recycled. 

A growing problem is caused by the in- 
creasing arsenic content of available copper 
ores-the so-called dirty copper ores. Much of 
the arsenic is removed as arsenic trioxide dur- 
ing pyrometallurgical operations by volatiliza- 
tion and can be captured with flue dust [217]. 


Flue dust can be separated from off-gas to a 
high degree in modern gas-cleaning systems 
such as electrostatic precipitators, baghouses, 
cyclones, and wet scrubbers. This metal-con- 
taining dust is recycled. 


A growing problem is caused by the in- 
creasing arsenic content of available copper 
ores-the so-called dirty copper ores. Much of 
the arsenic is removed as arsenic trioxide dur- 
ing pyrometallurgical operations by volatiliza- 
tion and can be captured with flue dust [217]. 


8.1.2.3 Copper(II) Hydroxide 


Cu(OH), d? 3.37, AH? (25 °С) 446.7 
kJ/mol, decomposes over 100 °С or over 
50 °C in the presence of an excess of alkali. 
Copper(II) hydroxide is virtually insoluble in 
water (0.003 mg/L), and decomposes in hot 


Copper 
water to the more stable copper(II) oxide and 
water: 


Cu(OH), — CuO-H,O э CuO +H,0 
‘ LM x 2  —— 


blue green to brown brown to black 





Соррег(П) hydroxide is readily soluble in 
mineral acids and ammonia solution. When 
freshly precipitated, it is soluble ‘in concen- 
trated alkali, with the formation of [Cu(OH)3]~ 
or [Cu(OH),]*- Соррег(П) hydroxide is inher- 
ently unstable hut can be kinetically stabilized 
by a suitable production method. 


Production. There are two classes of cop- 
рег(П) hydroxide. The first is stoichiometri- 
cally rather precise, with a copper content as 
high as 64%; the theoretical copper content of 
Cu(OH), is 65.14%. This class is produced by 
the ammonia process [272—275], which yields 
a pure product of relatively good stability and 
large particle size. The best product results 
from the addition of strong alkali to the solu- 
ble copper(II) ammine complex [272, 275]. A 
relatively large particle-size product, deep 
blue in color and high in copper content, is 
precipitated below 35 °C. The resulting mate- 
rial is fairly stable or can be coated with gela- 
tin to enhance its stability [276]. 


In the copper(I) hydroxide made by the 
ammonia process, the solubility of the cop- 
рег(П) ammine complexes provides for crys- 
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d 
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product 
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tallite growth. This affords a large particle 
size, a limited surface area (point of dehydra- 
tion), and hence a relatively stable product, in 
contrast with the unstable product (valuable 
assay) that results from the addition of hy- 
droxide solutions to соррег(П) salt solutions at 
20 *C or above. The reaction with hydroxide 
is diffusion-controlled, allowing essentially no 
time for crystallite growth. The product is ob- 
tained as a gelatinous, voluminous precipitate 
with a large surface area, which is quite unsta- 
ble and difficult to wash free of impurities. If 
the same reaction, with the same order of addi- 
tion, is allowed to occur at 0-10 °C, a product 
of defined particle size and measurable sur- 
face area results, with greater stability but low 
assay. 


The second class of copper(II) hydroxide, 
which represents a “stable” product but has 
lower assay and greater impurity, is produced 
from an insoluble precursor such as basic cop- 
рег(П) carbonate or copper(II) phosphate. 
The first stable copper(II) hydroxide of this 
kind was made from copper(I) phosphate 
with alternate additions of copper(II) sulfate 
and sodium hydroxide solutions [277]. The 
process is illustrated by the following series of 
reactions: 


3CuSO, + 2Na4PO, —> Cu3(PO,)2 + 3Na,SO, 


Cu3(PO,)2 + 6NaOH — 3Cu(OH), + 2Na;PO, 


NH,CO; 





Figure 8.28: Process flow diagram for production of copper(I) oxide from ammonia-ammonium carbonate leach: a) 
Leach vat; b) Filter; c) Treatment tank; d) Strip tank; e) Press; f) Bag house; g) Drying kiln. 
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The alternate copper(I) sulfate sodium hy- 
droxide addition is continued through 15 or 20 
cycles and yields a stable product with 58— 
59 % copper and 3-5 % phosphate. The prod- 
uct has a small particle size and a high surface 
area, and is used as an agricultural fungicide. 

Other stable copper(I) hydroxides of high 
surface area and fine particle size have been 
produced more recently [278-280]; the pro- 
cesses include the use of a copper(IT) oxychlo- 
ride precursor in the presence of an anionic 
surfactant [279] or a magnesium sulfate-pre- 
cipitated precursor [278]. An electrolytically 
produced material has also been made by us- 
ing trisodium phosphate as the electrolyte 
[281]. 

The classic Bordeaux slurry of copper(II) 
sulfate and lime in water has been replaced by 
a powdered stabilized product. This is ob- 
tained by mixing copper(I) nitrate solution 
and lime, adding cellulose pitch liquor (a 
waste product of the paper industry), and dry- 
ing to yield a powder which is effective as a 
fungicide [282]. Sodium carbonate can be 
used as the precipitating agent instead of lime 
[283]. 


Uses. Copper(II) hydroxide is used as an ac- 
tive precursor in the production of copper(I) 
compounds. Ammonia-processed copper(I) 
hydroxide is used in the production of cop- 
per(II) naphthenate, copper(II) 2-ethylhex- 
anoate, and copper soaps. Ammonia- 
processed copper(I) hydroxide is also used in 
the production of rayon (Schweitzer’s reagent) 
and in the stabilization of nylon. Copper(IT) 
hydroxides of the second class are often used 
as fungicides because of their small particle 
size. Copper(II) hydroxide is also used as a 
feed additive, a catalyst in the vulcanization of 
polysulfide rubber, and an antifouling pig- 
ment. 


Analysis and Specifications. Copper is deter- 
mined iodometrically with sodium thiosulfate 
[271]. The analysis of typical ammonia-pro- 
cessed copper(II) hydroxide (mass fractions in 
9%) is copper 63.0, iron 0.05, zinc 0.05, lead 
0.05, naphthenic acid-insoluble material 2.0, 
sulfate 0.3. 
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8.11.2.4 Copper(II) Carbonate 
Hydroxide 


Copper(1I) carbonate hydroxide, also called 

basic соррег(П) carbonate, occurs in nature as 
the metastable mineral azurite, also called 
chessylite, a blue, monoclinic crystalline or 
amorphous powder with a formula approxi- 
mating 2CuCO,.Cu(OH), 42* 3.8, 
(20 °C) ~87.4 kJ/mol, and malachite, green, 
monoclinic crystals with a formula approxi- 
mating CuCO,-Cu(OH),, 22° 3.9-4.0, AH? 
(20 °C) -57.7 kJ/mol. The copper(II) carbon- 
ate of commerce, malachite, is also known as 
Bremen green. Pure copper(II) carbonate, 
CuCO,, has not been isolated. Соррег(П) car- 
bonate is virtually insoluble in water but dis- 
solves readily in aqueous ammonia and alkali 
metal cyanide solutions. Copper(IT) carbonate 
dissolves quickly in mineral acid solutions and 
warm acetic acid solution, with the formation 
of the corresponding copper(I) salt. Mala- 
chite is much more stable than copper(I) hy- 
droxide but slowly decomposes to the oxide 
according to the following reaction: 


CuCO; -Cu(OH)2 —2CuO +H,0 + со» 


Malachite is rapidly decomposed to the ох- 
ide above 200 °C. 


Production. Two grades of copper(I) carbon- 
ate are available commercially, the light and 
the dense. The light grade is a fluffy product of 
high surface area. Itis precipitated by adding a 
copper(II} salt solution, usually соррег(П) sul- 
fate solution, to a concentrated solution of so- 
dium carbonate at 45-65 °С. Azurite is 
formed initially, and complete conversion to 
malachite usually occurs within two hours. 
The conversion is accelerated by the addition 
of malachite nuclei to the reactor. 

A dark green, dense product results when a 
copper(II) salt solution is added to a solution 
of sodium hydrogen carbonate at 45-65 °C; 
conversion to malachite requires about one 
hour in this case. The density is maximized if 
the reactor is washed with acid prior to the 
precipitation to prevent premature nucleation 
on malachite nuclei. (A less dense product 
would be produced if malachite nuclei are 
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added to the slurry of azurite.) Solutions of 
copper(II) salt and sodium carbonate can also 
be added simultaneously at a pH of 6.5—7.0 
and a temperature between 45 and 65 °C; con- 
version to malachite is usually complete 
within one hour. When a solution of соррег(П) 
ammonium carbonate is boiled, ammonia and 
carbon dioxide are expelled from the solution, 
and a deep green, dense copper(II) carbonate 
precipitates [258]. 


Uses. Соррег(П) carbonate is used as a precur- 
sor in the production of copper salts and soaps. 
Itis used in animal feeds as a source of copper, 
in the sweetening of petroleum, and in electro- 
plating for the control of pH. Copper(II) car- 
bonate is used as a hydrogenation catalyst and 
as an accelerator in polymerization reactions. 
The light grade is somewhat effective as a fun- 
gicide and is used as a seed protectant. 


Analysis and Specifications. Copper is ana- 
lyzed by iodometric titration with sodium 
thiosulfate solution [271]. Table 8.26 gives 
typical analyses of light and dense technical- 


grade copper(I) carbonates. e 
Table 8.26: Typical analysis of commercially available 
copper(II) carbonate hydroxides. 
Assay Light, % Dense, % 

Copper 55.5 55.0 
Sulfate 0.6 0.6 
Iron 0.1 0.1 
Zinc 0.01 0.02 
Lead 0.003 0.005 
Hydrochloric acid-insoluble 

material 0.05 0.05 
Water 1.0 2.0 


8.11.3 Salts and Basic Salts 


8.11.3.1 Copper(I) Chloride 


Copper(T) chloride, CuCl, mp 422 °C, bp 
1367 °С, 425 4.14, (25 °C) 134.6 
kJ/mol, occurs іп nature as the colorless or 
gray cubic-crystal nantokite. The commer- 
cially available product is white to gray to 
green and of variable purity. Copper(I) chlo- 
ride is fairly stable in air or light if the relative 
humidity is less than about 50%. In the pres- 
ence of moisture and air, the product is oxi- 
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dized and hydrolyzed to a green product that 
approaches copper(II) oxychloride, CuCl,- 
3Cu(OH),. In the presence of light and mois- 
ture, a brown or blue product is obtained. Cop- 
per(I) chloride is slightly soluble to insoluble 
in water, with values from 0.001 to 0.1 g/L be- 
ing reported. It is readily hydrolyzed to cop- 
per(1) oxide by hot water. Copper(I) chloride 
is insoluble in dilute sulfuric and nitric acids, 
ketones, alcohols, and ethers, but it quickly 
dissolves in hydrochloric acid, alkali halide, or 
ammonia solutions with the formation of com- 
plex compounds that are readily oxidized by 
air. Copper(I) chloride is soluble in solutions 
of alkali metal cyanides or thiosulfates and of 
coordinating amines, pyridines, and nitriles, 
notably, acetonitrile [284]. The increase in sol- 
ubility of copper(I) chloride with chloride ion 
concentration illustrated in Figure 8.29 [285]. 
When the chloride concentration is decreased 
by dilution with water, the pure white cop- 
per(I) chloride precipitates. 
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Figure 8.29: Solubility of copper(I) chloride in excess 
chloride ion solution at different temperatures. 


Production. The direct combination of the el- 
ements is the most common method of pro- 
duction. The reaction of copper metal and 
chlorine is not spontaneous at ambient temper- 
ature. Once the metal is heated to red heat in 
the presence of chlorine, the reaction is self- 
sustaining and requires external cooling to 
prevent the metal from melting. A number of 
similar patents exist [286—289] in which cop- 
per metal is reacted with chlorine gas to pro- 
duce a molten copper(I) chloride that is cast 
and pulverized. The primary difference in con- 
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ditions is the use of a shaft furnace [286] as 
opposed to the use of crucibles. The recom- 
mended process temperature varies from 450 
to 800 °C [286, 287] or 500 to 700 °C [288, 
289]. The conditions required for the high- 
temperature production of a pure copper(I) 
chloride can be illustrated by the following: 


Cu !4Cl; 2 CuCl AH «—134.6 kJ/mol 
Си+ С CuCl, AH--2472 kJ/mol 


Ca) + Matt CuCl, АН =-122.6 kJ/mol 
CuCl + Си > 2CuCl AH--22kI/mol 


Higher temperature and excessive contact 
with copper metal favor the production of a 
very pure copper(1) chloride. The lowest pos- 
sible temperature is obviously 422 °C, the 
melting point of copper(T) chloride. As the 
temperature approaches the decomposition 
temperature for the reaction 


CuCl, — CuCl + Cl, (993 °C) 


a product of higher purity is obtained. Opera- 
tionally, a temperature between 750 and 
900 °C is ideal, and results in a product of > 
98% purity. The process of Degussa [287] il- 
lustrates a commonly used commercial pro- 
cess for the high-temperature production of 
copper(I) chloride; Figure 8.30 shows a suit- 
able crucible for the production of technical- 
grade copper(I) chloride. Once the reaction is 
initiated, chlorine and copper metal (shot, 
chopped wire, or briquettes) are added contin- 
uously. As the molten product is formed on the 
surface of the upper metal layer, it flows by 
gravity down through the porous copper bed 
to effect further reduction of any copper(I) 
chloride, and out the exit port onto a rotating 
table where the product is allowed to cool and 
solidify. The flakes that form are packaged as 
is or ground to a powder and packaged. Be- 
cause of the high temperature during the reac- 
tion and the volatility of copper(I) chloride, 
the exit port must he vented to a caustic scrub- 
ber. When the molten product is allowed to 
fall onto a high-speed, horizontally rotating 
disk constructed of quartz, graphite, or porce- 
Jain, small prills of uniform size are produced 
[290]. The product is spun out onto a water 
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cooled diaphragm and collected. If the copper 
is contaminated with oxides, hydrogen chlo- 
ride gas should be added to the chlorine gas 
stream to prevent the production of basic cop- 
рег(П) chlorides that would contaminate the 
product [286]. 





Figure 8.30: Crucible used in the production of copper(I) 
chloride. 

If the product is packaged quickly and 
sealed properly, no extreme precautions are re- 
quired. Otherwise, the product must be stored 
under nitrogen to preserve its integrity or 
coated with mineral oil as a barrier to mois- 
ture. Copper(I) chloride is also produced hy- 
drometallurgically by the reduction of 
copper(II) in the presence of chloride ions 
[291]: 


2CuCl; + №503 + HO — 2CuCl + Na,SO, + 2HCI 


Other reducing agents can be used, such as 
metallic copper, sulfurous acid, hydroxyl- 
amine, hydrazine, or phosphorous acid. The 
copper(I) chloride solution is produced, for 
example, by mixing a copper(I) chloride so- 
lution with metallic copper in the presence of 
hydrochloric acid or sodium chloride. The col- 
orless to brown solution is stable only in the 
absence of air. Continuous preparations of 
copper(I) chloride solutions have been devel- 
oped [292, 293]. When they are diluted with 
water, a white crystalline material precipitates 
which can be vacuum dried or washed with 
sulfurous acid, then with alcohol and ether, 
and carefully dried. Zinc has also been used as 
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a reducing agent in a more recent process 
[294]. 

Production of copper(I) chloride by treat- 
ment of ores with iron(III) chloride solutions 
[295, 296] and recovery of the product 
through chlorination in pit furnaces above 
800 °C [297] have also been attempted. 


Uses. Copper(1) chloride is used as a precursor 
in the production of copper(I) oxychloride 
and copper(T) oxide, as well as fine copper 
powder [298]. The production of silicone 
polymers, the vulcanization of ethylene-pro- 
pene rubbers (EPDM) [299], and acrylonitrile 
production are other applications. Copper(I) 
chloride is also used in the purification of car- 
bon monoxide gas [300—303] and the produc- 
tion of phthalocyanine pigments [304, 305]. 
More recently, copper(I) chloride has been 
found to be an effective catalyst in the produc- 
tion of dialkyl carbonates [306—308]. 


Analysis and Specifications. Copper(T) chlo- 
ride is analyzed according to [271]. Table 8.27 
lists specifications for technical- and reagent- 
grade material. ғ 
Table 8.27: Specifications for copper(I) chloride. 
Technical- Reagent- 


Assay grade, % grade, % 

Copper (min.) 97.0 90.0 
Acid-insolubles (max.) 0.1 0.02 
Tron (max.) 0.01 0.005 
Sulfate (max.) 0.3 0.10 
Arsenic (max.) — 0.001 
Not precipitated by H35 as 

sulfate (max.) — 0.2 


8.11.3.2 Copper(II) Chloride 


Соррег(П) chloride, CuCl,. mp (extrapo- 
lated) 630 °C, а? 3.39, begins to decompose 
to copper(I) chloride and chlorine at about 
300 °C. The often reported melting point of 
498 °C is actually a melt of a mixture of cop- 
per(I) chloride and copper(II) chloride. De- 
composition to copper(I) chloride апа 
chlorine is complete at 993 °C. The deliques- 
cent monoclinic crystals are yellow to brown 
when pure; their thermodynamic data are as 
follows: с, (298 К) 579.2 Jkg K^, с, (288- 
473 К) -621.7 Jkg K^, c, (288-773 K) 
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— 661.9 Jkg! K-!, AH? (25 °C) 247.2 kJ/mol. 
In moist air, the dihydrate is formed. Figure 
8.31 shows the solubility of copper(II) chlo- 
ride in water and hydrochloric acid at two tem- 
peratures [309]. At higher concentrations of 
hydrogen chloride, [CuCl]- and [CuCl] 
complexes are formed. Соррег(П) chloride is 
easily soluble in methanol and ethanol and 
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Figure 8.31: Solubility of copper(II) chloride in hydro- 
chloric acid solutions at different temperatures. 

The more common commercial form of 
copper(I) chloride is the dihydrate, CuCl,- 
2Н»О, mp around 100 °С (with decomposition 
to the anhydrous form). This occurs in nature 
as blue-green orthorhombic, bipyramidal crys- 
tals of eriochalcite, 22° 2.51. Its solubility 
characteristics are proportionally similar to 
those of the anhydrous form. In moist air the 
dihydrate deliquesces, and in dry air it efflo- 
resces. 


Production. Because of the relative stabilities 
of copper(I) chloride and copper(II) chloride 
at high temperature, it is improbable that a 
pure anhydrous copper(II) chloride can be pre- 
pared by excessive chlorination of copper in a 
melt, even though such methods have been re- 
ported. The most common method for the pro- 
duction of anhydrous copper(II) chloride is by 
dehydration of the dihydrate at 120 ^C. The 
product must be packaged in air-tight or desic- 
cated containers. 


The dihydrate can be prepared by the reac- 
tion of copper(II) oxide, copper(II) carbonate, 
or copper(II) hydroxide with hydrochloric 
acid and subsequent crystallization. Commer- 
cial production of copper(II) chloride dihy- 
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drate uses a tower packed with copper. An 
aqueous solution is circulated through the 
tower. Sufficient chlorine is passed into the 
bottom of the tower to oxidize the copper 
completely [292, 293]; to prevent hydrolysis 
[precipitation of copper(II) oxychloride] of 
concentrated copper(I) chloride solutions, 
they are kept acidic with hydrochloric acid. 
The tower can be operated batchwise or con- 
tinuously; Figure 8.32 shows the continuous 
operation. A hot, concentrated liquor is circu- 
lated continuously through the tower, and the 
overflow from the tower is passed through a 
crystallizer where the liquor is cooled; the 
product is then centrifuged, dried, and pack- 
aged. The addition of hydrogen chloride is pH 
controlled; the addition of water is controlled 
by specific gravity. Copper is added daily or 
twice daily, as needed. 
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Figure 8.32: Reactor for the production of copper(I) 
chloride solutions: a) Copper metal; b) Porous plates; c) 
Raschig rings; d) Chlorine inlet; e) Steam inlet; f) Solu- 
tion recycle; g) Solution to crystallizer; h) Drain. 

Uses. Соррег(П) chloride dihydrate is used in 
the preparation of copper(II) oxychloride 
(310, 311]. It serves as a catalyst in numerous 
organic chlorination reactions such as the pro- 
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duction of vinyl chloride [312] or 1,2-dichlo- 
roethane [313]. Copper(II) chloride dihydrate 
is used in the textile industry as a mordant and 
in the petroleum industry to sweeten sulfidic 
crude oil. Copper(II) chloride solutions are 
used for plating copper on aluminum, and in 
tinting baths for tin and germanium. Cop- 
рег(П) chloride dihydrate is used as a pigment 
in glass and ceramics, as a wood preservative, 
and in water treatment. 


Analysis and Specifications. Copper is ana- 
lyzed iodometncally with sodium thiosulfate 
[271]. A typical analysis of technical-grade 
copper(I) chloride dihydrate (1n %) is as fol- 
lows: copper(II) chloride dihydrate 99.0 
(min.), iron 0.02, zinc 0.05, sulfate 0.05, wa- 
ter-insoluble material 0.01, material not pre- 
cipitated by hydrogen sulfide as sulfate 0.15. 


8.11.3.3 Copper(II) Oxychloride 


Copper(II) oxychloride, Cu,Cl(OH)3, is . 


usually written as CuCl,-3Cu(OH)>. The trade 
name is copper oxychloride or basic copper 
chloride; the internationally accepted name 
(TUPAC) is dicopper chloride trihydroxide. 
Copper oxychloride is found in nature as the 
minerals paratacamite, green hexagonal crys- 
tals, and atacamite, green rhombic crystals, 
425 3.72-3.76 [314]. It is virtually insoluble in 
water, dissolves readily in mineral acids or 
warm acetic acid, and is soluble in ammonia 
and alkali-metal cyanide solutions. The green 
oxychloride is converted into blue copper(I) 
hydroxide in cold sodium hydroxide solution 
[279] and into the oxide in hot sodium hydrox- 
ide solution. With a lime suspension, copper 
oxychloride is converted into the blue calcium 
tetracuproxychloride, calcium tetracopper(II) 
chloride tetrahydroxide, CaCl,-4Cu(OH), 
[315]. It is decomposed to the oxide at 200 ?C. 


Production. Соррег(П) oxychloride is most 
often prepared commercially by air oxidation 
of соррег(1) chloride solutions (310, 311, 316, 
317]. For this purpose, a concentrated sodium 
chloride solution containing about 50 g/L cop- 
рег(П) is contacted with copper metal to pro- 
duce a solution containing about 100 g/L 
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copper(I). The copper(I) chloride sodium 
chloride solution with or without the copper 
metal, is then heated to 60—90 °C and aerated 
to effect oxidation: 


CuCl, + Cu э 2CuCI 
6CuCl + 3H50 + 3/20, — CuCl -3Cu(OH); + 2CuCl; 


The mother liquor is separated from the 
precipitate and recycled into the process. The 
particles that are obtained by the above pro- 
cess are generally less than 4 jum in diameter 
and are suitable as crop fungicides. The parti- 
clé size can be reduced further by increasing 
the agitation during oxidation and by utilizing 
a lower temperature [316]. Also, spray-drying 
of the product slurry gives a micronized prod- 
uct [318] as a result of deagglomeration of the 
material. 

Copper(II) oxychloride can also be pre- 
pared by reaction of a copper(II) chloride so- 
lution with sodium hydroxide [314]: 


4CuCl, + 6NaOH — CuCl;-3Cu(OH); + 6NaCl 


or by reaction of a copper(I) chloride solution 
with freshly precipitated, hydrated copper(I) 
oxide [319]: А 
CuCl, + 2NaOH — CuO -H20 + 2NaCI 

CuCl, + 3Cu0-H,0 > CuCl;-3Cu(OH); 


Copper oxychloride has also been produced as 
a by-product in the electrolytic production of 
copper(I) chloride [320]. 


Uses. Copper oxychloride is used primarily as 
a foliar fungicide [310, [321—325]; it is also 
used as a pigment. 


Analysis and Specifications. A typical analy- 
sis of technical-grade copper(II) oxychloride 
(in %) is as follows: copper 56.0, chloride 14.0 
15.0, sulfate 2.0 2.5, hydroxide 22.5—23.5, wa- 
ter 3.0-6.0. Copper is analyzed by iodometric 
titration with sodium thiosulfate [271]. 


8.11.3.4 Copper(D Sulfate 


CuSO, can be prepared in solution by dis- 
solving metallic copper in a solution of CuSO, 
in absence of air: 


Cu + Cu?* > 2Cu* 


557 


Solid Cu5SO,, however, cannot be crystallized 
from such solution because decomposition 
takes place during this operation. Solid 
Си,804 can be prepared according to Re- 
coura's method [326] by the reaction of Cu,O 
with dimethyl sulfate: 


Cu50 + (CH3)2S0,4 > CuSO, +(CH3).0 


CuSO; so prepared must be washed with 
ether and dried at 60 °C in a stream of argon 
for 24 h; it is pale beige in color. Reagent 
grade Си,О is not suitable for this purpose be- 
cause it contains CuO. Freshly prepared Cu,O 
from Fehling’s solution is suitable. The prod- 
uct is about75% pure; the remaining 25 % is 
CuSO,. 

CuSO, is also formed during the hydro- 
gen-reduction of CuSO, at about 220 °С 
[327-332]: 
2CuSO, + 2H; э Cu,SO,+ SO; + 2H,0 


However, the product will always be contami- 
nated with unreacted CuSO,. If the reaction 
time is longer or at a higher temperature (250— 
300 °C), the product will be contaminated 
with metallic copper due to the reaction: 


CuzSO4 + 2H; 2Cu + SO; + 2H;0 


CuSO, is fairly stable in dry air at room tem- 
perature but decomposes rapidly in presence 
of moisture: 


CuSO, Cu + CuSO, 


On heating in argon, CuSO, decomposes at 
about 400 ?C according to: 


3Cu980,4 > 2CuSO, + 2Cu20 sh SO; 


8.11.3.5 Copper(ID Sulfates 


Copper(II) Sulfate Pentahydrate 


CuSO,:5H,0, dj) 2.285, с, (273-291 К) 
1126 Jkg !K"!, AH? (25 °C) -850.8 kJ/mol, 
bluestone, blue vitriol, is found in nature as the 
mineral chalcanthite, blue triclinic crystals 
that can be ground to a light blue powder. 
Соррег(П) sulfate pentahydrate slowly efflo- 
resces in dry air or above 30.6 °C with the for- 
mation of the trihydrate, CuSO4.3H5O. At 
88—100 °C the trihydrate is produced more 
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quickly. Thermal analysis of the pentahydrate 
gives the following: 


88 °C 114°C 
CuSO, - 5H,0 > CuSO, - 3H,0 > CuSO, -H,0 
245 °C 340 °C 600-650 °C 


— CuSO, > 3Cu (OH), - CuSO, > СиО 


Above about 114°C, the monohydrate is 
formed, and between about 245 and 340 °C, 
the anhydrous product CuSO,, results. Figures 
8.33A and 8.33B show solubility of CuSO, in 
water and density of the solution as a function 
of temperature and sulfuric acid concentration 
(333, 334]. The pentahydrate can be crystal- 
lized from the solution either by addition of 
sulfuric acid or by evaporation. Although the 
addition of sulfuric acid appears to be more 
economical, the concentration of the solution 
by evaporation is preferred because the crys- 
tals obtained from a “neutral” (pH 3.5—4.0) 
medium are less prone to hard cake formation 
than the acid crystals. As the particle size of 
the pentahydrate decreases, the tendency to- 
ward hard cake formation increases, and the 
necessity to increase the pH during crystalliza- 
tion is enforced. When a free-flowing, com- 
mercial product of fine particle size is 
required, such alkaline additives as calcium 
oxide or calcium stearate must be incorporated 
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Figure 8.33: Saturated solutions of copper(II) sulfate. A) Solubility of copper(II) sulfate (as copper) as a function of sul- 
furic acid concentration and temperature; B) Density of copper(I) sulfate solutions as a function of sulfuric acid concen- 


tration and temperature. Reprinted with permission [334]. 
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into the final product to assure flowability. 
The incorporation of excess acid into the prod- 
uct accelerates the in situ dehydration of the 
pentahydrate and promotes hard cake forma- 
tion. Lower temperature and lower humidity 
slow the caking process. 


Соррег(0) sulfate pentahydrate is soluble 
in methanol (15.6 g/100 mL solution) but in- 
soluble in ethanol. It readily forms soluble al- 
kaline complexes at sufficiently high 
concentrations of amines or alkali cyanides, 
but basic sulfates are precipitated from solu- 
tion by ammonia at an intermediate pH (about 
4.2—6.8). Соррег(П) sulfate pentahydrate is 
the most commonly used copper compound 
because of the economics and the availability 
of starting materials, the ease of production, 
and the extent of by-product utilization (pri- 
marily copper electrowinning liquors). 


Production. Соррег(П) sulfate pentahydrate 
is prepared most easily by the reaction of a ba- 
sic copper(I) compound with a sulfuric acid 
solution (100—200 g/L Н,80,), e.g.: 


CuO + H50, => CuSO аа +H,0 


Copper metal, sulfuric acid, and air are the 
most common starting materials for the pro- 
duction of copper sulfate pentahydrate: 
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65-100 *C 
Cu + H;S0, + 1/0 —> CuSO 44, + HzO 


Harike Process. The Harike process [335] 
is the best commercial example of the preced- 
ing reaction (Figure 8.34). Blister shot copper 
up to 25 mm in diameter is added to the reac- 
tion tower (2.9 m? cross sectional area) to give 
a bed of copper metal 2.74-m high. Two dif- 
ferent reaction conditions are given in Table 
8.28. Condition A allows for the production of 


` concentrated copper(I) sulfate solutions and 


subsequent crystallization from acid media. 
Condition B gives a concentrated neutral solu- 
tion of copper(IT) sulfate that can be crystal- 
lized or diluted with water and used for direct 
production of other copper products. The rate 
of oxygen consumption by the system is di- 
rectly proportional to the mass of copper metal 
dissolved. Air flows of 46 m?h "1m ? are used 
in order to fill with air the voids that are cre- 
ated by the packing of the copper shot. The so- 
lution is circulated cocurrently with the air 
flow to wet the particles continuously and en- 
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hance mixing of the solution with the copper 
metal. If the air flow is decreased and the 
voids in the copper metal bed are not filled 
sufficiently, the hot acid solution oxidizes the 
copper metal in the absence of air with the for- 


' mation of a copper sulfide film. This film ren- 


ders the copper metal inert to further oxidation 
and would lower the efficiency of the tower. 
On the other hand, an increase in air flow 
above 46 m?h^! m? decreases the fraction of 
oxygen consumed and would also result in a 
lowered efficiency of the tower. If an in- 
creased production (greater oxygen consump- 
tion) with good tower efficiencies is requited, 
the height of the tower must be increased. This 
would also be necessary if a copper metal of 
lower surface area was used such as scrap cop- 
per instead of the blister shot copper. The use 
of cement copper and fine chopped wire cre- 
ates insufficient voids for adequate air pas- 
sage; such fine copper must be leached in 
agitated vessels. | 


Peat 
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Figure 8.34: Harike tower process for production of copper(II) sulfate solutions: a) Heat exchanger; b) Circulation 


pump; c) Air inlet; d) Copper input. 
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Table 8.28: Production of copper(IT) sulfate by the Harike 
method. 





Process A B 
Initial concentration, Cu (g/L) 100 100 
H250; (g/L) 160 80 
Final concentration, Cu (g/L) 160 160 
H5SO, (g/L) 80 0 
Temperature, °C 85 85 
Circulation rate, m7/h 34-45 34—45 
Air to tower, m?h m? 46 46 
Entering oxygen, vol 95 20.9 20.9 
Exiting oxygen, vol % 2.6 7.3 
Oxygen consumed, vol % 90 70 
Production rate (CuSO,-5H,0) 
Um of tower cross section 4.65 3.6 
t/tower 13.2 10.3 





Two-tower Process. Another commercial 
method for the preparation of copper(II) sul- 
fate pentahydrate utilizes two towers filled 
with copper shot. One of the towers is filled 
with a sulfuric acid solution, whereas the other 
is sparged with air and steam to oxidize the 
surface of the copper metal and form a layer of 
copper(II) oxide. The solution is pumped al- 
ternately to the other tower to dissolve the 
layer of oxide while the now drained tower is 
sparged with air and steam. This process is 
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Figure 8.35: Flow diagram for a solvent extraction plant. 
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continued until the desired copper(II) sulfate 
concentration is reached. 


The trickle method is also used commer- 
cially: a copper-filled tower is continuously 
sprayed from the top with leach liquor from an 
adjacent reservoir. The liquor drains through 
the tower and is pumped back to the reservoir. 
Steam and air are sparged continuously into 
the tower from the bottom. The process is con- 
tinued until the copper sulfate solution has the 
desired concentration. 


Solvent Extraction. Copper(II) sulfate pen- 
tahydrate is produced from alkaline ammonia- 
cal copper(II) solutions by solvent extraction 
[334, 336]. The alkaline copper(II) solution is 
first contacted with an organic extractant that 
is selective to copper. One of the most com- 
mon extractants can be represented by the fol- 
lowing general formula: 


HO NOH 
LI 
R-C-C-R' (1) 
R” 


Electrowinning or 
crystallization 


Sulfuric acid 
———----4stripping soln. 











Organic 


1 


Loaded 


Waste | 
aqueous | 
1 
П 


! : 
а 





Соррег 


where R and R' are preferably unsaturated 
alkyl groups and R” is preferably hydrogen 
[337]. 


[Cu(NH3)4 tho + 2RH — CuR; + 2NHagq + 2МҤ ду 


The now copper-barren aqueous layer is 
continuously separated from the copper-con- 
taining organic layer which is subsequently 
contacted with a sulfuric acid solution: 


CUR; + H5S0, э CuSO, + 2RH 


- The saturated copper(II) sulfate liquor pro- 
duced is cooled or concentrated by evapora- 
tion to crystallize the pentahydrate. The 
copper-barren ammonia-ammonium salt solu- 
tion is continuously returned to the copper 
leach tank. Figure 8.35 shows a flow diagram 
for a typical solvent extraction ammonia leach 
circuit utilizing mixer settlers. With the excep- 
tion of small quantities of wash water and loss 
of ammonia, the plant produces no effluent. 
Also, this process allows for lower overall en- 
ergy input than acid dissolution, primarily as a 
result of the more facile oxidation of copper 
metal in ammoniacal solutions. Ion-exchange 
resins are used to recover and concentrate cop- 
per from the solution [338, 339]. Elution of the 
resins with sulfuric acid produces соррег(П) 
sulfate solutions. 


By-product Recovery About 20-30% of 
the total copper(II) sulfate pentahydrate pro- 
duced comes from the electrowinning industry 
as a by-product. When the impurity content of 
the electrowinning liquors is too high to make 
cathode copper, they are concentrated and 
crystallized [340]. The product is suitable for 
most agricultural applications. Acidic cop- 
рег(П) sulfate etching wastes are neutralized 
with a copper sludge, filtered, and concen- 
trated to produce an agricultural-grade pen- 
tahydrate [341, 342]. 


Uses. The major uses of copper(II) sulfate 
pentahydrate have been grouped as follows 
[340]: 
Agriculture (feed supplement, 

soil nutrient, fungicide) 4196 
Industrial algicides 27% 
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Mining (flotation activator) 10% 
Electroplating : 5% 


In many instances, the copper(I) sulfate 
pentahydrate is used as an intermediate, e.g., 
to produce active foliar fungicides such as 
Bordeaux mixture, tribasic copper(I] sulfate, 
or copper(I) hydroxide. A substantial amount 
of copper(I) sulfate pentahydrate is used in 
combination with sodium dichromate and ar- 
senic acid for the preservation of wood. Cop- 
per(1I) sulfate pentahydrate is an effective and 
economical algicide for lakes and ponds. In 
the mining industry, it is used as a flotation ac- 
tivator for lead, zinc, and cobalt ores. Cop- 
рег(П) sulfate solutions are often used in the 
electroplating industry. The compound is also 
used as a mordant in textile dyeing, in the 
preparation of azo and formazan dyes, as a 
pigment in paints and varnishes, for preserv- 
ing hides and tanning leather, in pyrotechnic 
compositions, and in synthetic fire logs. 


Analysis and Specifications. Typical analy- 
ses for various commercially available crystal 
sizes are shown in Table 8.29. Table 8.30 lists 
specifications for an electroless copper(IT) sul- 
fate pentahydrate. The analytical methods for 
copper(I) sulfates are given in [271]. 


Table 8.29: Typical analysis of copper(II) sulfate pen- 
tahydrate. 





Industrial, Large, Snow, 


Assay granular medium superfine Powdered 





mi e qm ® 
Copper 25.2 25.2 25.2 25.2 
Iron 0.008 0.007 0.008 0.17 
Silicon 
dioxide 0.006 — 0.42 — 
Water-in- 
solubles 0.008 0.06 0.11 0.11 
Calcium 
oxide — — 0.001 0.15 
Large crystals: on 9.5 mm X 19.0 mm through 28.6 
mm screen; 
Medium crystals: on 3.2 mm x 12.7 mm through 19.0 
mm screen; 


Granular crystals: on U.S. 20 mesh through U.S. 6 mesh; 
Industrial crystals: on U.S. 14 mesh; 

Snow crystals: through U.S. 18 mesh; 

Superfine crystals: through U.S. 25 mesh; 

Powdered: 85 % through U.S. 100 mesh 
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Table 8.30: Specifications of electroless-grade copper) tion is to bei 
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turate stoichiometric ratios of сор- 


sulfate pentahydrate- рег(Ш) oxide and sulfuric acid: 
Assay T CuO +9504 — CuSO,4: HI 
Copper 25. 
Iron < 0.0015 The uses of the monohydrate are analogous 
Lead < 0.003 to those of the pentahydrate. Although there 
Nickel n can be slight economic advantages (primarily 
а SC As freight costs) in using the monohydrate, mar- 
Chlorine nil ket acceptance has not been great. Presently, 
0.01 less than 5% (copper basis) of copper(I) sul- 


Water-insolubles : 


Anhydrous Copper Sulfate 


CuSO, occurs in nature as the mineral hy- 

drocyanite. It is gray to white and has a rhom- 
bic crystal morphology. It decomposes to the 
green basic сорре(). sulfate at 340 °С, and at 
600-650 °C it decomposes tO copper(I) ох- 
ide. Some of the properties of the anhydrous 
salt are as follows: 425 3.6, Cp (273-291 K) 
631.8 Ikg tK, С (273-373 K) 657.3 Jkg | 
Ko (25 °C) -771.6 kJ/mol. The com- 
pound is soluble in water, somewhat soluble in 
methanol (1.1 g/100 mL), but insoluble in eth- 
anol. It readily dissolves in aqueous ammonia 
and excess alkali metal cyanides, with the for- 
mation of complexes. The material is hygro- 
scopic, with conversion to the pentahydrate in 
moist air below 30 °С. 

The anhydrous salt is prepared by careful 
heating of the pentahydrate galt to 250 °C. It 
can also be prepared by the reaction of hot 
concentrated sulfuric acid with copper metal, 
but purification is rather difficult. 

The compound has limited commercial use 
but it can be used as a desiccant for removing 
water from organic solvents and is а sensitive 
indicator of the presence of moisture in such 


solvents. 


Copper II) Sulfate Monohydrate 


CuSO,- H), 4 3.25, is à whitish powder. 
The solubility of the monohydrate in water 15 
identical to the pentahydrate on a copper basis. 
The product is hy groscopic and must be pack- 
aged in containers with moisture barriers. It is 
commercially produced by dehydration of the 


pentahydrate at 120-150 °C. А novel prepara- 


fate is marketed in the monohydrate form. 


Basic Copper(1I) Sulfates 


Four distinct basic copper(ID sulfates can 
be identified by potentiometric titration of a 
copper) sulfate solution with sodium саг- 
bonate Or sodium hydroxide solution [342, 
343]: CuSO,-3Cu( OH): НО (langite), 
CuSO,4:2Cu(OF)2 (antlerite), CuSO,4: 
3Cu(OH); (brochantite), and CuSO4:CuO* 
2Cu(OH)5: xH5O. Their unique crystal mor- 
phologies are confirmed by X-ray diffraction. 

The most important commercial basic сор- 
рег) sulfate, commonly referred to as triba- 
sic copper sulfate, is CuSO,-3Cu(OH)2 тр 
ca. 380 °C (decomp-). 425 3.78, occurs jn na- 
ture as the green monoclinic mineral brochan- 
tite. It is readily soluble in mineral acids, 
acetic acid solution, and ammonia solution; it 
is insoluble in water. Above 650 °C it decom- 

poses to copper(I) oxide. If anhydrous cop- 

рег) sulfate is heated cautiously to 650 °C, 

another naturally occurring mineral is ob- 

tained, dolerophane, CuSO, CuO, which re- 

acts readily with water at 20°C to form 
CuSO,:3Cu( OH): H20 or at 100 °C to form 
CuSO4:2Cu( OF)? (3441. 

Production. Tribasic copper) sulfate, the 
commercially available basic copper(ID sul- 
fate, is most often prepared by the addition of 
sodium carbonate solution to hot solutions of 
copper(ID sulfate: 

4CuSO4+ 3Na,CO3+ 3H,0 > 

CuSO,4-3Cu(OH) + 3Na4S04 + 3CO: 

Great variation of particle size can be 
achieved by control of the precipitation tem- 
perature. AS the temperature is increased, 
larger particles with greater bulk density are 
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or copper(II) hydroxide with a solution of ace- 
tic acid or by the reaction of copper(II) oxide 
with hot dilute acetic acid. Alternatively, the 
material can be made by refluxing aqueous 
acetic acid in the presence of copper metal and 
air. The technical product is generally 99% 
pure. 

Соррег(П) acetate monohydrate is used in 
textile dyeing and as a ceramic pigment. It is 
used as a fungicide, as a precursor in the pro- 
duction of Paris green [соррег(П) acetoarsen- 
ite], and as a polymerization catalyst in 
organic reactions. 


Basic copper(I) acetate, Cu(CH,COO),- 
CuO -6H,0 (variable), exists as blue to green 
salts, depending on the amount of water of hy- 
dration. Blue verdigris has the above formula, 
while green verdigris has fewer molecules of 
water of hydration. The salts are slightly solu- 
ble in water or ethanol, and soluble in dilute 
mineral acid or aqueous ammonia. 

The basic salts are produced by neutraliz- 
ing copper(I) acetate solutions. They can also 
be prepared by refluxing acetic acid over cop- 
per in the presence of air until the basic salt 
precipitates. 

The basic copper(I) acetates are used as 
precursors in the manufacture of Paris green 
[соррег(П) acetoarsenite] and as fungicides. 
They are used as pigments in oil- and water- 
based paints and in textile dyeing. 


Соррег(П) acetoarsenite, ^ (acetato)tri- 
metaarsenitodicopper(II), Cu(CH4COO);- 
3Cu(AsO5), (variable), also known as Paris 
green, is an emerald green, poisonous powder. 
It is virtually insoluble in water and ethanol 
but dissolves in dilute mineral] acids and aque- 
ous ammonia. Соррег(П) acetoarsenite is pri- 
marily made by the reaction of a solution of 
copper(I) sulfate with arsenic(III) oxide, so- 
dium carbonate, and acetic acid 


4CuSO, + 3As,03 + 4Na,CO; + 2CHCOOH > 
Cu(CH3COO);-3Cu(As0;); + 4 NaSO; + H5O + 4CO, 


or by the reaction of copper(II) oxide with a 
hot solution of acetic acid and arsenic(TIT) ox- 
ide. A solution of copper(I) acetate or a sus- 
pension of basic copper(II) acetate can also 
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react with arsenic(IIT) oxide. The product is 
used as an insecticide, in the preservation of 
wood, and as an antifouling pigment. 


Copper(II) arsenate, Cu3(AsO,4).-4H,0 
(variable), is a blue-green to blue insoluble 
powder. It is most often prepared by reaction 
of copper(II) sulfate solutions with arsenic(V) 
oxide and sodium hydroxide. Соррег(П) ar- 
senate is used as an insecticide, fungicide, ro- 
denticide, wood preservative, and antifouling 
pigment. 


Соррег(П) arsenite, CuHAsO, (variable), 
Scheele's green, an insoluble green powder, is 
prepared by the reaction of a copper(II) sulfate 
solution with arsenic(III) oxide and sodium 
hydroxide and is used as pigment and insecti- 
cide. 


Соррег(1) bromide, CuBr, mp 504 °C, bp 
1345 °C, 225 4.72, forms white cubic crystals 
that slowly decompose on exposure to light or 
to moist air; it is soluble in hydrochloric and 
hydrobromic acids and in aqueous ammonia, 
but very slightly soluble in water. This com- 
pound is prepared pyrometallurgically [see 
copper(I) chloride, or by reducing a copper(I) 
sulfate solution in the presence of sodium bro- 
mide, usually with sulfur dioxide or metallic 


copper. Copper(I) bromide is used as a poly- ` 


merization catalyst for organic reactions. 


Соррег(П) bromide, CuBr;, mp 498 °C, 425 
4.71, crystallizes from warm solution as black, 
deliquescent, monoclinic crystals. Below 
29 °C, the green tetrahydrate, CuBr,-4H,0, 
results. The anhydrous product is very soluble 
in water (55.7 g/100 g solution) and soluble in 
ethanol and acetone. It is insoluble in diethyl 
ether, benzene, or concentrated sulfuric acid. 
Copper(II) bromide is most conveniently pre- 
pared by dissolving copper(II) oxide in hydro- 
bromic acid; it can also be prepared by the 
direct action of bromine water on metallic 
copper. Соррег(П) bromide is used as a bromi- 
nating reagent and catalyst in organic synthe- 
sis and as an intensifier in photography. 

Copper(IT) chromate(VI), CuCrO,, is ob- 


tained as reddish brown crystals. Numerous 
insoluble basic salts can be formed from solu- 
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tions. Neutral copper(II) chromate is prepared 
by direct heating of a mixture of copper(II) ox- 
ide and chromium(VI) oxide. It decomposes 
around 400 °C, with the formation of cop- 
per(If) chromate(II). Copper(II) chro- 
mate(VT) is used in wood preservation and in 
the weatherproofing of textiles. 


Copper(II) chromate(IH), CuCr,0,, forms 
black, tetragonal crystals which are insoluble 
in water. It is prepared by heating neutral cop- 
рег(П) chromate(VI) to 400 °С. Соррег(П) 
chromate(IIT) is used as a hydrogenation cata- 
lyst. 


Copper(I) cyanide, CuCN, mp 474 °C (in ni- 
trogen), 447 2.92, is usually a white to cream- 
colored powder, which is practically insoluble 
in water, cold dilute acids, and ethanol, but 
dissolves in ammonia and alkali cyanide solu- 
tions with the formation of complexes. Cop- 
рег(ї) cyanide is produced by the addition of 
an alkali cyanide and sodium hydrogensulfite 
to a solution of соррег(П) sulfate: 


2CuSO, + 2NaCN + NaHSO; + H,0 > 
2CuCN + 3NaHSO, S 


Соррег(1) cyanide is very poisonous and must 
be handled cautiously. It is used in electroplat- 
ing and in organic reactions as a polymeriza- 
tion catalyst or as a means of introducing the 
cyanide moiety. Copper(I) cyanide has also 
been used as an antifouling pigment for ma- 
rine paints and is an active fungicide and in- 
secticide. 


Соррег(П) formate, Cu(HCOO);, mp ca. 
200 °C (decomp.), ар 1.831, is soluble in wa- 
ter and slightly soluble in ethanol. The reac- 
tion of copper(II) oxide, carbonate, or 
hydroxide with formic acid is used to prepare 
the product. The most common commercial 
form, a royal blue material, is prepared by 
crystallization from water at 75-85 "C. A 
metastable dihydrate is produced by crystalli- 
zation at 50-60 °C. Copper(II) formate tet- 
rahydrate is prepared by crystallization from 
cool solutions. Соррег(П) formate is used to 
prevent bacterial and mildew growth in cellu- 
losic materials. 
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Copper() |. iodide, Cul, mp 605 °С, bp 
1290 °C, 225 5.62, occurs in nature as the min- 
eral marshite, white to reddish brown cubic 
crystals. It is virtually insoluble in water but 
dissolves in ammonia solution, alkali iodide 
and cyanide solutions, and dilute hydrochloric 
acid. Copper(T) iodide is manufactured pyro- 
metallurgically by the reaction of hot copper 
with iodine vapor. Alternatively, copper(I) 
salt solutions are reacted with alkali iadides to 
precipitate copper(T) iodide. 


Соррег(ї) iodide is used as a heat and light 
stabilizer in polymers, photographic emul- 
sions, and light-sensitive papers, and in oil 
drilling to aid in corrosion inhibition in highly 
acid environments. It is also used as a feed ad- 
ditive, in cloud seeding, and as a double salt 
with mercury(I) iodide as a temperature indi- 
cator. 


Copper(II) nitrate E piv Cu(NO5),- 
3H50, mp 114.5 °C, d? 2.32, is a blue, deli- 
quescent salt that ауа as rhombic 
plates. It is very soluble in water (77.4 2/100 g 
solution) and ethanol. When crystallized from 
solution below the transition point (26.4 °C), 
the hexahydrate is produced, Cu(NO3;),- 
6H30, mp 26.4 € (with loss of 3 mol of water 
of hydration), dii 2.07, blue, deliquescent, 
prismatic crystals. The anhydrous nitrate is 
not produced by heating the hydrates; instead, 
decomposition to the basic copper(IT) nitrate, 
Cu,(NO3)(OH)3, begins around 80 °C. Con- 
version to copper(IT) oxide is complete at 
180 °C. 


Соррег(П) nitrates are obtained by dissolv- 
ing соррег(1) oxide, basic copper(I) carbon- 
ate, or copper(II) hydroxide in nitric acid 
solution. The various hydrate crystals ob- 
tained depend on the conditions of crystalliza- 
tion. Basic copper(I) nitrate can Бе 
precipitated directly from solution by neutral- 
ization. Copper(II) nitrate salts are often pro- 
duced by dissolving copper metal in nitric acid 
solution. The reaction is vigorous, and oxides 
of nitrogen are evolved: 


Cu+ 4HNO; — Cu(NO43); + 2H;0 + 2NO2 
3Cu + 8HNO; — 3Cu(NO4); +4H,0 + 2NO 
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The second reaction is favored by a lower tem- 
perature and dilute acid. Anhydrous соррег(П) 
nitrate can be produced in ethyl acetate: 


9 
Cu + №0, — Cu(NO3-N;0, — Cu(NO3), 


It is not available commercially. 

The hydrates of copper(II) nitrate are used 
in the textile industry as oxidants and mor- 
dants in dyeing. They are used to prepare a 
copper(II) oxide of high surface area, which is 
useful as a catalyst in numerous organic reac- 
tions. The nitrate salts are used as colorants in 
ceramics, in the preparation of light-sensitive 
papers, and in the burnishing of iron, as well 
as the browning of zinc and brightening of alu- 
minum. They are also used in pyrotechnics 
and as an oxidative component in solid rocket 
fuels. 


Соррег(П) oxalate, CuC;O,, is a blue-white 
powder, which is very slightly soluble in wa- 
ter. Соррег(П) oxalate is prepared by precipi- 
tation from a mixture of a copper(II) salt and 
sodium oxalate solution. The product is used 
as a stabilizer for acetylated polyformalde- 
hyde and as a catalyst in organic reactions. 


Соррег(П) phosphate trihydrate, 
Cu4(PO4,.3H,O, is a light blue powder 
which is insoluble in cold water, slightly solu- 
ble in hot water, and soluble in ammonia solu- 
tion and mineral acids. This compound is 
prepared by reaction of copper(II) sulfate so- 
lution with soluble alkali phosphates; it pre- 
cipitates as a voluminous, almost gelatinous, 
product. Copper(II) phosphate trihydrate is 
used as a fungicide and corrosion inhibitor. 


Соррег(П) diphosphate hydrate, 
Cu;P;0;-xH5O (variable), has the following 
typical analysis: Cu 33-36%, P,O; 45-49 46. 
Соррег(П) pyrophosphate is a light blue pow- 
der which is insoluble in water, but soluble in 
solutions containing an excess of diphosphate. 
It is prepared by the precipitation reaction of 
solutions of copper(II) sulfate and alkali 
diphosphate. Solutions are used for plating 
copper on plastics, aluminum, and zinc. 


Соррег(П) selenide, CuSe, mp not defined, 
d 6.0, decomposes at dull red heat; it 1s in- 
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soluble in water but dissolves in hydrochloric 
acid with evolution of H,Se. Copper(II) se- 
lenide is prepared by reducing copper(I) se- 
lenite with hydrazine. It is used as a catalyst in 
the digestion of organic chemicals by the 
Kjeldahl method. 


Copper(II) soaps are water-insoluble copper 
salts of long-chain fatty acids. They are usu- 
ally sold as 6-10 % copper solutions in a kero- 
sene diluent. The соррег(П) soaps are 
commonly prepared by direct reaction of the 
fatty acid with copper(II) hydroxide or basic 
copper(II) carbonate in an organic diluent, or 
by precipitation from aqueous media when 
copper(I) sulfate solution is mixed with the 
sodium salt of the respective fatty acid. The 
common commercially available soaps, con- 
centrations, and uses follow. 


Copper(II) naphthenate contains 8% cop- 
per and is used as a mildewcide in textiles, 
woods, and paints, and to prevent barnacle 
growth on ship bottoms. 


Copper(II) oleate (9-octadecenoate) con- 
tains between б and 9% copper, and is used as 
a combustion improver in fuel oils, as an 
emulsifier and dispersant, and as an antifoul- 
ing coating for fish nets and lines. 


Copper(II) stearate (octadecanoate) con- 
tains 10% copper, and is used in antifouling 
paints and in the preservation of wood and tex- 
tiles. 


Copper(I) sulfide, Cu,S, mp 1100 °C, dr 
5.6, occurs in nature as the mineral chalcocite, 
blue to gray rhombic crystals, also known as 
copper glance. It has a lustrous metallic look. 
Copper(I) sulfide is virtually insoluble in wa- 
ter, but is soluble with decomposition in nitric 
acid and concentrated sulfuric acid, and solu- 
ble in alkali cyanide solution through complex 
formation. It is decomposed to copper(I) ox- 
ide, copper(I) sulfate, and sulfur dioxide by 
heating in air, and to copper(I) sulfide and 
copper by heating in the absence of air. Cop- 
per(l) sulfide is prepared by heating copper 
and sulfur in a hydrogen atmosphere or by pre- 
cipitation with hydrogen sulfide from an am- 
moniacal copper(II) salt solution. It is used in 
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luminous paints, lubricants, solar cells, ther- 
moelements, and semiconductors. 


Copper(ID sulfide, CuS, а? 4.6, decomposes 
at 220 °C and occurs in nature as the mineral 
covellite, as blue-black hexagonal or mono- 
clinic crystals. It is virtually insoluble in wa- 
ter, but soluble in alkali cyanides and in 
ammonia solution with complex ion forma- 
tion. This compound is decomposed by: hot ni- 
tric acid. It is stable in dry air, but is slowly 
oxidized to copper(II) sulfate in moist air. 
Copper(II) sulfide can be prepared by melting 
an excess of sulfur with copper(I) sulfide or by 
precipitation with hydrogen sulfide from a so- 
lution of anhydrous copper(I) chloride in an- 
hydrous ethanol. It is used in the dye industry 
for the preparation of aniline black dyes and as 
an antifouling pigment. 


Соррег(П) tetrafluoroborate, Cu(BE4),, is 
prepared commercially by the neutralization 
of tetrafluoroboric acid with copper(IT) hy- 
droxide or basic copper(IT) carbonate. It is 
generally produced as a concentrated solution 
and is used in the production of printed cir- 
cuits and in copper plating. н 


Соррег(1 thiocyanate, CuSCN, тр 1084 °C 
(under nitrogen), dz 2.84, is a white to yellow 
amorphous powder, which is very slightly sol- 
uble in water and dilute mineral acids, and sol- 
uble in ammonia solution, alkali thiocyanate 
solutions, and diethyl ether. It is stable to dry 
air but slowly decomposes in moist air. The 
material is prepared by reacting a copper(I) 
chloride solution with an alkali metal thiocy- 
anate at 80—90 ?C. The recovered product is 
dried under nitrogen. Copper(T) thiocyanate is 
used as an antifouling pigment. 


8.11.4.2 Complexes 


Copper(I) and copper(II) ions form many 
stable complexes with halides, amines, azo 
compounds, cyanides, and other complexing 
media. This, in part, accounts for the fact that 
more X-ray crystal structures have been deter- 
mined for copper complexes than for any 
other first-row transition metal ion. Many of 
these complexes are of great commercial sig- 
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nificance. The dissociation constants for a 
number of copper complexes are given in Ta- 
ble 8.31. 


Table 8.31: Dissociation constants of copper(I) and cop- 
рег) complexes (pK = -logK). 


Complexion Dissociation products pk 
(Сас CuCl *2Cl -2.0 
[CuCl] Cu* ken 4.7 
[CuBr] CuBr +Br -3.310-2.3 
A 
[CuBrj] Cu* -2Br 5166 
[ССМ] [ССМ Г +С 11.3 
[Cui(CN] Си? -2CN- 16 
[Cu(NH3;I* Cu* *2NH; 10.8 
[Cu(NH;)]?* Cuir + NH; 4.1 
[Cu(NH3;* Cu?* +2NH; 3.5 
[Cu(NH3)3]** Cu2* +3NH3 2.9 
[Cu(NH44]*. Cu2* +4NH, 24 
[Cu(NH4P*. Cu” + 5NH; -0.5 
[Сас] [CuC] ` «Cr 0.01 
(Сас CuCl; 4C 0.06 
CuCl, CuCI* AC 0.4 
CuCI* Cu** +cr 1 
[сшон), 27 [СОНГ + OH™ 0.9 
[COH] Cu(OH), ` A OH" -5 


Copper Ammine Complexes. Соррег(П) 
salts form complexes of the type 
(Cu(NH;),]°* where п = 1-5. The pentaam- 
mine complex is favored only in concentrated 
ammonia solution (Table 8.31). The hexaam- 
mine complex is formed only in anhydrous 
ammonia. The tetraammine complex of cop- 
per(il) is favored at low ammonia concentra- 
tions. For the copper) complexes of 
ammonia, the diammine complex is favored. 
Tetraammine copper(II) hydroxide, 
[Cu(NH3)4](OH)2, Schweitzer’s reagent, is 
used in the dissolution of cellulose and in the 
production of rayon. Соррег(ї) diammine salt 
solutions are used in the absorption of olefins 
and carbon monoxide. Many copper circuit 
boards are etched with ammoniacal ammo- 
nium salt solutions; copper ammine solutions, 
which can be used in the production of copper 
compounds, are by-products of this process. 


Copper Chloride Complexes. Copper(I) and 
copper(II) ions form complexes with hydro- 
chloric acid or soluble metal chlorides. Dilute 
solutions of copper(I] chloride are blue. As 


568 


the chloride concentration increases, the color 
of the solution shifts toward green, intensify- 
ing as the concentration of the distorted tetra- 
hedral [Cuc] ion increases. Соррег(П) 
compounds have been isolated that contain ei- 
ther the [CuC],]* anion or the [CuCl;]" anion, 
e.g., CsCuCl, and KCuCl;, respectively. 

The insoluble copper(I) chloride can be sol- 


ubilized by chloride-containing solutions, : 


with the formation of the [CuCC] ion. The 
benzene-insoluble copper(I) chloride dis- 
solves readily in the presence of anhydrous 
aluminum chloride with formation of the 
Al(CuCl4] complex. In acetonitrile, copper(I) 
chloride is solubilized with the formation of 
the isolable [Cu(CH4CN)41Cl complex. 


Copper(I) Cyanide Complexes. Alkali cya- 
nides readily dissolve copper(I) cyanide, with 
the formation of [Cu(CN);]- and [Cu(CN)3]?~ 
complexes. Solutions or the complexes are of 
great importance in the electroplating industry 
because of their versatility. From saturated 
copper and sodium cyanide baths, crystals of 
the double salt Na;Cu(CN)4-2H;5O can be ob- 
tained readily. 


Other Copper Complexes of Industrial Sig- 
nificance. Solvent extraction of copper(I) 
ions relies on the ability of copper to form 
complexes and to break those complexes as a 
function of pH (337, 353, 354]. The most 
common reagents used commercially are sub- 
stituted salicylaldoximes, 1,8-hydroxyquino- 
lines, and o-hydroxyoximes. 

Соррег(П) is solubilized in alkaline media 
by complex formation with tartrates for use as 
Fehling's solution, which is utilized in the 
analysis of reducing sugars. Соррег(П) bis- 
(1,8-dihydroxyquinoline) is used as a textile 
fungicide and as a pigment. Copper phthalo- 
cyanines [355, 356] are exceptionally stable 
blue and green pigments, as are the azo dye 
complexes of copper. 


8.11.5 Reclamation 


The reclamation or recycling of copper 
wastes and by-products is environmentally 
imperative and, in many cases, economically 
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sound. Better technologies have been devel- 
oped to produce useful materials from wastes 
and by-products, many of which are now con- 
sidered hazardous wastes. The establishment 
of the Resource Conservation and Recovery 
Act by the EPA defined procedures to assure 
proper disposal or reclamation of hazardous 
wastes [357]. However, no distinction is made 
between waste buried in an approved landfill 
and waste recovered as useful products. Un- 
fortunately, in many cases this encourages the 
burial of recyclable waste materials. 

The largest sources of reclaimable by-prod- 
uct copper are the electronics and plating in- 
dustries, as well as spent electrowinning baths 
[340]. Electrowinning baths are most often 
crystallized or precipitated as tribasic cop- 
рег(П) sulfate for use in agriculture. 

In the manufacture of circuit boards, a cop- 
per laminate is selectively dissolved (etched). 
This dissolution process yields the desired cir- 
cuit board and a by-product copper solution, 
the spent etchant. The earliest etching solu- 
tions used iron(III) chloride-hydrogen chlo- 
ride or chromium trioxide sulfuric acid 
solutions which were difficult to recycle. 
Later, the sulfuric acid etchants that used hy- 
drogen peroxide [358, 359] or persulfate 
[360—362] as oxidants were developed. Recy- 
cling of the copper is achieved through crys- 
tallization, precipitation [362], ion exchange 
[363], or cementation [364, 365]. Alkaline 
etchants utilized a mixture of ammonia and 
ammonium sulfate with persulfate as the oxi- 
dant [366] or a mixture of ammonia and am- 
monium chloride with chlorite as the oxidant 
[367]. The primary etchants used today are the 
ammonia ammonium chloride system with air 
as the oxidant and the hydrochloric acid sys- 
tem with stabilized hydrogen peroxide as the 
oxidant [368]. 

Copper is recovered from the acid chloride 
etchants: 


e By neutralization and precipitation of cop- 
рег(П) oxychloride or copper(II) oxide 
[262] 


e By reduction with sodium hydrogensulfite, 
for example, to precipitate copper(I) chlo- 
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ride which can then be converted to cop- 
per(I) oxide by sodium hydroxide treatment 
[369] 

e By cementation with scrap iron [370]. 

From the alkaline etchants, copper is recov- 

ered: 

e By distillation to strip ammonia and precipi- 
tate copper(I) oxide [371] 

e By addition of base to precipitate copper(II) 
hydroxide, followed by steam stripping of 
the ammonia [372] 

e By reduction to copper with formaldehyde 
[373] or Na4S50, [374] 

e By electrolysis [375]. 

One of the more elegant methods for the re- 
covery of copper from ammonia ammonium 
chloride etchants utilizes solvent extraction 
[376] (Figure 8.35). Not only is the copper re- 
covered, but the etchant is simultaneously re- 
generated: 


[Cu (NH4),]Cl4, + 2RH 
—CuR,4 2МН, („у + 2NH,Cla 
—————————— 
Fresh ctchant * 


Сив, + H5SO44,,2 ZRH + CuSO4qug 
с=т 
Reclaimed copper 


where R is an a-hydroxyoxime as shown by 
equation (1). 

The copper can be further reclaimed by 
crystallization or electrowinning. 


8.11.6 Copper and the 
Environment 


The reclamation of copper by-products and 
wastes and the regulation of plant effluents 
and sanitary waters have resulted in lower in- 
diseriminate release of copper into natural wa- 
ters [377]. Where large quantities of copper in 
high concentration exist, recovery of the cop- 
per can, in many cases, be economical. Regu- 
lations have been established to control or 
limit altogether the introduction of copper into 
waters [378—382]. The Federal Water Pollu- 
tion Control Act Amendments of 1972 set up a 
comprehensive program to "restore and main- 
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tain the chemical, physical, and biological in- 
tegrity of the nation's waters" [378]. 

Limitations of copper in drinking water 
have also been established: the World Health 
Organization recommends 0.05-1.5 mg/L 
[383]. No specific drinking water standards 
for copper have been established by the Envi- 
ronmental Protection Agency [384]. d 

A variety of technologies presently exist 
for the removal of copper from wastewaters 
and drinking water [385, 386]. The most com- 
mon treatment methods include direct precipi- 
tation [378—380, 387—390] or electrolysis 
[391, 392]. 

Although copper is toxic in exceedingly 
low concentrations to certain lower life forms, 
notably fungi and algz, it is a necessary con- 
stituent of higher plants and animals. Copper 
plays a necessary role as an oxidation catalyst 
and oxygen carrier, probably second only to 
iron in importance [393]. Copper aids plants in 
photosynthesis and other oxidative processes. 
In higher animals, it is responsible for oxida- 
tive processes and is present in many proteins 
such as phenolase, hemocyanin, galactose oxi- 
dase, superoxide dismutase, ceruloplasmin, 
tyrosinase, monoamine oxidase, and dopam- 
ine B-hydroxylase [394, 395]. 

Copper compounds are regularly applied 
for their nutrient value to agricultural crops in 
European countries [396—398]. In the United 
States, more emphasis is now being placed on 
the value of copper as a nutritional feed addi- 
tive [396, 399, 400]: it increases the rate of 
gain and feed efficiencies of the animals. The 
increased use of copper as a feed additive has 
caused concern about the environmental im- 
pact of high levels of copper in manure [401, 
402]. The recently approved maximum total 
copper content in animal feeds for Western 
European countries is shown in Table 8.32 
[396]. 
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Table 8.32: Maximum copper levels in Western European 
animal feeds. 








Total copper, 
Use mg Gë 

Fattening pigs, up to 16 weeks 175 
Fattening pigs, 17th week to 6th 100 
months 

Fattening pigs, over 6 months 50 
Breeding pigs 50 
Calves, fed milk-based products 30 
Calves, other feeds 50 
Sheep 20 
Other animals 50 





The largest single application of copper 
compounds is as an agricultural fungicide. Al- 
though copper is a necessary constituent of 
higher plants and animals, it is highly toxic to 
certain fungi. In human medicine, the impor- 
tance of copper as a nutrient in proper devel- 
opment and growth is receiving increased 
study [394, 403]. Also, copper is being used in 
the production of new copper antibiotics and 
copper anti-inflammatory drugs [403]. The 
recommended daily requirement of copper is 
as follows [403]: 


Humans 2.5-5.0 mg 
Cattle 50-70 mg 
Horses 50-60 mg 
Sheep 10-15 mg 
Swine 10-20 mg 


8.11.7 Economic Aspects 


The world’s production of copper com- 
pounds represents less than 2% of the total 
production of primary metal [285]. In 1974, 
7.65 x 106 t of primary copper was produced, 
with 1.3 % (100 000 t) used in the production 
of copper compounds. Of these 100 000 t, 
80 % is used to prepare copper(II) sulfate pen- 
tahydrate. 

Historically, the United States and Italy 
have led the world in producing copper sulfate 
pentahydrate (Figure 8.36) [285]. The U.S. 


production and valuation of copper sulfate 
pentahydrate are given in Table 8.33 [404]. 
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Figure 8.36: Production of copper(II) sulfate pentahy- 
drate in Italy and the United States (1950-1976). 


Table 8.33: Production and valuation of copper(II) sulfate 
pentahydrate in the United States. 


Production Price of copper(II) 
Year . Coppercon- Sulfate pentahydrate, 
Quantity, t t US$/kg 

1978 31 800 8551 1.04 
1979 35 005 9286 1.18 
1980 31010 8445 1.23 
1981 35 640 9413 1.14 
1982 32 230 8385 1.08 


Table 8.34: Estimate of current annual use of copper in 
agriculture [396]. 


Fungi- Animal Crop nu- 


Country Totalt cide, % feed% tient, % 





Europe 
France 5380 83.6 14.9 0.9 
Germany 2800 35.7 28.6 35.7 
Greece 1410 97.9 1.4 0.7 
Italy 6220 96.5 32 0.3 
Portugal 1120 893 8.9 1.8 
Spain 2800 893 10.7 0.0 
Others 15563 49.8 34.5 15.8 
Asia and Australia 
Australia 1556 193 6.4 74.3 
India 3 500 0.0 0.0 100.0 
Japan 2040 98.0 1.2 0.7 
Others 1811 78.7 0.6 20.3 
Africa 
Algeria 1750 1000 0.0 0.0 
Kenya 1000 100.0 0.0 0.0 
'Tanzania 2000 100.0 0.0 0.0 
Others 2635 96.4 0.6 3.0 
America 
Brazil 7160 97.8 1.4 0.8 
Mexico 1650 100.0 0.0 0.0 
United States 6400 46.9 9.4 43.8 
Others 3540 40.7 2.8 56.6 
Total 70305 76.4 12.1 11.4 





According to estimates about 70% (70 000 
t) of the total world’s production of copper 
compounds is used in agriculture [396]. Table 
8.34 gives a breakdown by region, country, 
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and use. Copper sulfate pentahydrate can be 
blended directly with feed or fertilizers for an- 
imal feeds or crop nutrients, respectively. For 
application as a foliar fungicide, it must be 
rendered insoluble to prevent it from being 
easily washed off the leaf. The first copper 
fungicide on the market was Bordeaux mix- 
ture (1882), a combination of lime and copper 
sulfate [405]. The inherent phytotoxitity of 
Bordeaux mixture led to the development of 
the “fixed coppers” in the 1920s and 1930s. 
The fixed coppers are grouped into tour cate- 
gories: (1) basic sulfates, (2) basic chlorides, 


(3) oxides, and (4) miscellaneous — silicates, · 


phosphates, etc. [406, 407]. To enhance their 
performance, the fixed coppers are usually 
blended with wetting agents, dispersants, 
sticking agents, and diluents. Since better cov- 
erage and enhanced efficacy are obtained with 
smaller particles, the basic coppers are usually 
ground before packaging [408]. Table 8.35 
gives a partial list of available fixed copper 
fungicides. | 


Lë 


8.11.8 Toxicology and 
Occupational Health 


Copper is an essential trace element in hu- 
mans. In larger quantities it can be lethal. The 
salts are usually considered to be more toxic 
than the metal. The acute oral toxicity in hu- 
mans, LD; ,, is about 100 mg/kg; however, re- 
covery has occurred after ingestion of up to 
600 mg/kg. The symptoms of copper poison- 
ing include nausea, vomiting, gastric distur- 
bances, apathy, anemia, cramps, convulsions, 
coma, and death. 


Many reported cases of illness were once 
attributed to chronic copper poisoning, but 
they are now thought to be caused by impuri- 
ties in the refining of copper, e.g., lead, ar- 
senic, and selenium [409, 410]. The question 
of chronic poisoning is still open to debate. 
Prolonged exposure to copper dust can cause 
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skin irritation and discoloration of skin and 
hair. Whether pathological changes occur is 
uncertain, although there is evidence of accu- 
mulation of copper in the liver. Attempts to in- 
duce chronic copper poisoning in animals 
have been unsuccessful. 


The inhalation of dusts of copper com- 
pounds irritates the upper respiratory tract 
[411, 412]. Ulceration and perforation of the 
nasal septum have occurred. Workers exposed 
to dusts of copper salts complained of metallic 
tastes and irritation of the oral and nasal mu- 
cosa. Smokers complained of an intense sweet 
taste during inhalation of the smoke. Long- 
term exposure to copper-containing dust has 
resulted in atrophic changes in the mucous 
membranes. Mild nasal discomfort was noted 
in workplace concentrations as low as 0.08 
mg/m’. A very small fraction of the workers 
exhibited allergic skin reactions from expo- 
sure to copper-containing dust [413, 414]. 


Copper compounds embedded in the eye 
produce a pronounced foreign body reaction 
with discoloration of the ocular tissue. Con- 
junctivitis, ulceration, and turbidity have been 
reported [415, 416]. 


The current workplace standard for copper 
dust concentration in air, MAK and TLY, is 1 
mg/m? [417—419]. Copper fume standards are 
0.2 mg/m? [417] and 0.1 mg/m? [418, 419]. A 
number of reviews and books of a more spe- 
cific nature report detailed animal and work- 
place studies [420—424]. 


8.12 Copper Pigments 


Copper and gold bronze pigments (pow- 
dered copper-zinc alloys) are usually pro- 
duced by dry milling. Depending on the alloy 
composition, the following "natural shades" 
are produced: 


Copper 10046 copper 

Pale gold ca. 90% copper and 10% zinc 
Rich pale gold 
Rich gold ca. 75 % copper and 2546 zinc 


ca. 8595 copper and 15% zinc 
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Table 8.35: Commercially available fixed coppers. 


Manufacturer/representative Trade name 

BASF BASF-Grünkupfer 
Kauritil 

Bayer Cupravit-Spezial 
Cupravit-Forte 

CP Chemicals Basic Copper Sulfate 
Champion WP 

Cuproquim Hydrox 

Hoechst Vitigran, Conc. 

Kocide/Griffin Kocide 101 

Merck Perenox 

Norddeutsche-A finerie Cobre Nordox 


Phelps-Dodge Tribasic Copper Sulfate 


Sandoz Cobre Sandoz 
Simplot Blue Shield 
Spiess Urania Funguran 
Cuprasol 
Tennessee Copper Tribasic Copper Sulfate 
Wacker Wacker-Kupferkalk 





Copper-zinc alloys with a higher zinc con- 
tent (brass) cannot be ground or formed into 
flake pigments on account of their brittleness. 
Controlled oxidation of “natural” bronze pow- 
ders converts them into "fired" bronze pow- 
ders. These shades (e.g., English green, 
lemon, ducat gold, fire red) are produced as a 
result of interference effects that depend on 
the thickness of the oxide coating. 


Copper and gold bronze pigments are not as 
colorfast as aluminum pigments because they 
decompose to produce colored oxides and cor- 
rosion products. However, stabilized pigments 
(e.g., with a silica coating) are also available 
for critical applications in binders with high 
acid values or that react with copper or zinc. 


The classical fields of application for the 
gold bronze pigments are the graphics indus- 
try (bronzing); printing (offset, gravure, flexo- 
graphic, and screen printing); and coloring 
plastics. They are also used in the paint indus- 
try for decorative finishes (e.g., dip coatings 
for candles). 


Gold bronze pigments are nontoxic. In Ger- 
many they are permitted in food packaging 
materials provided that they do not lead to 
contamination of the food. They are also al- 
lowed for printing on cigarette paper and filter 
tips according to the tobacco regulations if the 
zinc content does not exceed 15%. Similar 
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Active ingredient Cu, % 
copper oxychloride 45 
copper oxychloride 47 
copper oxyxhloride 45 
copper oxychloride 50 
tribasic copper sulfate 53 
copper hydroxide 50 
copper hydroxide 50 
copper oxyxhloride 45 
copper hydroxide 50 
copper(I) oxide 50 
copper(I) oxide 50 
tribasic copper sulfate 53 
copper(I) oxide 50 
copper hydroxide 50 
copper oxyxhloride 45 
copper oxyxhloride 50 
tribasic copper sulfate 53 
copper oxyxhloride 15-18 


regulations apply in the United States and 
other countries. 
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9.1 Introduction 


The metal lead remains a major nonferrous 
commodity in modern industry as it has been 
from antiquity. In 1988 lead consumption in 
the nonsocialist world was estimated to be 4.2 
x 106 t, which is well below the capacity of the 
primary producing and recycling plants. Con- 
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cem about the toxicity of lead has brought 
about substitutions in some uses and proscrip- 
tions in others, consequently, the lead market 
is now dependent on the lead storage battery. 
Growth in the transportation field, principally 
in conventional intemal combustion engine 
automobiles, has been the main factor in sus- 
taining a modest growth in lead consumption 
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of around 2.495 in 1988. The consumption of 
lead in other use areas (including the drasti- 
cally reduced gasoline additive market, pig- 
ments, ammunition, solders, plumbing, and 
shielding) amounts to less than that in the bat- 
tery market. Recent discoveries in North 
America, Australia, South Africa, and China 
have brought economic lead ore reserves to a 
level comfortably above expected consump- 
tion. 


9.) History 


The knowledge and use of lead goes back 


as far as 5000 B.C. to the ancient Egyptians. - 


The metal was used extensively by the Pheeni- 
cians, Romans, Indians, and Chinese. The first 
lead mines in Spain were operated around 
2000 B.C. The uses of the metal included 
weight standards, coinage (ultimately replaced 
by silver), statuary, sheathing and lining, trin- 
kets, anchoring of iron rods, and making of 
seals. The Greeks operated lead mines at Lau- 
rium in the fifth century B.C. and the Romans 
mined in the Rio Tinto region of Spain in 300 
B.C. The Romans used lead extensively for 
water piping; indeed latin “plumbum” for lead 
came from the word for a water spout, and 
from it has come the name plumber. They also 
used lead for soldering, in sheets for inscribed 
lettering, and for preparation of lead oxides. 
Lead uses increased in the Middle Ages with 
supporting mines appearing in England, Ger- 
many, Bohemia, and other parts of Europe. 
Lead roofing, lead “cames” in stained glass 
windows, guttering, drain pipes, and later type 
founding were additional uses that continue 
today. Lead received considerable attention 
from the alchemists. Older uses of lead as ma- 
terial for projectiles expanded considerably 
with the invention of firearms. 


In the nineteenth century, the United States 
entered the lead production industry because 
of its major natural resources, and was fol- 
lowed by Australia and Canada. In the twenti- 
eth century the appearance of the automobile, 
chemical, and machine industries created 
large new uses for lead in gasoline antiknock 
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additives, bearing and plumbing alloys, accu- 
mulator batteries, and chemical equipment. 
Modern uses include glass making, sound at- 
tenuation, and radiation shielding. 


9.3 Properties 


The element lead is a lustrous metal. When 
freshly cut, surfaces are bluish white but oxi- 
dize readily to the familiar dull grey color. 
Lead is located in group 14 of the periodic ta- 
ble. The element displays valences of 2+ and 
4+ as indicated by its electronic configuration: 


(1s? 252256 3:23рё3419 Ae Aë Al 04/14 5525565410 652652) 
p р р 


This permits attainment of stability by dona- 
tion of two or four electrons. 


Lead Isotopes. Lead (atomic number 82) has 
four naturally occurring isotopes; mass num- 
bers listed in order of abundance are 208 (51— 
53%), 206 (23.5-27%), 207 (20.5-239^), and 
204 (1.35-1.5%). Variations in isotopic con- 
centration can cause a difference of 0.15 in the 
normal atomic mass A, of 207.21. Three ofthe 
natural isotopes are radioactive: ? 98Pb is the 
end product of thorium decay, while ?"6Pb and 
207Pb are formed from the uranium series via 
actinium and radium, respectively. A number 
of unstable radioactive isotopes exist with 
mass numbers of 200—203, 205, 209-214. 
Lead is a preferred shielding material against 
gamma rays and X-rays because of its high 
density and atomic number; if sufficiently 
pure, it does not become radioactive when 
used for shielding against neutron sources. 


Physical and Mechanical Properties. The 
outstanding physical properties of lead are its 


low melting point, high density, softness, and ` 


malleability. The metal can readily be worked 
by rolling and extruding, and is slightly duc- 
tile. The physical and mechanical Se 
of lead follow: 


Physical Properties: 
mp, °C 327.4 
Latent heat of fusion, J/g 23.4 
.bp, °C 1741 
Latent heat of vaporization, J/g 862 
Vapor pressure, kPa 
980 °C 0.133 
1160 °C 1.33 


Lead 
1420 °С 13.33 
1500 °C 26.7 
1600 °C 53.3 
Density, g/cm 
20 °C 11.336 
327.4 °C (solid) 11.005 
327.4 °C (liquid) 10.686 
400 °C 10.597 
500 °C 10.447 
Mean specific heat, Jg! K 1 ` 
—200-0 °C 0.1202 
0-100 °С 0.131 
0-200 °С ' 0.134 
0-300 °C 0.136 
Specific electrical resistance, О/ст í 
20°C 20.65 
-100 °C 27.02 
200 °C 36.48 
300 °C 47.94 
Thermal conductivity, Wm !K ^! 
-100 °C ` 0.371 
0 *C 0.355 
100 °C 0.342 
200 °C 0.329 
300 °C 0.316 
327.4 °C (solid) 0.313 
327.4 °C (liquid) 0.155 
Surface tension of liquid lead, mN/m 
327.4 °C 444 
350 °C 442 
400 °C 438 
500 °C 431 
600 °C 424 
800 °C 410 
Dynamic viscosity of liquid lead, mPa-s r 
327.4 °C 2.75 
350 °C 2.60 
400 °C 234 
450 *C 2.12 
500 *C 1.96 
550 *C 1.70 
Magnetic susceptibility (20 °C), Hm kg! -1.5x 10% 
Coefficient of linear expansion, K^ x 
at 20 °C 29.1 10° 
mean 20-300 °C 31.3x 10% 
Mechanical Properties: 
Brinell hardness (20 °C) 2.5-3.0 
Transverse contraction coefficient (20 °С). 0.45 
Young's modulus, GPa 16.5 
Elongation (in 5-cm gauge length).26 50-60 
Velocity of sound in lead, m/s 1227 
Tensile strength, kPa 
—100 °C 42 000 
20 °C 14 000 
150 °C 5 000 


Chemica] Properties. Fresh cut or cast lead 
surfaces undergo oxidation and tarnish rapidly 
to form an insoluble protective layer of basic 
lead carbonate. Lead is attacked by water in 
the presence of oxygen, but again an insoluble 
carbonate or silicate protective layer is formed 
if-dissolved carbonates or silicates are present 
in the water. This resistance of the metal to 
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corrosion by air, water, and soil has been ex- 
ploited in the historical uses of lead in plumb- 
ing and piping. Lead might be expected to 


dissolve in acids with liberation of hydrogen, . 
but this is prevented by the high hydrogen 


overvoltage, and attack occurs only when the 
combination of oxidizing conditions and solu- 
ble salt species exists. Thus the metal resists 
hydrochloric acid corrosion to quite high con- 

centrations, sulfuric acid to 60 °Bé (ба. 13.3 

mol/L), and hydrofluoric acid totally; how- 

ever, it dissolves readily in warm, dilute nitric 
acid to form soluble lead nitrate. Lead is also 

corroded by weak organic acids, such as acetic 

or tartaric acid, in the presence of oxygen. The 

protective coating formed by oxidation is re- 

moved by alkali with formation of soluble 

plumbites and plumbates. 


Crystal Structure. Lead crystals are face- 
centered and cubic with the following dimen- 
sions: 


Atomic radius, nm 0.175 
` Atoms per unit cell 4 
Lattice constant (edge of unit cell), nm 0.49389 
Electrochemical Properties. 
Electrochemical 1equivalent, gA ln 3.865 
Ionic radius, Pb?*, nm 0.118 
Pb^* nm 0.070 
Metallic radius, nm 0.17502 
Covalent radius (sp?), nm 0.144 
lonization potentials, eV 
ist 7.415 
2nd 14.97 
Standard oxidation potentials (25 °C), V 
Pb — Pb?* + 2e7 0.126 
Pb?" + 2H,O — PbO, + 4H; +2e7 -1.456 
Pb + 20H" — PbO +H,0 + ae 0.576 
РЬ + ЗОН” — HPbO; + H20 + 2е7 0.54 


Lead forms two series of compounds corre- 
sponding to valence states of 2+ and 4+, 
lead(IT) compounds are electrovalent (ionic), 
while those of lead(IV) are essentially cova- 
lent. The metal is amphoteric and forms lead 
salts, plumbites, and plumbates. When melted 
in air, lead oxidizes readily to its monoxide 
PbO (also called litharge or simply lead ox- 
ide); oxidation (drossing) can be promoted or 
inhibited by dissolved metallic impurities. 
Other lead oxides are the dioxide PbO, (actu- 
ally sesquioxide Pb,O,) and red lead Pb4O, 
(the orthoplumbate Pb-Pb,0,). All the 
lead(IIT) halides are known, and are consider- 
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ably more soluble in hot water than in cold 
they also form double chlorides with alkali 
metals and a series of oxyhalides, the oxychlo- 
rides being the most familiar. Other common 
compounds of lead are the soluble nitrate and 
acetate; lead chromate (chrome yellow) used 
as a pigment along with red lead; lead borate 
used along with oxides in glass making; lead 
sulfide (galena), which is the principal natu- 
rally occurring form of the metal; and lead sul- 
fate that is readily formed by sulfating a 
soluble lead salt and by natural oxidation of 
galena. 


9.4 Occurrence 


Lead, like copper and zinc, is a markedly 
chalcophilic element. Its mean abundance in 
the Earth’s crust is 16 g/t (0.0016%). Enrich- 
ments occur only in the pneumatolytic and es- 
pecially the hydrothermal sulfide phase in the 
form of vein (lode), impregnated, and particu- 
larly metasomatic deposits. Sedimentary en- 
richments are of little importance. 


Lead Minerals. Galena or lead sulfide, PbS, 
theoretically 86.6% Pb, is by far the most im- 
portant lead mineral and the sole pnmary one. 
Other common forms of naturally occurring 
lead are usually associated with or derived 
from galena deposits. They include mixed sul- 
fides such as jamesonite, Pb,(Sb,Fe)7S 4 (ca. 
40% Pb) and boulangerite, Pb,Sb,5,, (ca. 
58% Pb); anglesite, PbSO, (68.3% Pb), a 
product of galena oxidation; cerussite or white 
lead ore, PbCO; (77.5% Pb), a decomposition 
product of galena; pyromorphite, also quali- 
fied as green, brown or variegated lead ore, 
Pb,(PO,)3C1 (76% Pb); vanadinite, 
Pb,(VO,)3Cl; wullenite or yellow lead ore, 
PbMoO, (56% Pb); crocoite, PbCrO,; and 
phosgenite or horn lead, PbzCl,CO3. Frequent 
impurities in lead minerals are zinc, copper, 
arsenic, tin, antimony, silver, gold, and bis- 
muth. 


Deposits. The most important mineable lead 
ore is galena, which occurs chiefly in associa- 
tion with other minerals, mainly zinc ores. 
Lead deposits can be classified as follows: 
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e Hydrothermal vein, impregnation, and re- 
placement deposits (e.g., Broken Hill, Aus- 
tralia; Anvil Mine, Canada; and numerous 
deposits of the Cordilleran—Andean Orog- 
eny); 


e Volcanogenic sedimentary deposits, some 
occurring as massive bodies of rich ore, oth- 
ers as impregnations (e.g., Sullivan Mine, 
Canada; Rammelsberg, Germany; Mount 
Isa and Hellyer, Australia); 


e Hydrothermal or marine sedimentary depos- 
its, typically in calcareous or dolomitic for- 
mations. of the North American and 
European platforms (e.g., Pine Point, Can- 
ada; the New Lead Belt in the Missouri dis- 
trict, United States; Red Dog, Alaska). 

In world mining output, mixed lead—zinc 
ore deposits are most important and account 
for ca. 70% of total production of both metals. 
In second place are deposits that contain pre- 
dominantly lead ores (ca. 20% of total produc- 
tion), and the remainder (ca. 10%) is obtained 
as a by-product from zinc, copper—zinc, and 
other deposits. 

Table 9.1: World lead ore reserves (millions of tonnes 


contained lead) (U.S. Bureau of Mines, Division of Min- 
eral Commodities, January 1989). 


a Reserve 

Country Reserves base 
Australia 16 28 
United States ll 22 
Canada 8 15 
South Africa 4 6 
Mexico 3 4 
Peru 2 3 
Former Yugoslavia 2 3 
Other market economy countries 9 14 
Centrally planned economies 20 30 
Total 75 125 


? Estimated currently economically recoverable lead. 

Reserves augmented by marginally economic ores, some cur- 
rently uneconomic but with potential, and also some provision 
made for determination of additional reserves in known ore bod- 
les. 

An important by-product of lead ore pro- 
duction is silver, which is incorporated into 
the lattice of galena, and is recovered with the 
lead when concentrates are smelted. Some 
70% of world silver production comes from 
lead concentrates. Valuable amounts of gold 
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are also contained in some lead deposits. An- 
other by-product from lead ore is copper, but 
the amount is a very small part of the total 
world copper output. 


Reserves. Total world lead reserves were re- 
ported in 1987 as 75 x 106 t lead content (Ta- 
ble 9.1). Western countries owned about 7396 
of the total. 


The United States has extensive léad de- 
posits in the southeast of Missouri (New Lead 
Belt). These deposits and the new Red Dog 
lead—zinc orebody in Alaska are located in 
bedded marine-sedimentary or hydrothermal 
deposits. Further reserves are found in the 
Rocky Mountains (Idaho, Utah, Colorado) in 
the form of hydrothermal vein and replace- 
ment deposits. Canadian reserves are also sub- 
stantial but of generally lower grade, and are 
located in the Appalachian region of New 
Brunswick, the Rocky Mountain trench, and 
the Yukon. North and South America, includ- 
ing the Latin American countries, hold about 
3596 of known reserves. 


Australia has the most substantial lead re- 
sources amounting to about 2196 of the world 
total; they are concentrated in Mount Isa 
(Queensland) Broken Hill (New South 
Wales), and Tasmania. 


The remaining western reserves are found 
in many places in Europe, Africa, and South- 
ern and Eastern Asia. The largest known Euro- 
pean reserves are in Yugoslavia. 


Most Eastern Bloc reserves (ca. 2796 of 
world reserves) lie in the former Soviet Union 
(Kazakhstan and the Altai and Karatau re- 
gions). Only little information is available on 
these reserves and recent discoveries in China. 


Data on exploitable reserves are only valid 
in the short-term, because they are subject to 
long-term economic fluctuations. The growth 
of world reserves of lead ore through new dis- 
coveries can be expected to outstrip the in- 
crease in primary metal production. Recycling 
of lead, already a major source of the metal, 
particularly for battery making, can be ex- 
pected to suppress production from primary 
sources. 
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9.5 Production 


9.5.1 Ore Concentration 


The most common feed for lead production 
is sulfidic lead concentrate; which contains an 
average of 50-60% lead (occasionally as high 
as 70-80% or as low as 30%). Oxide lead con- 
centrates are of secondary importance. 

Lead ores in deposits are usually inter- 
grown with other minerals and with host rock. 
These crude ores are.not smeltable and must 
first be beneficiated into concentrates of much 
higher lead content but with minimum loss of 
lead. 

Ore beneficiation normally includes crush- 
ing, dense-medium separation, grinding, froth 
flotation, and drying of concentrate. Lead flo- 
tation is usually the first step in the separation 
of lead—zinc and lead—zinc—copper ores. 


9.5.2 Smelting 


The major process for the production of pri- 
mary lead from a sulfide concentrate is the sin- 
ter oxidation-blast furnace reduction route. 
Older processes involving direct oxidation of 
lead sulfide to lead or the roast reaction be- 
tween lead sulfide and the oxidation products 
lead oxide and lead sulfate are now of little 
importance. In the last two decades new oxy- 
gen metallurgy processes featuring sulfide ox- 
idation in a flash flame or by oxygen injection 
into a slag bath, followed by reduction of the 
lead oxide slag, have advanced to industrial 
application. 

In the Imperial Smelting Furnace process, 
lead is produced simultaneously with zinc. 
This process will not be considered here, for 
details see Chapter 10. 


9.52.1 Sintering Reduction 
Process 


The sintering reduction process involves 
two steps: 


e À sintering oxidative roast to remove sulfur 
with production of PbO 
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e Blast furnace reduction of the sinter prod- 
uct. 


The objective of sintering lead concentrates 
is to remove as much sulfur as possible from 
the galena and the accompanying iron, zinc, 
and copper sulfides, while producing lump ag- 
glomerate of adequate strength combined with 
porosity for subsequent reduction in the blast 
furnace. The sulfur dioxide content of the sin- 
tering gases is often recovered and used in sul- 
furic acid production. The chemistry of the 
roast sintering process is complex because it 
involves many oxygen- and sulfur-containing 
lead compounds. 


The Pb-S-O System. The Pb-S-O system 
was investigated comprehensively Ьу 
KELLOGG and Basu [7] whose results were 
later confirmed by many investigators. WILLIS 
provides an excellent summary of the physical 
chemistry of the oxidation of lead sulfide [8]. 
Lead in sinter occurs mainly as lead monoxide 
or lead silicate. The temperature of the sinter 
charge must be high enough to attain the area 
of PbO predominance (1.е., > 950 °C, see Fig- 
ure 9.1). 


PbSO, - 4PbO 


PbS 





600 100 800 900 1100 1400 
Temperature, °C ——» 


Figure 9.1: Phase relations in the Pb-S—O ternary system 
with air as the oxidizer and a partial sulfur dioxide pres- 
sure of 0.2 atm [9]. * 1 atm = 0.1013 MPa. 
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Oxidation starts with the formation of lead 


sulfate, which is the stable reaction product at 


the oxygen and sulfur dioxide partial pressures 
and temperatures commonly used in sintering. 
Lead sulfate then reacts further with lead sul- 
fide, decomposing to increasingly basic sul- 
fates and ultimately to lead monoxide. Lead in 
dust carried out by the sintering gas is totally 
sulfated. ` 

The composition of the sinter is important 
as regards its behavior in the blast furnace. 
The lead monoxide and lead silicate which ac- 
count for most of the lead content are readily 
fusible and reducible. The integrity of the sin- 
ter thus depends on the presence and quantity 
of other constituents, typically silicates of 
zinc, iron, and calcium, and ferrites. These 
substances are much more refractory than the 
lead compounds and provide a framework that 
keeps the sinter lump from disintegrating after 
the lead compounds have been removed. 


Sinter Roasting Techniques. The develop- 
ment of sinter roasting goes back to work by 
HUNTINGTON and HEBERLEIN (1896), who pro- 
posed that lead ores mixed with limestone 
chips be roasted in a converter with an air blast 
(blast roasting). Implementation of this idea 
became the basis of the modern sintering tech- 
nique, which combines roasting with agglom- 
eration of the charge in the sintering step. 

A continuous sintering machine with a sin- 
tering bell was devised in 1905-1908 by 
DWIGHT and LLoyp. At about the same time, 
von SCHLIPPENBACH introduced the circular 
sintering machine. 

A distinction is made between downdraft 
sinter roasting, where the air required for 
roasting is drawn downwards through the sin- 
ter mixture, and updraft sintering, in which the 
air is blown upwards through the bed. Updraft 
sintering is preferred because it produces 
lower gas volumes of higher sulfur dioxide 
content that are suitable for sulfuric acid pro- 
duction. 


Downdraft Sintering 


The original downdraft process proposed 
by DWIGHT and LLOYD was the conventional 
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technique for the sinter roasting of lead ores 
until about 1955. Tt has now been superseded 
by updraft sintering. In downdraft sintering 
the nodulized charge blend is fed continuously 
onto a traveling grate, and sulfides are ignited 
on the surface of the charge bed by burners. As 
the ignited charge moves away from the igni- 
tion zone, air is drawn downward through the 
charge. The sulfur is burned on a downward 
advancing front, and incipient fusion of solids 
agglomerates the nodules of desulfurized 
charge into a porous sinter product. 


A characteristic of downdraft sintering of 
lead ores is the low sulfur dioxide concentra- 
tion of the roasting gases (Figure 9.2). Since 
off-gases containing 1—2 vol% sulfur dioxide 
occur at the end of the sintering machine and 
cannot generally be discharged into the atmo- 
sphere, recirculation of the gas or chemical 
scrubbing is necessary. Even with gas recircu- 
lation, the production of acid-strength gas 
causes problems due to the formation of liquid 


phases during sintering that reduce the gas ` 


permeability of the bed, and in particular to 
the metallic lead formed by the reaction of 
lead sulfide with lead sulfate. The molten lead 
flows downward through the sinter bed along 
with the gas stream and forms a very tight 
layer immediately above the grate. Part of the 
lead also drops through the grate into the wind 
boxes. Removal of the lead from the wind 
boxes is expensive and causes long down- 
times. Water-bath quenching of wind-box lead 
and conveyor belt cleaning have been prac- 
tised to overcome this problem. With down- 
draft sintering the maximum lead content of 
the sinter mix is limited to about 40% to avoid 
excessive production of wind-box lead. 


Updraft Sintering 


Principles. The difficulties encountered in 
downdraft sintering are avoided in updraft sin- 
tering in which sintering takes place in an as- 
cending gas stream (Figure 9.3). Roasting air 
is supplied to the machine from below through 
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the wind boxes,.and the gas flows upward 
through the sintér bed. To initiate roasting, a 
2—3 cm layer of feed is placed on the grate and 
ignited in a downdraft ignition box (Figure 
9.3A). The main sinter bed (d) is then distrib- 
uted onto the burning ignition layer (b), the di- 
rection of gas flow is reversed (Figure 9.3B), 
and air is forced upward through the sinter 
bed. The main layer is ignited from the first 
layer, and sinter roasting advances upward. To 
prevent caking of the ignition layer on the 
grate bars during downdraft ignition, the grate 
is usually covered with a hearth layer of return 
sinter (c) before the ignition layer is placed. 


S0, in gas, vol% — 





gas gas 


Figure 9.2: Variation in sulfur dioxide content of sinter- 
ing gases along a downdraft sintering machine. 


Figure 9.3: Updraft sintering. A) Downdraft ignition; B) 
Sintering. a) Ignition hood; b) Ignition layer; c) Hearth 
layer; d) Sinter bed; e) Exhaust hood. 
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Ores and additives 
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Dust collection 
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Figure 9.4: Flowsheet of an updraft sinter plant for lead ores: a) Return sinter bins; b) Lead concentrate bins; c) Flux and 
other charge material bins (silica, limestone, leach residues, etc.); d) Magnet; e) Mixing-nodulizing drum; f) Sinter ma- 
chine; g) Sinter grate; h) Ignition air blower, i) Ventilation air blower, j) Ignition exhaust fan; k) Sintering air blower; 1) 
Sinter gas recycle blower; m) Sinter screens; n) Roll crushers; o) Undersize sinter bin; p) Product sinter bin; q) Return 


fines cooling drum. 


Since cold air flows into the sinter bed from 
below, any metallic lead that forms is immedi- 
ately cooled and solidifies while still in the 
bed. This makes for good permeability of the 
bed, lower gas flow, and uniform sintering. 
Higher sulfur dioxide levels in the roast gases 
can thus be achieved, and sinter charges con- 
taining up to 50% lead can be managed. | 


Plant Design. The development of updraft 
sintering began in 1950—1955 at the Port Pirie 
lead smelter in Australia and at Lurgi Gesell- 
schaft für Chemie und Hiittenwesen, Ger- 
many. The process has since been adopted 
worldwide. All recently constructed sintering 
plants have been designed for updraft sinter- 
ing and a large number of downdraft plants 
have been reconstructed. Updraft sintering be- 
came an essential component of the Imperial 
Smelting zinc process because of the exacting 
requirements for satisfactory operation (1.е., 
low sulfur and high sinter hardness). 


The flowsheet of a plant of modern design 
is shown in Figure 9.4. Recent developments 
have concerned not only increases in the size 
of updraft sintering machines, but also im- 
provements in capacity, automation, and of 
working conditions. Dust-collection systems 
and gas-cleaning systems must comply with 
increasingly strict regulations on air and water 
pollution control. 


An updraft sintering plant comprises many 
devices and machines, which employ a logical 
system of electrical interfaces. Precise control 
of process performance is difficult, primarily 
because lag times from entry of the feed to ap- 
pearance of the product from the sinter strand 
are long and sampling of the feed and product 
sinter are difficult. Consistent feed prepara- 
tion, either by means of large-scale bedding 
operations or very accurate weigh feeders for 
the concentrates and fluxes, can provide a 
high precision of feed-forward control. 





Lead 


Feed Mixture. A charge moisture content of 
4.5—5.59 is of utmost importance for achiev- 
ing good bed permeability during combustion. 
The desired moisture content of the feed mix- 
ture is attained by adding water to the tum- 
bling and mixing drum. Two drums usually 
operate continuously to achieve good control. 
If feed material moisture is too high, charge 
drying is required. 

Crushed recycle sinter is required to control 
the fuel content of the charge and to enhance 
bed permeability. Cooling of recycle sinter is 
necessary for mechanical reasons and to mini- 
mize dust production. The main difficulties 
encountered in return sinter cooling are caused 
by irregular discharge of the sinter strand com- 
bined with the handling of moist ventilation 
gases produced in water quench cooling 
drums. 


Because sinter quality and plant capacity 


‘are strongly affected by the physical quality of 


the recycled sinter, comminution of the returns 
is very important. The desired size distribution 
of the lump sinter that is to be reduced in the 
blast furnace is obtained by two-stage crush- 
ing and screening. The returns needed for‘ the 
sinter charge are also broken down to the req- 
uisite particle size (normally 6 mm) by using 
roll crushers in a two-stage process. 


Dust Collection. Dust collection is a major 
problem in updraft sintering plants. The plant 
comprises many machines and devices, some 
of which must transport, screen, and crush hot 
material; lead-containing dust is produced at 
all transfer points. Proper ventilation is essen- 
tial to provide satisfactory in-plant hygiene, 
and efficient cleaning of exhaust gas is re- 
quired to control lead emissions. High vol- 
umes of ventilation air have to be handled at 
considerable extra cost. Dust recovered from 
baghouses and wet scrubbers must be recycled 
to the process. 

Because sintering plants emit both dry and 
wet dust-laden gases, gas cleaning design has 
been constantly improved. The most recent 
plants employ a combination of wet scrubbing 
and dry baghouse gas cleaning. The cooling 
drum ventilation and the hot gases from the 
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sintering machine are cleaned in water scrub- 
bers. Discharge gas temperatures are too high 
for bag filters. The other dust-collection points 
(crushing and screening) are combined in a 
common baghouse. Dust recovered from bag- 
houses is added to the thickener slime that is: 
supplied as coolant to the cooling drum. The 
dust load in the process sulfur dioxide from 
the sintering machine is usually collected in 
high-temperature electrostatic precipitators, 
moistened, and added directly to the sinter 
mixture. 

Recovery of Sulfur. For optimal operation of 
the sintering machine, some 15-20 mêm? 
тіп”! of air (at STP) must be delivered along 
its whole length. The combined exhaust gases 
have an average sulfur dioxide content of 4—5 
vol%. However, since peak sulfur dioxide lev- 
els of over 10% occur at the front end of the 
sintering machine, a rich gas stream with a rel- 
atively high sulfur dioxide content can be sep- 
arated and the balance tail gas is recycled to 
the front-end wind boxes. In this way, a rich 
gas containing 6—6.5 vol% sulfur dioxide can 
be delivered to a sulfuric acid plant. The tech- 
nique involves a certain deliberate loss of ca- 
pacity resulting from the injection of hot 
recycled lean gas at 300—350 ?C. 


Size and Capacity of Sintering Plant. Stan- 
dard sizes have been adopted for updraft am. ` 
tering machines. Size is defined chiefly by 
smelting capacity and by the quantity of sulfur 
to be combusted. 

Roasting capacities of 1.3-1.5 (0712 are 
achieved with modern updraft sintering and 
are over 50% higher than those of older down- 
draft systems. For normal lead sintering an an- 
nual lead production capacity of 70 000— 
100 000 t requires a sinter machine of 50-70 
m? updraft area. Machines up to 90 m? are em- 
ployed in Imperial Smelting process plants. 
These rates and sizes are material-dependent 
and must be confirmed by tests for each-pro- 
posed charge. Data for the updraft sinter plant 


_at Port Pirie, Australia are listed below: 


Number of sinter machines 1 
Roasting surface 
total, m? 70.5 
effective, m? 623 
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Sinter production, tm?d ! 20.1 
Throughput, t/d 4500 
Feed blend, % 
new materials 36 
return sinter 64 
Sulfur content, 96 
concentrates 16-27 
new materials 11 
return sinter 2.5 
total feed blend 5.5 
product sinter 1.8 
Lead in sinter, 96 45 
Thickness of ignition layer, mm 35 
Total bed thickness, mm 300 
Strand speed, m/min 1.42 
Ignition method downdraft 
Ignition burners 
number 2 
fuel ; natural gas 
usage, mh 30 
Wind boxes 
number 9 
bed area, m? i 4.9 (no. 1) 
8.2 (nos. 2-9) 
pressure, kPa 5.0 (no. 1) 
4.5 (no. 2) 
3.5 (no. 3) 
2.0 (nos. 4-9) 
maximum air flow, m?min !m? 38.8 
SO, concentration, vol% 4-6 
Sulfuric acid production yes 


Sintering for the Imperial Smelting Pro- 
cess. Lead—zinc concentrates or mixtures of 
lead and zinc concentrates for the Imperial 
Smelting Furnace process must be desulfur- 
ized and sintered before reduction in the zinc 
vaporizing blast furnace. The sinter must in- 
corporate recycled intermediate products from 
the sinter plant and blast furnace and also the 
fluxes needed: to obtain the desired slag bal- 
ance. The sinter must be chemically uniform, 
well desulfurized, as well as hard and abra- 
sion-resistant to avoid formation of lines in the 
furnace. It must also have a high porosity and 
a narrow particle-size range. 


These requirements can be satisfied only by 
carefully controlled updraft sintering with 
feed sulfur held between 5 and 6.5%, moisture 
al 4-7% and return sinter sizing between | 
and 5 mm. For further details, see Chapter 10. 


Products of Sinter Roasting 


Sinter. Product sinter should.be agglomerated 
in large lumps that are strong enough to pre- 
vent decrepitation during handling. The sinter 
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should have a cellular, porous structure with- 
out pockets of unroasted ore or very dense re- 
gions. 


Sintering Gases. The sulfur dioxide concen- 
tration in the sintering gases is lower than that 


: found in the roasting of zinc or copper ores, 


especially when high-lead concentrates con- 
taining as little as 14—1696 sulfur are pro- 
cessed. In the sintering of lead concentrates, 
the sulfur dioxide level fluctuates between 4 
and 6 vol% under favorable conditions and 


with gas recycling. Release of the lean gases ` 


into the atmosphere is unacceptable, although 
this is still done in a few instances. The roast- 
ing gases contain a small amount of sulfur tri- 
oxide; their dust content is usually 2-5 р/т, 
but may reach 20 g/m? in exceptional cases. 
Extensive cleaning is always necessary if the 
gas is to be processed into sulfuric acid. Pollu- 
tion control laws require that metal losses be 
kept to a minimum. The typical gas cleaning 
train consists of dry electrostatic precipita- 
tors, a wet scrubber, followed by wet electro- 
static cleaning. 


The cleaned sintering gases are generally 
forwarded to sulfuric acid production. They 
are sometimes processed into liquid sulfur di- 
oxide after absorption in an organic solvent. In 
rare cases they are scrubbed with ammonia to 
produce ammonium sulfate and high-strength 
sulfur dioxide for recycle or liquid sulfur diox- 
ide production. 


Sulfuric acid derived from lead-sintering 
plants is produced as “black acid”. Its black 
color is due to carbon particles from the vola- 
tile organic constituents of flotation reagents. 
The color can be removed with hydrogen per- 
oxide at additional expense. 


Flue Dusts. Flue dusts from lead sintering 
plants contain 60-70% lead, about 10% sul- 
fur, and varying amounts of zinc, cadmium, 
arsenic, antimony, and mercury. The lead is 
predominantly in the form of lead sulfate or 
basic lead sulfate, with a minor quantity of 
lead sulfide. Flue dusts are recycled to the sin- 
ter blend. 


Lead 


9.5.2.2 Reduction in the Blast 
Furnace 


The second part of the roast reduction pro- 
cess is carried out in a blast furnace. Where the 
lead content of the sinter (mainly lead oxide) 
is reduced to metallic lead, other metals such 
as copper, antimony, arsenic, and noble metals 
are also produced. Other constituents 
(gangues) contained in the sinter and the flux 
are carried off as silicate slag. In lead blast- 
furnace smelting, zinc remains in the slag, but 
in the Imperial Smelting process the furnace 
top is hot and gaseous zinc leaves the furnace 
along with the off-gases and is then condensed 
to liquid zinc metal. 

The charge to the blast furnace comprises 


e Sinter, which incorporates the roasted con- 
centrate and fluxes 


e Other oxygen-containing lead materials 
such as oxides and silicates 


e Metallurgical lump coke as the reducing and 
heating fuel 


Process Description WE 


. The lead blast furnace is a countercurrent 
reactor in which a charge (sinter and coke) 
moves through a vertical shaft in countercur- 
rent to the ascending gas flow. The descending 
charge successively passes through the pre- 
heating zone (to ca. 200 ?C), the reaction or 
reduction zone (to ca. 900 °C), the melting 
zone (to ca. 1150 °C), and finally the combus- 
tion zone (tuyére zone). The liquid reaction 
products collect in the furnace crucible, which 
is located below the tuyére zone. 


Principles. In the combustion zone, atmo- 
spheric oxygen blown in through the tuyéres 
reacts with the coke to form carbon dioxide 
with extensive release of heat. This hot gas as- 
cends through a coke-rich layer (arch) and is 
reduced to carbon monoxide, the main reduc- 
tant. In the melting zone and in the overlying 
reduction zone, heat is transferred from the 
gas and liquid slag is formed from the fluxes 
and sinter gangue. Most of the metal-forming 
reactions take place in the softening-melting 
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zone, even though the residence lime in this 
zone is relatively short. Before fusion, hetero- 
geneous gas-solid reactions and heat transfer 
processes take place. Free moisture and water 
of crystallization are driven off in the preheat- 
ing zone. 

The rates of coke combustion and conver- 
sion of carbon dioxide to carbon monoxide 
(Boudouard reaction equilibnum) must be in 
accordance with the rate of reductionan the re- 
action zone and with the rate of heat transfer. 
If the combustion rate exceeds the rate of heat 
transfer to the charge, the coke burns more 
rapidly than the charge melts causing the melt- 
ing zone to rise in the furnace. If the combus- 
tion rate is lower than the rate of heat transfer, 
the coke burns so slowly that it prevents the 
charge from descending and slows down the 
performance of the furnace. If the rates of 
combustion and heat transport are in good 
agreement, the melting zone and thus the plas- 
tic region are narrow. The charge material then 
flows through at a uniform speed and gas 
channeling and blow holes are minimized. 

For optimal heat and mass transport in the 
reaction zone, gas velocity should be high and 
the resistance to gas flow low. The physical 
and chemical characteristics of the sinter 
should ensure adequate solids integrity in the 
reaction zone. Finally, the blast furnace charge 
should be as physically homogeneous as pos- . 
sible. 


Behavior of Sinter Components. The exo- 
thermic reduction of lead oxide by carbon, 
carbon monoxide, and hydrogen begins at rel- 
atively low temperature. Other oxygen-con- 
taining lead species (e.g., aluminates, silicates, 
and ferrites) require more intense reducing 
conditions. Lead sulfate and the basic lead sul- 
fates are converted chiefly by reaction with 
silicates, but they can also react with sulfides 
to yield metallic lead. Lead sulfide partly re- 
acts with sulfates to form metallic lead. 

The noble metals are largely dissolved in 
the lead product (bullion), with small amounts 
distributed to sulfide matte and slag. 

The copper content of the sinter is captured 
in the matte in sulfide form, provided suffi- - 
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cient sulfur is present. If, however, the sulfur 
level is insufficient, the copper is reduced and 
goes into solution in the lead bullion. A small 
portion of the copper is always incorporated 
into the slag in either oxide or sulfide form. 


Zinc oxide is located in the slag, and to 
- keep it in solution the slag must be rich in 
iron(II) oxide. Zinc levels in slag exceeding 
18-20% cause slag viscosity problems and 
some hearth accretions. Part of the zinc oxide 
is reduced to zinc vapor above the tuyére zone, 
but the vapor is immediately reoxidized to 
zinc oxide in the colder zone (zinc circulation 
in the blast furnace). Zinc sulfide, charged in 
the sinter or formed from metallic zinc, is no- 
torious because it promotes the formation of 
accretions on the walls of the smelting shaft. If 
a matte is formed, it can dissolve a certain 
amount of the zinc sulfide, but then its melting 
point rises and the physical separation of the 
slag becomes more difficult. 











a 


B 












Figure 9.5: Blast furnace profiles. A) Single-level tuyére 
furnace; B) Double-level tuyére furnace. a) Upper shaft 
(preheating); b) Lower shaft (melting, reduction, tuyére 
zone); c) Crucible (slag, lead); d) Shaft and tuyére water 
jackets; e) Blast air bustle pipe; f) Blast tuyéres. 
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Antimony and arsenic compounds are re- 
duced to the respective metals which dissolve 
in the lead bullion. If the amount.of arsenic is 
too large to be absorbed by the matte, and if 
copper, iron, and nickel are also present, metal 
arsenides (speisses) may be formed. Some ar- 
senic is also volatilized and some is slagged. 
Tin is partly reduced into the lead bullion. 

Separation of the fused products leaving 
the furnace hearth is based on their low mutual 
solubility and their differing densities (lead 
bullion about 10.5, matte 4.5—5.0, slag 3.5—3.8 
g/cm’). 


Lead Blast Furnaces 


Lead blast furnaces are classed in two 
groups: round (mushroom furnaces) and rect- 
angular (Rachette furnaces). The round design 
is only used in special low-capacity opera- 
tions. The Rachette furnace is the standard 
type of lead blast furnace, and often has 
rounded corners. The chair-jacket furnace is a 
modification of the Rachette design and has 
two rows of tuyères, one above the other. Fig- 
ure 9.5 shows two conventional blast-furnace 
profiles. 

-A typical lead blast furnace has a rectangu- 
lar cross section 5-8.5 m above the tuyères, a 
water-cooled melting zone, and a syphon tap- 
per for continuous lead discharge. For a given 
charge, furnace capacity can be increased only 
by enlarging the cross section. The area of the 
tuyère zone is the controlling factor. The 
world’s largest furnace, employed by the Bro- 
ken Hill Associated Smelters, Port Pirie, Aus- 
tralia, has a tuyère zone length of 10 m. 
Structural and operating data for this furnace 
are listed below: 


Number of furnaces 1 
Туре Rachette type 
with chair jackets 
Furnace feed 
sinter, Ud 1250 
total, 1/4 1415 
coke as 96 of sinter 9.5 
Bullion production, t/d 550 
Blast air 
rate, m"/min 510 
pressure, kPa 120 
Hearth area 
lower, m? 17.13 


Lead 

upper. m? 30.34 
Number of tuyéres 

sides 81 

ends 10 
Tuyére diameter, mm 122 
Nozzle diameter, mm 65 
Elevation of bottom tuyéres above 

hearth, mm 742 
Furnace coke 

fixed carbon, 96 A 32 

carbon combustion rate, tm 7d"! 33 
Top gases, тэш min“! (STP) 16,2 


Type of lead tapper Asarco-Roy 

The tuyére zone width can be increased 
only as long as the blast can penetrate from 
both sides, generally to around 1.5 m. The fur- 
nace can be widened if two offset rows of 
tuyéres are placed one above the other such 
that the center (“dead zone") of the charge is 
brought to the melting point in the narrower 
bottom tuyére zone. Since the penetration 
depth of the blast in the furnace permits a 
maximum width of 1.8 m in the bottom tuyére 
zone, the top tuyére zone has a maximum 
width of 3.6 m. Widths of 1.5 and 3 m have 
been achieved in practice. The cooling jackets 
have the shape of a chair, which gives this 
configuration its name (Figure 9.5B). 

The furnace shaft was formerly construeted 
of refractory bricks, but in modern furnaces a 
series of supported water jackets form the 
shaft, which may be either vertical (Figure 
9.5B) or taper toward the bottom (Figure 
9.5A). The hearth 1s subjected to the highest 
temperature and is cooled by one or more rows 
of replaceable cooling jackets set one on top of 
another. 

The jackets are cooled with water that is ei- 
ther pumped in a closed cycle or circulated by 
the thermosiphon principle (i.e., natural con- 
vection). Jacket cooling by evaporative cool- 
ing (steam generation) is practised in the 
former Soviet Union. The water jackets have 
openings for the tuyéres through which the 
blast enters. Combustion air must be at a pres- 
sure between 5 and 20 kPa. The resistance of 
the furnace depends not only on the quantity 
of blast injected but also on the permeability 
of the charge. Blowers whose delivery is valu- 
able but independent of the furnace back-pres- 
sure are most suitable. These requirements are 
best met by positive blowers with a variable 
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speed, but equipment wear often dictates their 
replacement by centrifugal blowers. 

Tests at several lead smelters have demon- 
strated that enrichment of the blast with oxy- 
gen increases throughput (ca. 596 increase for 
each additional 196 oxygen in the blast). 
When oxygen replaces part of the blast air, a 
higher combustion zone temperature is 
achieved, gas flow per unit of lead is reduced, 
and the furnace operates more smoothly. Ben- 
efits include increased production, a reduc- 
tion in coke consumption, lower off-gas 
temperatures, and lower dust generation. Sim- 
ilar results have been achieved with preheated 
blast air. Whether oxygen enrichment or blast 
preheating is preferable depends only on eco- 
nomics. Oxygen enrichment has become more 
popular, especially since low-cost oxygen pro- 
duction has become increasingly common. 
However, as yet the degree of enrichment of 
the lead furnace blast is very modest: only 2— 
3%. 

A crucible located below the tuyéres serves 
to separate the liquid products and collect the 
lead. In large production units, lead 1s with- 
drawn continuously, and in smaller ones 
tapped at intervals. If the lead bullion has a 
high copper content, the continuous syphon 
tapper runs into accretion problems. It should 
be replaced by a discontinuous tapper placed 
just above the bottom of the crucible, so that it 
is always covered with molten lead to protect 
it against deposits. With the Asarco (Roy) 
continuous tapper the liquid phases are sepa- 
rated outside the furnace [10]. Lead and slag 
are discharged together into an external settler 
attached to the furnace, in which the liquid 
phases are separated. The Asarco tapper gives 
higher capacities with lower investment and 
maintenance costs, along with more hygienic 


Workplace conditions. It has the drawback of a 


higher lead level in the slag. North American 
smelters employ the Asarco tapper; some Eu- 
ropean smelters use the Arents sy phon tapper. 

If a separate matte phase is formed, slag 
and matte can be separated in a heated launder, 
where the matte with its higher relative den- 
sity settles and the slag floats. If the slag 1s to 
be discarded or kilned for zinc recovery, it is 
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usually granulated. It may, however, also be 
transported in the molten state to a zinc fum- 
ing furnace. 

The charging of blast furnaces is largely au- 
tomated. Charging devices for open-top fur- 
naces may be bucket elevators and skips or a 
variable discharge conveyor belt. Tipping or 
bottom dump charge buckets are used for the 
more common closed-top furnaces. Various 
alternating charging techniques are employed 
to achieve layers or blends of coke and sinter 
in the shaft. Blast-furnace top gases are drawn 
off the furnace top by an exhaust fan and 
passed through a baghouse for dust removal. 


Products of the Lead Blast Furnace 


The lead blast furnace yields the following 
products: 


e Lead bullion, which must be further refined. 


e Slag, which may contain large amounts of 
zinc and must then be further processed. 

ө Flue dusts and baghouse dusts, which con- 
sist of fumes and dust particles carried over 
by the furnace top gases. Cadmium tends to 
accumulate in this dust, and sometimes a 
special cadmium separation leach is carried 
out before the dust is recycled to sintering. 


e Top gas. Blast furnace top gas usually con- 
tains 3-4% carbon monoxide, which repre- 
sents an unavoidable energy loss. With 
normal heat exchange between gas and sol- 
ids in the shaft the top gas is too cold for 
practical heat recovery, so after dust re- 
moval it is released to atmosphere. 


e Matte, a sulfidic product of blast-furnace 
smelting, forms only if the burden contains 
enough sulfur In general, provided the 
charge does not contain too much copper or 
sulfur, matte phase formation is avoided 
with the copper remaining in solution in the 
lead bullion and slag. Subsequent reverbera- 
tory melting of lead bullion drosses yields 
copper matte, lead metal, and slag. The cop- 
per matte can contain varying amounts of 
lead, iron, zinc, and noble metals. Copper 
matte is usually sold to special copper 
smelters, but processing of matte to copper 
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sulfate or copper metal is becoming more 
common. 


e Speiss is only formed when the burden con- 
tains amounts of arsenic, nickel, cobalt, and 
antimony that are so large that they can no 
longer be taken up by the matte. Speiss is 
undesirable, because it dissolves large quan- 
tities of noble metals and also requires ex- 
pensive refining. 


Composition and Processing of Slag. The 
slag consists of gangue, fluxes, and the zinc 
contained in the charge. It also contains dis- 
solved and suspended metals (lead, copper, 
silver), which are a potential economic loss. 
The chemical and physical properties of the 
slag have a considerable effect on furnace 
throughput, product separation, metal recov- 
ery, and coke consumption in the furnace. 
Lead blast furnace slag should have a low 
melting point, be adequately fluid (low viscos- 
ity) at the furnace bottom temperature [11], 
and have minimal density. Slags are com- 
pounded to attain these properties by fluxing 
to selected component ratios. Thus, in the ter- 
nary system CaO-FeO-SiO, almost all lead 
blast furnace slag compositions lie in an drea 
that is bounded by weight ratios of 1:1 to 4:1 
for 810,:СаО and 1:2 to 3:2 for SiO,:FeO 
(Figure 9.6). This is further illustrated in Fig- 
ure 9.7 for a number of North American and 
Australian lead blast furnaces. 

Lead blast-furnace slag often contains suf- 
ficient zinc to make recovery profitable by ro- 
tary kiln or submerged combustion slag 
fuming. In both cases zinc oxide in the slag is 
reduced to metallic zinc (vapor) by carbon, 
oxidized by secondary air, and carried out in 
the furnace gases for recovery of zinc oxide 
dust. 

Zinc recovery rotary kilns (Waelz kilns) are 
up to 95 m long with an internal diameter of 
up to 4.5 m and they are lined with refractory 
material. The granulated blast-furnace slag is 
mixed with other zinc intermediates (steel 
dusts, etc.) and solid fuel reductant; it travels 
down the kiln and is heated to reaction temper- 
ature by combustion gases from a burner at the 
discharge end. The stripped slag is usually 


Lead 


close to its melting point at discharge, and nor- 
mally contains 2-3% zinc and < 0.25% lead. 
Production from а Waelz kiln is about 120- 
155 kg of zinc per day per cubic meter of fur- 
nace volume, declining with increasing fur- 
nace size. The captured dust contains roughly 
75% zinc and lead. Zinc recovery is 88-95% 
and lead recovery is about 90-98%. 


In the slag-fuming process a mixture of 
coal dust and air is injected through tuyéres 
into a liquid blast-furnace slag at 1150— 
1250 °C in a water-jacketed furnace. The slag 
is delivered in liquid form directly from the 
lead blast furnace and may have up to 30% of 
solid granulated slag or slag skulls added to it. 
The process is typically operated in batch 
mode in furnaces of 50—100 t capacity. 


At the Plovdiv lead smelter in Bulgaria, 
slag is tapped continuously from the lead blast 
furnace through a slag syphon. It then flows 
through a preheating electric furnace (+ 
100 °C) and enters the continuous slag fuming 
furnace. Heavy fuel oil is used as reductant 


(1728) 
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rather than the more conventional pulverized 
coal. 


Metal recoveries in slag fuming plants are 
about the same as in Waelz kilns. Slag fuming 
furnaces normally recover heat from the hot 
gases in waste heat boilers or air heat exchang- 
ers. 


Imperial Smelting Process e 


In the Imperial Smelting process, lead and 
zinc are produced together in a single blast 
furnace operation. This is basically a zinc pro- 
duction process in which lead is also obtained. 
It is especially well-suited to processing lead— 
zinc mixed concentrates. The zinc to lead ratio 
in the sinter mixture 1s usually 2:1. The fur- 
nace design is similar to that of conventional 
lead blast furnaces of the chair-jacket type, but 
there is only one row of tuyéres. The top is 
closed by a double-bell system. For process 
principles and description, see Chapter 10. 


(1372) 
Figure 9.6: The FeO-SiO;-CaO ternary system, showing compositions of several lead blast furnace slags (+) [12]. 
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Figure 9.7: SiO;:FeO and SiO;:CaO weight percentage 
ratios in blast furnace slags [13]: a) Asarco, East Helena; 
b) Asarco, El Paso; c) Asarco Glover; d) Атах; e) Brun- 
swick M&S; f) Cominco; g) Mount Isa; h) BHAS, Port 
Pine; i) St. Joe Lead. 


9.5.3 Roast Reaction Processes 


Lead sulfide reacts with lead oxide or lead 
sulfate to form metallic lead and sulfur diox- 
ide in the roast reaction: 


PbS + 2PbO > 3Pb +80, 
PbS + PbSO, — 2Pb + 280; 


A number of processes dating from the ear- 
liest times have been used to recover lead by 


partial air oxidation of lead sulfide. These pro- ` 


cesses are categorized as excess sulfur or ex- 
cess oxygen, depending on whether the 
reaction series exhausts the oxide and sulfate 
or the sulfide species, respectively. High- 
grade lead concentrates are required in order 
to maximize the activities of the lead species 
and, therefore, lead recovery. 


The principal commercial example of the 
excess sulfur type is the Boliden electric fur- 
nace process. Since this process contains ele- 
ments of flash smelting, it is described in 
Section 9.5.4. 


An example of the excess oxygen roast re- 
action chemistry is the Scotch (Newnham) 
hearth process, one of the earliest lead-mak- 
ing techniques. The old furnace design was 
improved and automated in the Bleiberger 
Bergwerks Union (Schlippenbach) rotary 
hearth [14]. This process produces a small 
quantity of high-lead (grey) slag which re- 
quires separate recovery treatment, and low- 
strength sulfur dioxide gas, unsuitable for pro- 
duction of sulfuric acid. The hearth processes 
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are now antiquated and are responsible for a 
very small amount of lead production. 


9.5.4 Direct Smelting Reduction 
Processes 


The fundamental problems encountered in 
the sinter, oxidation-blast furnace method of 
lead production (eg. high process and hy- 
giene ventilation gas volumes, high mainte- 
nance costs for sintering machinery, and 
expensive coke fuel for reduction) have long 
been recognized. The quest for a simpler, 
more direct smelting system has been pursued 
for many years, and several new processes 
have now achieved industrial application. 

Table.9.2 summarizes the key features of 
the most prominent new lead smelting pro- 
cesses. They can be classified into two princi- 
pal categories: flash smelting of dried feed 
mixtures using air or oxygen, and bath smelt- 
ing of undried feed mixtures also with air or 


oxygen. Oxidation of the feed produces a me- ` 


dium-strength sulfur dioxide gas, a variable 


-amount of lead bullion, a slag rich in lead 


monoxide, and a lead sulfate flue dust which 
must be recirculated. | 

The strength of the sulfur dioxide gas pro- 
duced depends on the degree of oxygen en- 
richment and the amount of auxiliary fuel 
required for autogenous operation of the oxi- 
dation step. With the use of oxygen, sulfur di- 
oxide gas contents of 20-30% are typical. 

The amount of direct-smelt lead bullion 
produced during the oxidation step depends on 
the thermal balance. In the case of direct 
smelting of a very high-grade lead concen- 
trate, up to 8096 of the lead in the charge can 
be obtained as direct bullion with the remain- 


ing 20% as a slag rich in lead monoxide. With. 


low-grade feed charges requiring auxiliary 
fuel, all lead can be oxidized to a high-lead 
slag, with no direct bullion production. 

The second step in direct smelting pro- 
cesses is reduction of lead from the high-lead 


. slag (25-40% Pb). Slag has been successfully 


reduced by submerged fuel combustion or in- 
jection, reduction assisted by an electric. fur- 
nace, and a combination of these techniques. 


Lead 


Table 9.2: Summary of direct smelting lead processes. 


Process Smelting type Source of oxygen 
Boliden Electric dry charge flash enriched air 
furnace smelting continuous 
Kivcet dry charge flash technical oxygen 


smelting continuous 


Boliden Kaldo — batch dry charge 
flash smelting into 
TBRC vessel 


dry charge flash 
smelting continuous 


technical oxygen 


D 


Outokumpu technical oxygen 


Isasmelt moist charge slag air or enriched air 


bath smelting contin- 
uous 


QSL moist charge јав technical oxygen 


bath smelting contin- 
uous 





9.5.4.1 Air Flash Smelting 


Boliden Process [15]. Dry, high-grade galena 
concentrate (65~75% Pb) is blown into an 
electric furnace with oxygen-enriched air. 
Limestone flux and coke breeze are also in- 
cluded in the feed charge. Suspended lead sul- 
fide particles react to produce lead monoxide 
and lead metal, which collect in the furnace 
hearth along with the fused slag constituents. 
Desulfurization is not complete. The furnace 
products are lead bullion containing 2-3% 
sulfur, slag containing 4-5% lead, and flue 
dust. Desulfurization of bullion is completed 
hy air blowing in a downstream converter. 

The Boliden electric furnace process has 
operated successfully since 1963 at the 
Rönnskär Smelter in Skelleftehamn, Sweden. 
The 8000-kVA smelting furnace employs four 
Sóderberg electrodes. Product slag is treated 
in a slag fuming furnace along with copper 
slag for zinc and lead recovery. A section of 
the electric furnace is shown in Figure 9.8 and 
typical daily furnace charge and production 
figures are listed below: 


Charge 
concentrate 280t 
limestone 40t 
iron oxide 7t 
Coke breeze 7t 
recycle flue dust 140t 


597 


Special features 


flash oxidation in freeboard of electric furnace; slag reduc- 
tion by coke breeze in electric furnace; lead bullion is high 
in sulfur requiring special treatment 


an electric furnace freeboard is separated into an oxidation 
flash smelting shaft and a slag reduction section by a parti- 
tion wall extending into the slag bath; majority of slag re- 
duction is done by coke checker at bottom of smelting shaft 


batch oxidation is followed by slag reduction in same ves- 
sel using PbS followed by coke reductant 


а 


slag reduction done in separate electric furnace employing 
powdered coal injection with nitrogen through lance 


air is injected into slag batch by Sirosmelt lance; feed 
dropped into slag bath; slag reduction by coal in a similar 
lance-vessel unit 


horizontal cylindrical reactor divided into oxidation and re- 
duction sections by refractory wall; oxygen injected into 
lead-slag bath through nitrogen shrouded tuyéres; moist 
feed dropped into slag bath; slag reduction by submerged 
combustion of oxygen fuel in gas shrouded tuyéres 


drosses 15t 
oxygen enrichment 25% О» 
Products 
slag 70 t (34% CaO, 17% Zn) 
bullion 280t 


Several drawbacks have prevented wider 
industrial application — high-grade lead con- 
centrate 1s required, flue dust production is 
high, and bullion treatment is. required to re- 
move residual sulfur. 


WARE 
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Figure 9.8: Boliden lead smelting electric furnace: a) 
Dryfeed hoppers; b) Dry feed-air injection ports; c) Sóder- 
berg electrodes; d) Slag bath; e) Lead bullion. 


9.5.4.2 Oxygen Flash Smelting 


The most prominent oxygen flash smelting 
processes for lead production are the Kivcet 
CS process developed in the former Soviet 
Union [16], the Kaldo process developed by 
Boliden in Sweden [17], and the Outokumpu 
process developed in Finland [18]. In all these 
processes, very complete desulfurization of 
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the charge is effected through the production 
of a strongly oxidizing slag. The required oxy- 
gen potential can only be achieved with lead 
monoxide when its weight fraction is high (7 
35% lead in the initial slag) [19]. The other 
major slag components are in ratios very simi- 
lar to those found in blast-furnace slag. 


Kiveet Process 


The Kivcet process was developed at the 
Vniitsvetmet Institute, Ust Kamenogorsk, 
former Soviet Union. Of the recently devel- 
oped smelting processes, the Kivcet process is 
the most advanced, with industrial plants op- 
erating at the Ust Kamenogorsk Lead-Zinc 
Combine and at the Samim lead—zinc metal- 
lurgical complex in Portovesme, Sardinia. The 
Kivcet furnace at the Samim plant is a sophis- 
ticated structure, employing extensive water- 
cooling on the furnace side walls and in the 
smelting shaft. The general process flows are 
shown in Figure 9.9. Figure 9.10 shows a sec- 
tion of the smelting furnace at Portovesme. 


As shown in Figure 9.10, the oxidation sec- 
tion of the electric furnace freeboard is sepa- 
rated from the reduction section by a water- 
cooled, gastight wall (d) which dips into the 
furnace slag bath. Dried and blended charge 
components consisting of lead concentrate 
and other lead-bearing materials, required 
fluxes, recycle flue dust, and oxygen are fed 
through burners (a) at the top of the oxidation 
shaft (b). Combustion of charge constituents at 
a temperature up to 1400 °C and a shaft height 
of 3-5 m permits almost complete de- 
sulfurization before collection of the reaction 
products in the slag bath (f). 


Reduction of the lead monoxide from 
charge combustion is accomplished mainly by 
using a layer of coke particles floating on the 


slag bath under the combustion shaft. The - 


coke particles are also a component of the 
burner feed. Reduced slag and lead bullion 
flow under the submerged partition wall (d) 
into the reduction section of the electric fur- 
nace where reduction of lead monoxide is 
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completed to produce а slag containing 2-3% 
lead. If desired, additional coke breeze reduc- 
tant and electrical energy can be used to fume 
zinc. In this mode of operation, product slag 
containing 3-494 zinc and 1—2% lead can be 
obtained. Zinc fumed in the electric furnace 
can theoretically be recovered as metal using a 
lead splash condenser, but a simpler approach 
is to burn the zinc vapor to zinc oxide in a 
combustion flue (h) and recover an oxidized 
flue dust for further zinc recovery processing. 


Lead bullion is removed from the furnace 
by a syphon and slag is withdrawn continu- 
ously from a weir overflow. 


Sulfur dioxide gas from the combustion 
shaft passes under a water-cooled partition 
wall before rising in an extended vertical wall 
boiler duct. Cooling of the sulfur dioxide gas 
flue dust mixture to 450 °C is accomplished in 
the vertical boiler stack (e) before the gases 
enter an electrostatic precipitator for separa- 
tion of the lead sulfate fumes. Flue dust pro- 
duction is moderate, about 10-20% of the 
feed charge weight. | 


The Kivcet process can smelt oxidic charge 
materials such as zinc leach residues. Extra 
auxiliary fuel for adequate flame temperature 
and sufficient shaft height for adequate reten- 
tion time must be provided to achieve the re- 
quired degree of desulfurization. 


so, 
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Figure 9.9: Kivcet lead smelting process: a) Feed drying; 
b) SO; gas cooler; c) SO; gas cleaning electrostatic pre- 
cipitation; d) SO, gas scrubber, е) Flash smelting furnace; 
f) Electric furnace gas cleaning. 


Lead 




















599 











Charge oxidation and coke | 
layer PbO reduction 





Slag reduction and settling 


Figure 9.10: Kivcet lead smelting furnace (Portovesme, Italy): a) Oxygen burner for dry feed; b) Flash smelting shaft; c) 
Furnace electrodes; d) Partition wall; е) Membrane wall SO; gas cooler; f) Slag bath; р) Lead bullion; h) Zinc fume com- 


bustor—cooler; i) PbO reduction coke layer. 
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Figure 9.11: Boliden Kaldo process: a) Feed drying; b) 
Kaldo vessel; c) Gas cooling and cleaning. 


Boliden Kaldo Process 


The Boliden Kaldo process employs a top- 
blown rotary converter in a batch manner. A 
cycle starts with oxygen combustion of dry 
charge constituents into a preheated empty 
vessel. Figure 9.11 shows the process flows. 
Charge combustion is continued until lead 


bullion and high-lead slag have accumulated 
to the limit of vessel weight or volume capac- 
ity. Charge combustion is then stopped and 
slag reduction commences. Lead sulfide con- 
centrate is used to reduce a major portion of 
the lead monoxide in the slag, followed by 
coke breeze reduction to discharge slag com- 
position. The vessel's slag and bullion con- 
tents are then poured into ladles, and the 
smelting cycle repeated. 

The Boliden Kaldo process can handle a 
variety of lead-containing charge materials 
such as secondary scrap and flue dusts The cy- 
clic production of sulfur dioxide bearing gas 
and barren reduction gas introduces some 
complications to the gas handling and sulfur 
dioxide recovery system. 


Outokumpu Process 


Outokumpu Oy of Finland pioneered the 
air flash smelting of copper concentrates in the 
late 1940s, and this process has become stan- 
dard worldwide. Experimental work on air 
flash smelting of lead concentrate in pilot 
plants was cared out in the 1960s. Little 
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commercial interest was shown at that time, 
and pilot-plant testing on several types of lead 
concentrates was not resumed until the late 
1970s, when oxygen rather than air was used 
for the flash smelt. Full-scale lead smelter en- 
gineering studies have been carried out, but to 
date no production plants have been.con- 
structed. 


The process scheme of the Outokumpu lead 
flash smelting process is shown in Figure 
9.12. Lead concentrate and flux are dried in a 
rotary dryer (a), mixed with recycle flue dust, 
and then flash smelted with oxygen in the oxi- 
dation furnace smelting shaft (b). High-lead 
slag and lead bullion collected in the furnace 
hearth may be tapped separately to provide a 
direct lead bullion product. Alternatively, if 
direct lead bullion production is small, slag 
and bullion are tapped together into a separate 
electric slag reduction furnace (d). In the elec- 
tric furnace, pulverized coal is injected with 
nitrogen into the slag bath to reduce lead mon- 
oxide. 
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Figure 9.12: Outokumpu lead smelting process: a) Feed 
drying; b) Flash smelting furnace; c) SO, gas cooling and 
cleaning; d) Electric slag reduction furnace; e) Electric 
furnace gas cleaning. 


The pilot-plant equipment consisted of a 
rotary dryer, dry concentrate bins, pneumatic 
conveyors for concentrate and recycle flue 
dust, a flash furnace (15 m?), a waste heat 
boiler (3 t/h steam), an electrostatic precipita- 
tor, and a 2 MVA electric furnace. 


The pilot plant processed 3—5 t/h of concen- 
trate ranging from 47% to 75% lead content. 
Bullion and slag were continuously tapped to 
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the electric furnace for slag reduction. About 
10 000 t of lead concentrate were processed. 
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Figure 9.13: Isasmelt lead process: a) SO2 cooling and 
cleaning; b) Oxidation; c) Lance for oil and air; d) Feed 
mixing; e) Reduction furnace; f) Lance for oil and air; g) 
Reduction gas cooling and cleaning. 


9.5.4.3 Air-Slag Bath Smelting, 
the Isasmelt Process 


The Isasmelt process (Figure 9.13) consists 
of two stages and was developed by Mount Isa 
Mines and Csiro in Australia [20]. Both 
stages, the charge oxidation stage and the slag 
reduction stage, employ a stationary, cylindri- 
cal, refractory-lined reaction vessel. The pro- 
cess features the Sirosmelt lance, which is a 
steel pipe that is cooled by the high-velocity 
process air which it injects into the melt. In the 
oxidation vessel (b), air or oxygen-enriched 
air and supplementary oil fuel are injected 
through a Sirosmelt lance (c) into the center of 
the vessel. The blended feed materials (d), 
lead concentrate, fluxes, and moist recycle 
flue dust are dropped into the slag bath and ag- 
itated by the lance burner. Virtually all the 
charge lead content 1s oxidized to a high-lead 
monoxide slag. The slag is transferred to the 
reduction vessel (e), which employs a similar 
air fuel lance (f), with additional lump coal 
charged separately as reductant. 

Starting in 1983, a 5 t/h concentrate feed 
demonstration plant was used to prove the 
smelting stage of the process. In the first year 
of operation, 21 000 t of lead concentrate were 
treated to produce high-lead monoxide slag, 
which was subsequently processed by sinter- 
ing and blast furnace reduction. In 1985, con- 
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struction of the second-stage reduction vessel 
demonstration plant was started. At the 
present time the installation of a full-scale pro- 
duction plant at Mount Isa is being studied. 

A cross-section of the oxidation furnace is 
shown in Figure 9.13 (b). The furnace consists 
of a cylindrical steel shell, 2.7 m in diameter 
and 4.5 m high, lined with chrome magnesite 
bricks backed with an insulation lining. Typi- 
cal analyses are given in Table 9.3. Operating 
conditions for the demonstration plant are as 
follows: 


Lead concentrate rate 4t/h 
Smelting temperature 1030 °C 


Air: concentrate ratio 125% of theoretical 
Fume rate 10% of lead in feed 
Flux addition 12% of concentrate rate 


Oil requirement 25 kg per tonne of concentrate 


Table 9.3: Typical analyses from the Isasmelt demonstra- 
tion plant oxidation vessel. 


Component Lead concentrate, % Slag product, % 


Pb 473 51.8 
7п 70 7.6 
Ее 12.4 13.6 
SiO, 28. 9.8 
СаО 0.9 1.5 


S 23.8 03 e 


9.5.4.4 Oxygen-Slag Bath 
Smelting, QSL Process 


The QSL Process is named after its inven- 
tors, P. E. QUENEAU and R. SCHUHMANN Jr., as 
well as the process developers Lurgi Chemie 
[21]. Development of the process progressed 
through bench-scale tests in 1974—1975, pilot- 
plant operation in 1976—1979, and a demon- 
stration plant operation at Metallhüttenwerke, 
Berzelius, Duisburg, Germany from 1981 to 
1985. Three commercial plants were con- 
structed: in Trail, Canada (Cominco Ltd.), in 
Germany (Berzelius Binsfeldhammer 
Smelter), and in China. The Canadian plant 
was shut down and dismantled after a brief op- 
eration. 

Figure 9.14 shows the general scheme of a 
QSL process lead smelter. Lead concentrate, 
fluxes, auxiliary coal fuel, recycle flue dust, 
and other charge components are blended (b) 
in a moist condition to form a single feed 
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charge to the QSL reactor. The reaction vessel 
1s a horizontal refractory-lined cylinder that is 
divided by a partition wall into an oxidation 
section (c) and a slag reduction section (d). 
The working dimensions of the demonstration 
plant reactor (10 t concentrate per hour, 
30 000 t of lead per year) were 2.5 m (diame- 
ter) by 22 m (length, 7 m of which is occupied 
by the oxidation zone). Nitrogen-shrouded 
tuyéres on the bottom of the reactor injected 
oxygen into the oxidation section. Similar 
shrouded tuyéres were employed for sub- 
merged combustion of oxygen-coal or oxy- 
gen-natural gas reduction mixtures. Blended 
feed was charged through ports at the top of 
the oxidation reaction section into the injec- 
tion-agitated lead and slag bath. 


50, gas CO, gas 


Lead concentrate 









ZnO fume to 
zinc recovery 


Flue dust 
recycle 


Coal [natural gas) 
and oxygen 


Lead bullion 
to refining 


Figure 9.14: QSL lead smelting process: a) Oxidation gas 
cooling and cleaning; b) Feed mixing; c) Oxidation sec- 
tion; d) Slag reduction section; e) Reduction gas cooling 
and cleaning. 


The oxidation products in the QSL process 
are high-lead slag, sulfur dioxide gas, flue 
dust, and lead bullion. The amount of lead pro- 
duced in the oxidation zone depends on the 
charge makeup and lead concentrate grade. 
Slag from the oxidation zone flows through an 
underflow port in the vessel partition wall into 
the slag reduction zone (d). Lead bullion is re- 
moved by a lead syphon at the side of the ves- 
sel. The smelting vessel is rotated by 90° 
during stoppages to bring the injection tuyére 
systems above the vessel slag level. Inspection 
of the refractory and tuyére maintenance can 
be carried out with the vessel in this standby 
position. 
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Е igure 9.15: QSL lead smelting plant (Trail, Canada): a) Electrostatic precipitator, b) Spray tower; c) Cooling tower; d) 
Stripper; e) SO2 fan; f) Crane; g) Steam drum; h) Waste heat boiler; i) Emergency stack; j) Cooling channel; k) Feed bin; 


D) Reactor; m) Lead syphon; n) Slag tap. 

















Fuel+0, 





Figure 9.16: QSL smelting vessel configurations. A) Conventional, low arsenic—antimony bullion; B) Increased ar- 
senic—antimony recovery in bullion; C) Recovery of zinc oxide fume. 


Figure 9.15 shows the QSL smelting plant 
: in Trail, Canada. The reaction vessel has di- 
mensions of 4.5 m (diameter) by 12.5 m 
(length) in the oxidation section, and 4.0 m 
(diameter) by 28 m (length) in the reduction 


section. Nominal plant capacity is 160 000 t/a 
of lead and 230 000 t/a of reduced slag. Re- 
duction is performed with partially combusted 
natural gas. Three smelting vessel configura- 
tion options are shown in Figure 9.16. 
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Figure 9.164. This is the simplest smelting 
configuration and is employed at the Duisburg 
demonstration plant. Reduction gas and oxida- 
tion gas flow into the same gas cooling sys- 
tem. Reduction and fuming of zinc in the 
reduction zone is controlled to limit zinc cir- 
culation in recycle flue dust. Lead bullion pro- 
duced in the reduction zone flows 
countercurrent to oxidation slag through the 
partition wall underflow port. The product 
lead bullion is withdrawn from the oxidation 
end of the furnace. With this configuration the 
arsenic and antimony contents are minimized 
in the bullion and maximized in the reduced 
slag. 

Figure 9.16B. This differs from the previ- 
ous option in that the product bullion syphon 
is located on the reduction side of the slag par- 
tition wall. Arsenic and antimony in bullion 
are maximized with this option. 

Figure 9.16C. This smelting vessel config- 
uration has an auxiliary gas offtake at the re- 
duction end of the vessel for withdrawing a 
zinc-bearing reduction fume. The lead syphon 
is located on the reduction side of the partition 
wall for maximum arsenic and antimony de- 
portment to bullion. This design.is employed 
in the Cominco Trail smelter. 


9.5.5 Other Lead Processes 


Several other lead processes have been 
tested on small and pilot scales but none has 
been commercialized. The Halkyn process in- 
volves the fused-salt electrolysis of lead sul- 
fide dissolved in molten lead chloride; it has 
been modified and improved, most recently by 
the U.S. Bureau of Mines [22]. Trouble-free 
fused-salt electrolysis is feasible only with 
high-quality lead concentrates; high contents 
of impurities (e.g., copper) cause the forma- 
tion of barrier layers and cell complications. 

Wet processes have not succeeded although 
many have been investigated in the chloride, 
nitrate, sulfate systems, and with selective 
alkylamine leaching of lead sulfate followed 
by carbonation of lead. An alternate leaching 
system employs ammoniacal ammonium sul- 
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fate, which also dissolves lead sulfate well and 
is cheaper than the amine solutions. 


9.6 Refining of Lead Bullion 


Production lead, known as bullion, contains 
numerous dissolved impurities. Molten lead is 
an excellent solvent for a variety of metals and 
compounds, and raw bullion commonly con- 
tains copper, iron, zinc, sulfur, arsenic? tin, an- 
timony, bismuth, noble metals (silver, gold, 
platinum group metals), oxygen, and occa- 
sionally nickel, cobalt, and tellurium. The lead 
content varies between about 90 and 99.996 
depending on the process and feed quality. 
The. percentages of impurity contents for 
blast-furnace lead bullion treated in refining 
plants are as follows: 


Cu 0.2-4.0 

Fe 0-0.5 

Zn 0-0.5 

Ni . 0—01 

Co 0-0.1 

Co 0-0.1 

As 0-2.0 

Sb 0—6.0 (usually < 2.0) 
Ag 0-2.0 

Bi 0—6.0 (usually < 2.0) 
Sn 0—4.0 (usually < 1.0) 
S typically 0.2-0.3 

о typically 0.1 


The object of lead bullion refining is to рго- 
duce pure commercial lead metal and to sepa- 
rate the valuable impurity metals into their 
most valuable marketable form. The two main ` 
refining routes used are pyrometallurgical and 
electrolytic. The latter is generally reserved 
for higher levels of impurities (especially bis- 
muth). 

Pyrometallurgical processes are generally 
operated in a batch manner; however, continu- 
ous operation is being applied to many of the 
process steps. The advantage of pyrometallur- 
gical refining lies in the consecutive selective 
recovery of impurity metals. 

In electrolytic refining, all the impurities 
are concentrated in the anode slime and must 


.be separated by a relatively complicated pro- 


cess. On the other hand, electrolysis yields 
lead that is very low in bismuth (< 10 g of bis- 
muth per tonne of lead), which cannot be eco- 
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nomically produced by the pyrometallurgical 
route. Over 90% of installed capacity for lead- 
bullion refining worldwide is based on pyro- 
metallurgical methods. 


9.6.1 Pyrometallurgical Refining 


Principles. When metals are refined pyromet- 
allurgically, impurities dissolved in the parent 
metal are enriched in a phase that is insoluble 
(or sparingly insoluble) in the parent metal. 
Enrichment can be achieved by adding re- 
agents, by controlling the pressure and tem- 
perature, or by a combination of both 
techniques. Methods are classified as chemi- 
cal, precipitation, and distillation processes. 

Attention to the kinetics of the unit opera- 
tions involved in lead refining is of the utmost 
importance. Kinetic reactors can govern the 
degree of refining that is attainable when the 
system is far removed from the theoretical 
chemical or physical equilibrium. In other sys- 
tems the chemical equilibrium is approached 
closely. A good review of the physical chemis- 
try is given in [23]. 

Chemical Processes. A reagent added to the 
parent metal reacts with one or more impuri- 
ties to form a compound that is insoluble in the 
parent metal Occasionally, fluxes are also 
used, for example to cause oxides formed in 
the solid phase to go into a liquid slag. Re- 
agents include oxygen (atmospheric oxygen 
or oxygen-evolving salts), sulfur, and chlo- 
rine. The refining step is then referred to as se- 
lective oxidation, sulfurization, or 
chlorination. Reagent selection is based on a 
comparison of the free energy of formation of 
the oxides, sulfides, or chlorides of the parent 
metal and of the impurities in question. 

Precipitation Processes. Generally, impuri- 
ties become less soluble in the host metal as 
the temperature falls, and can be rejected ei- 
ther directly from the melt (e. g., copper from 
the binary system copper-lead), or as a com- 
pound with the parent metal (e.g., iron as 
Fein, from iron-zinc solutions) Alterna- 
tively, suitable reagents can form insoluble 
compounds that can be skimmed off (e.g., bis- 
muth from lead—bismuth solutions after addi- 
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tion of calcium and magnesium); this is really 

a chemical process that involves the formation 

of insoluble intermetallic compounds. 

Distillation Processes. Distillation рго- 
cesses are employed when a large difference 
in vapor pressure exists between the parent 
meta] and the impurity (e.g., in the separation 
of residual zinc from lead bullion after Parkes 
desilvering). 

Process Steps. All of the above processes 
are used in the pyrometallurgical refining of 
lead bullion. A typical pyrorefining scheme is 
as follows: 

e Removal of copper is a two-stage operation. 
The first stage is primary decoppering by 
drossing (precipitation). The second is se- 
lective sulfidizing of copper by the Colcord 
process, which involves the addition of sul- 
fur (a chemical process). 

e Removal of arsenic, tin, and antimony by se- 
lective oxidation with injected air or with 
oxidizing agents such as sodium nitrate in a 
caustic slag (Harris process). . 

e Removal of noble metals is usually called 
desilvering or desilvering and involves in- 


termetallic precipitation with zinc by the 


Parkes process. 


e Removal of zinc remaining after desilvering 
is achieved by vacuum distillation. 

e Debismuthizing. If required to meet refined 
lead specifications, bismuth is removed by 
precipitation with alkali metals and/or alka- 
line earth metals, for example with calcium 
and magnesium in the Kroll-Betterton pro- 
cess. 

e Removal of alkali metals and alkaline earth 
metals remaining after debismuthizing is 


called final refining and is performed by se- · 


lective oxidation with air under a salt slag 
cover. 


9.6.1.1 Decoppering 


Drossing (Liquation). Copper is soluble to 
several percent in hot lead bullion but to only 
0.06% at the freezing point. When the lead 
cools, copper and other impurities precipitate 
as a lead-rich copper dross. This process is al- 
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ways the first step in any lead refining opera- 
tion. In the first phase of cooling to about 
950 °C, nearly all dissolved iron and zinc are 
precipitated as oxides, magnetites, or spinels. 
The noble metals and other impurities with 
higher solubilities (e.g., copper, arsenic, anti- 
mony, tin, bismuth) remain dissolved in the 
lead. 

In the next cooling stage, the copper com- 
pounds of sulfur, arsenic, antimony, ánd tin 
separate, along with considerable lead sulfide 
and entrained metallic lead. The large lead 
content must be separated by a dross retreat- 
ment process. Nickel and cobalt, if present, 
separate similarly to copper. 


Fine decoppering may also be referred to as 
sulfur decoppering or sulfur drossing (Colcord 
process). After drossing, elemental sulfur is 
mixed into the molten lead bullion at the low- 
est possible temperature (320 ?C) for selective 
sulfidization of copper. Lead(IT) sulfide and 
copper(II) sulfide form stable phases in the 
ternary system Pb-Cu-S when liquid or gas- 
eous sulfur is present. The copper sulfide can 
be produced by the reaction between copper- 
lead alloy and liquid or gaseous sulfur whén- 
ever there is a local excess of sulfur: 


(Си)рь + CuS — CuS 


Copper(II) sulfide can decopper lead by the 
reaction 


(Cu)p, + CuS — Cu,S 


Sulfur simultaneously reacts with lead, but 
much more slowly than with copper: 


Pb +S — PbS 


The lead corner of the Pb-Cu-S system is 
shown in Figure 9.17 and suggests that the 
copper level can in theory only be decreased to 
about 0.05% by sulfur precipitation. With 
cooling, however, lead sulfide forms as well as 
copper(I) sulfide (Cu,S). In fact copper levels 
of 0.001-0.002% can be achieved if minor 
amounts of silver or tin are also present and at- 
tention is paid to good shear stirring and grad- 
ual addition of sulfur [23]. This is because 
silver and tin slow down the reaction between 
lead and sulfur. Without silver or tin, 0.01% 
copper can be attained only by repeated sulfur 
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additions and with prohibitive sulfiding of 


lead. 
EE 
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Figure 9.17: Lead comer of the Pb-Cu-S ternary system 
[23]. ; 


Process Engineering. Decoppering of lead 
bullion usually takes place immediately after 
the bullion is discharged from the blast fur- 
nace. In batch decoppering, drossing is carried 
out in kettles with capacities of up to 300 t. 
Powerful stirrers help separate the phases, al- 
lowing the formation of a “dry” dross contain- 
ing little entrained lead metal. The dry dross is 
removed from the melt surface by skimming, 
usually with mechanically or pneumatically 
driven perforated scoops, or by suction. In in- 
dustrial drossing, final copper contents of 
0.06-0.12% are reached. This level of copper 
would greatly increase the zinc requirement 
for Parkes process desilvering, and therefore 
fine (sulfur) decoppering is always necessary. 


An important advance is continuous decop- 
pering, which combines decoppering and re- 
processing of the copper dross in a single 
stage. Continuous drossing has several advan- 
tages over the batch process of dry stirring in 
kettles. Effective lead drossing by cooling is 
combined with the formation of matte and slag 
in a single process step. Handling of dusty 
copper dross is eliminated, which permits a 
major improvement in plant hygiene. Success 
in the development of a continuous drossing 
process has been achieved in Australia and the 
former Soviet Union by using a deep lead bath 
reverberatory furnace. The process is also em- 
ployed at Cominco's lead smelter in Trail, 
Canada. i 
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Figure 9.18: Plan view ofthe continuous drossing furnace of Broken Hill Associated Smelters at Port Pirie, Australia: a) 
Product drossed lead; b) Slag and matte tapping spout; c) Circulating pump pot; d) Gas burners; e) Charge port; f) Venti- 
lation; g) Return launder pot; h) Cooling launder, i) Water-cooled flue; j) Water-cooled plates. 


Figure 9.18 shows the furnace used by Bro- 
ken Hill Associated Smelters (BHAS) in Port 
Pirie, Australia. The gas-fired furnace has an 
external bullion cooling launder (h) with im- 
mersible water-cooled plates (j). Hot bullion 
from the blast furnace is charged to the dross- 
ing furnace and is cooled by mixing with 
colder lead from the cooling launder. Dross 
formed rises to the heated surface and is 
melted to matte and slag. The third-generation 
furnace now used at Port Pirie has hearth di- 
mensions of 6.15 m by 2.0 m and a depth of 
1.7 m [24]. The process is best suited to refin- 
ing lead with a fairly uniform impurity con- 
tent. An important operating criterion is the 
ratio of copper to sulfur in the bullion. A high 
ratio causes. the formation of high melting 
point speiss crusts in the furnace. Recent de- 
velopment has allowed addition of elemental 
sulfur to the furnace permitting satisfactory 
operation at bullion copper levels approaching 
three percent. 


In the Russian continuous drossing process, 
bullion cooling is achieved by indirect water- 
cooling through the furnace bottom. Copper 


drossing and cooling are finished in batch ket- 
tles, dross being recycled to the drossing fur- 
nace. Soda ash is added to the furnace to 
produce a low lead soda matte. 


Sulfur Drossing. Final decoppering (sulfur 
drossing) is carried out batchwise in most 
plants in kettles fitted with a powerful stirrer. 
Fine sulfur is added in increments to the lead 
vortex at 330—340 ?C, and the formed copper 
dross is skimmed, usually with the aid of saw- 
dust. This dross is much lower in copper (and 
higher in sulfur) than primary decoppering 
dross and is returned to a convenient point in 
the smelüng process. In industrial operation, 
about 1 kg of sulfur is added per kilogram of 
copper; the end copper content must be less 
than 50 g/t if possible. Several sulfur treat- 
ments are needed to achieve this. 


A continuous sulfur drossing system has 
been developed by BHAS at Port Pirie [24] 
and has been operating since 1981. The pro- 
cess employs a series of small stirred kettles 
[23]. A continuous flow of bullion from the 
copper drossing furnace is cooled, treated with 
elemental sulfur, and mechanically drossed. 
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9.6.1.2 Removal of Arsenic, Tin, 
and Antimony 


The removal of arsenic, tin, and antimony 
is called softening. Two processes are in use: 
selective oxidation with air in fired furnaces 
and the Harris process. 


Oxidation in Air-Blown Furnaces. This 
method is based on the fact that tin, arsenic, 
and antimony react more readily with oxygen 
than lead, and are oxidized (in the order listed) 
before lead at 700-750 °С. Air is injected 
through vertical lances onto the surface of a 
lead bath in a rectangular oil- or gas-fired re- 
verberatory furnace. The oxides of tin, ar- 
senic, antimony, and lead form a fluid slag, 
which is periodically removed from the sur- 
face of the lead bath. A considerable amount 


of lead is oxidized and the slag generally con- . 


tains 50-60% lead monoxide. In batch rever- 
beratory softening, segregation of slag 
skimmings into high arsenic-tin and high anti- 
mony lots is possible, but not usually prac- 
tised. | 

The oxides float on the molten lead and are 
withdrawn as softening slag. Refining time 
depends on the amount of impurities in the 
charged bullion and also on the air-lancing 
method. Impurity oxidation rates in the order 
of 4 kgm ?h ! are typical. 

Continuous bullion softening is operated by 
BHAS, Port Pirie, Australia. Drossed lead is 
pumped continuously into a softening rever- 
beratory furnace fitted with an air-lance sys- 
tem similar to a batch softening furnace. The 


rate of bullion feed and the rate of arsenic and 


antimony oxidation are such that the antimony 
content is maintained at 0.02-0.05%. Anti- 
mony oxidation rates of 40 Кош! are 
achieved, about an order of magnitude greater 
than in batch softening. 


Harris Process. The Harris process employs 
molten sodium hydroxide as a medium for the 
oxidation of arsenic, tin, and antimony from 
lead bullion. Metallurgie Hoboken-Overpelt, 
Hoboken, Belgium [25] and the Norddeut- 
sche Affinerie, Hamburg, Germany [26], use 
this process. Harris refining is performed 
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batchwise using a reaction cylinder holding 
molten sodium hydroxide installed in a lead 
kettle. Figure 9.19 shows one half of a-dual 
kettle Harris reactor as employed at the Hobo- — 
ken smelter. Bullion is pumped through the 
Harris reactor caustic charge until the required 
degree of impurity removal is achieved. A 
valve at the bottom of the caustic vessel is then 
closed allowing the loaded caustic to be dis- 
charged to a transport ladle tor subsequent hy- 
drometallurgical processing. Fresh molten 
caustic recovered from the salt processing 
plant is charged to the reactor by ladle tor the 
next refining cycle. 








Figure 9.19: Harris reactor at Metallurgie Hoboken- 
Overpelt S.A. [25]. One half of the dual reactor is shown. 
a) Lead bullion; b) Lead bullion pump; c) Molten caustic 


holding vessel; d) Molten caustic supply ladle; e) Reactor 


control system. 


The Harris process is the preferred soften- 
ing process for lead bullion containing high 
levels of impurities. The plant at Hoboken can 
remove up to 400 t of arsenic, tin, and anti- 
mony from lead bullion per month. 

Harris softening involves the oxidation of 
arsenic, tin, and antimony by air or by sodium 
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nitrate added to the caustic bath. The oxidation 
products, in order of their formation, are so- 
dium arsenate, sodium stannate, and sodium 
antimonate: 


2As + 2NaNO; + 4NaOH — 2Na3AsO, + № + 2H,0 
2Sb + 2NaNO; + 4NaOH — 2Na3SbO, + №, + 29,0 
5Sn + 4NaNO; + 6NaOH  5Naj;SnO; + 2N; +3H,0 


Tellurium is oxidized to sodium tellurate 
and telluride: 


3Te + 6NaOH — 2Na,Te + Na,TeO; + 3H,O0 


xTe + NayTe — Na,Te,, | 


The arsenic salt is soluble in the molten 
caustic whereas the salts of tin and antimony 
form a solid suspension. Because of the re- 
versibility of the oxidation chemistry (eg. 
Na3S8bO3 will oxidize arsenic and tin from 
bullion), a loaded caustic salt is produced that 
is high in arsenic and tin, followed by a salt 
containing primarily antimony. Table 9.4 
gives the distribution of arsenic, tin, and anti- 
mony in the products of the Harris refining 
process at the Hoboken lead smelter. A flow 
sheet is given in Section 9.6.1.7 (Figure 9.24). 
Table 9.4: Distribution of metals in products separated by 


the Harris process at Metallurgie Hoboken-Overpelt S.A. 
[23]. 











Metal, 96 
Product? 
As Sn Sb 
Lead particles As-Sn 5.5 5.0 2.1 
Lead particles Sb 0.2 0.1 4.0 
Black antimonate” 0.5 2.5 3.8 
Calcium stannate 22 91.8 0.2 
Calcium arsenate 91.6 0.5 0.3 
White antimonate 0.1 89.6 


? For origin of products, see Figure 9.24. 
Contains more than 8096 of extracted Te, Se, and In. 


9.6.1.3 Removal of Noble Metals 


Noble metals and residual copper are re- 
moved from lead by the Parkes process in 
which zinc metal is added to the molten silver- 
bearing lead and the mixture is cooled (see 
also Chapter 24) Silver-zinc mixed crystals 
precipitate out and rise to the bath surface as a 
crust (Parkes process crust). The intermetallic 
compounds have a higher melting point than 
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lead and are virtually insoluble in zinc-satu- 
rated lead. 


The metallurgical operations in the Parkes 
process are based on the lead corner of the ter- 
nary system Ag-Pb-Zn (Figure 9.20). Most of 
the silver removal takes place in the liquid + £- 
phase Ag-Zn crystals region; the last crop of 
crystals in the latter part of the second stage 
comes from the liquid + -phase region. Silver 
removal is very efficient and depends on the 
quantity of zinc and the number of stages 


"used, but it is usually not economical to use 


more than two stages. 
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Figure 9.20: Lead corner of the Pb-Ag-Zn system in 
rectangular coordinates [23]. The isotherms (—————) in- 
dicate how much zinc can be dissolved in the lead. The 
cooling curves (— — —-) indicate the course of desilver- 
ing in the batchwise two-stage process for final silver con- 
centrations of 5 and 10 ppm. 


Process Engineering of Desilvering. In the 
batch process, desilvering 1s performed in two 
stages in kettles with capacities of up to 300 t. 
In the first stage “lean crust" from the preced- 
ing charge is added along with other recycle 
zinc and stirred into new softened lead at 
460 °C. The “rich crust" is skimmed off for 
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silver recovery. In the second stage, zinc metal 
is added with stirring; more zinc silver crystals 
form, and the bath is then cooled to near freez- 
ing at about 370 ?C so that the last crystals 
separate. At this point, the silver content of the 
near-freezing lead is 5—10 ppm. 

The Williams continuous desilvering pro- 
cess, developed at Port Pirie, employs a deep 
kettle surrounded by heating jackets, which 
impose a vertical temperature gradient on the 
lead column from 600 *C at the top to the tem- 
perature of the ternary Ag—Pb—Zn eutectic at 
the bottom. The upper part of the column con- 
tains ports for the intake of lead, addition of 
zinc, and removal of the ternary alloy. A si- 
phon for discharging the desilvered lead has 
its intake just above the bottom of the kettle. 

The softened silver-bearing lead is brought 
to 650 °C in a conditioning furnace and then 
flows continuously into the desilvering kettle. 
The lead flows through the zinc layer in the 
upper part of the kettle, and becomes saturated 
with zinc. As it descends down the kettle, it is 
cooled along the imposed temperature gradi- 
ent. When it approaches the freezing tempera- 
ture, silver-zinc crystals precipitate and riseto 
the zinc layer at the lead surface. The desil- 
vered lead contains about 3 ppm Ag and 0.696 
Zn, and leaves the kettle through the siphon. 

The composition of a fresh zinc layer 
changes, becoming enriched in silver (and 
lead). When it approaches about 15% silver, 
20% lead, it begins to freeze. The mushy alloy 
1s then ladled out and replaced with fresh zinc. 
Residual copper and any gold are removed 
very efficiently along with the silver. Continu- 
ous desilvering produces only a single silver- 
zinc crust which can be sent directly to distil- 
lation — an advantage over two-stage desil- 
vering. The modern batch operation, however, 
uses less zinc and has lower operating costs. 


9.6.1.4  Dezincing 


The desilvered lead still contains about 
0.55-0.6% zinc which must be removed. 
Older methods used air and steam, caustic 
soda, or chlorine, all of which oxidized the 
zinc metal. These have been replaced by vac- 
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uum distillation of zinc from the desilvered 
lead. The large difference in vapor pressure 
between the host lead and dissolved zinc per- 
mits the volatilization of about 9596 of the 
zinc from the desilvered lead when a vacuum 
of about 0.133 Pa is applied at about 600 °C. 
A condensing surface placed close to the sur- 
face of the lead allows kinetic control of the 
distillation. The zinc content of the vapor ex- 
ceeds the mole fraction in the melt by over 
500% [23]. 


Process Engineering. Batch dezincing 1s per- 
formed in a kettle: a water-cooled bell is 
sealed vacuum-tight on the kettle and distilla- 
tion is carried out at about 600 °C and a vac- 
uum of about 0.133 Pa (measured at the 
pump). The lead is circulated by a stirring 
mechanism, also sealed vacuum-tight. Crys- 
talline zinc precipitates on the bottom of the 
water-cooled vacuum bell and is struck off af- 
ter the termination of the process. Adequate 
sealing was originally achieved by letting the 
bell dip into the lead bath (barometric seal); 
today, water-cooled gaskets are preferred. 









To vacuum 
pump 


Figure 9.21: Continuous vacuum dezincing: a) Water- 
cooled cover; b) Hook; c) Window; d) Cooling water con- 
nections; e) Rubber gasket; f) Baffle; g) Cooling fins; h) 
Weir plate; i) Lead trough; j) Level control; k, 1) Furnace 
setting gas entry and exit; m) Lead inlet to trough; n) 
Evaporation surface; o) Reinforcement; p) Flexible con- 
nection; q) False bottom; г) Lead outflow; s) Lead siphon; 
t) Vacuum connection; u) Drain. 


At Port Pirie, continuous dezincing ha also 
been developed. The dezincing apparatus 
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(Figure 9.21) consists of a thin-film evapora- 
tor with roughly 0.75 m? of evaporating sur- 
face. It can dezinc 16—37 t/h of Parkes lead, 
and 90-95% of the zinc content is recovered 
on a water-cooled fin condenser. When about 
3 t of zinc has been collected, the condenser is 
replaced. The deposited zinc is melted and re- 
turned to the desilvering operation. 

The lead is heated to 590-620 °C in a pre- 
heat furnace, before entering the vacuum ket- 
tle. After dezincing, it leaves the unit at 540— 
560 °C with a zinc content of about 0.03%. 
The pressure inside the kettle is 3~7 Pa. The 
residual zinc in the lead bullion is removed 
during final refining. 


9.6.1.5 Debismuthizing 


Debismuthizing is the last step of lead-bul- 
lion refining. It is applied when the bismuth 
content of the ore is so high that it restricts the 
use of the soft lead smelted from it. When pos- 
sible, bismuth-rich and bismuth-poor ores are 
smelted separately in order to refine the mini- 
mum amount of lead bullion with the maxi- 
mum bismuth content. 

Bismuth is less reactive than lead, therefore 
it cannot be removed with oxygen, chlorine, or 
sulfur. It is customarily separated by addition 
of an alkali metal or alkaline earth metal form- 
ing a bismuthide M,Bi, but this only permits a 
minimum bismuth content of 0.03%, which is 
not adequate for many requirements. The re- 
moval of bismuth to < 0.01% can be achieved 
by the Kroll-Betterton process, which uses 
calcium and magnesium and also by the Jol- 
livet-Penarroya process, which uses potas- 
sium and magnesium. Only the former 
remains in use; the metallurgical reactions 
take place in the lead corner of the correspond- 
ing quaternary system (Figure 9.22). Bismuth 
separates as a crust of the double bismuthide, 
CaMg;Bis. 

The lowest attainable bismuth content is 
around 0.002% at the quaternary eutectic 
point. Further addition of calcium and magne- 
sium does not improve bismuth removal. The 
reagent requirement is given by the total cal- 
cium and magnesium needed for precipitation 
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as the double bismuthide and for saturation of 
the lead. 


Process Engineering. The Kroll-Betterton 
batch debismuthizing process is carried out in 
kettles. Magnesium and calcium (in lead) are 
stirred into the lead bath at a temperature of 
about 420 °C. The bath is then cooled to near 
the solidification point with slow stirring. The 
crust (enriched about 10:1 in bismuth) is re- 
moved in a similar manner to the Parkes pro- 
cess. The crust grade can be improved 
considerably by stirring into the next batch of 
lead. Both batch and continuous versions of 
the Kroll-Betterton refining are practiced. A 
procedure is also used for secondary, fine deb- 
ismuthizing by antimony addition [27]. 
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Figure 9.22: Lead corner liquidus of the quaternary Pb- 
Bi-Ca-Mg system [23]. 


9.6.1.6 Final Refining and Casting 
of Lead 


Refined lead contains arsenic, antimony, 
and tin at a level of 10—20 g/t; zinc corre- 
sponding to the final content in vacuum de- 
zincing (ca. 30 g/t); and (if debismuthizing has 
been performed) calcium and magnesium cor- 
responding to the saturation limit. These im- 
purities are removed down to below | g/t by 
treatment with caustic soda and, in some in- 
stances, with sodium nitrate. 

Most casting today is done automatically in 
strip or (less often) bench form, in machines 
provided with automatic stacking devices. The 
casting temperature is around 400 °C. Imme- 
diately after admission to the chill mold, the 
thin oxide surface film is skimmed off. The 


Lead 


cast lead has a coarsely crystalline surface; if 
final refining and casting techniques are cor- 
rect, there are no temper colors. 


9.6.1.7 Processing of Intermediate 
Products of Pyrometallurgical 
Refining 


Copper Dross. Copper dross is a complex 
mixture of compounds and contains a substan- 
tial amount of sulfidic and metallic lead. Melt- 
ing the dross in a retreatment furnace frees the 
metallic lead and forms a matte phase, consist- 
ing mainly of lead and copper sulfides, and a 
slag which contains metal oxides and often re- 
quires silicate fluxing. If arsenic is available 
and sulfur is deficient, a copper arsenide 
speiss product is formed. The slag 1s returned 
to the smelter, but the matte 1s a product for 
sale or further processing. 


` All constituents of the dross deport to the 
four possible liquated phases lead, speiss, 
matte, and slag. If large amounts of arsenic are 
present, a speiss forms in which nickel, ar- 
senic, and part of the copper are preferentially 
concentrated. If copper and arsenic levels in 
the dross are low, the matte and speiss must be 
enriched by a further treatment. In dross re- 
treatment, it is desirable to minimize the lead 
content of the final matte. If the iron and sulfur 
contents are known, the final lead content can 
be approximately estimated from Figure 9.23: 
% Fe is equated to % (Fe + Zn) in the lead-free 
matte and % S can be determined from the 
lead-free sum, Fe + Zn + Cu + S = 100%. For 
example, for a lead-free matte containing 796 
Fe, 1% Zn, 24% S, and 68% Cu, the lead con- 
tent predicted from Figure 23 is 20%. The fi- 
nal matte would then contain 20% Pb, 5.6% 
Fe, 0.896 Zn, 19.296 S, and 54.496 Cu. This is 
a fair estimate only for low alkali mattes. So- 
dium or calcium additions lower lead solubil- 
ity in the matte substantially; at 596 sodium or 
calcium the solubility is reduced to less than 
20% of that in the same matte without alkali. 
This is the basis of the soda matte process used 
by Asarco (El Paso) and St. Joe Lead at Hercu- 
laneum, in which about 596 soda ash is added 
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to the dross during melting and produces a 
copper enriched matte. 
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Figure 9.23: Solubility of lead in Cu—Fe-S mattes [23]. 


The recovered lead contains most of the no- 
ble metals. Matte, and particularly speiss if 
present, also hold significant amounts of pre- 
cious metals. Fume from the furnace is en- 
riched in indium, tin, arsenic, and zinc. Slag, 
matte and speiss are normally granulated. 


Hydrometallurgical methods for treating 
copper dross involve solubilizing the copper 
for electrowinning either by pressure oxida- 
tion leaching in sulfuric acid or by ammonia- 
cal leaching and solvent extraction. 


Softening Slags and Drosses. Softening slag 
and skimmings with variable contents of tin, 
arsenic, and antimony are usually reduced to 
hard lead. Àn effort 1s made to slag off part of 
the arsenic during reduction. The process is 
normally carried out in a rotary furnace, but 
can also be done in a blast furnace. 


In the short rotary furnace at Port Pine, 7 t 
of softening slag are reduced batchwise with 
the addition of 5% soda, 7% charcoal, and 696 
“caustic slag” from subsequent refining. The 
charcoal is added in two portions. After the 
first portion is reacted, a lead bullion contain- 
ing 2-3% antimony is tapped off and recycled. 
After the second reduction, about 8596 of the 
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feed antimony is tapped off as an alloy con- 
taining 25-30% antimony. 


Harris Salt Slags. Harris slags are processed 
to recover a large portion of the valuable mi- 
nor metals as black antimonate (Sn, Sb, Te, Se, 
In) and sodium antimonate (Sb); to precipitate 
the tin as calcium stannate and arsenic as cal- 
cium arsenate; and to recover caustic soda for 
reuse. The flowsheet of Metallurgie Hobo- 
ken—Overpelt is shown in Figure 9.24. 


Silver-Zinc Rich Crusts for Desilvering. 
The purpose of processing the silver-zinc-rich 
crusts is to recover a malleable rich lead that 
contains all the noble metals. Some of the lead 
and as much as possible of the zinc must be re- 
moved; the latter is reused. Removal is 
achieved by expression and/or liquation with 
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production of a dry or liquated crust, followed 
by zinc distillation. 

Expression is commonly carned out in an 
air-driven Howard press submerged in a liquid 
lead bath, and the lead content of the com- 
pressed crust is brought to 50-60%. 


Liquation. Alternatively the crust may be 
melted at about 600 °C under a salt cover and 
separated into a lead-rich lower layer, which is 
returned to desilvering, and a zinc-rich upper 
layer which passes to zinc removal. 


Distillation allows the zinc content of the 
liquated rich crusts to be recovered in metallic 
form so that it can be reused for desilvering 
lead bullion. Distillation can be performed ei- 
ther at STP in the Faber du Faur furnace or un- 
der vacuum in the Leferrer furnace. 
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Figure 9.24: Treatment of Harris salt slags at Metallurgie Hoboken-Overpelt S.A. [25]. 


Lead 


In the older Faber du Faur furnace, liq- 
uated zinc-rich crust is placed in inclined bot- 
tle-shaped graphite retorts and heated to 
1000—1500 °C. Zinc condenses in a separate 
receiver in liquid form and is tapped off peri- 
odically. A certain amount of dross (zinc dust) 
is also formed; since this contains noble met- 
als, it is recycled to the process. 

A more modern method is the Penarzoya- 
Leferrer vacuum distillation with radiation 
heating. This runs at a temperature (600 °C) 
well below the melting point of silver and con- 
siderable lead must be added to the crust to 
hold the silver in solution when most of the 
zinc has gone. The zinc condenses as a liquid. 
Low frequency induction furnaces are also 
used. 

The distllation residue consists of silver 
containing other precious metals, zinc, lead, 
and copper. Zinc, lead, and copper are re- 
moved by cupellation (air oxidation), and the 
silver bullion is separated from gold by elec- 
trolysis. The cathode silver can be further re- 
fined by chlorination. 


Bismuth Drosses. Bismuth dross can be pro- 
cessed by either pyrometallurgical or electro- 
lytic methods. In either case, the reagents 
calcium and magnesium are first removed, so 
that the subsequent operations are always per- 
formed on a pure lead—bismuth alloy. 

Lead is removed by selective chlorination 
of the lead-bismuth alloy with chlorine gas, 
lead being converted to lead chloride with vir- 
tually no loss of bismuth. The rate of lead 
chlorination in lead bismuth alloys with > 
85% bismuth is extremely high at 700— 
800 °C. In practice, chlorine is injected into an 
alloy already enriched to this level, and lean 
material is simultaneously added. Operation is 
thus continuous and material throughput is 
constant. The crude bismuth usually has a low 
foreign element content (copper, noble met- 
als), which is removed by a process similar to 
that used for the refining of lead bullion. 

In comparison with the pyrometallurgical 
technique, the electrolytic method has the ad- 
vantage that the lead is deposited in pure form 
at the cathode (generally as fine lead). The an- 
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ode slime from electrolytic lead—bismuth sep- 
aration is subjected to reduction melting; the 
product is an alloy containing > 90% bismuth 
along with lead, copper, and noble metals. 
This alloy can be processed pyrometallurgi- 
cally (selective chlorination) or by bismuth 
electrolysis. 


9.6.2 Electrolytic Refining of 
Lead Bullion 


The electrolytic refining of lead bullion 
from soluble anodes has been practised for 
years in a number of large plants. Because the 
poor solubility of lead sulfate rules out sulfate 
electrolysis, the only candidate electrolytes 
are the few readily soluble lead salts. In prac- 
tice, solutions used have been restricted to the 
lead salts of fluosilicic acid (Н,51Е,), fluobo- 
ric acid (HBF,), and amidosulfuric (sulfamic) 
acid (H5NSO4H). The most important of these 
is the fluosilicate electrolyte. 

Metals with a higher electrochemical po- 
tential than lead (silver, gold, copper, bismuth, 
antimony, arsenic, and germanium) remain es- 
sentially undissolved and accumulate in the 
anode slime, which is processed to recover 
them. Metals with a lower potential, such as 
iron, nickel, and zinc do go into solution, but 
the feed lead bullion contains such low levels 
of them that enrichment in the electrolyte is in- 
significant. The deposition potential of tin, 
— 0.140 V, is close to that of lead, -0.126 V. 
Tin is therefore deposited along with lead 
from both fluosilicate and fluoborate electro- 
lytes. The amidosulfate electrolyte, on the 
other hand, allows separation of lead and tin 
because of the low solubility of tin sulfamate. 

The undissolved impurities, if they are 
present in large enough quantities, form a po- 
rous skeletal coating (slime). The slime ad- 
heres to the anode and retains its initial form, 
so that cells need not be regularly cleaned and 
deslimed. The mechanical strength of the 
slime depends on the content of foreign metals 
in the anode. Higher contents of bismuth and 
antimony enhance strength; increasing copper 
leads to a dense slime, so that the feed must be 
decoppered to « 400 g/t copper. The produc- 
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tion of adherent anode slimes requires a mini- 
mum antimony and bismuth content of 1— 
1.2%. The cell voltage rises with increasing 
thickness of the slime coating and may reach 
up to twice the initial voltage; thus, energy 
consumption imposes an economic limitation. 
In addition, the increasing voltage can lead to 
dissolution of antimony, arsenic, and bismuth 
from the slime. The residence time of the an- 
odes in the cell, is governed by this rise in cell 
voltage and thus by the concentration of impu- 
rities in the anode lead. 

In industrial electrolytical lead refining, the 
Betts process, an aqueous solution of fluosi- 
licic acid and lead fluosilicate (PbSiFg) is 
electrolyzed. One liter of electrolyte contains 
60—100 р lead as fluosilicate and 70-120 р 
free HS, Glue and/or other organic inhibi- 
tors (300—500 g per tonne of electrolytic lead) 
are added to obtain smooth deposits. Electro- 
lyte losses result from the decomposition of 
H,SiF and entrainment in the anode slime. 

The consumption of H5SiFg is around 2 kg 
per tonne of electrolytic lead. The lead content 
of the electrolyte rises slowly because of the 
difference in current efficiency between anode 
and cathode. This increase is sometimes offset 
by precipitation of lead sulfate after addition 
of sulfuric acid. However, the lead content is 
usually held at the desired level by electrolysis 
in separate cells with insoluble graphite an- 
odes. The following reactions take place: 


Anode: Hat) 2 2H* + 1/40, + 2e7 
Cathode: PbSiF + 2H' + 2e^ — HSiFg + Pb 
Total: PbSiF, + Н,О — H,SiF, + Pb + 1/0, 

Cathode blanks are made of electrolytic 
lead and are 0.8-1 mm thick. They are fabri- 
cated either by casting over an inclined plane 


(older procedure) or with a water-cooled drum 
that dips into the lead bath. One or two cath- 
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ode changes are generally required per anode. 
Current densities аге 150—240 A/m^ at the an- 
ode and 130-220 A/m? at the cathode. Current 
efficiency is 85-95% and energy consumption 
about 190 KWh per tonne of electrolyte lead. 
After electrolysis has been completed the an- 
odes have about 30-40% of their starting 
weight and are melted down into new anodes. 
The cathodes are thoroughly cleaned, melted 
down, refined with soda in a kettle to elimi- 
nate residual antimony, arsenic, and tin, and 
cast into ingots. 

The size and weight of the electrodes used 
for lead electrolysis at the Cominco lead refin- 
ery in Trail, Canada are given in Table 9.5. 
Other important data follow [28]: 

Lead electrofining data, Cominco Trail plant 


Electrorefining cells 
Number 800 
Dimensions (length x width x 
height), mm 2750 x 800 x 1250 
Capacity, m? 2.7 
Material polymer-containing 
concrete 
Typical operating data 
(based on Jead production of t/a 120 000) 
Anodes per cell 24 
Cathodes per cell 25 
Anode to anode spacing, mm 110 
Current density, A/m? 
Cathodes 130—220 
Anodes 150—240 
Current efficiency, 96 80-90 
Refining cycle, d 5 
Cell voltage, V 0.3-0.5 


Power consumption for electrolysis, KWh/t 168 
Power consumption for other purposes, kWl/t 50 


Hydrofluosilicic acid consumption, kg/t 2 

Aloes extract consumption, kg/t 0.17 
Lignin sulfonate consumption, kg/t 

Electrolyte temperature, °C 35-42 
Electrolyte circulation to cell, L/min 20-25 
Analyses 

Anode, % 1.0—1.2 Sb, 0.3-0.6 As, 0.04—0.07 


Cu, 0.1-0.2 Bi, 0.1-0.6 Ag 
Cathode, g/t 3Cu, 8Bi 
Anode slime, 96 40—50 Sb, 20-30 As, 10-20 Pb, 5— 


15 Bi, 5-15 Ag 
Electrolyte, g/L 60-70 Pb, 80-100 H;SiFg 


Table 9.5: Size and weight of anodes and cathodes used at the Cominco lead refinery. 


Immersed dimensions Starter cathode 
Length, mm 900 
Width, mm 660 
Thickness, mm 1 
Area, ni 1.2 
Approximate weight, kg 6 


Plated cathode Starter anode Corroded anode 
910 860 850 
680 660 650 
20 30 10 
1.25 1.2 1.15 
140 200 60 


Lead 
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Figure 9.25: Flowsheet for electrolytic lead refining and slime treatment of Cominco Ltd. (Trail, Canada). 


Processing of Anode Slime. The composition 
of the anode slime depends directly on the im- 
purities in the anode lead. In general, anode 
slime contains not only noble metals but also 
high levels of bismuth and antimony. Different 
compositions are seen at plants that have mod- 
ified their operation for bismuth recovery. For 


example, at the Norddeutsche Affinerie, the. 


anode lead consists of bismuth drosses and 
high-bismuth lead that has gone through the 
entire thermal refining process except for 
Kroll—Betterton debismuthizing. 


No single processing method has been de- 
vised for such diverse intermediate products. 
By way of example, Figure 9.25 presents the 
flowsheet of the Cominco refinery in Trail. 
The combination of proven pyrometallurgical 
processes yields product lead, doré (gold-sil- 
ver) antimonial (hard) lead, and bismuth 
metal. The complexity of anode-slime pro- 
cessing places some restrictions on the inher- 
ently elegant electrolytic refining technique. 


9.7 Recovery of Secondary 
Lead from Scrap Materials 


The total world production of refined lead 
in 1987 was estimated to be 5.6 x 10°t. Of this 
approximately 6096 was primary lead from 
lead ores and concentrates; the remainder 
(40%) was secondary lead produced from 
scrap materials. As the consumption of lead 
for sheet, pipe, and cable sheathing has de- 
clined and consumption for lead acid storage 
batteries has increased, the secondary lead in- 
dustry is primarily concerned with the pro- 
cessing of scrap batteries. In recent years the 
industry in the United States, and to a lesser 
extent in Europe, has experienced new, more 
stringent environmental regulations, and very 
low lead prices in the mid-1980s. These fac- 
tors have brought about the closure of a large 
number of small-scale secondary processing 
operations, and provided the impetus for the 
development of improved technology. Besides 
improving plant working conditions and re- 
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ducing ambient lead emissions, an important 
objective of new environmental regulations is 
to force the efficient recycling of lead-acid 
batteries and prevent disposal in municipal 
waste sites. The potential generation of acetic 
acid and contamination of ground water with 
soluble lead acetate is the basis for this regula- 
tory pressure. In Germany the efficiency of 
spent battery recycling is claimed to be 90%. 


9.7.1 Battery Types and 
Composition 
Lead-acid storage batteries are of three 
general types: 
e SLI (Starting, Lighting, Ignition) batteries, 
the bulk of which are automotive; 
e Traction vehicle batteries; and 
e Stationary batteries for supplying emer- 
gency power. 
The key components in all these types are: 
— a polypropylene containment box 
— grids, connectors, and poles of lead alloy 
— electrode paste: mixture of lead sulfate and 
lead oxides 
— grid separators of poly(vinyl chloride) 
(PVC) 
— sulfuric acid 
The approximate composition of these ma- 
terials on a weight percentage basis 1s: 


Lead alloy components 21 
Lead oxide 16 
Lead sulfate 24.5 
Water and sulfuric acid 24 
Polypropylene 77 
Poly(vinyl chloride) 3.8 
Others 3.0 


9.7.2 Battery Breaking and 
Processing Feed Preparation 

Scrap battery preparation has progressed 
through four levels: 

1. Acid drainage followed by pyrometallur- 
gical processing of the entire battery and 
case. This blast furnace smelting ap- 
proach became increasingly difficult with 
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the change from bakelite to easily-fused 
polypropylene battery cases [27]. 


2. Separation of acid and case, both of which 


went to waste as gypsum (after neutraliza- 
tion with lime) and plastic garbage, re- 
spectively. The remaining mixture of 
poles, grids, grid paste, and PVC separa- 
tors became secondary smelter feed. 

3. Mechanical shredding of batteries fol- 
lowed by heavy medium separation to 
produce 

— Drainage acid for sale or limerock neu- 
tralization to produce gypsum as waste 

— Clean polypropylene for sale and recycle 

— A clean metallic fraction which can be 
smelted at low temperature 

— Battery paste mixture of PbSO, and PbO, 

— Clean PVC plastic to waste or recycle 

4. The same as (3) except that battery paste 
and drainage acid are reacted with sodium 
carbonate to produce dry crystals of so- 
dium sulfate, a saleable product [28]. This 
system has several advantages. The sulfur 
content of the lead-bearing feed materials 
is largely eliminated, thus simplifying the 
subsequent smelting processes and reduc- 
ing the amount of waste sulfur and lead- 
bearing slag. Figure 9.26 shows the flow- 
sheet of the Tonolli CX process as an ex- 
ample. 


9.7.3 Smelting of Battery Scrap 
Materials 


The metallurgical equipment used for treat- 
ing battery scrap consists of blast furnaces, re- 
verberatory furnaces, rotary kilns, and short 
rotary furnaces. 


Blast Furnace Treatment of Battery Scrap 
[29—32]. Typical blast furnace charge consists 
of cased batteries and battery plates with 
paste, limestone flux, scrap iron, metallurgical 
coke, and miscellaneous recycle drosses an 
slags. 
Blast furnaces used for battery scrap smelt- 
ing are smaller than primary lead industry 
blast furnaces. Typical hearth areas are in the 
range of 2—5 m^. Smelting products are lead 
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bullion containing most of the antimony con- 
tent of the charge, iron matte containing most 
of the sulfur in the charge, slag, and flue dust 
which must be melted or agglomerated for re- 
cycle. | 

Plastic materials in the charge can, through 
fusion, impede the flow of material in the fur- 
nace shaft. This adverse effect is controlled by 
recirculating crushed slag in the furnace 
charge. Volatile organics in the off-ga$ must 
be combusted in an afterburner to prevent bag- 
house operating problems. 

"With advanced battery feed preparation 
systems, the role of the blast furnace in the in- 
dustry is expected to decline in favor of rever- 
beratory or rotary furnace reduction of lead 
carbonate-oxide sludge and metallic grid 
produets. 
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Figure 9.27: Rotary kiln scrap battery smelting plant: a) Buffer storage building; b) Bucket crane: c) Flux feed conveyor, 
d) Main feed conveyor, e) Bucket elevator; f) Feed chute; g) Vee duct; h) Balloon screw; i) Baghouse; j) Stack; k) Kiln; 1) 
Kiln drive; m) Tap hole; n) Burner head; o) Burner; p) Slag chute; q) Lead launder. 
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Rotary Kiln Smelting of Secondary Lead. 
Continuous processing with long rotary kilns 
was developed by Preussag AG, Goslar, Ger- 
many, and is practised in several other loca- 
tions [33]. A typical equipment layout for this 
type of plant is shown in Figure 9.27. The kiln 
charge consists of a plastic-free mixture of sul- 
fate, lead posts, grids, metallic iron, soda ash, 
coke breeze, and recycle flue dust. Products 
are lead bullion and a mixed matte slag mate- 
rial for discard. 


Short Rotary Furnace Smelting. The short 
rotary furnace is extensively used for smelting 
battery scrap materials [34]. Typical furnace 
dimensions are a diameter of 3.5-4.0 m and a 
length of 4—5 m. Reverse-flow firing is usually 
employed with the combustion burner and gas 
offtake at one end of the furnace. The charge 
components and general metallurgy are very 
similar to the rotary kiln process. The main 
difference is batch rather than continuous op- 
eration, which allows the use of different 
charges for the production of high- or low-an- 
timony bullion products. 


Reverberatory Furnace Smelting. The re- 
verberatory furnace, although generally less 
productive than rotary fumaces, provides 
good control of the reduction potential re- 
quired to produce low-antimony bullion and 
retain antimony in slag for subsequent reduc- 
tion to high-antimony bullion. Reduction of 
desulfunzed battery paste is also readily 
achieved at low temperature in reverberatory 
furnaces. 


9.7.4 Future Trends 


Increased environmental pressure is ex- 
pected to continue to force innovation in sec- 
ondary lead recovery. Slags produced by 
thermal reduction processes are classified as 
hazardous waste in the United States. Further 
electric furnace reduction of slag is now being 
practiced by the RSR Corporation in the 
United States to make slags acceptable for non 
hazardous disposal. 
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The lead-acid (SLI) battery industry is 
changing to sealed low-maintenance designs 
which require high-purity lead for the calcium 
lead alloy grids. The secondary industry has 
been forced to produce an increasing percent- 
age of high-purity lead compared to the grades 
of antimonial lead produced in the past. Re- 
moval of antimony by kettle caustic softening 
is costly. The incentive to separate battery 
scrap into low-antimony paste and high-anti- 
mony metallic components for separate pro- 
cessing is thus expected to increase. 


The search for nonthermal processes for 
high-purity lead recovery, particularly from 
desulfurized battery paste, is expected to in- 
tensify. Research work by the U.S. Bureau of 
Mines [35], and the RSR Corporation in the 
United States and Technologic Tonolli (Italy) 
on a fluosilicic acid leach electrowin method 
of treating lead carbonate oxide paste is ex- 
pected to be used commercially in the early 
1990s. 


9.8 Uses 


The trend in end-use consumption of lead 
over the period 1977—1987 is illustrated in Ta- 
ble 9.6 for the United States, Japan, and West- 
em Europe. A more thorough breakdown 
compiled by the Lead Development Associa- 
tion and the Lead Zinc Study Group for pre- 
sentation to the “Metals 2000” Conference is 
drawn upon for the following analysis. 


Lead batteries were. responsible for 60% of 
refined lead consumption in the Western 
world in 1987 (ca. 2.5 x 10$ t). The battery 
market is by far the largest end use of lead. It 
has shown a steady growth rate of 696 from 
1984 to 1989, corresponding to the increase in 
the number of automobiles worldwide. Auto- 
motive batteries for starting, lighting and igni- 
tion (SLI), traction batteries, and stationary 
batteries account for 75, 10, and 15% of total 
battery lead consumption, respectively. 


Lead 


Table 9.6: Consumption of lead by end-use (%) (Source: Metallstatistik 1977—1987). 


United States 

ES 1977 1987 
Batteries 59.8 77.5 
Cables 0.9 1.6 
Semifinished 7.0 6.7 
Pigments and chemicals” 21.0 7.6 
Alloys 72 44 
Other 4.1 ^ 22 
Total 100.0 100.0 
Total, 10°t 1.436 1.230 


a Germany, France, United Kingdom, Italy. 
* Includes antiknock compounds. 


SLI batteries represent the predominant use 
of lead. In 1987 about 160 x 10° batteries were 
used in new cars and for replacements in a 
world car population of over 500 x 10°. The 
number of vehicles is expected to increase, 
and so should lead use in batteries. The con- 
tent of lead and lead compounds in battery 
walls, grids, and coatings has been steadily re- 
duced to improve performance, minimize 
weight, and extend lifetimes. This has contrib- 
uted to much better operating economics. The 
vehicle battery market is obviously vulnerable 
to substitution by other elemental couples and 
chemistry, but so far no competition appears 
likely to have a serious impact. Other factors 
that could affect future SLI battery use are in- 
creasing power requirements of cars and haul- 
age vehicles, which would demand more 
powerful batteries and the possible use of 
higher voltages. 

Traction batteries are used to power elec- 
tric vehicles which have low running costs and 
are quiet and pollution-free. The vehicles are 
commonly used in short-range commercial 
delivery applications, in airports, and as fork 
lifts. The heavy weight and limited capacity of 
the conventional lead acid battery seriously re- 
strict vehicle speed and operating range be- 
tween charges. It is unlikely that the lead 
battery will power a successful design of pas- 
senger vehicle. 

Stationary batteries are used for standby 
and emergency power supply. Besides emer- 
gency lighting, special applications involve 
computer installations, process control sys- 
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1977 1987 1977 1987 
49.6 68.7 38.4 44.6 
10.1 1.7 11.0 7.0 
8.2 3.0 16.8 17.5 
15.0 16.2 25.4 22.3 
5.1 4.6 4.4 3.4 
12.0 5.8 4.0 5.2 
100.0 100.0 100.0 2100.0 
0.334 0.378 1.164 1.131 


tems, and emergency power in aircraft and 
trains. The market is growing. À new market 
is developing for small, sealed cells used in 
safety and security systems and personal com- 
puters. 


Pigments and Lead Compounds. After bat- 
teries, the next largest use of about 1496 of re- 
fined lead is in glass making, ceramic glazes, 
plastic stabilizers, and paints. Lead glass has 
desirable optical, electrical, and radiation 
shielding properties, and lead crystal glass in 
particular is in great demand. Although ce- 
ramic glazes for tiles, tableware, and fine 
china have declined in application because of 
concern about lead's toxicity, they remain a 
significant part of the compound market. Lead 
compounds used for stabilizing PVC against 
temperature and UV light are finding intensive 
competition from other, more environmentally 
acceptable stabilizers. The lead pigment mar- 
ket is now very small. 


Semifinished Products. Rolled and extruded 
lead, mainly sheet and pipe, account for about 
8% of total lead use. Piping was formerly the 
greater part of this sector, but toxicity con- 
cerns and substitution by plastics and copper 
have reduced the market considerably. The use 
of lead sheet for roofing, restoration of old 
buildings, sound insulation, radiation shield- 
ing, and chemically resistant linings is now 
greater than that for piping and is growing 
steadily. 


Cable Sheathing. A major area of lead use 
was in the protection of electrical and tele- 
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communications cables, but this market has 
declined drastically since the early 1960s due 
to substitution by aluminum and plastics. Nev- 
ertheless, this application still accounts for 
about 5% of total lead use, and there now ap- 
pears to be a return to thin lead sheathing as a 
total moisture barrier in association with plas- 
tic sheathing. 


Lead Alloys. Solders, type metal, bearing al- 
loys containing lead still account for about 4% 
of the lead consumption. Type meta] usage has 
nearly disappeared, but the bearing metal mar- 
ket is still reasonable in spite of some substitu- 
tion. Uses of lead-base solder are growing, as 
electronic products find increasing markets 
which outweigh the trend. to miniaturization 
and inroads made by tin. 


Gasoline Additives. In 1972 the use of tetra- 
ethyl lead for improving the octane rating of 
gasoline was nearly 400 000 t/a. Since then, 
this sector has declined dramatically by 7096, 
principally in the United States. The reason 
has been the proscription of lead antiknock 
compounds by environmental legislation. The 
tetraethyl lead market, now 3% of lead use, 
can be expected to disappear with the eventual 
departure of older vehicle engines that require 
leaded gasoline. 


Shot and Ammunition. Shot and ammunition 
account for about 2% of lead consumption and 
represent a steady market. Lead shot is used in 
alloying steel and brass to free machining met- 
als, and for shotgun cartridges. 


Miscellaneous. Uses that do not fall into the 
above categories account for about 4% of lead 
use, and include products featuring the high 
density of lead such as wheel weights, yacht 
keels, ornamental items, stained glass, and 
massive radiation shielding. 


Much work is being done by lead concerns 
to identify and develop new applications for 
the metal. Promising new uses include load 
levelling battery banks used by utilities or by 
major power consumers to reduce high-cost 
peak power consumption; lead containers for 
disposal of radioactive waste; and asphalt sta- 
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bilizers for retarding road paving deteriora- 
tion. 


9.9 Economic Aspects 


9.9.1 Lead Concentrate Schedules 


Most lead smelters operate with a concen- 
trate supply from associated mines. A few 
“custom” smelters (e.g., at Hoboken) purchase 
essentially all reed materials on the open mar- 
ket. In rare cases a smelter will agree to “toll” 
a concentrate, whereby the concentrate sup- 
plier pays for the processing of his material as 
part of the smelter's overall charge, and re- 
ceives the recovered metal for his own use. 


Lead concentrate from the beneficiation of 
lead—zinc or lead-zinc-copper ores is the pri- 
mary feed for blast furnace and flash smelters. 
Smelters employing the Imperial Smelting 
process generally use mixed lead—zinc con- 
centrates. Conventional lead concentrates con- 
sist of galena in a sulfide matrix; the lead 
content is usually well over 60%. The concen- 
trate may also contain zinc and iron sulfides; 
gangues such as silicon dioxide, calcium ox- 
ide, magnesium oxide, and aluminum oxide; 
and a number of minor metal impurities that 
may be partially or totally recovered and 
which may also cause smelting or refining 
problems. The price assigned to a concentrate 
by a smelter reflects its own priorities and the 
suitability of the concentrate for the operation, 
as regards its valuable components and impu- 
rites. Smelters reject concentrates with ele- 
ments that adversely affect metallurgy or 
refining practice. Examples are rejection of a 
high-sulfur (low-lead) concentrate by a down- 
draft sintering operation or of a bismuthic con- 
centrate by a refinery without a capability for 
bismuth removal and recovery. 

In compounding the aggregate feed and in 
selecting concentrates for purchase, lead 
smelter metallurgists and ore buyers balance 
the inputs of all valuable and harmful ele- 
ments to create a charge that can be handled 
effectively and consistently within the limits 
of the operating processes, and with maximum 
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profit. The pattern is set by the major concen- 
trate supplies, usually from in-company 
sources: other raw materials are obtained to fit 
objectives of output, quality, cost, and timing. 


A lead smelter’s purchase schedule for lead 
concentrates comprises identifications and 
rules that govern payments for certain compo- 
nents, penalties levied on the presence of oth- 
ers, occasional bonus payments or penalties 
for desirable or undesirable combinations, and 
a treatment charge designed to cover smelting 
and refining costs and allow for profit. Most 
smelters can make available a general or 
“open” schedule set out in sufficient detail to 
cover a wide range of raw materials, but this is 
applied only to small lots. Major long-term 
purchases are normally made on the basis of a 
negotiated schedule. The schedule of purchase 
terms also covers sampling, assay of constitu- 
ents and moisture, settlement of disputes, ref- 
erence metal prices for determination of paid 
values, currency exchange, escalation of costs 
and prices, and payment terms. 


Through its applied schedules, a lead 
smelter always pays for lead, silver, and gold, 
often for copper and zinc, sometimes for bis- 
muth, and very rarely for antimony, platinum, 
palladium, or indium. Lead payment is offered 
on about 95-97% of the contained lead at a 
defined lead price, A blast furnace or flash 
smelter prefers lead content > 60%, but an ISP 
smelter accepts lower lead content, particu- 
larly with associated substantial copper value. 
Silver and gold are routinely recovered at high 
efficiency by lead refineries, and are paid for 
at current prices subject to minimum deduc- 
tion from the assayed content, reflecting the 
minor losses, and to a treatment charge. 


A payment may be offered for contained 
zinc if the smelter processes high-zinc charges 
by slag forming but additional costs for fluxes 
and fuel are assessed against the payment. The 
ISP smelters routinely pay for zinc subject to 
minimum deduction and a treatment charge. 
Iron is a major component of lead smelting 
slag and is of particular value in fluxing zinc, 
but may be present in excess of requirement 
and would then incur a modest penalty. 
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Most blast furnace and ISP smelters pay for 
copper, which is usually recovered in drossing 
as matte, subject to minimum deduction and 
treatment charge. ISP smelters can handle 
higher copper inputs than other lead smelters. 

Arsenic is always heavily penalized under 
lead smelter schedule terms from levels as low 
as 0.0596; this reflects the uncompensated 
problems arsenic creates in refining, hygiene, 
and environmentally acceptable disposal. An- 
timony is usually neither paid for nor penal- 
ized. 

Bismuth’s treatment in a lead smelter 
schedule depends on whether the refinery can 
separate and recover the metal comprehen- 
sively (as in electrolytic refining) or by pyro- 
metallurgical debismuthizing at high unit cost. 
More often it would be a reason for rejection 
of the concentrate. Certain smelters can re- 
cover tin, indium, cadmium and thallium in 
the sintering, drossing, and refining circuits 
but these elements are never paid for. Thal- 
lium may be the cause of rejection by an elec- 
trolytic refinery and tin by an ISP zinc-lead 
smelter. 

Lime and silica are desirable fluxes 1n lead 
smelting and are usually assigned minor cred- 
its in a lead schedule. Blast furnace smelters 
may penalize alumina for its deleterious effect 
on slag; ISP smelters can take higher alumi- 
num oxide but are concerned with magnesium - 
oxide content. 

Other materials that are treated in lead 
smelters for lead and other values are scrap 
lead, scrap batteries, lead ashes and sludges, 
and zinc smelter leach residues. Metal and bat- 
tery scrap are the normal feeds for secondary 
smelters under specific purchase terms. Zinc 
residues contain substantial lead and silver 
values in addition to substantial undissolved 
zinc, and are handled at high cost in additional 
fuel, fluxes, and slag fuming furnace operation 
in joint lead-zinc smelters such as the one at 
Trail. 


9.9.2 Lead Statistics 


World mine production of lead has been 
steady at (3.4-3.5) x 10° t/a of contained lead 
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since the early 1970s. Production since 1925 
in millions of tonnes 1s as follows: 


1925 1501 1985 3581 
1950 1686 1986 3378 
1960 2376 1987 3389 
1970 3433 1988 3400 
1980 3470 


Table 9.7: World production (primary and secondary) and 
consumption of refined lead. 


Year Production, x 10° t Consumption, x 10? t 
1977 5.388 5.466 
1985 5.634 5.460 
1986 5.464 5.551 
1987 5.631 5.623 


The estimates of world lead resources 
shown in Table 9.1 represent a comfortable re- 
serve against expected consumption require- 
ments for the future, and there are excellent 
prospects for further economic discoveries. 


Production (рптагу and secondary) and 
consumption of refined lead in the last ten 
years are shown in Table 9.7, and by area and 
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trading bloc for 1987 in Table 9.8. About one- 
third of current refined lead production is from 
recycled materials. 


Lead ranked first in production among non- 
ferrous metals in the first quarter of the twenti- 
eth century but now ranks fourth after 
aluminum, copper, and zinc. This is due more 
to consumption growth for the other metals 
than to decline in lead use. Lead has suffered 
the loss of some major markets in pigments, 
water piping, and lead alkyls caused by legis- 
lation reflecting concern for its toxicity and 
environmental impact, from substitutions by 
plastics and aluminum, and the decrease in re- 
quirement for type metal. These losses now 
appear to have stabilized. They have been 
more than offset by the growth in production 
of lead batteries for automobile and transport 
use. The lead battery represents the dominant 
use of production and recycled lead and is the 
mainstay of the lead industry. 


Table 9.8: Lead statistics for most important lead producing and consuming countries, 1987 (Source: Metallstatistik 


1977-1987). 
Mine production 
(contained Pb), 10? t 

Germany 24.5 
France 22 
Italy 12.2 
United Kingdom 0.7 
Former Yugoslavia 82.0 
Spain 83.2 
Rest of Europe 156.1 
Total Europe 360.9 
Japan 27.9 
Rest of Asia 111.8 
Total Asia 139.7 
Africa 214.6 
United States 318.3 
Canada 413.4 
Mexico I77.1 
Peru 192.0 
Other South America 73.4 
Total America 1174.2 
Australia, Oceania 186.2 
Total Western World 2375.6 
Former Soviet Union 510.0 
Other Eastern Bloc 503.7 
Total Eastern Bloc 1013.7 
Total World 3389.3 


Refined producti i А 
е dod Senn (вап aY Refined consumption, 10? t 
340.4 344.6 
245.5 207.5 
168.3 244.0 
347.0 287.5 
124.6 129.4 
122.7 105.8 
265.4 311.8 
1613.9 1630.6 
338.5 377.9 
244.2 407.3 
582.7 785.2 
159.9 111.4 
1027.9 1202.8 
225.8 102.9 
185.1 : 99.6 

70.8 21.9 
140.7 162.6 
1650.3 1589.8 
220.7 65.0 
4227.5 4182.0 
780.0 775.0 
623.9 665.5 
1403.9 1440.5 
5631.4. 5622.5 
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Of very considerable concern to the indus- 
try has been the slump in lead price, which re- 
flects but far transcends the worldwide 
industrial recession in the first half of the 
1980s (Table 9.9). The price of lead reached 
its lowest point in recorded history in terms of 
the real value of money in 1985. The period 
from 1982 to 1986 saw dismally inadequate 
returns and outright losses, with the abandon- 
ment of many producing mines arid severe re- 
trenchment or closure of smelting plants. 
Since the mid 1980s the price of lead has re- 
covered by over 5096. This has encouraged 
many lead producers to modernize or replace 
old smelting plants by the new flash-smelting 
technologies that are better able to meet the 
stringent hygiene and environmental regula- 
tions that govern plant operation. 


Table 9.9: Annual average producer price of lead in the 
United States (Source: Metallstatistik 1977—1987). 


Year Price (U.S. cents/kg) 
1978 74.28 
1979 116.20 
1980 93.73 
1981 80.57 
1982 56.38 * 
1983 47.86 
1984 56.40 
1985 42.10 
1986 48.74 
1987 79.20 
1988 81.08 


9.10 Toxicology and 
Occupational Health 


Lead is one of the seven metals used in an- 
tiquity by the Euroasian civilization. Its uses 
were varied. Physicians prescribed various 
forms of lead to heal ailments ranging from 
constipation to infectious diseases such as the 
plague. Lead was also used to preserve or 
sweeten wine, for water pipes, cosmetics, and 
ceramic glazes. 

The symptoms of lead poisoning have been 
recognized for centuries. HIPPOCRATES de- 
scribed lead colic in 370 B.C. and Риму re- 
ported poisoning among lead workers in about 
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50 A.D. In 1700 RAMAZZINE [36] noted the ill- 
ness of potters who worked with lead. In 1933 
KEHOE and his coworkers [37], brought to 
light the important consideration that lead 1s 
very widely found in the environment. Their 
studies showed that although lead is not an es- 
sential element for the body, a measurable 
amount exists in all adult body tissues and flu- 
ids. 

Today, there is considerable literature on 
the effects of lead, ranging from overt signs 
and symptoms of lead poisoning to subtle ef- 
fects such as reduced intelligence quotient 
scores, behavioral effects, and impaired hear- 
ing. The relevance of these effects and the def- 
inition of lead exposure levels are subjects of 
extensive debate. 


9.10.1 Sources of Lead Exposure 


Many sources of lead exposure affect the 
workplace and the general population. 


Drinking Water. Drinking water can be a sig- 
nificant contribution to lead intake, especially 
for young children. 

Lead can enter the aquatic system through 
fallout and surface runoff, from natural 
sources or from lead-lined tanks, lead pipes, 
and lead solder joints. 

The lead content of drinking water is con- 
trolled in the European Economic Community 
(EEC) and North America by water quality 
standards, and is subject to revision. The EEC 
[38] specifies 50 ug/L as a maximum allow- 
able lead concentration in water for human 
consumption; the Environmental Protection 
Agency (EPA) of the United States is contem- 
plating lowering its current lead-in-water stan- 
dards from 50 to 5 ug/L [39]. 

Lead concentrations in drinking water ex- 
ceeding 300 ug/L have been reported [40]. 
Such high contents can be attributed to very 
soft water, low pH, and high temperature; for 
example, samples of soft, hot or stagnant ‘first 


draw’ water exposed to lead or lead in pipes 


usually have a high lead content. 


Atmosphere. Worldwide natural lead emis- 
sions to the atmosphere from natural sources 
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have been estimated to be 24 x 10? t/a, com- 
pared to (350-450) x 10? t/a from anthropo- 
genic sources. By far the greatest contribution 
comes from automotive lead emissions. A de- 
termined effort has been made in most coun- 
tries to reduce the amount of allowable lead in 
gasoline. The EEC currently stipulates a limit 
of 0.15 g/L for added lead (the lead is added as 
tetraethyl lead). A more stringent position has 
been taken by the United States, where the 
EPA regulated lead content in gasoline at 0.29 
g/L 1n 1982 and then to 0.026 g/L in 1986. 


The lowering of lead in gasoline has been 
cited by the Center for Disease Control (CDC) 
in the United States as the major reason for the 
37% decrease in children’s blood lead levels, 
based on a nation-wide survey conducted be- 
tween 1976 and 1980 [42]. Another view is 
that the effect is attributable mainly to socio- 
economic improvements. 

Lead emissions from industnal sites such 
as smelters and metal recovery operations also 
contribute to atmospheric lead. However, fall- 
out from these sources is localized and is esti- 
mated to contribute only about 10% of the 
overa]l lead emission. Ambient lead levels in 
the proximity of primary and secondary smelt- 
ers can be significant. At E] Paso, Texas, mean 
lead levels in 1971 ranged from 0.46-2. 12 
ug/m? with peak values as high as 22 g/m? 
[43]. Sampling data from Yugoslavia recorded 
peak levels in excess of 200 g/m? [44]. Typi- 
cal levels near point source areas are 0.1-1 
ug/m? and for rural areas < 0.1 nein), Com- 
munity air quality criteria are set in the range 
of 1.52.0 pg/m? with a view to lowering 
these levels. For example, EPA is proposing 
tightening their current standard from 1.5 
ир/тЎ standard to 0.5 ugin? 


Soil. Natural soil can contain from 2 to 200 
ppm and can be greatly influenced by anthro- 
pogenic sources. There are few standards for 
lead in soil; however, many countries have 
guidelines with suggested maximum levels of 
са. 500-1000 ppm. 

Lead-bearing dust can be especially dan- 
gerous to very young children because of a 
high level of ingestion through their play and 
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eating habits. The concentration of lead in 
street dust and surface soil can be very high, 
especially if located near a major freeway. Soil 
samples from areas of Vancouver, Canada 
taken near heavy traffic areas were similar to 
samples taken 1.6 km from a large primary 
lead smelter complex (1545 and 1662 ppm, re- 
spectively) [45]. A survey of street dust in 77 
midwestern U.S. cities showed a mean lead 
content of 1600 ppm in residential areas and 
2400 ppm in industrial areas [46]. 


Diet. Lead (mainly organic compounds) can 
enter the human body through the skin, by in- 
halation, or by ingestion. Ingestion in food is 
generally the major source of lead intake. 
Lead in the diet can come from numerous 
sources such as uptake of lead into plants; dep- 
osition onto vegetables; from soil or water, 
and from lead solder in canned goods. 


Absorption of lead from the gastrointestinal 
tract by adults is estimated to be about S~10%, 
but 25-55% by young children [47]. Ingestion 
of lead-based paint by children is still consid- 
ered the most frequent cause of lead intoxica- 
tion in the United States [48]. The amount of 
lead absorbed through the digestive system is 
greatly influenced by stress, fasting, and the 
solubility of the lead compound; for example, 
lead acetate is 25 times more soluble in intesti- 
nal fluid than lead sulfide [49]. 


Occupational Exposure. Workers employed 
in primary and secondary lead smelters, as 
well as in the production of lead metal and 
lead compounds are exposed to led absorption 
hazards. Because of the fine particle size of 
lead fume and its solubility, it can readily enter 
the respiratory system and be absorbed in the 
blood stream. 


The workplace lead standard in the EEC 
and North America have been tightened to the 
current range of 0, 050.15 mg/m?. The MAK 
value is 0.1 mgím* and the TLV-T WA value is 
0.15 mg/m?. This has been strong motivation 
for the development of new process technol- 
ogy, improvement of engineering controls, 
and stricter use of personal protective equip- 
ment by industry to reduce worker exposure. 


Lead 


9.10.2 Absorption and Excretion 


Absorption of lead into the body is greatly 
affected by the size of the lead-containing par- 
ticle and its solubility. 

Retention through the respiratory system is 
20-60% [50]. Particles of 0.1-1 um are small 
enough to reach the alveoli where absorption 
into the blood stream can take place; particles 
larger than 1-2 um may be deposited in the 
naso-pharangeal area, trachea, or bronchi and 
leave by swallowing or expectoration. Thus, 
fine lead fume has a much greater influence on 
a worker's blood lead value than coarser dust. 

Gastrointestinal absorption of lead has been 
discussed earlier. Absorption through the skin 
is not considered to be important for inorganic 
lead compounds, but organic lead compounds 
such as tetraethyl lead or lead naphthenate are 
readily absorbed across the skin barrier. 

Approximately 90% of ingested lead is not 
absorbed and eliminated in the feces. Lead ab- 
sorbed into the blood stream deports to soft 
tissue and gradually accumulates in bone. 
Some is excreted in urine. With consistent in- 
take of lead, a steady state between lead con- 
centrations in blood, soft tissue and boné is 
established [51]. 


9.10.3 Effects 


Acute Effects. The total average daily lead in- 
take for adults is estimated to be 150—300 pg, 
which is reflected in a blood lead level of 10— 
25 ug/dL. Blood taken from ‘normal’ persons 
in 16 countries in the 1960s showed an aver- 
age of 17 pe/dL. 


Hematological Effects. One of the more dele- 
terious effects of lead is on blood and blood- 
forming tissue. Lead can inhibit almost all 
steps in the biosynthesis of hemoglobin and 
globulin [52]. 


Neurological Effects. In the early part of this 
century, excessive prolonged exposure to lead 
was reflected in brain disease and muscle 
weakness in lead workers and children. These 
extreme exposures have long been eliminated. 

Today the greatest concerns relate to neuro- 
logical effects on young children. Neurobe- 
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havioral deficits have been correlated with 
lead content in teeth [53], and blood lead lev- 
els in children, which were formerly consid- 
ered to be acceptable, are now being reviewed 
in many countries. In the United States the tol- 
erable maximum blood lead in children was 
reduced from 40 to 25 pg/dL in 1985. 


Renal Effects. The kidney is the major route 
for the excretion of lead that has been ab- 
sorbed into the body, and it is also one of the 
organs affected by lead toxicity [54]. In most 
situations renal dysfunction occurring as a re- 
sult of chronic lead exposure is reversible pro- 
vided serious tissue damage has not occurred. 
However, irreversible renal damage may re- 
sult from a prolonged, very high lead body 
burden. Hypertension can also follow. 


Reproduction Effects. Toxic levels of lead 
can cause sterility in men, and miscarriages 
and spontaneous abortions in women. The fe- 
tus is especially vulnerable because lead can 
cross the placental barrier. Men with blood 
lead levels > 60—70 ug/dL may have reduced 
spern count and mobility [55], but data are 
not conclusive. 


Carcinogenicity. Lead and its compounds are 
currently under close scrutiny by the EPA with 
respect to its potential as a cancer-causing 
agent. The international Agency for Research 
on Cancer has listed inorganic lead com- : 
pounds in Group 2B (agents that are possibly 
carcinogenic to humans), but this is a wide 
generalization from observations limited to 
lead acetate and phosphate [56]. 


9.10.4 Indices for Monitoring 
Lead Exposure 


Biological monitoring of workers provides 
an assessment of overall exposure to a chemi- 
cal or compound, and sets guidelines for tbe 
evaluation of potential health hazards. Sev- 
eral of the more common indices for evalua- 
tion of overall lead absorption are outlined 
below. 


Lead in Blood. Lead in blood is generally 
considered the best indicator of the lead con- 
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centration in soft tissue and is an effective 
means of assessing exposure to lead. Some in- 
vestigators have been able to predict increases 
in blood lead after low lead exposures with 
some accuracy [57]. Blood lead levels of 60- 
70 g/dL in male workers have generally been 
considered acceptable [58], but some ашһоп- 
ties such as OSHA have established a limit of 
50 ng/dL, and the World Health Organization 
is proposing an upper limit of 40 pg/dL for 
males and 30 g/dL for females. 


Lead in Urine. Lead in urine best reflects a 
sudden, recent exposure and is a sharper index 
than the subsequent, more gradual change in 
blood lead concentration. Although correla- 
tion between blood and urinary lead levels is 
often poor, under stable conditions a urinary 
lead value of 150 ug per gram of creatinine 
corresponds to a blood lead of 60 ug/dL. 


Urinary ALA. Urinary ё-атіпоіеушіпіс acid 
(ALA) found considerable success as a means 
of screening suspected lead intoxication or 
lead poisoning in the late 1960s and early 
1970s. This nonspecific test measures the ef- 
fect lead has on the hematopoetic system. The 
analysis is cumbersome and has been gradu- 
ally replaced by other tests. 


Zinc Protoprophyrin. Lead can block normal 
hematopoiesis by inhibiting the enzyme ferro- 
chelatase and this causes elevation of zinc pro- 
toporphynn (ZPP) in red cells [59]. 
Assessment of the ratio of ZPP to hemoglobin 
can be made by measuring ZPP fluorescence. 
This nonspecific screening test for lead toxic- 
ity has been available since the early 1970s. 


Teeth and Hair. Lead content in teeth, partic- 
ularly dentine, has been used to assess expo- 
sure and measure psychological deficits in 
children but is not practical for second-growth 
teeth. Hair has also been suggested as a 
method of evaluating lead absorption, but it is 
almost impossible to discern between intrinsic 
lead and that absorbed on the surface from ex- 
ternal sources. 
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9.11 Control of Lead 
Emissions 


The adverse effects of lead ingestion on the 
health of humans and animals make control of 
lead emissions a major operating challenge in 
all primary, secondary, and processing produc- 
tion industries. This overall problem has a 
dual focus: 


e The effect of emissions on in-plant atmo- 
spheric contamination and lead absorption 
by production workers. 

e The effect of plant emissions on ambient air 
lead levels and accumulative leady dust fall- 
out on areas around the production site. 

This challenge has long been part of the 
lead production industry, but since the 1970s 
improved diagnosis of biological problems re- 
lated to lead and the resulting increased gov- 
ernment regulatory pressure have greatly 
increased the demand for reduction of overall 
emission. Improved engineering controls and 
total process revisions are the broad ap- 
proaches that have been taken to achieve com- 
pliance. Much progress has been made 
worldwide; however, the degree of success 
largely depends on the regulatory standards 
which have been set or proposed. In the 
United States, the proposed levels of 50 цр/т? 
for in-plant air and an annual mean of 1.5 
ug/m? for lead in air outside the plant bound- 
aries represent perhaps the most difficult in- 
dustrial challenge. 


9.11.1 In-Plant Lead Emissions 


Engineering Controls. Assuming major pro- 
cess gas flows are handled by efficient dust re- 
moval equipment and discharged in high 
stacks, in-plant lead levels are mainly influ- 
enced by fugitive process emissions. Well-en- 
gineered ventilation systems are required to 
control dust and fume emissions from hot sin- 
ter or molten slags. The provision of effective 
ventilation is costly in terms of energy usage 
and capital cost. 


Personal Respirators. The use of personal 
respirators by plant workers is almost univer- 
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sal practise to reduce respiratory lead intake 
from the plant atmosphere. The use of respira- 
tors is often construed as evidence of inade- 
quate engineering control of fugitive 
emissions. Certainly the elimination of respi- 
rator use for most production jobs other than 
special maintenance work is a desirable objec- 
tive, but, it is not being achieved in most 
plants at present. Personal hygiene habits are 
increasingly recognized as critical to control- 
ling lead intake by workers. Measures such as 
provision of clean clothing, compulsory wash- 
ing, no smoking or eating on the job, and clean 
eating facilities are common. | 


Process Revisions. The new oxygen smelting 
processes described in Section 9.5.4 are attrac- 
tive because they have inherent advantages for 
lead emission control. The traditional sinter- 
ing and blast furnace method of lead produc- 
tion is a most difficult engineering challenge 
for achieving good control of in-plant emis- 
sions. The sinter operation involves large re- 
circulating flows of hot, dusty, abrasive sinter 


. requiring large ventilation volumes. Blast fur- 


nace reduction can be an erratic operation of- 

ten troubled by a hot top and blowing ánd 

accompanying fugitive emissions from the gas 
collection system. 

The new oxygen smelting processes have 
the following favorable characteristics: 

o Inherent lower process gas volume with ox- 
ygen usage giving less cleaning and reduced 
emissions 

e Recirculating loads requiring separate venti- 
lation are minimized 

e Equipment is relatively compact and well 
sealed 

The introduction of these new pyrometal- 
lurgical processes over the next one to two de- 
cades should have a major beneficial impact 
on the in-plant and ambient lead emission 
problems of today's primary lead smelters. 


9.11.2 Ambient Lead Emissions 


Ambient lead emissions originate from re- 
sidual lead after cleaning of process and venti- 
lation gas and general fugitive lead emissions. 
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The accumulation of ambient lead fallout on 
vegetation eaten by cattle or the buildup of an 
objectional concentration of lead in the top 
soil is the most serious aspect of ambient 
emissions. The current use of high-efficiency 
baghouses for cleaning process and ventila- 
tion gases, combined with curtailment of fugi- 
tive emissions of dust and fume from process 
equipment, roads, and stock yards, have made 
major reductions in ambient emissions at most 
primary and secondary lead smelters. 


9.12 Alloys 


Lead is one of the oldest known metals. Its 
use was known before 3000 B.C. All early civ- 
ilizations used lead extensively for ornamental 
and structural] uses. The use of lead pipes for 
the transportation of water by the Romans, one 
of the early uses of lead, endures to the 
present. 

The primary and most important mineral 
for recovery of lead is galena, PbS. Lead ores 
are found on every continent, usually in com- 
bination with zinc, copper, and silver. The 
United States is the leading lead-producing 
country followed by Canada and Australia. 
Total annual production of lead and lead al- 
loys in 1987 was about 4.3 x 10° t. Recycling 
of lead scrap, mainly from batteries, lead 
sheet, and cable sheathing, provided 2.1 x 
10? t. 

About 4096 of lead is used as pure lead, 
lead oxides, or lead chemicals; the remainder 
is used in the form of lead alloys. The major 
uses of lead alloys are: lead acid batteries, am- 
munition, cable sheathing, building construc- 
tion (sheets, pipes, and solders), bearings, 
gaskets, specialty castings, anodes, fusible al- 
loys, shielding, and weights. 

Lead is a heavy, soft, bluish gray metal 
which has a low melting point and a high boil- 
ing point. The density, malleability, lubricity, 
flexibility, and coefficient of thermal expan- 
sion are quite high. The elastic modulus, elas- 
tic limit, tensile and compression strength, 
hardness, and electrical conductivity are rela- 
tively low. Lead has excellent resistance to 
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corrosion in a wide variety of media. Lead is 
easily alloyed with many other metals. Be- 
cause lead alloys have low melting points, 
they can be cast into many shapes by using a 
variety of molding materials and casting pro- 
cesses. 


Lead is very ductile and malleable, and can 
be fabricated into various shapes by rolling, 
extruding, forging. spinning, and hammering. 
The low tensile strength and very low creep 
strength of lead make it unsuitable for use 
without the addition of alloying elements. The 
major alloying elements used to strengthen 
lead are antimony, calcium, tin, copper, tellu- 
rium, arsenic, and silver. Minor alloying ele- 
ments are selenium, sulfur, bismuth, 
cadmium, indium, aluminum, and strontium. 


9.13 Compounds 


Lead is one of the oldest known metals, dat- 
ing from about 3000 B.C. The Romans used 
lead extensively for water pipes, while in an- 
cient Egypt, lead compounds were employed 
for glazing pottery and ornamental objects, a 
purpose for which they are still used today. 
Now, the largest single use of lead com- 
pounds, mainly lead oxide, is for the manufac- 
ture’ of lead acid storage batteries. Other 
industrially important uses of lead compounds 
range from antiknock additives in gasoline to 
lead crystal glasses and stabilizers for plastics 
during thermal processing. 


9.13.1 Salts and Oxides 


Lead is an amphoteric element, which 
forms lead salts with acids as well as metal 
salts of plumbic acid with alkalies. Lead forms 
many salts, oxides, and organometallic com- 
pounds. Although lead has four electrons in its 
outer (or valence) shell, the usual valence of 
lead is 2+, rather than 4+, because of the reluc- 
tance of its two 6s electrons to ionize. Also, 
the divalent plumbous ion differs from the 
other group 14 divalent ions, such as the stan- 
nous ion (Sn*), in that it does not have reduc- 
ing properties. 
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Many inorganic lead compounds have two 
or more crystalline forms with different prop- 
erties. As a result, the oxides and sulfide of di- 
valent lead often appear colored because of 
their state of crystallization. Thus, pure, tet- 
ragonal a-PbO is red; orthorhombic B-PbO is 
yellow; and crystals of lead sulfide, PbS, have 
a black, metallic luster. On the other hand, the 
carbonates, sulfates, nitrates, and halides (ex- 
cept for the yellow iodide) are colorless. 


Highly crystalline basic lead salts, both an- 
hydrous and hydrated, are readily formed. For 
example, tetrabasic lead sulfate, 4PbO- 
PbSO,, and the tribasic lead sulfate hydrate, 
3PbO-PbSO,-H4O, are prepared by boiling 
suspensions of lead oxide and lead sulfate in 
water. Moreover, complex mixed salts, such as 
white lead, 2PbCO,-Pb(OH), are readily 
formed. 


Most lead compounds are derived from pig 
lead (refined metal), usually via conversion to 
lead monoxide (PbO), commonly known as 
litharge. In general, lead compounds may be 
formed by the reaction of a slurry of litharge 
and the appropriate acid, by the reaction of a 
solution of a lead salt with an acid, or by fu- 
sion of litharge with the appropriate metal ox- 
ide. In the latter case, for example, the ease 
with which lead monoxide combines with sili- 
con dioxide to form a low-melting silicate has 
been utilized in the ceramics industry for pro- 
ducing glasses and glazes. 


9.13.1.1 Acetates 


Lead reacts readily with acetic acid to form 
four different lead acetate compounds: anhy- 
drous, basic, trihydrate, and tetraacetate. 
Some physical properties of the lead acetates 
are summarized in Table 9.10. 


Anhydrous lead acetate, plumbous acetate, 
Pb(C5H305),, is a white, crystalline solid that 
is very soluble in water. It is made by dissolv- 
ing lead monoxide or lead carbonate in con- 
centrated acetic acid. Solutions of lead acetate 
are often used to prepare other lead salts. 


Lead 


Table 9.10: Physical properties of lead acetates [67]. 


Solubility, 
Compound тр.°С р, g/cm?  g/100 т]. 
H30 (t, °C) 
Pb(C;H30;); . 280 3.25 44.3 (20), 
221 (50) 
2Pb(OH) 75 6.25 (15), 
Pb(C,H,O,) (dec. 200) 25 (100) 
Pb(C;H305),-3H40 75 2.55 45.6 (15), 
(dec. 200) 200 (100) 
Pb(C4H303); 175 2.228 - dec. 


Basic lead acetate, lead  subacetate, 
2Pb(OH):Pb(C;H4O43), is a heavy white 
powder that is very soluble in water and solu- 
ble in ethanol. It is prepared by dissolving lead 
monoxide in dilute acetic acid. Basic lead ace- 
tate is used for sugar analysis. 


Lead acetate trihydrate, sugar of lead, 
Pb(C4H403),:3H;0, is a white, monoclinic 
crystalline solid having ʻa refractive index 
(along the B axis) of 1.567. It is very soluble in 
water, but insoluble in ethanol. Lead acetate 
trihydrate is prepared by dissolving lead mon- 
oxide in hot dilute acetic acid; large, long 
crystals separate upon cooling. Although the 
crystals are intensely sweet, they are poison- 
ous. Lead acetate trihydrate is the usual com- 
mercial form of lead acetate and it is available 
in technical and reagent grades. It is used to 
make other lead compounds (for example, ba- 
sic lead carbonate, lead chromate, and lead 
salts of higher fatty acids), as a mordant for 
cotton dyes, as a water repellant, and as a pro- 
cessing agent in the cosmetic, perfume, and 
toiletry industries. 


Lead tetraacetate, plumbic acetate, 
Ph HOA, is a colorless, monoclinic crys- 
talline solid that is soluble in chloroform and 
in hot acetic acid, but decomposes in cold wa- 
ter and in ethanol. Lead tetraacetate is pre- 
pared by adding warm, anhydrous, glacial 
acetic acid to red lead (Pb4O,) and subse- 
quently cooling the solution. It is available in 
laboratory quantities as colorless to faintly 
pink crystals stored under glacial acetic acid. 
Lead tetraacetate is often used as an oxidizing 
agent in organic syntheses because it is highly 
selective in cleaving vicinal glycols. It also 
readily cleaves a-hydroxy acids, such as ox- 
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alic acid, at room temperature. Another use is 
for the introduction of acetoxy groups in or- 
ganic molecules [68]. 


9.13.1.2 Carbonates 


Lead carbonate, РЬСО;, p 6.6 giem’, forms 
colorless orthorhombic crystals having refrac- 
tive indices of 1.804, 2.076, and 2.078. It is 
slightly soluble in cold water (1.1 mg/L at 
20 °C), is soluble in acids and alkalies, but is 
insoluble in aqueous ammonia and ethanol. 
Lead carbonate is produced by passing carbon 
dioxide into a cold dilute solution of lead ace- 
tate, or by shaking a suspension of a lead salt 
(less soluble than the carbonate) with ammo- 
nium carbonate at low temperature to avoid 
formation of basic lead carbonate. Lead car- 
bonate is used in the catalytic polymerization 
of formaldehyde to give high molecular mass 
crystalline poly(oxymethylene) [69], to im- 
prove the bonding of polychloroprene to met- 
als іп wire-reinforced hoses [70], as a 
component of high-pressure lubricating 
greases [71], and as a lubricant and stabilizer 
for poly(vinyl chloride) [72]. 


Basic lead carbonate, white lead, 
2PbCO,-Pb(OH),, p 6.14 g/cm, forms white 
hexagonal crystals that decompose at 400 ?C. 
Itis insoluble in water, slightly soluble in car- 
bonated water, soluble in nitric acid, and insol- 
uble in ethanol. Basic lead carbonate is made 
by reacting soluble lead acetate with carbon 
dioxide in the presence of air. It is no longer 
used as a white hiding pigment in paints be- 
cause of its toxicity, but it has many other 
uses. For example, basic lead carbonate is 
used as a component of ceramic glazes, as a 
curing agent with peroxides to form improved 
polyethylene wire insulation [73], as a color- 
changing component of temperature-sensitive 
inks [74], as a component of lubricating grease 
[75], and as a component of weighted nylon- 
reinforced fish nets made of poly(vinyl chlo- 
ride) fibers [76]. 
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9.13.1.3 Halides 


Lead combines with the halogens to form 
the corresponding fluoride, chloride, bro- 
mide, and iodide. Some physical properties of 
the lead halides are listed in Table 9.11. 


Table 9.11: Physical properties of lead halides [67]. 


Solubility at 
Compound тр, °С Бр, °С p.g/em? 20 °С, g/100 
mL H,O 
PbF, 855 1290 8.24 0.064 
PbCL 501 950 5.85 0.99 
PbBr; 373 916 6.66 0.844 
РЫ, 402 954 6.16 0.063 


Lead fluoride, lead difluoride, РЪЕ,, is a col- 
orless, orthorhombic crystalline compound up 
to ca. 220 °C, above which it transforms into 
the cubic form. Lead fluoride dissolves in ni- 
tric acid, but is insoluble in acetone and aque- 
ous ammonia. It is prepared by reacting lead 
hydroxide or lead carbonate with hydrofluoric 
acid, or by the reaction of lead nitrate with po- 
tassium fluoride. Lead fluoride is used in glass 
sealing disks for IR sensors [77]; in wear resis- 
tant automotive shock absorbers [78]; for the 
electroless deposition of lead [79]; as a flux 
for brazing of aluminum and its alloys [80]; in 
optical glass fibers for IR transmission [81]: 
and in thin-film batteries [82]. 


Lead chloride, lead dichloride, РЪСІ,, forms 
white orthorhombic needles having refractive 
indices of 2.199, 2.217, and 2.260. It is 
slightly soluble in dilute hydrochloric acid and 
in aqueous ammonia, but is insoluble in etha- 
nol. It is made by reacting lead monoxide or 
basic lead carbonate with hydrochloric acid, 
or by treating a solution of lead acetate with 
hydrochloric acid and allowing the precipitate 
to settle. Upon heating in air, lead chloride 
readily forms basic chlorides, for example, 
РЪСІ,-РЪ(ОН),, which is known as Pattin- 
son’s lead white, an artist’s pigment. Other 
uses of lead chloride include: a precursor of 
organolead compounds [83]; seawater-activa- 
ble batteries [84]; expanding polymer-based 
mortar [85]; flux for soldering east iron and 
cast brass [86]; sound-insulating rubber seal- 
ants [87]; corrosion inhibitor for galvanized 
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steel [88]; and infrared-transmitting glasses 
for CO, lasers [89]. 


Lead bromide, lead dibromide, PbBr», forms 
white orthorhombic crystals that are slightly 
soluble in aqueous ammonia, soluble in acids 
and in aqueous potassium bromide (due to 
complex formation), but insoluble in ethanol. 
Lead bromide decomposes slowly when ex- 
posed to light and darkens due to the forma- 
tion of lead. It is prepared by reaction of 
hydrobromic acid with lead monoxide or lead 
carbonate. Lead bromide is used industrially 
as a filler for name-resistant polypropylene 
[90], in glass optical waveguides for infrared 
thermometers [91], and for catalysts for pro- 
ducing polyesters [92]. 


Lead iodide, lead diiodide, РЫ, forms a 
powder of yellow hexagonal crystals that dis- 
solve in alkalies and in aqueous potassium io- 
dide, but not in ethanol. Lead 1odide is made 
by reacting a water-soluble lead compound 
with hydroiodic acid or with a soluble metal 
iodide. It is readily purified by recrystalliza- 
tion from water. Lead iodide is used in aero- 
sols for cloud seeding to produce rain 
artificially [93]; for making high-contrast pho- 
tographic images of laser radiation [94]; for 
high capacity cathodes in lithium batteries 
[95]; and in low-temperature thermographic 
copying materials [96]. 


9.13.1.4 Oxides 


There are two main oxides of lead, lead 
monoxide (PbO) and lead dioxide (PbO,), in 
which it is divalent and tetravalent, respec- 
tively. In addition, lead forms a mixed oxide, 
Pb45O,, and a black oxide which normally con- 
tains 60-80% lead monoxide, the remainder 
being finely divided metallic lead. The largest 
market for lead oxides is in the lead acid bat- 
tery industry, where lead monoxide is used to 
prepare the active paste for the electrode grids. 
The next largest market for lead oxides is the 
ceramics industry, which employs these com- 
pounds for the production of glasses, glazes, 
and vitreous enamels. Other major markets for 
lead oxides are the paint and rubber industries. 


Lead 


Another important outlet for lead oxide is 
for the production of lead salts, particularly 
those used as heat stabilizers for poly(vinyl 
chloride) resins, especially basic lead salts. In 
1979, the U.S. plastics market consumed ca. 
9500 t of lead salts [97]. Because of its electri- 
cal and electronic properties, lead oxide is 
used in the production of capacitors, electro- 
photographic plates, transducers, and ferri- 
magnetic and ferromagnetic’ materials. 
Examples of the latter include mixed oxides, 
such as lead zirconate—lead titanate, and lead 
mietaniobate. 

Some physical properties of the lead oxides 
are given in Table 9.12. 


Table 9.12: Physical properties of lead oxides [67]. 








Compound Decomp., °C р. g/cm? 
PbO 1472 (bp) 9.53 
PbO; 290 9.375 
Pb;O4 370 
Pb4O, 500 9.1 


Lead monoxide, litharge, PbO, exists in a red- 
dish alpha form up to 489 ?C; it then trans- 
forms to a yellow beta form (massicot), which 
is stable at high temperatures. It has a water 
solubility of 17 mg/L at 20 °C, and is soluble 
in nitric acid, alkalies, lead acetate, ammo- 
nium chloride, and chlondes of calcium and 
strontium. In alkalies, it forms the plumbite 
ion, PbO2-. Lead oxides are produced indus- 
tially by thermal processes in which lead is 
directly oxidized with air. In the ball-mill pro- 
cess, metallic lead balls are tumbled in air to 
produce a “leady” oxide, which typically con- 
tains 20-35% free lead. The Barton pot pro- 
cess oxidizes droplets of molten lead at ca. 
430 °C to produce either litharge or leady lith- 
arge. 

The principal use of lead monoxide is in the 
manufacture of pastes for the grids used in 
lead acid batteries. It is also widely used in op- 
tical, electrical, and electronic glasses, as well 
as in glazes for fine tableware. To render the 
lead compounds insoluble in foods, the glazes 
and vitreous enamels are prepared from frits, 
in which the lead monoxide is converted to 
lead bisilicate, for example. Litharge is also 
used in rubber as a vulcanizing agent, in lead 
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soaps employed as driers in varnishes, in high- 
temperature lubricants as a neutralizing agent 
in organic syntheses, as a heat stabilizer in 
plastics, and as a starting material in the pro- 
duction of pigments [99]. The preparation, 
properties, and other uses of lead oxide are de- 
scribed in [100]. The consumption of litharge 
in the United States is summarized in Table 


9.13 according to end-use. 
2 


Table 9.13: Litharge consumption in the United States 
[98]. 








Е Litharge consumption, t 
1982 1983 1984 1985 
Ceramics 30980 36782 37960 65413 
Chrome pigments 6591 5973 4367 3794 
Paints 3052 3256 3635 3397 
Rubber 787 933 1016 739 
Other 10267 9596 9920 10590 
Total 51677 56540 56898 83933 


Lead dioxide, lead peroxide, plattnerite, 
PbO, is a brownish-black crystalline powder 
consisting of fine flakes in either the ortho- 
thombic alpha or the tetragonal beta form. 
Lead dioxide decomposes to lead monoxide 
when heated above 290 °C. Lead dioxide is 
practically insoluble in water or alkaline solu- 
tions. It dissolves slowly in acetic acid or 
aqueous ammonium acetate, but more rapidly 
in hydrochloric acid and in a mixture of nitric ' 
acid and hydrogen peroxide. It is produced in- 
dustrially by the oxidation of red lead (Pb30,) 
with chlorine in an alkaline slurry. Lead diox- 
ide is electrically conductive and is formed in 
situ as the active material of the positive plates 
in lead—acid batteries. Since it is a vigorous 
oxidizing agent when heated, lead dioxide is 
used in the manufacture of chemicals, dyes, 
matches, pyrotechnics, and liquid polysulfide 
polymers [101]. Other applications of lead di- 
oxide include antifriction compositions for 
plastic sliding bearings [102], ballistic modifi- 
ers in high-energy propellants [103], elec- 
trodes for seawater electrolysis [104], filters 
for desulfurization of waste gases [105], and 
vulcanizing agents for butyl rubber puncture- 
sealing layers inside tires [106]. 
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Lead sesquioxide, lead trioxide, PbO}, is an 
amorphous, orange-yellow powder. It is insol- 
uble in cold water, it decomposes in hot water, 
and in acids it decomposes to the correspond- 
ing lead salts and lead dioxide. Lead sesquiox- 
ide can be prepared from lead dioxide by 
hydrothermal dissociation. It is used as a bal- 
listic modifier for high-energy propellants 
[96], as a cathode material in lithium batteries 
[107], and as an additive to increase the shat- 
tering force of explosives [108]. 


Red lead, lead tetroxide, minium, Pb40, is a 
brilliant orange-red pigment. It is insoluble in 
water and ethanol, but dissolves in acetic acid 
or hot hydrochloric acid. Red lead is manufac- 
tured by heating lead monoxide in a reverbera- 
tory furnace in the presence of air at 450— 
500 *C until the desired composition is ob- 
tained. It is used as a pigment in anticorrosion 
paints for steel surfaces and in 1984 accounted 
for U.S. shipments of 11 236 t [109]. It is also 
used in lead oxide pastes for tubular lead acid 
batteries [110], in ballistic modifiers for high- 
energy propellants [103], in ceramic glazes for 
porcelain [111], in lubricants for hot pressing 
metals [112], in radiation-shielding foam coat- 
ings in clinical X-ray exposures [113], and in 
rubber adhesives for roadway joints [114]. 


9.13.1.5 Silicates 


Lead silicates are produced commercially 
to specific PbO/SiO, ratios required by the 
glass and ceramic, paint, rubber, and plastics 
industries. Some physical properties of lead 
silicates are given in Table 9.14. 

Table 9.14: Physical properties of lead silicates [115]. 
Compound mp,°C p, giem "E 
Lead monosilicate 700—784  6.50—6.65 2.00-2.02 
Lead bisilicate 788-816 4.60-4.65 1.72-1.74 
Tribasic lead silicate 705-733 7.52 220-224 


Lead monosilicate, lead pyrosilicate, 3PbO;- 
SiO}, is a white, trigonal crystalline powder. It 
is insoluble in water and comprises 85% PbO 
and 15% SiOz. Commercial lead monosilicate 
is produced by dry roasting lead monoxide 
and silica in the mole ratio 3:2. It provides the 
most economical method of formulating lead- 
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beanng glazes for the ceramics industry and it 
is also used in the glass industry as a source of 
PbO. 


Lead bisilicate, PbO-0.03A1,03°1.95Si0,, is 
a pale yellow powder. It 1s insoluble in water 
and has the composition of 6596 PbO, 196 
Al,03, and 34% 510». It is available in granu- 
lar form (10 mesh) and as a ground powder 
(325 mesh). Lead bisilicate was developed as 
a low-solubility source of lead in ceramic 
glazes for foodware, for which its low volatil- 
ity and high viscosity are equally important. 


Tribasic lead silicate, 3PbO-SiO;, is a red- 
dish-yellow powder. It is sparingly soluble in 
water and has the composition of 92% PbO 
and 8% 510. It is available in granular form 
(10 mesh) and as a powder (325 mesh). Triba- 
sic lead silicate has the lowest viscosity of the 
three commercial lead silicates and it is used 
primarily by glass and frit producers. 


9.13.1.6 Sulfates 


Lead forms a normal and several basic sul- 
fates. The most important compound is triba- 
sic lead sulfate because of its extensive use in 
the plastics industry. 


Tribasic lead sulfate, 3PbO-PbSO,-H,O, p 
6.9 gie?) refractive index 2.1, is a fine white 
powder. Its water solubility is 26.2 mg/L at 
18 *C. Tribasic lead sulfate is made by boiling 
aqueous suspensions of lead oxide and lead 
sulfate. The anhydrous compound decom- 
poses at 895 °C [116]. The addition of 2-7% 
tribasic lead sulfate to flexible and rigid 
poly(vinyl chloride) provides efficient, long- 
term, economical heat stability. The com- 
pound 1s easily dispersible, has excellent elec- 
trical insulation properties, and is an effective 
activator for azodicarbonamide blowing 
agents for vinyl foams. 


9.13.1.7 Other Salts 


Several salts of lead are used as heat stabi- 
lizers in the processing of poly(vinyl chlo- 
ride), alone or in combination with a basic 
lead salt, such as tribasic lead sulfate. These 
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salts include dibasic lead phthalate, basic lead 
sulfate phthalate, and dibasic lead phosphite. 
In addition, dibasic lead stearate is sometimes 
employed as a combination internal lubricant 
and heat stabilizer in poly(vinyl chloride). 
Lead diamyl dithiocarbamate has been used as 
an antioxidant to retard the increase of viscos- 
ity and hardness of road asphalts at a loading 
of 2-6% in paving trials in the United States, 
Canada, and Australia [117]. Further field tri- 
als are underway to test the commercial feasi- 
bility and environmental acceptability of lead- 
stabilized paving asphalts. 


9.13.2 Organolead Compounds 


Organolead compounds are those contain- 
ing one or more lead atoms covalently bonded 
to at least one carbon atom. Unlike the inor- 
ganic compounds of lead, nearly all orga- 
nolead compounds are derived from 
tetravalent lead. Table 9.15 gives examples of 
organolead compounds in which from one to 
four carbon atoms are directly attached to a 
lead atom. 


Table 9.15: Physical properties of lead silicates [115].* 
Compound тр, °C Uses 
Bu,Pb(OAc), 103 Anthelmintic for tapeworms 


[120] 

Ph3Pb(OAc) 205  Toxicant for shipbottom paints 
[121] 

Et,Pb —137 Antiknock agent in gasoline 
[122] 


Properties. In general, organolead com- 
pounds are well-characterized substances that 
are quite stable at room temperature. How- 
ever, they are thermally the least stable of the 
organometallic compounds of group 14. Most 
organolead compounds are liable to severe de- 
composition on heating to 100—200 °C, but 
they are not explosive. Stable organolead 
compounds are mostly derived from tetrava- 
lent lead and most fall within the four basic 
categories shown in Table 9.15, namely, 
RPbX3, R2PbX>, R3PbX, and R4Pb (where R 
is an alkyl or aryl group; and X is a halogen, 
ОН, or an acid radical). The R,Pb species 
have limited stability and tend to form R4Pb 
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upon heating. The tetraorganolead compounds 
range from the liquid, volatile tetramethyl- 
lead, (CH4)4Pb, to the crystalline, nonvolatile 
tetraaryllead compounds. Some physical 
properties of tetramethyllead and tetraethyl- 
lead are given in Table 9.16. 

Table 9.16: Physical properties of tetramethyllead and 
tetraethyllead. 

Compound mp, °С bp, °C (kPa) р, giem? np 

Tetramethyllead -27.5  110(101) 1.995? 1.5120 
Tetraethyllead -137 91 (2.53) 1.659 1.5195 








Production. The best known industrial pro- 


' cess for producing tetramethyllead and tetra- 


ethyllead is the reaction of the sodiüm-lead 
alloy PbNa with methyl chloride and ethyl 
chloride, respectively. For example, tetraeth- 
yllead is produced according to the reaction: 


4PbNa + 4C, H4CI — (C4H;)4Pb + 4NaCI + 3Pb 


Tetramethyllead (TML) is also manufac- 
tured by an electrolytic Grignard reaction: 


2CH;MgCI + 2CH,CI + РЬ —> (CH3)Pb + 2MgCl, 


In a third lead antiknock production pro- 
cess, a chemically redistributed mixture of tet- 
raalkyllead compounds results. Thus, in the 
presence of selected Lewis acid catalysts (for 
example, aluminum halides or boron tnfluo- 
ride), a mixture of TML and TEL undergoes a 
redistribution reaction in which an equilib- 
rium mixture of the five possible tetraalkyl- 
lead compounds is produced. 


Economic Aspects. There are three major in- 
dustrial producers of TEL and lead alkyl anti- 
knock additives for gasoline: Ethyl 
Corporation, du Pont, and Associated Octel. 
Data from the International Lead and Zinc 
Study Group in London indicate a decline of 
ca. 66% in the world consumption of refined 
lead for gasoline additives between 1970 and 
1986. Thus, from a peak consumption of 
365 200 t in 1970 (excluding Eastern-bloc 
countries), environmental regulations have re- 
sulted in a decline to 124 000 t of refined lead 
for gasoline additives in 1986 [122]. The lim- 
its in 1988 on lead content of gasoline in vari- 
ous countnes are given in Table 9.17. These 
limits were imposed as a means of meeting au- 
tomotive emission standards. For catalyst- 
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equipped cars, unleaded gasoline must be used 
to avoid poisoning of the catalytic converter. 


Table 9.17: Limits on lead content of gasoline in 1988 
[123]. 


Maximum lead in 


Country gasoline, g/L 
United States 0.026 
Canada 0.291 
Italy, France, Spain, Portugal 0.399 
Other EEC countries 0.151 
Australia 0.304—0.840 
Austria, Sweden. Finland 0.151 
Korea 0.301 
Venezuela 0.840 
Japan 0.000 


Uses. Tetraethyllead is used worldwide in gas- 
oline to prevent preignition knock in internal 
combustion engines prior to completion of the 
compression stroke. Accordingly, tetraethyl- 
lead is commonly called an antiknock agent. 
This application was for many years the single 
largest market tor organometallic compounds. 
In addition to providing antiknock qualities to 
gasolines, organolead additives prevent valve 
seat wear in engines designed for leaded gaso- 
line. 

The preparation and properties of other or- 
ganolead compounds are described in [118]. 
Thiomethyl triphenyllead is used as an anti- 
fungal agent [124], cotton preservative [125], 
and lubricant additive [126]; thiopropyl triph- 
enyllead as a rodent repellant [127]; tributyl- 
lead acetate as a wood preservative [128] and 
cotton preservative [129]; tributyllead imida- 
zole as a lubricant additive [130] and cotton 
preservative [129]; and tributyllead cyana- 
mide and tributyllead cyanoguanidine as lu- 
bricant additives [131, 132]. 


9.13.3 Occupational Health 


Lead is toxic in all forms, but to different 
degrees, depending upon the chemical nature 
and solubility of the lead compound. In gen- 
eral, organolead compounds are more toxic 
than inorganic lead salts if ingested, inhaled, 
or absorbed by humans. Children are more 
sensitive than adults to the effects of lead ex- 
posure. Such exposure may be acute (large 
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single dose) or chronic (repeated low doses). 
Prolonged absorption of lead should be 
avoided because the toxic effects are many, 
cumulative, and severe. 

The most common indications of the onset 
of lead poisoning (plumbism) are gastrointes- 
tinal, including nausea, diarrhea, anorexia, 
and constipation followed by colic. Since 
these symptoms of plumbism may be similar 
to those of other ailments, blood and urine 
tests should be made on the basis of prior ex- 
posure to lead, clinical symptoms, evidence of 
increased lead absorption, and significant bio- 
chemical changes. Lead absorption can affect 
hemoglobin synthesis, red blood cell survival 
time, and neuromuscular function. In addition, 
the toxic effects of lead in women may include 
decreased fertility, increased abortion, and 
neonatal morbidity. Encephalopathy is the 
most serious result of lead poisoning. It occurs 
frequently in children, when they have very 
high blood lead levels, but seldom in adults. 

Sources of lead in the environment include 
soils near smelters, lead-pigmented paints, au- 
tomobile exhaust emissions, food and water, 
and industrial exposure. Each of these sources 
is being reduced or eliminated through envi- 
ronmental and occupational safety regula- 
tions. For example, in the United States, the 
ambient airborne lead limit is 1.5 pg/m?, mea- 
sured over a calendar quarter, which applies to 
the exterior plant environment and emissions. 
Moreover, lead-based paints are banned for 
residential use; leaded gasoline is being 
phased out; lower limits of lead in drinking 
water have been proposed (below 20 parts 
lead per billion parts water). 

As a result of exposure monitoring, respira- 
tory protection, protective work clothing and 
equipment, isolated dining areas, and medical 
surveillance, there is a very low incidence to- 
day of lead poisoning from industrial expo- 
sure. Lead-exposed employees in the United 
States, for example, must be removed from 


work if the average of their last three blood ` 


lead determinations is at or above 50 micro- 
grams lead/100 g whole blood and the air- 
borne lead level is at or above 30 pg/m? [133]. 
The permissible exposure limit (OSHA-PEL) 
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of lead for industrial workers is 50 ugin", av- 
eraged over an 8 h period. The TLV/TWA for 
lead is 0.15 mg/m?, while the MAK value is 
0.1 mg/m”. Tetramethyl- and tetraethyllead 
have an MAK of 0.075 mg/m? (0.01 mL/m*). 


9.14 Pigments 


9.141 Lead Cyanamide ^ · 


Lead cyanamide, PbCN,;, is a lemon yellow 
powder which has the following properties 
[134]: 


Density, g/cm? ca. 6.8 
Apparent density, g/cm? 550—750 
Metal content, % ca. 83 
CN2 content, 9o ca. 16 
Specific surface area, m?/g 2 

pH 9-11 
Conductivity, pS < 300 


9.14.2 Red Lead 


Red lead, Pb30,, crystallizes in the tetrago- 
nal system and is a red powder with a density 
of 9.1 g/cm’. It decomposes at ca. 500 °C at 
atmospheric pressure. . 

Red lead should be regarded as the lead salt 
of orthoplumbic acid, H,PbO, ie. it is 
Іеаа(П) orthoplumbate, Pb PbO}, in which 
PbO, octahedra are linked by Pb(II) ions 
[135]. 

Red lead is produced industrially by oxidiz- 
ing lead monoxide (PbO) at ca. 460-480 °C 
with agitation in a stream of air for 15—24 h. 
Most red lead 1s used in the glass, ceramic, and 
accumulator industries where an apparent 
density of « 2 g/mL is adequate. For the paint 
industry, however, highly dispersed red lead is 
normally necessary, with a sieve residue of « 
0.196 on a 0.063 mm sieve (ISO 787, Part 18) 
and an apparent density of 1.3-2.0 g/mL (ISO 
510, DIN 55516). 

The electrochemical action of red lead re- 
sults from the fact that lead has valencies of 2 
and 4 in lead orthoplumbate: Pb(IV) com- 
pounds are reduced to Pb(IT) in the cathodic 
region [136]. The chemical anticorrosive ef- 
fect is a result of lead soaps that are formed 
when fatty acids in the binder react with the 
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red lead. The lead soaps permeate the paint 
film as lamelle, and give good mechanical 
strength, water resistance, and adhesion to the 
steel surface. Furthermore, the corrosion-pro- 
moting chloride and sulfate ions are precipi- 
tated by lead(IT) ions [137]. 

Red lead is still used for heavy-duty anti- 
corrosion applications, especially for surfaces 
bearing residual traces of rust. In waterborne 
paints, red lead has no advantages over zinc 
phosphate [138]. 

A trade name for red lead is Bleimennige, 
hochdispers (Heubach & Lindgens, Ger- 
many). . 


9.14.3 Calcium Plumbate 


Calcium plumbate, Ca,PbO,, density 5.7 
g/cm?, is a beige powder formed from lead 
monoxide and calcium oxide at ca. 750 °C ina 
stream of air [139]. 

The anticorrosive properties of calcium 
plumbate are inferior to those of red lead 
[140]. Calcium hydroxide is formed as a hy- 
drolysis product when water penetrates 
through a primer that contains calcium plum- 
bate. The pH at the metal surface then in- 
creases to ca. 11—12 which inhibits corrosion. 

The most important use is in primers for 
zinc-coated substrates. The pH change occur- 
rng on hydrolysis of the calcium plumbate 
etches the zinc surface which improves adhe- 
sion of primers, especially on hot-dip galva- 
nized steel [141]. 


9.14.4 Lead Powder 


Lead powder, mp 327.5 °С, density 11 
g/cm, is a dark gray powder containing 99% 
metallic lead and ca. 0.5% lead(1T) oxide. It is 
produced by spraying molten lead at ca. 0.5 
MPa and sifting. Owing to its high surface 
area (particle size 1—15 um), it is liable to oxi- 
dize, and is therefore supplied in airtight pack- 
ages or as a paste. 

Lead powder can be combined with many 
binders [142—143]. It does not affect the sta- 
bility or viscosity of the paint. Binders that ab- 
sorb only small amounts of water are 
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particularly suitable (e.g., epoxy resins, chlo- 
rinated rubber) When formulating paints 
based on lead powder, care must be taken not 
to dilute it with other pigments and extenders 
by more than 5 vol%. 

Lead powder coatings are mainly used for 
protecting against aggressive chemicals. They 
have a high UV reflection and extremely good 
elasticity. Lead powder pigments and pastes 
are also used in radiological protection. 


9.14.5 Basic Lead Carbonate 
[144—148] 


Basic lead carbonate, Pb(OH);: 2PbCO,, is 
used for white pigments and for nacreous pig- 
ments. It is, besides natural pearl essence and 
bismuth oxychloride, one of the classic pearl- 
escent pigments. 

The first commercially successful synthetic 
nacreous pigments were hexagonal platelet 
crystals of lead salts: thiosulfate, hydrogen- 
phosphate, hydrogenarsenate, and most im- 
portant nowadays, basic carbonate. Basic lead 
carbonate is precipitated from aqueous lead 
acetate or lead propionate solutions with car- 
bon dioxide: 


3Pb(OCOCH;), + 2CO, +4H,0 > 
Pb(OH),"2PbCO, + 6CH4COOH 


Under appropriate reaction conditions reg- 
ular hexagonal platelets (ca. 50 nm thick and 
20 шо in diameter) can be obtained. The high 
refractive index (7 = 2.0), high aspect ratio (> 
200), and the extremely even surface of basic 
lead carbonate make it an optimal match to 
natural pearl essence. 

The platelet thickness can be adjusted to 
produce interference colors by modifying re- 
action conditions. When aligned with its plane 
orthogonal to the incident light, the platelet 
crystal behaves as a thin, solid, optical film 
with two phase-shifted reflections from the 
upper and lower crystal planes (the phase 
boundaries). 

The crystals are mechanically sensitive 
and their high density (6.4 g/cm”) results in 
fast sedimentation. In view of their agglomer- 
ation tendency and occupational health (toxic- 
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ity) risks they are not produced in powder 
form, but are flushed from the aqueous phase 
into suitable organic solvents or resins and 
handled as stabilized dispersions. 

Currently, use of basic lead carbonate is 
limited to artificial pearls, buttons, and bijou- 
terie. Due to the low chemical stability of this 
pigment and toxicity problems, it is being in- 
creasingly replaced by bismuth oxychloride 
and mica-based pigments. Worldwide produc- 
tion of basic lead carbonate pigment in 1995 
was ca. 1000 t. 
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10.1 History [1,2, 4,6-8] 


Before 1500 A.D. the Chinese and Indians, 
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zinc was produced prior to the 1300s. Al- 
though the Romans, the Greeks, and the entire 
western world knew how to produce brass, 
which was used as early as 8000 B.C. to make 
jewelry, metallic zinc was unknown. At that 
time, brass was produced by smelting copper 
ores or metallic copper with the zinc ore 
smithsonite. This method lasted until the 
1800s. Brass smelting works were developed 
in the Middle Ages where localized deposits 
of smithsonite occurred in various places, e.g., 
near Lüttich and Aachen, and in Carinthia. 
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The efforts of the alchemists to convert 
base metals into gold led them to become in- 
terested in smithsonite, the ore that gave cop- 
per a golden color. 

The first written sources to mention the 
word "zinc" appeared in the 1500s. However, 
the derivation is not entirely clear. The most 
likely assumption is that it is connected with 
the German word Zinke (the tooth of a comb), 
itself derived from Zacke (jagged peak), from 
the jagged appearance of the ore or of deposits 
in the furnace. A second possibility is that the 
word is derived from the Persian word seng 
meaning stone. GEoRaIUs AGRICOLA (1494— 
1555), in his important De re metallica, de- 
scribes how a material found in large quanti- 
ties in the eastern Alps was called "zinc" by 
the local people. He gave the name “conter- 
fey” to the white substance that was deposited 
at the front of the smelting furnaces during the 
treatment of Rammelsberg ores. This often 
consisted of metallic zinc, although he did not 
recognize it as such. 

The metallurgical properties of zinc were 
first unambiguously described in Europe 
when zinc arrived there from India and China 
after the establishment of trade relations with 
the Far East. — 

In 1595, Lrisavius investigated a sample of 
this East Indian zinc imported from Holland 
and named *calaem". However, he confused it 
with silver and did not realize that it was the 
same material as that known as “cadmia” 
which was scraped off the walls of the furnace 
when Rammelsberg ore was smelted in the 
Harz Mountains to obtain lead and silver. 

In 1617, Louveyss also described this pro- 
cess and clearly recognized this metal as 
“zinc” or the *conterfey" already described by 
Agricola, used to imitate gold. KUNKEL (1700) 

and STAHL (1718) considered that smithsonite 
added a metallic component to the copper dur- 
ing brass production. In 1721, HENKEL pro- 
duced zinc from smithsonite in Upper Silesia 
using a process that he kept secret. In 1746, in 
Berlin, MarccraF produced zinc by distilling 
smithsonite in sealed vessels. He described his 
production principle in detail, thereby estab- 
lishing the basic theory of zinc production. 
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The first industrial production of zinc was car- 
ried out in England, where it was produced on 
a large scale as early as 1720, probably based 
on knowledge of operating methods used in 
East Asia. CHAMPION patented a process 
adapted from brass production to produce zinc 
by distillation and built the first zinc smelting 
works in Bristol in 1743, with a capacity of > 
200 t/a zinc. He also patented the process for 
producing zinc from sulfidic ores after prelim- 
inary roasting. The English zinc industry is 
concentrated in Bristol and Swansea even to- 
day. 

The German zinc industry was founded by 

Ruserc. The first zinc smelting works, which 
used the horizontal retort process developed 
by him, was built in Wessola in Upper Silesia 
in 1798. The raw material initially used was 
zinc galmei, a by-product of lead and silver 
production. Later, it became possible to pro- 
duce zinc directly from smithsonite, and easily 
smelted ore. This was shortly followed by the 
use of zinc blende, which had first to be con- 
verted into the oxidic form by roasting. After 
this development, other smelting works were 
soon erected in Silesia near the deposits, in the 
areas around Lüttich, Belgium and Aachen, 
Germany and in the Rhineland and Ruhr re- 
gions. 
In the United States, the rich ore deposits 
led to rapid growth in zinc production in 1840, 
so that, by 1907, Germany, which had for long 
been the world's leading producer of zinc, was 
left behind. 

The ores were often highly intergrown, and 
ore processing by sorting and flotation meth- 
ods was started in the early 1920s. 

At this time, the electrolytic production of 
high-purity zinc from sulfuric acid solutions 
was developed by the Consolidated Mining 
and Smelting Co. in Trail (Canada) and by the 
Anaconda Copper Co. in Anaconda, Montana 
(United States). | 

An important development in zinc produc- 
tion was achieved in 1930 at the New Jersey 
Co. in Palmerton (United States). Replacing 
the individual horizontal retorts by a single 
vertical retort enabled continuous operation 
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and also yielded relatively pure zinc (ca. 
99.5%). 

Statistical data on world production of zinc 
have been available since 1871. At this time, 
total production was 121000 t/a, of which 
58 000 t/a was produced in Germany and 
45 000 t/a in Belgium. Total production at the 
tum of the century was 472 000 t/a and in 
1913 108 t/a. The earliest use for zinc was to 
produce brass for the manufacture of jéwelry, 
domestic utensils, and coins. 

Zinc castings were first produced on an in- 
dustrial scale in the 1800s by Geiss (1805- 
1875). Backed by the building contracting 
SCHINKEL, the zinc foundry established by 
Geiss soon became of major importance. 

The good resistance of zinc towards atmo- 
spheric corrosion soon led to its use in sheet 
steel production. The possibility of rolling 
zinc at 100-150 °C was discovered as early as 
1805, and the first rolling mill was built in 
Belgium in 1812 by Dony. More such mills 
were built in Silesia from 1821 onwards. 

Hot-dip galvanizing, the oldest anticorro- 


sion process, was introduced in 1836 in. 


France. This became possible on an industrial 
scale only after the development of effective 
processes for cleaning iron and steel surfaces. 
At first, only small workpieces were zinc 
coated. Continuous hot-dip galvanizing of 
semifinished products and wire came later. 


10.2 Properties [12,7211] 


Physical Properties. Some physical proper- 
ties of zinc are listed below. à 


Relative atomic mass 65.39 
Crystal structure, a-Zn fcc (diamond type) 

B-Zn tetragonal 
Transformation temperature 

a-Zn = B-Zn 286.2 К 
Heat of transformation 1966 J/mol 
Density of B-Sn at 20 °C 7.286 g/cm? 

at 100 °C 7.32 

at 230 °С 7.49 
Density of a-Zn at 25 °C 5.765 g/cm? 
Density of liquid zinc at 240 ^C 6.993 g/cm? 

at 400 °C 6.879 

at 800 °C 6.611 

at 1100 °C 6.484 
mp 505.6 К 
Heat of melting 7029 J/mol 
bp 2876 K 
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Heat of vaporization 295.8 kJ/mol 
Vapor pressure at 1100 K 9.8 x 10$ mbar 
at 1800 K 7.5 
at2100 К 83.9 
at 2400 К 512.0 


Thermal conductivity of B-Zn at 0 °C 0.63 Wcm^K"! 
Electrical resistivity of a-Zn аї0 °С 5х 10% Qm 

B-Zn at 25 °С 11.15 x 105 
Superconductivity critical temperature3.70 K 

The remarkably low boiling point of 
906 °C (STP) is important- in pyrometallurgi- 
cal zinc production processes. 7іпс+сап be 
worked at temperatures as low as 120 °C, and 
its good deformability is the basis for some of 
1ts uses. 

In the electrochemical series, zinc is more 
negative than iron. The use of zinc in sacrifi- 
cial anodes is based on this fact. The important 
use of zinc to coat iron to protect it from corro- 
sion is based on the formation of passivating 
protective coatings of basic zinc carbonate by 
reaction with the atmosphere. 


Chemical Properties. Zinc has an oxidation 
state of 2+ in all its compounds. It forms com- 
plexes with ammonia, amines, and cyanide 
and halide ions. Zinc dissolves in mineral ac- 
ids, usually with evolution of hydrogen, but in 
nitric acid with evolution of NO, Zinc is used 
as a strong reducing agent in chemical pro- 
cesses, mainly in the form of powder or gran- 
ules. Zinc is resistant to air because of the 
protective coating formed. It is also resistant 


`{о halogens, but is rapidly corroded by НСІ 


gas. Because of its high surface area, zinc dust 
is much more reactive and can even be pyro- 
phoric, e.g., reacting vigorously at elevated 
temperatures with the elements oxygen, chlo- 
rine, and sulfur. j 

Zinc chloride and sulfate are soluble in wa- 
ter, while the oxide, carbonate, phosphate, sili- 
cate, and organic complexes are insoluble or 
sparingly soluble. 


10.3 Starting Materials for 
Zinc Production  [1,2,4,12-15] 


10.3.1 Zinc Minerals 


With an average concentration in the 
earth's crust of 65 g/t (0.006594), zinc is the 
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24th element in order of abundance. It occurs 
only in the chemically combined state. Like 
copper and lead, zinc is a strongly chalcophilic 
element. It usually occurs as the sulfide, 
mostly deposited from hydrothermal solutions 
and simic and sialic magmas. Sedimentary de- 
posits are of less importance. A series of de- 
posits in carbonatic strata shows the 
characteristics of true marine sedimentary de- 
posits. However, in these cases it can be as- 
sumed that the metal was introduced by 
hydrothermal transport from simic magmas. 
-Zinc deposits, classified according to their on- 
gin, are listed here in order of their economic 
importance: 


e Simic vulcanogenic-sedimentary deposits 
that sometimes occur as massive ore bodies 
and sometimes as impregnations, e.g., Kidd 
Creek (Canada), Mt. Isa and Broken Hill 
(Australia), Anvil Mine (Canada), Bleiberg 
(Austria), Reocin (Spain), and Rammels- 
berg and Meggen (Germany). Ores from 
these deposits represent 6096 of total world 
reserves. 


e Simic-hydrothermal or marine sedimentary 
deposits, e.g., Kipishi (Zaire), Kabwe (Zam- 
bia), Tsumed (South-West Africa), and New 
Zinc Belt and Old and New Lead Belt 
(United States). Approximately 3096 of all 
ore is produced from these deposits. 


e Sialic lodes (impregnation and replacement 
deposits), e.g., Bad Grund (Germany); west- 
ern U.S. states such as Idaho, Colorado, and 
Utah; and Tepca (Jugoslavia). Only 1096 of 
world ore production is from these deposits. 


Cadmium, silver, lead, and copper are im- 
portant by-products of zinc ore extraction. Iso- 
morphous components of zinc blende such as 
cadmium, gallium, germanium, indium, and 
thallium do not form deposits of their own. 
Some of these metals are recovered dunng 
zinc ore processing. 


By far the most important zinc mineral to- 
day, and probably also the only primary ore, is 
zinc blende. The other minerals listed here are 
of only local importance. Native zinc is practi- 
cally nonexistent. 
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Zinc blende, sphalerite, ZnS, theoretical 
composition 67.09% Zn, 32.91% S, is light 
yellow to black in color, usually black to 
brown depending on the iron content, crystal- 
lizes in the regular tetrahedral system, and has 
a Mohs hardness of 3-4 and a density of 3.9— 
4.1 g/cm?. 

The most important impurity is FeS, which 
is always present at concentrations between 
0.3 and > 20%. The grades with the highest 
iron contents are marmatite and christophite. 
Sulfides of Pb, Cd, Mn, and Cu are often 
present. Zinc blende also often contains small 
amounts of As, Sn, Bi, Co, Hg, In, Tl, Ga, and 
Ge, and nearly always contains Ag and often 
Au. 

Wurzite is the hexagonal modification of 
ZnS. It often shows a conchoidal or radiating 
crystalline structure and is therefore also 
known as conchoidal or radiating blende. Its 
density is 3.98 g/cm3: 

Smithsonite, Zinc spar, or calamine, ZnCO,, 
has the theoretical composition 52.1496 Zn, 
35.10% CO,. Some of the ZnO can be re- 
placed by FeO, MnO, CaO, or MgO, so that 
the ZnO content can be as low as 20%. Other 
typical impurities include SiO, Fe,O,, and 
ALO,. 

The Mohs hardness is 5 and the density 
4.30—4.45 g/cm?. The color is yellowish or 
reddish to brown, rarely colorless. Smithso- 
nite crystallizes in the trigonal scalenohedral 
form and is usually amorphous or in amor- 
phous mixtures with other carbonates. Miner- 
als with higher impurity contents include 
manganese zinc spar (up to 15% MnCOj), 
iron zinc spar (up to 5396 FeCO,), copper zinc 
spar (up to 6% CuCOy, zinc lead spar (up to 
1% PbO), and cadmium zinc spar (up to 7% 
CdCO,). 

Hemimorphite, Zn,Si0,-H,0, has the theo- 
retical composition 54.30% Zn, 24.94% 810,, 
and 7.4% water of crystallization of which 
50% is evolved on heating to 500 °C, the re- 
mainder at much higher temperatures. 

The color is yellow to brown, more rarely 
colorless, green, or blue. It forms rhombic py- 
ramidal crystals, but usually occurs in rough, 
massive, botryoidal, or earthy forms. Its Mohs 


Zinc 


hardness is 45 and its density 3.4-3.5 g/cm?. It 
is often a component of “calamine” ores. 


Willemite, Zn,SiO,, has the theoretical 
composition 58.68% Zn, 26.9596 SiO,. Its 
color can be white, yellow to reddish, green- 
ish, or rarely blue. It forms rhombohedral 
crystals, has a Mohs hardness of 5-6 and a 
density of 4.0-4.2 g/cm?, and can contain FeO 
and MnO as impurities. 


Franklinite, (Zn, Fe, Mn)O-(Fe,, Mn;)O,, 
has the theoretical composition 21% ZnO, 
59% Ее,О,, 11% FeO, and 8% Mn,O,, and 
can contain SiO,, ALO,, and MgO as impuri- 
ties. Its color is black, it is weakly magnetic, 
and it forms cubic crystals, with Mohs hard- 
ness 6.0—6.5, and density 5.0-5.1 g/cm?. 


Other zinc minerals of minor metallurgical 
importance include zinc bloom or hydrozin- 
cite, ZnCO3-nZn(OH),; red zinc ore or zincite, 
ZnO; and troostite or bainite, (Zn, Mn),SiO,. 


` 10.3.2 Zinc Reserves 


The proven zinc mineral reserves world- 
wide are estimated at 185.3 x 106 t zinc. Po- 
tential reserves amount to 118.1 x 106 t. The 
undoubtedly considerable Chinese deposits 
are not included in this estimate, as no con- 
crete information on these is available. 


The proven and potential reserves are listed 
in Table 10.1. Canada, with 37.7 x 106 t 
(20.3%), has the largest reserves of any coun- 
try, over 90% of which are in stratified vulcan- 
ogenic-sedimentary deposits. North and South 
America account for over 45.494 of known de- 
posits. Western Europe has 16.796 of world 
zinc reserves, of which the most important are 
in Ireland, Sweden, and Yugoslavia (Kosovo). 
Australia accounts for over 9.5% of world re- 
serves, the largest deposits being in Mt. Isa 
(Queensland) and Broken Hill (New South 
Wales). 


The most important deposits in the GUS, 
accounting for 13.296 of the total, are in the 
central and eastern Kazakh, Uzbek, and Kir- 
ghiz. The reserves in Poland (Upper Silesia) 
are also important. 


645 


Table 10.1: The zinc reserves of the world [2, 3, 12, 13]. 


Provenreserves Potential reserves 


Co — 

O e a $e 
Canada 37 560 20.3 6 620 5.6 
United States 31800 17.1 32200 273 
Mexico 3 600 19 1 000° 0.8 
Peru 7150 3.8 1500 1.3 
Brazil 1790 10 480 0.4 
Rest of Latin 2 360 1.3 2 820 2.4 
Атегіса - 
Africa 5930 32 95804 8.1 
Germany 1850 1.0 1500 1.3 
Sweden 4000 22 2 000 1.7 
Finland 2000 1.1 1 000 0.8 
Ireland 880 48 350 0.3 
Spain 5 060 2.7 1 200 1.0 
Italy 2 200 1.2 1 100 0.9 
Yugoslavia 3 500 19 2 000 1.7 

(Kosovo) ; 
Rest of Western 3420 1.8 2250 1.9 
Епгоре 
Australia 17560 9.5 27950 23.7 
Iran 3 700 2.0 1800 1.5 
India 2650 L4 3 500 3.0 
Japan 9150 5.0 6 100 5.2 
Rest of Asia 1160 0.6 3 100 2.6 


GUS and Eastern 30000° 16.2 10 000 8.5 
Europe 


Total 185 260 100.0 118050 100.0 
eee 


10.3.3 Secondary Raw Materials 
[16, 17] 


Typical secondary zinc raw materials in- 
clude: | 
e Electric steel plant dusts containing 20— 
30% zinc (low grade) or 30-40% zinc (high . 
grade) 
e Liquor residues from zinc electrolysis con- 
taining 25-30% zinc 
e Lead shaft furnace slags containing 10-15% 
zinc 
e Residues from thermal zinc production con- 
taining 8-12% zinc 
Thermal enrichment of such products in the 
Waelz kiln process gives a Waelz oxide con- 
taining 50-58% zinc and 8-12% lead. The 
lead content can be reduced by calcination. 
Other sources of secondary raw materials in- 
clude zinc dross, which is produced in galva- 
nizing plants and has a relatively high zinc 
content (50-85%), zinc-containing sludges 
(10-65% zinc), spent catalysts (50-60% 
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zinc), and dusts from the brass industry (60— 
759^ zinc). 

The increasing problems in disposing of 
zinc-containing materials are resulting in the 
continual extension of the range of zinc-con- 
taining secondary raw materials. 


10.4 Pretreatment of Raw 
Materials for the Production of 
Zinc Metal [124 10, 1823] 


Pyrometallurgical and electrolytic zinc pro- 
duction require an oxidic raw material. Sul- 
fidic concentrates must be prepared for metal 
extraction by roasting, which removes the sul- 
fur as SO, and converts ZnS to ZnO, but does 
not remove gangue material. 

Low-zinc oxidic ores that are not suitable 
for mechanical beneficiation (e.g., by flota- 
tion), slag flue dusts, and other secondary raw 
materials are subjected to a thermal concentra- 
tion stage, which usually consists of either 
slag fuming or roasting in a Waelz kiln. 


10.4.1 Roasting 


Both electrolytic and pyrometallurgical 
zinc production require oxidic raw materials. 
Sulfidic raw materials must therefore be con- 
verted to the oxidic form (known as calcine) 
before leaching or reduction. 

Whereas early accounts of zinc metallurgy 
listed a large number of roasting processes, 
fluidized-bed and sinter roasting have now al- 
most completely replaced older processes 
such as multiple-hearth and flash roasting. An 
essential requirement of any roasting process 
is that it must be possible to recover and use 
the SO, from the waste gas. 

The various zinc production processes re- 
quire feed materials with fundamentally dif- 
ferent physical properties. A fine-grained 
calcine is necessary for leaching with dilute 
sulfuric acid. Flotation concentrates meet this 
requirement if oxidized by roasting in a fluid- 
ized bed. On the other hand, thermal processes 
require a porous feed material in lump form, 
as provided by sinter roasting [18]. 
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Figure 10.1: Phase diagram of the system Zn-Fe-S-O 
[23]. The conditions that exist in most fluidized-bed roast- 
ers are indicated by the hatched area. 


Fluidized-Bed Roasting. Given a processed 
concentrate of suitable chemical constitution 
and particle size, the fluidized-bed reactor al- 
lows a calcine suitable for the leaching pro- 
cess to be produced. The parameters to be 
optimized are bed height, gas velocity, resi- 
dence time, and temperature. In the fluidized- 
bed reactor, the reaction conditions are easily 
controlled and stabilized. The theoretical rela- 
tionships, as shown in the phase diagram Zn- 
Fe-S-O (Figure 10.1), have been thoroughly 
investigated [19, 22, 23]. Fluidized-bed roast- 
ers generally operate at conditions in which 
ZnO and Ее,О; are stable. Developments in 
electrolytic processing technology have en- 
abled the presence of sulfates and ferrites in 
the calcine to be tolerated. 

Fluidized-bed furnaces are often operated 
in two stages, in the first of which the roasted 
product contains 6-896 S. This overflows 
while hot into a second fluidized bed and is 


roasted with an excess of air to a residual sul- - 


fur content of 1.596 [3, p. 662]. 


Sinter Roasting. The first industrial applica- 
tion of sinter roasting was in the roasting of 
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lead ore in sintering pans. The crucial devel- 
opment in processing technology came from 
the sintering of iron ores, the results from 
which are transferable to the sinter roasting of 
sulfidic concentrates [21]. It is important that 
the temperature of the mixture should reach 
the sintering point. This is determined by the 
fuel content of the mixture De. in single-stage 
sinter roasting, by the ratio of concentrate to 
roasted recycled material) the particle size 
distribution of the mixture, and the flow resis- 
tance (controllable by means of the particle 
size), which in turn determines the air pressure 
difference both in the induced-draft and pres- 
sure sintering processes. The moisture con- 
tent of the mixture is an important factor here. 
It is important that all parameters affecting the 
process should be kept as constant as possible. 
Automatic control is not yet widely used. 

In contrast to fluidized-bed roasting, where 
maximum reaction temperatures are in the 
range 900—950 °C and no volatilization oc- 
curs, maximum temperatures in the sintering 
zone reach 1450 ?C, so that the cadmium and 
lead are volatilized to a considerable extent. 
For this réason, it is necessary to limit the 
maximum temperature in the sintering zone. 

In principle, the temperatures in the reac- 
tion zone during sinter roasting are sufficient 
to ensure homogeneous sintering not only of 
concentrates but also of added flue dusts, 
dross, sludge, and other zinc-containing mate- 
rials. An important advantage of sinter roast- 
ing is thus that it enables these materials to be 
prepared for shaft furnace treatment continu- 
ously and by the shortest route. The important 
characteristic parameters for sinter roasting, 
fluidized-bed roasting, and roasting in a multi- 
ple hearth furnace are compared in Table 10.2 
[3, p. 662]. 


10.4.2 Pyrometallurgical 
Concentration Processes 


The aim of pyrometallurgical concentration 
processes is usually the removal of zinc from 
flue dusts, slags, and low-grade, zinc-contain- 
ing raw materials or raw materials of complex 
composition. | 
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Table 10.2: Characteristic values for sinter and fluidized- 
bed roasting compared with multiple-hearth roasting [3, p. 
662]. 


Multiple- Sintering Fluidized- 


hearth roaster belt bed roaster 
Roasting capac- 0.08 0.7 7.5 
ity, t$m ^d" 
Throughput, t/d 60 500 800 
Grain size, mm 1.5 5 3 
Dust content, % 13-15 2-3 50 
SO, in exhaust 4-5 10 , 10 
gas, % z 
Steam output, 0.4 1.0 
t/t ore 
Floor area, m*td 7 10 3 


The Waelz kiln process was originally used 
for the treatment of low-grade oxidic ores to 
obtain oxide suitable for smelting [24]. It is 
now mainly used as an enrichment process to 
treat secondary raw materials from zinc metal- 
lurgy, e.g., slags, flue dusts, and sludges. 

In the Waelz kiln process, the zinc and lead 
from the raw materials appear in the oxide 
product, together with much of the sulfur, 
chlorine, and fluorine, both from the raw ma- 
terials and from the carbonaceous reductant. 
The zine metal is usually obtained from the 
oxide product by a thermal process. For this, 
the oxide can be compacted by sintering or 
forming it into briquettes. If oxide with a low 
lead content is required, it must be calcined, 
ie., reheated to 1100—1350 °C without addi- 
tion of reduchlg agents, to volatilize the Pb as 
PbO. The Waelz kiln process is carried out in a 
slightly inclined, slowly rotating, lined Waelz 
or rotary kiln through which air is passed at a 
controlled rate so that the mixture of raw ma- 
terial and coke breeze does not fuse together. 
The residues are discharged in a sintered but 
not molten state. Air from the furnace atmo- 
sphere diffuses to a limited extent into the re- 
action mixture which is carried up the walls of 
the rotating furnace, and a strongly reducing 
CO/CO, atmosphere is formed. This causes 
reduction not only of ZnO but also of zinc fer- 
rites and silicates, and reoxidation to ZnO oc- 
curs after discharge. The following reactions 
take place in the rotating furnace: 


Reaction in the solid charge: ZnO + С — Zn, + CO 


Reaction in the gas space: Zn, + СО + О, 2 ZnO + CO, 
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The heat liberated is due only to the overall 
reaction, i.e., the combustion of C to form 
СО,, as the reduction of ZnO to Zn is immedi- 
ately reversed in the gas space above the 
charge. The zinc oxide leaving the furnace 
space is collected in bag filters. As the sulfur 
and halogens in the waste gases are bound to 
the zinc oxide, there are no environmental 
problems. The iron compounds in the charge 
are reduced to wuestite and to some extent to 
iron metal. In practical operation, the compo- 
sition of the reaction mixture must be cor- 
rectly formulated and an excess of coke breeze 
must be present to prevent the iron-containing 
components from fusing and forming incrus- 
tations in the furnace. The temperature regime 
of the process can be controlled by means of 
the filling height, residence time, and air flow 
rate in the upper part of the furnace. Overheat- 
ing can cause incrustations to form and must 
be prevented [24—27]. 


Slag Fuming. In contrast to the Waelz kiln 
method, with which a range of raw materials 
can be treated, the slag fuming process is only 
used to remove zinc from molten slags from 
lead and copper smelting [28]. The zinc oxide 
so obtained can be used for zinc production. 
The molten slag is blown with reducing gases, 
so producing zinc vapor, which is burnt in the 
gas space above the molten slag by secondary 
air. The resulting high-grade oxide is cooled in 
a waste heat boiler in an EGR and collected [3, 
p. 65]. The composition of the reaction prod- 
ucts from slag fuming in Port Pirie (Australia) 
is given in Table 10.3. 

Table 10.3: Composition (in %) of reaction products from 
a slag fuming plant in Port Pirie, Australia. 

Zn Pb CaO FeO SiO, Е 5 


eege 
Slagbefore 18.3 2.6 147 256 210 01 L7 
Zn removal 


Slag after 2.6 0.03 

Zn removal 

Oxide 66.0 12.5 0.25 0.2 
ee EE 


Oxide Calcination. The oxides obtained from 
Waelz kilns or slag fuming plants can be com- 
pacted in preparation for further processing by 
sintering or briquetting, without pretreatment. 
However, for electrolytic processing, for pig- 
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ment use, or for production of other zinc com- 
pounds, removal of harmful elements such as 
Pb, Cl, and F is required. This is carried out by 
calcination in rotary kilns at 1100-1150 °C. 
Not only are the harmful impurities removed, 
but the material is also densified [29, 30]. 


10.5 Production of Zinc 
Metal [1-5] 


There are five industrial processes for the 
production of zinc: one electrolytic and four 
pyrometallurgical. Their relative importance 
during recent decades is illustrated in Figure 
10.2 [3, p. 664]. Although the horizontal retort 
was the most important zinc production pro- 
cess at the turn of the century and. still ac- 
counted for ca. 5096 of total production 
capacity in 1950, the process is no longer of 
practical importance. The question of whether 
the energy-intensive electrolytic zinc produc- 
tion process can retain or even extend its lead 
depends on the development of the energy 
supply situation. 
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Figure 10.2: Annual outputs of the various zinc produc- 
tion processes expressed as a percentage of total annual 
output (idealized curves) [3, p. 664]. 


Zinc 


10.5.1 Pyrometallurgical Zinc 
Production by the Retort Process 


Zinc oxide, produced by roasting, is re- 
duced by carbon according to the equation 


ZnO +C = Zn+CO AH=353kI 


The reaction is so strongly endothermic that 
5.4 MJ of heat is requirėd to produce 1 kg of 
zinc. The reaction starts at ca. 1100 °С*апа is 
complete at 1300 °C, and the zinc (bp 920 °C) 
is therefore produced as a vapor. Zinc produc- 
tion by the retort process hence involves not 
only reduction of the oxide but also condensa- 
tion of the zinc from the vapor to the liquid 
state. Care must be taken to prevent reoxida- 
tion, and the zinc vapor must not come into 
contact with the combustion gases. The reduc- 
tion must therefore be carried out either in ves- 
sels with exterior heating (retorts) or by the 
electrothermal method. Horizontal, batch-op- 
erated retorts with circular or elliptical cross 
section can be used, or furnaces containing 
vertical, continuously operated retorts with a 
rectangular cross section. The quality of the 
furnace vessels is of great importance for the 
process, especially their stability at high tem- 
perature, resistance to large temperature fluc- 
tuations, good thermal conductivity, 
impermeability to reaction gases, and resis- 
tance towards chemical attack by the charge 
materials. 


Reduction in Horizontal Retorts. Zinc has 
been produced in horizontal retorts since ca. 
1800 in Belgium and Upper Silesia from 
smithsonite and later from roasted zinc 
blende. Retorts vary in their shape and ar- 
rangement in the furnace and in the fitting of 
receivers, in which the zinc vapor produced in 
the retort condenses as a liquid. Detachable 
devices made of sheet metal (so-called allon- 
gen) are fitted to the condensers to collect zinc 
escaping in the form of dust. 

The retort furnaces are equipped with re- 
generators or recuperators which utilize the 
hot waste gases to preheat the combustion air 
and sometimes the fuel gas. The retorts used to 
be charged by hand, an extremely labor-inten- 
sive operation: one worker smelted ca. 0.5 t 
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ore per shift. Moreover, the yield was poor, 
only 609^ of the zinc being obtained as molten 
castable metal, 1096 remaining unreacted in 
the ash produced, and the rest reporting to the 
dross and dust in equal amounts. Although ef- 
forts were made to mechanize the process, es- 
pecially the charging and discharging of the 
retorts, the main problem, 1.е., the poor effi- 
ciency (ca. 2096), could not be solved. The 
horizontal retort is no longer an indüstrially 
important zinc production process. 


Reduction in Vertical Retorts. The poor effi- 
ciency, batch operation, and above all labor in- 
tensity of zinc production in horizontal retorts 
provided the incentive to develop an improved 
process. The fact that the horizontal retort was 
inconsistent with the natural downward move- 
ment of the charge and upward movement of 
the zinc vapor suggested that a vertical ar- 
rangement would be better. Zinc reduction 
furnaces were therefore constructed with ver- 
tical retorts, but only after overcoming major 
difficulties. The system is known as the New 
Jersey process. The furnace, illustrated in Fig- 
ure 10.3, consists of a retort 13.5 m high, 1.83 
m long, and 0.3 m wide, constructed of silicon 
carbide. The retort is externally heated over a 
vertical length of 8 m (starting at 1.5 m from 
the lower end) to a temperature of 1250- 
1300 ?C. Producer gas is fed from above into 
the heating chambers, and the exhaust gas 
phases out of the furnace at the bottom. The 
reaction air 1s fed through the sides of the fur- 
nace along its whole length. Above the heated 
part of the furnace is an unheated part 4 m in 
length which acts as a reflux condenser for the 
lead formed and is known as the lead collector. 
In the original design, the gas mixture passing 
out of the retort at 850°C was cooled to 
500°C by a plate cooler, which also con- 
densed and collected the zinc. This was tapped 
off from time to time. The zinc dust formed 
was collected by means of a water spray. The 
process was much improved by replacing the 
plate cooler by a spray condenser. A graphite 
disc, partially immersed in the pool of molten 
metal and spinning at ca. 400 rpm, atomizes 
the metal so that the waste gases from the re- 
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tort passes through a metal fog. The metal is 
collected at 500 °C in an exterior cooler. This 
prevents formation of dross, and the amount of 
zinc dust formed is reduced to 3% of the zinc 
product. 


The charge material containing 60-70% 
calcine and 30-40% coal, is formed into bri- 
quettes, which are then coked in a coke oven. 
The coked briquettes are charged into the top 
of the retort. After extraction of the zinc from 
the briquettes, they are discharged from the 
bottom of the retort through a water lute. The 
zinc-containing gases discharged from the top 
of the retort are cooled to ca. 500 °C in a con- 
denser, in which the molten zinc collects at the 
bottom. The tail gases produced, which con- 
tain ca. 85% carbon monoxide, are scrubbed 
and recycled to the producer gas stream. Fur- 
naces with vertical retorts are much more ther- 
mally efficient than those with horizontal 
retorts, and they have the further advantages 
of providing higher capacity, higher zinc pu- 
rity, and longer working life of the retorts, and, 
above all, do not involve heavy manual labor 
or batch operation. 
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Figure 10.3: Schematic diagram of vertical retort [3, p. 
666]: New Jersey retort with plate condenser for zinc re- 
covery. The left- and right-hand sections are rotated 90? 
with respect to each other. a) Charging bucket; b) Cone; c) 
Lead collector; d) Inclined channel; e) Condenser; f) Tap 
hole; g) Retort; h) Fuel gas inlet; i) Air inlets; k) Exhaust 
gas exit openings; D Ash removal equipment; m) Ash 
bucket; n) Recuperator. 
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10.5.2 Zine Production in the 
Shaft Furnace [31] 


Prolonged and extensive development 
work in the 1950s, aimed at utilizing the im- 
proved thermal efficiency and higher reaction 
temperatures of the coke shaft furnace, led to 
the lead-zinc shaft furnace of the Imperial 
Smelting Corp. Thus, a process became avail- 
able that could be used with raw materials of 
complex composition, such as mixed ores and 
secondary raw materials containing impurities 
that would cause severe problems in electro- 
lytic zinc production. 


In the shaft furnace, the heat for the reduc- 
tion is provided by the oxidation of C to CO, 
and CO. Under the reaction conditions nor- 
mally used in a shaft furnace, the zinc vapor 
formed would be reoxidized to ZnO by the 
CO, in the furnace gas. Intensive research on 
the equilibria enabled conditions to be found 
under which this reoxidation does not occur. 


In normal shaft furnace operation, the best 
possible heat utilization is achieved by using 
countercurrent flow to heat the charge mate- 
rial. The furnaces are relatively tall, and fur- 
nace gas exit temperatures of ca. 200 °C are 
aimed for. In accordance with the Boudouard 
equilibrium, this results in higher CO, con- 
tents in the furnace gas. The zinc shaft furnace 
requires gas temperatures of 1000 °C. In order 
not to lower the furnace gas exit temperature 
by the addition of the cold charge material, the 
coke is heated to > 800 °C and the calcine is 
added as hot sinter. 


The shaft furnace obtains its heat of reac- 
tion from the combustion of coke in the reac- 
tion zone. This leads to large amounts of 
nitrogen in the furnace gas, lowering the par- 
tial pressure of the zinc. Therefore, the heat re- 
quired is generated to a large extent outside 
the furnace. Thus, the combustion air is pre- 
heated to 700—950 °C, enabling the amount of 
furnace gas to be much reduced. The CO-rich 
furnace gas is cooled as it passes from the fur- 
nace to the condenser. To prevent reoxidation 


of zinc to ZnO, a small amount of atmospheric... 


oxygen can be added to avoid a temperature 


Zinc 


drop. This process step must be carefully con- 
trolled. 

The zinc collects in a spray condenser. In 
contrast to the vertical retort process, lead is 
used as the condensing liquid instead of zinc. 
Dissolving zinc in lead greatly reduces its ac- 
tivity. As the solubility of zinc in lead is 
strongly temperature dependent, the zinc can 
be precipitated by cooling. In practice, a tem- 
perature of ca. 550°C is maintained'in the 
spray condenser. The metal flowing out of the 
condenser is cooled to 440 °C, causing the 
zinc to separate from the lead and float on the 
surface. It then flows over a weir and is col- 
lected. As the process does not take place un- 
der equilibrium conditions, the recovery of 1 t 
zinc does not require the theoretically calcu- 
lated amount of lead (60 t), but ca. 400 t. The 
zinc is either cast as commercial grade ingots 
(98.596 Zn) or refined to higher grades. 

The first full-scale industrial furnace went 
into operation in Swansea in 1960. The cross- 
sectional area of the shaft was 17.2 m?, and 
this remains the standard size even today. 

On licensing its ISO process, Imperial 
Smelting required that licensees should com- 
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pare their experiences of the process, and this 
has led to standardization of the major zinc- 
producing plants and to improvements in the 
plant performance. For example, the annual 
output of a furnace with a cross section of 17.2 
mi has been increased from 35 000 t zinc and 
17 000 t lead in 1963 to 80 000 t zinc and 
40 000 t lead in 1990. At the same time the 
zinc yield was increased from 91.7 to,95.5%, 
and the lead yield from 94 to 9596. The Pb:Zn 
ratio in the charge material was increased from 
0.49 to 0.6, further enhancing the main advan- 
tage of the process, i.e., its ability to treat ores 
of complex composition. In addition to Zn and 
Pb, many ores also contain Cu. Most of this is 
reduced to the metal and dissolved by the lead. 
Copper contents below 496 give few prob- 
lems, as the copper separates as dross on cool- 
ing the lead and can be removed in the form of 
a solid crust. Higher concentrations can give 
problems due to the limited solubility of cop- 
per in lead. Special techniques are then re- 
quired. À schematic diagram of a lead-zinc 
shaft furnace 1s given in Figure 10.4. 
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Figure 10.4: Zinc-lead shaft furnace: a) Moisture trap; b) Mechanical washer; c) Water jets; d) Gas scrubbing tower; e) 
Water seal for zinc dust removal; f) Blower; g) Stirrers; h) Air preheater, i) Jets; j) Feeding vessel for hot coke and cal- 
cine; К) Cone; D Furnace; т) Hearth; n) Lead pump: o) Pump sump; p) Water jacket; q) Condenser, г) Water-cooled 
trough; s) Lead recycle trough; t) Separating wall; u) Zinc bath. 
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10.5.3 Refining of Crude Zinc. 
Zinc produced hydrometallurgically (see 


Section 10.5.4) does not need to be refined. 


However, crude zinc produced by pyrometal- 
lurgy contains 0.7—396 Pb, up to 0.2% Fe, up 
to 0.396 Cd, and sometimes small amounts of 
As, depending on the production method and 
the composition of the ore. The zinc used to 
produce pressure casting alloys should have a 
purity of 99.99-99.995%, and galvanizing 
processes require a purity of 98.5-99.95%, 
depending on the process used. Commercial 
grades of zinc cannot be produced simply by 
remelting and liquation or by treatment with 
fluxes. Simply cooling zinc melts until they 
approach the eutectics in the systems Zn-Pb 
or Zn—Fe does not produce the theoretical 
compositions 0.8% Pb and 0.02% Fe, respec- 
tively. The concentrations obtained in prac- 
tice are 1.296 Pb and 0.0396 Fe. 


Hence, these processes are only suitable for 
producing zinc for the next stage of purifica- 
tion by distillation or for producing zinc dust. 
The refining of commercial zinc produced by 
a pyrometallurgical process (today usually the 
Imperial Smelting Shaft Furnace process) is 
carried out by distillation in high-temperature 
distillation columns constructed of ceramic- 
bonded SiC elements. The process was devel- 

. oped by the New Jersey Zinc Co., Palmerton 
(United States), and the first plant went into 
operation in 1932. 

The distillation process makes use of the 
comparatively low boiling point of zinc 
(906 °C). However, as not only impurities 
with a high boiling point such as lead, copper, 
tin, and iron must be removed, but also cad- 
mium, which boils at 762 °C, the refining pro- 
cess must be carried out in two stages. A plant 
based on the New Jersey process is illustrated 
in Figure 10.5. Molten crude zinc is fed into 
the top third of a distillation column, the lower 
part being heated to ca. 1100 *C. The upper 
part acts as a reflux cooler for the less volatile 
constituents, so that only Zn and Cd pass into 
the condenser. Because of the relatively small 
difference in boiling point between zinc and 
cadmium and the low cadmium content, a fur- 
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ther very careful fractional distillation must be 
carried out. The column for this is heated to 
ca. 950 °C, and the Cd which distills off is col- 
lected as a dust with a high zinc content. De- 
pending on the composition of the initial 
materials and the quality of the process con- 
trol, the zinc produced can have a purity of 
99.996% and the concentration of the desired 
elements Pb, Cd, and Fe can be < 0.001%. 

The “washing” zinc produced in the lead 
column contains Pb, Fe, Cu, and sometimes 
also In and Tl. The washing zinc is liquated, 
giving hard zinc and very impure lead. The 
hard zinc is recycled to the process, but the 
lead can be treated separately. In practice, this 
very impure lead is often added to crude lead 
from a smelter before it is refined. 

The working life of the distillation columns 
is 2-3 years, and the energy consumption for 
1 t of purified zinc is 6.5-7.3 GJ. 





Figure 10.5: Zinc refining plant using the New Jersey 
process [3, vol. la, p. 116, Figure 34]: a) Melting furnace; 
b) Lead column; c) Condenser; d) Cadmium column; e) 
Cadmium canister, f) High-purity zinc furnace; g) Washed 
zinc furnace. 


10.5.4 Hydrometallurgical Zinc 
Production  [1—5, 10, 13] 


Zinc can be deposited electrolytically both 
from aqueous solutions and molten salts. 
However, only aqueous electrolytes (1.е., solu- 
tions of zinc sulfate in dilute sulfuric acid) 


———— — 


Zinc 


have so far been used in industry. Other pro- 
posed processes such as the electrolytic pro- 
duction of zinc dust, amalgam electrolysis, 
and sulfate-chloride electrolysis have not at- 
tained industrial importance. Although a full- 
scale version of the electrolytic refining pro- 
cess, in which the impure zinc forms the an- 
ode, has been developed, it is not used, the 
reasons being mainly economic. The electro- 
lytic production (electrowinning) of zinc from 
solutions of zinc sulfate in sulfuric acid has 
undergone unparalleled growth in recent de- 
cades. Approximately 8096 of total world pro- 
duction comes from this process today, 
although a number of problems still need to be 
solved, principally in the preparation of pure 
electrolyte solutions. 

Like the thermal processes of zinc produc- 
tion, the industrial electrolysis of zinc uses ox- 
idic starting materials. The most important 
natural raw material, zinc blende, therefore 
still needs to be roasted to be converted to ox- 
ide. To ensure rapid dissolution of the calcine, 
the roasting processes used should therefore 
conserve the fine grained structure of the con- 
centrate obtained by flotation. Commereial 
zinc oxide can usually be used directly and 
need only be treated if it contains impurities 
that have a harmful effect on the electrolytic 
process. Roasted oxide must be ground to im- 
prove its solubility. Using typical starting ma- 
terials, the electrolytic process of zinc 
production consists of the following stages 
(Figure 10.6): 

e Roasting 

e Leaching 

e Liquor purification 
e Electrolysis 


e Melting and casting. 

The main problem in leaching and liquor 
purification is zinc-iron separation. In earlier 
processes, leaching was carried out such that a 
large excess of acid was avoided. Thus, the 
calcine and acid (exhausted electrolyte) were 
added simultaneously to the leaching tanks, 
the amount of acid being exactly that required 
to dissolve the zinc oxide. High yields of zinc 
could only be obtained with concentrates con- 
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taining € 3% Fe. Iron in higher concentrations 
was dissolved to some extent. The solid resi- 
dues contained ca. 2096 Zn and 3096 Fe. How- 
ever, as a result of the roasting process, part of 
the zinc in the calcine is in the form of zinc 
fernte (ZnFe,O,), which can only be dissolved 
at higher acid concentrations (50-150 g 
H,SO,/L). Maximum yields of zinc and also 
of other valuable impurities such as copper 
and cadmium require the use of higher acid 
concentrations in the leaching process. Hence, 
almost complete dissolution of the iron con- 
tent of the zinc blende cannot be avoided. As 
the iron interferes with the electrolytic process 
even at low concentrations, it must be precipi- 
tated from the zinc sulfate solution obtained. 


Precipitation of Iron Hydroxide. Precipita- 
tion of iron as its hydroxide has now been 
largely superseded owing to the poor zinc 
yield obtained (85-88%). The process is usu- 
ally carried out in two stages. 


The readily dissolved zinc oxide fraction is 
brought into solution by “neutral leaching” in 
a mixture of cell acid (150-200 g H,SO,/L) 
and the acidic solution (ca. 50 р H,SO,/L) pro- 
duced during iron precipitation. At this stage 
of the process, it should be ensured that impu- 
rities such as iron, arsenic, antimony, and ger- 
manium are retained in the solid residues. A 
solid-liquid separation is carried out, giving ` 
an impure neutral liquor which is fed to the 
purification stage and a zinc-rich residue 
which is fed to the second, acid leaching stage, 
for which hot (ca. 95 °C) cell acid is used. A 
further solid-liquid separation produces a 
solid residue containing up to 5% zinc and any 
lead and silver present (which can be pro- 
cessed in a lead smelter) and a zinc solution 
containing ca. 80 g/L zinc together with the 
iron and other impurities, such as arsenic, anti- 
mony, germanium, nickel, and cobalt. 

After oxidation of Fe(II) to Fe(II) in the 
solution obtained by “neutral leaching”, the 
iron is precipitated as its hydroxide by adding 


further calcine. The precipitation starts at pH 


2.6 and continues up to pH 5.0. This gives so- 
lutions with residual iron contents of 10-20 
mg/L. Because precipitation of iron causes ar- 
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senic, germanium, and zinc to be adsorptively 
coprecipitated, and the calcine used for neu- 
tralization cannot be subjected to hot acid 
leaching, this process gives unsatisfactory 
zinc yields. Higher zinc yields are only possi- 
ble if the leaching residues can be more 
readily filtered. Three methods of achieving 
this are available, 1.е., precipitation of the iron 
as jarosite, goethite, or hematite. 
Sulfidic zinc concentrate 


S0,-containing 


Air — [Oxidative| “ӘЗ! gas Н,50, 
roasting productian 
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Figure 10.6: Flow diagram of the electrolytic zinc pro- 
duction process [2. p. 602]. 

Iron Removal by the Jarosite Process. In the 
jarosite process, an Fe(III) compound of the 
type X[Fe,(SO,).(OH),], where X represents 
H,O, Na, К, or NH, is precipitated by adding 
alkali metal or ammonium ions. These com- 
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pounds correspond to the mineral jarosite. The 
process was independently developed be- 
tween 1960 and 1965 in various zinc smelting 
plants around the world. It makes use of the 
fact that jarosite precipitates have the follow- 
ing advantages over iron hydroxide: 

e They are almost insoluble in sulfuric acid 


e They have a high iron content, so that the 
amount of precipitate formed is low 


e They have good filtering properties 

However, jarosite precipitates do not ad- 
sorb the harmful impurities as effectively, so 
that the purification effect of the process 1s in- 
ferior. 

The additional cations needed for the pre- 
cipitation are added to the liquor in the form of 
sulfates. In practice, ammonium sulfate, 
which forms an ammonium jarosite, is usually 
used. f 

A flow diagram of the process is given in 
Figure 10.7. 

Precipitation of jarosite begins at pH < 1 
and is complete at pH 1.5. Jarosite formation 
and precipitation being a temperature-depen- 
dent process, two alternative industrial pro- 
cesses exist, the first operating at temperatures 
upto 180 °C and with relatively high acid con- 
centrations (60-90 g H,SO,/L) giving a high 
reaction rate, and the second at ca. 95 °C and 
considerably lower acid concentrations (5—10 
g/L). The lower temperature method is more 
widely used, mainly because of the lower 
equipment costs. 

Jarosite theoretically contains 37% iron 
and 13% sulfur as sulfate. In practice, these 
values are not reached, as the calcine added 
for pH control is not completely dissolved and 
hence adds impurities to the solid residue. For 
this reason, additional leaching processes are 
carried out, giving zinc contents of 4-6% in 
the residue. Zinc yields of 96-98% can be 
achieved by the jarosite process. As the 
jarosite contains sulfate, it helps regulate the 
sulfate balance of the plant. 

Worldwide, the jarosite process has super- 
seded the precipitation of iron hydroxide. 
However, problems are caused by the fact that 
the jarosite contains small amounts of soluble 
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zinc and so must be deposited in special waste 
disposal sites. New processes aimed at further 
increasing the zinc yield have therefore been 
developed. 
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Figure 10.7: Flow diagram of the jarosite process with 
preneutralization [3, p. 678]. 

Iron Removal by the Goethite Process. As 
the flow diagram (Figure 10.8) shows, the first 
stages of the goethite process are the same as 
in the jarosite process. The solution from the 
first hot leach is then treated with zinc concen- 
trate. The zinc dissolves, reducing the iron to 
the divalent state, and elemental sulfur is pre- 
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cipitated, so that compounds other than goet- 
hite (e.g., jarosite) are not precipitated in the 
final precipitation process. The excess zinc 
concentrate and the elemental sulfur are recy- 
cled to the roasting process. Oxygen is added 
in a controlled manner, precipitating goethite, 
ЕеО(ОН), at pH 2-3.5 and 70-90 °C. 
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Figure 10.8: Flow diagram of the goethite process [3, p. 
679]. 

The advantage of the goethite process is 
that the amount of residue that must be dis- 
posed of is considerably less than in the 
jarosite process. Whereas the zinc yield is 
comparable to the jarosite process, the yield of 
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copper is lower (80% instead of 90%) and that 
of silver is higher (96% instead of 90%). As 
the goethite produced, which contains 40— 
45% iron, always contains small amounts of 
basic sulfates, it cannot be used in blast fur- 
naces. 


Iron Removal by the Hematite Process. The 
hematite process (Figure 10.9) was developed 
to enable iron-containing residues from zinc 
production to be disposed of at moderate cost 
and without ecological problems. It differs 
from ће other processes in that the residues 
are subjected to reductive leaching in which 
the reducing agent is an excess of zinc concen- 
trate. The iron is reduced with formation of el- 
emental sulfur. The insoluble solids and the 
liquor are heated in autoclaves, causing the 
sulfur to melt and wet the excess of zinc 
blende, forming small pellets. These are 
cooled, classified, and fed to the roasting 
plant. A lead-silver residue, which separates 
from the solution, is sent to a lead smelting 
plant. The liquor is preneutralized with cal- 
cine, and the resulting precipitate 1s recycled 
to the hot reductive leaching stage. The copper 
is precipitated from the zinc-iron solution by 
addition of zinc (cementation), and the solu- 
tion is then neutralized with calcium carbon- 
ate. This is followed by the most important 
stage of the process, pressure treatment inan 
autoclave at 200 *C at an oxygen pressure of 
10—15 bar. Under these conditions, iron is pre- 
cipitated as Fe,O, (hematite), which can be 
used in iron metallurgy. The zinc solution is 
recycled to the neutral leaching stage. The 
gypsum produced is dewatered and can then 
be used in the building materials industry. The 
yields of zinc and other valuable metals are 
comparable to those in the jarosite and goet- 
hite processes. As the iron can be produced in 


the form of a useful product, no landfill space . 


is required. However, the costly and complex 
technology is restricting more widespread use 
of the process. 
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Figure 10.9: Flow diagram of the hematite process [3, p. 
680]. 
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10.5.5 "Treatment of Leaching 
Residues 


Residues from calcine leaching are prima- 
rily subjected to pyrometallurgical treatment. 
In some plants of older design, the residues 
from the neutral leaching stage are treated in a 
Waelz kiln. This removes the lead, and the re- 
sulting sinter oxide is ground and recycled to 
the leaching process. In a development of the 
classical Waelz kiln process, vaporization is 
carried out in a Waelz kiln fitted with an exter- 
nal burner. A rotary flame-fired furnace of the 
Dorschel type can also be used in a batch pro- 
cess. 


A combination of flotation with pyrometal- 
lurgical and hydrometallurgical processes 
(sulfating roasting followed by leaching) en- 
ables the valuable metals to be recovered from 
the leaching residues. 


10.5.6 Solution Purification 


Impurities still present in the unpurified 
neutral liquors from the iron precipitation 
stage can lead to | 


e Lower current efficiency 


e The presence of impurities in the cathodi- 
cally deposited zinc 


ө Adverse effects on the anode and the cath- 
ode 
If the critical impurity concentrations are 
exceeded and several impurities are present si- 
multaneously, the electrolytic process may no 
longer be possible. The concentration limits of 
the harmful impurities cannot be precisely 
specified, but the following guidelines (in 
mg/L) can be used: 
As 0.01-1 
Sb 0.05-0.1 
Ge 0.002-0.05 
Ni 0.05-3.0 
Co 0.1-1.0 
Fe 20-30 
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In the formerly used iron hydroxide precip- 
itation process, the adsorptive effect of the hy- 
droxide precipitate caused most of the arsenic, 
antimony, and germanium to be removed 
along with the iron, so reducing their concen- 
trations below the acceptable limits. 


However, when the residues from the neu- 
tral leaching are subjected to hot acid leaching 
(mainly in the interest of higher zinc-yields), 
the neutral liquors contain much higher levels 
of impurities. As these are not removed either 
in the iron precipitation or the leaching stage, 
careful purification of the liquor is necessary. 
In principle, there are the following possibili- 
ties: 


e Chemical precipitation 
e Electrochemical deposition 
ө Ion exchange (solvent extraction) 


e Cementation with zinc 


For high quality requirements, a combina- 
tion of methods can be used. Chemical precip- 
itation is mainly used for nickel and cobalt. 
For example, nickel can be precipitated by 
dimethylglyoxime and cobalt by a-nitroso-B- 
naphthol. However, as these reagents are ex- 
pensive, their use can only be considered in 
exceptional cases for liquors with very low 
levels of impurities. 


Processes involving the use of fluidized- 
bed electrolysis to remove impurities more no- 
ble than zinc and the use of solid and liquid 
ion exchangers are still at the development 
stage. 


In most zinc electrolysis plants, the liquor 
is purified by cementation of harmful ele- 
ments on zinc dust in a continuous, multistage 
process. An inert coating can form on the zinc 
particles or they may be chemically dissolved. 
Therefore, not all the zinc dust added can take 
part in the cementation process and a large ex- 
cess of zinc dust (5—10 fold) is necessary to 
ensure effective purification. 
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Figure 10.10: Hot-cold liquor purification [2, р. 607]. 


A typical process used in many plants is the 
hot-cold liquor purification process (Figure 
10.10), which has two successive precipitation 
stages. 

In the first stage, copper, nickel, and cobalt 
are precipitated by adding zinc dust in the 
presence of an added activator, usually Аѕ,Оз. 
In the second stage, copper sulfate is the acti- 
vator, and cadmium is removed. In many 
cases, a third fine purification stage is in- 
cluded. 

The conventional hot-cold liquor purifica- 
tion process has a number of disadvantages: 


e The necessity of adding copper if too little 
copper is present in the starting materials 

e The possibility of releasing highly toxic ars- 
ine 


Handbook of Extractive Metallurgy 


e The presence of the impurities arsenic and 
antimony in the precipitated copper 


e The possibility that the precipitated metals 
may redissolve 


These disadvantages have led to the devel- 
opment of the alternative reversed liquor puri- 
fication process (Figure 10.11). Here, it is not 
necessary to add copper to remove cobalt and 
other impurities. The low concentrations of ar- 
senic are sufficient to act as activator, the 
costly copper additions are avoided, and rela- 
tively pure cementates are obtained in both 
precipitation stages. This process can also be 
operated continuously, whereby the addition 
of zinc dust is controlled by measuring the 
electrode potential, which is a function of the 
copper and cadmium concentrations in the li- 
quor. 


10.5.7 Electrolytic Production of 
Zinc (1-5, 10, 13] 


Principles of Zinc Electrolysis. As the stan- 
dard electrode potential of Zn?* is 0.763 v, a 
solution of zinc sulfate should not deposit zinc 
on electrolysis: hydrogen should be liberated 
instead. Zinc deposition is only possible be- 
cause of the hydrogen overvoltage at the zinc 
electrode, which causes a voltage shift of mag- 
nitude approximately equivalent to the stan- 
dard electrode potential of zinc. The 
overvoltage is influenced by a number of fac- 
tors. For example, the effect of current density 
is expressed by the Tafel equation: 


т\ = а+ blogi 


It decreases with increasing temperature, but, 
as the conductivity decreases with decreasing 
temperature, the energy consumption in- 
creases. With these effects in mind, two typi- 
cal methods of performing zinc electrolysis 
were used in industry for a long time. Either 
the electrolytes were slightly acidic and cur- 
rent densities were ca. 325 A/m? or they were 
strongly acidic and current densities were ca. 
850 A/m?. The process parameters widely 
used today give good current yields in zinc 
electrolysis using current densities in the 


Zinc 


range 400-600 A/m? and a process tempera- 
ture not exceeding 40 ?C. | 
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Figure 10.11: Reversed liquor purification (2, p. 608]. 


However, the hydrogen overvoltage is also 
influenced by the condition of the surface of 
the electrodes. Smooth surfaces lead to high 
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overvoltages. For this reason, the cathode 
plate must be stripped every other day in prac- 
tical operation. Zinc electrolysis is extremely 
sensitive to impurities in the electrolyte. These 
fall into several groups: 


e Impurities that are more electronegative 
than zinc, e.g., potassium, sodium, calcium, 
magnesium, aluminum, and manganese. 
These impurities do not directly interfere 
with the electrolytic process. If concentra- 
tions are too high, the viscosity of the elec- 
trolyte increases and the diffusion processes 
in the boundary layers are disturbed. A limit 
of 60 g/L is used as a guideline figure. 


e Impurities whose electrode potential lies be- 
tween those of Zn?* and H*. In the case of 
lead, cadmium, thallium, and tin, the hydro- 
gen overvoltage is higher than that of zinc. 
These metals are deposited and form impu- 
rities in the zinc. In the case of iron, cobalt, 
and nickel, the overvoltage is lower than of 
zinc. These are also deposited electrolyti- 
cally but can be redissolved by the cell acid. 
Redox effects can lead to reduction in cur- 
rent yield. For this reason, the maximum tol- 
erable concentrations are very low. 


e Impurities that are more electropositive than 
zinc. These include copper, arsenic, anti- 
mony, indium, tellurium, and germanium. 
These lead to a reduction in the overvoltage. 
The deposition of copper, nickel, cobalt, ar- 
senic, and antimony can have a strongly det- 
rimental effect on current yield due to the 
formation of local elements on the cathode, 
leading to dissolution of the zinc. For this 
reason, the maximum tolerable concentra- 
tions of these impurities are also very low, 
and the zinc electrolytes must therefore be 
rigorously purified, 


The Practice of Zinc Electrolysis. Zinc elec- 
trolysis is a complex system in which positive 
and negative factors, especially as they affect 
current yield, energy consumption, required 
purity of the liquor, and mechanization, must 
be balanced against each other. 

The purification of the liquor is now so well 
controlled that lower current densities can be 
used, enabling the electrolysis time bétween 
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cathode changes to be extended from one to 
three days. Also, the cathode stripping opera- 
tion, which involved heavy manual work, has 
been improved by the development of me- 
chanical stripping equipment, and this has en- 
abled cathodes with increased surface areas to 
be used. 


In general, the electrolytic cells are con- 
crete baths cast in one piece and lined with 
polyethylene. Lead linings are no longer used 
in modem electrolysis plants. The cells are ar- 
ranged in rows and connected in series. The 
electrolyte supply to each cell 1s usually indi- 
vidually controlled. 


The cathode plates consist of sheet alumi- 
num (99.5%), 5—7 mm thick, supported on 
cartier rods and provided with welded or 
plated copper contacts. The cathodes are pol- 
ished at intervals of 4—6 weeks to prevent ex- 
cessive adhesion of the cathode deposits. The 
latter problem can also be controlled by sus- 
pending the cathode plates in the bath and 
briefly running them as anodes. 

Anode materials are usually Pb-Ag alloys 
with a silver content of 0.25-0.75%. The an- 
odes are usually made by casting the metal 
around a central copper carrier rod. Anodes 
that contain Sr and/or Ca and Ti in addition to 
Ag have higher strength and improved corro- 
sion resistance. 


10.5.8 New Developments in Zinc 
Production [2,32] 


Pressure Leaching of Sulfidic Zinc Concen- 
trates. There have been many attempts to 
avoid the roasting process in the treatment of 
sulfidic zinc concentrates. For example, a pro- 
cess of pressure leaching of sulfidic concen- 
trates has been developed by Sherritt Gordon 
Mines, Fort Saskatchewan, Alberta, Canada, 
and is used on an industrial scale. The process 
can be represented by the equation: 


ZnS + H,SO, + 1,0, > ZnSO, + H,O + S 
which consists of the partial reactions: 
ZnS + Fe,(SO,), э ZnSO, + 2FeSO,+S 
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2FeSO, + H,SO, + 1,0, —» Fe,(SO,), + H,O 


Dissolved iron originates either from mar- 
matitic blende (Zn, Fe)S or pyrrhotite Fe,Sg, 
but not from pyrite, FeS,, which does not dis- 
solve under these liquor conditions. This iron 
promotes the oxygen transfer reaction that 
converts the sulfide to sulfate. 


The process is carried out in two stages, as 
shown schematically in Figure 10.12. The zinc 
concentrate is size reduced by wet grinding to 
90% < 44 um and oxidatively leached in two 
stages at 150°C at an oxygen pressure of 1 
bar. Exhausted electrolyte (cell acid) is used as 
solvent. In the first stage, 80% of the zinc 
present 1s dissolved, and in the second stage a 
further 18%. 


The overflow from the thickener in the first 
stage, at a pH of 1.5—2.5, is treated with zinc 
oxide to neutralize the residual iron that was 
not precipitated in the autoclave, and the li- 
quor so obtained is filtered and purified in the 
usual way. It is then fed to the zinc electrolysis 
stage. 


The residue from the first stage is pumped 
together with cell acid into the autoclave of the 
second stage. After solid-liquid separation, 
the solution from the second stage is recycled 
to the first autoclave. The residue is washed in 
countercurrent flow to remove elemental sul- 
fur if necessary, and the residual iron oxide is 
treated to recover lead and noble metals or dis- 
posed of, depending on its composition. 


The process is used in two Canadian zinc 
smelting plants, one in Trail (Cominco), and 
the other in Timmins (Texas Gulf) in Ontario. 


Direct Leaching of Oxidic Zinc Ores [2]. 
Some new methods of directly leaching oxidic 
ores (smithsonite, willemite, etc.) have been 
developed recently. 


A willemite containing 40% zinc has been 
directly leached at the zinc smelting plant at 
Trés Marias of the Companhia Mineira de 
.Metais in Brazil. Smithsonite with a lower 
zinc content (« 30%) is first enriched by treat- 
ment in a Waelz kiln, and the oxide obtained is 
then leached. 
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Copper-cadmium 
precipitate 


Cathodic zinc 


Elemental sulfur 
(noble metal and lead recovery) 


Figure 10.12: Pressure leaching of zinc concentrate [2, p. 610]: a) Pressure leaching, stage 1; b) Thickener; c) Pressure 
leaching, stage 2: d) Washing: e) Iron precipitation; f) Filtration; g) Cleaning tank; h) Electrolysis. 


10.6 Uses and Economic 
Aspects 


Two: properties of zinc are of special rele- 
vance to its applications. Firstly, its standard 
electrode potential is considerably more posi- 
tive than that of the construction material irón. 
Zinc coatings therefore provide very good cor- 
rosion protection for steel structures. Sec- 
ondly, zinc has a relatively low melting point, 
which makes it suitable for use in pressure die 
casting of complex components. 


10.6.1 Galvanizing [3,33] 


The ever-increasing need to make the best 
use of the world's raw material reserves means 
that corrosion prevention as a method of pre- 
serving the usefulness of commercial metals 
continues to increase in importance. More- 
over, as the atmosphere becomes increasingly 
corrosive, standards of corrosion protection 
must continue to rise, especially in steel con- 
struction. 

A zinc coating on steel ensures lasting pro- 
tection against the corrosive effects of the 
weather by the following mechanisms: 


e The effect on zinc of the carbon dioxide and 
moisture in the air isto form protective coat- 


ings with a zinc carbonate basis, resulting in 
a low corrosion rate. 


e Because of its electrochemical property of 
providing cathodic protection, zinc actively 
prevents the occurrence of corrosion in the 
region of small defects, damaged areas of 
coating, and cut edges of sheet. 

In the industrialized countries, almost 5096 
of the zinc consumed is used for corrosion 
protection. 

Commercial zinc (98.5—99.5%) is usually 
used for hot-dip galvanizing in production and 
jobbing plants, and high-purity zinc (99.95%) 
for the continuous galvanizing of steel strip or 
wire. The metallurgical processes used to pro- 
duce the less pure grades of zinc mean that 


lead is the main impurity present. This is an 
advantage, as the presence of 196 lead reduces 
the surface tension of zinc by ca. 40% com- 
pared with that of the high-grade product. The 
components being galvanized are therefore 
more effectively wetted by the molten zinc. 

"During the process of immersion in the zinc 
bath, which takes only a few minutes, the 
component is heated to ca. 450 °C. Diffusion 
processes cause layers of iron-zinc alloys to 
form on the steel surface, giving very good ad- 
hesion of the zinc coating. 

Other galvanizing processes have been de- 
veloped in addition to the hot-dip process. In 
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electrolytic galvanizing, a D.C. current causes 
the deposition of lustrous coating, 5—25 рт 
thick, from acidic, cyanide, or alkaline cya- 
nide-free electrolytes. However, these only 
give protection against mildly corrosive me- 
dia. In general, additional protection is pro- 
vided by chromate passivation. 


In the spray galvanizing process, zinc wire 
is melted in a fuel gas/oxygen flame or an 
electric arc at the jet of a spray pistol and is 
propelled by compressed air from a distance 
of 15 cm, giving a coating ca. 0.1 mm thick. 
The resulting purely mechanical adhesion of 
the zinc is infenor to that produced by alloy 
formation at the metal interface in hot-dip gal- 
vanizing. 


10.6.2 Zinc as a Construction 
Material .[2,34] 


Although zinc has fairly good strength 
properties, it was for a long time not used as a 
material of construction because of its very 
poor creep resistance. Low-alloy zinc grades 
based on Zn-Ti-Cu, which have very good 
ductility and creep resistance, were developed 
only ca. 40 years ago. This material can be 
rolled to form zinc plate or sheet which can be 
used in the manufacture of roof drainage com- 
ponents or for covering buildings. Recently, a 
wide range of shapes has been developed, en- 
abling zsthetic appeal to be combined with 
protection of buildings from the rigors of na- 
ture. 


10.6.3 Pressure Die Casting with 
Zinc [2,35] 


Pressure die casting is another major area 
of use and is dominated by alloys of the type 
ZnAl,Cul and modifications thereof. Some 
of the advantages of zinc for pressure die cast- 
ing are: 


e Production runs can be very large (60-1000 
components) depending on the size and 
complexity of the components 
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e The dies are extremely durable, enabling up 
to 1 x 10$ components to be produced from 
one die 

e The low viscosities and low melting points 
of the alloys ensure a high definition prod- 
uct 

e Dimensional accuracy is ensured as shrink- 
age of the zinc alloys is low and easily con- 
trolled | 

e Lustrous or matt surfaces can be obtained 
with various metallic coatings and effects 


e Costs are low due to large production runs 


e The products are durable because of their 
good mechanical and physical properties 


e The energy requirements of manufacture are 
low 
Approximately 50% of all zinc pressure die 
castings go to the automobile industry. 


10.6.4 Zincasa Chemical [2,36] 


Zinc-based chemicals, including zinc dust, 
account for ca. 12-15% of world's zinc con- 
sumption. Zinc oxide is quantitatively by far 
the most important zinc-based chemical prod- 
uct, followed by zinc dust, zinc sulfate, and 
zinc chloride in order of importance and quan- 
tity. All other zinc compounds are of minor 
importance. 

World consumption figures for zinc oxide 
and zinc dust have remained constant for 
many years. However, the demand for zinc 
sulfate and chloride is decreasing. The rate of 
growth of the consumption of zinc thiocarbon- 
ate and zinc stearate matches that of rubber 
production, their main area of use. Zinc oxide, 
the compound most in demand, can be pro- 
duced by various processes. Its purity and 
quality depend on the production method 
used. In the indirect (so-called French) pro- 
cess, pure zinc is heated and oxidized in a cur- 
rent of air. The very pure zinc oxide formed is 
collected as a powder in settling chambers 
where it separates into different particle sizes. 
This material is usually known as zinc white. 
In the direct (so-called American) process, the 
raw materials used are zinc ores or zinc by- 
products, which usually contain lead. A car- 


Zinc 


bonaceous material is heated with the raw ma- 
tenal, reducing it with formation of zinc 
vapor. This is oxidized with air and separated 
into particle size fractions. 


The starting materials for wet chemical 
processes are solutions of purified zinc. Zinc 
carbonate or hydroxide is precipitated and is 
then filtered, washed, dried, and calcined at 
ca. 800 °C. 


The various types of zinc oxide include an 
industrial grade, which is used as an interme- 
diate product in the production of other chemi- 
cals; pigment grades, which include almost all 
the lead-containing grades; precipitated zinc 
oxides which have no pigment properties; and 
special grades such as the extremely finely-di- 
vided zinc oxide for photocopying paper. 


The main consumer of zinc oxide is the 
rubber industry, in which it is used as a vulca- 
nization activator and sometimes also as a 
filler. i 


Zinc oxide as a pigment in aqueous latex 
paints has lost a significant share of the mar- 
ket. Its use in agriculture as an additive to fer- 
tilizers to treat zinc deficiency in soils is«of 
lesser importance. Zinc oxide is a component 
of formulations in the glass, enamel, and ce- 
ramic industries, where it influences the melt- 
ing point and also the optical and elastic 
properties, color, and luster of the glaze. It is 
also a component of face powder, lipsticks, 
and creams used in the cosmetics industry. It is 
also used as an additive to lubricants, adhe- 
sives, drying agents, and delustering agents, 
and as a catalyst in methanol synthesis. 

Zinc dust is produced by a similar process 
to that used for zinc oxide, but in a reducing 
atmosphere. There are two grades: pigment 
zinc dust and zinc dust for chemical use. Zinc 
dust is used as a pigment for anticorrosion 
paints and coatings whose primary function is 
to form an impermeable surface. The action of 
the environment leads to the formation of zinc 
carbonate and basic zinc compounds between 
the zinc particles, reinforcing this effect. 
These coatings also give cathodic protection, 
which is especially useful if there is slight 
damage to the coating layer. 
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10.6.5 Economic Aspects 


The development of world zinc consump- 
tion in the important industrial countries and 
regions of-the world is illustrated by the fig- 
ures for the years 1980, 1985, and 1990, which 
are listed in Table 10.4. 


10.7 Alloys 


Zinc recrystallizes just above room temper- 
ature and has low creep resistance. It is there- 
fore only suitable as a construction material 
when alloyed. The alloying elements, mainly 
A], Cu, Ti, and Mg, cause grain refinement, 
mixed crystal formation, or precipitation hard- 
ening, thereby considerably improving the 
mechanical properties. 


10.8 Compounds 


10.8.4 Fluoride 


Zinc fluoride, ZnF,, forms monoclinic tet- 
ragonal crystals with the rutile structure [37], 
mp 872 °C [38], р,; 4.95 g/cm?. The solubility 
of ZnF,-4H4O at 20 °C is only 1.62 g ZnF, in 
1000 mL solution, but it is very soluble in 
aqueous ammonia. Zut, reacts with sodium 
hydroxide solution to form flocculent precipi- 
tates of basic zinc fluorides. 


Synthesis. ZnF,-4H,O is formed when zinc 
carbonate or zinc oxide reacts with aqueous 
hydrofluoric acid. The water of crystallization 
сап be driven off by heating to > 200 °C 
and/or in a vacuum. 


Analysis. Calcined commercial zinc fluoride 
has the typical analysis 61-63% Zn, and 33— 
369^ F, with the following maximum impurity 
levels: Fe 500 ppm, Pb 100 ppm, and SO, 100 
ppm. 


Uses. Zinc fluoride is used as an additive to 
electrolytic galvanizing baths, in glazes and 
enamels for porcelain, and special types of 
glass with a high refractive index. It is also 
used as a flux for welding and soldering and as 
a fluorinating agent in organic syntheses. 
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Table 10.4: Development of zinc consumption. 





Germany 
Belgium 
France 
United Kingdom 
Italy 
Netherlands 
Greece 
Portugal 
Spain 
Finland 
Yugoslavia 
Norway 
Austria 
Sweden 
Switzerland 
Denmark 
Other Europe 
Europe 
Hong Kong 
India 
Indonesia 
Japan 
Malaysia 
Pakistan 
Philippines 
Singapore 
South Korea 
Taiwan 
Thailand 
Turkey 
Other Asía 
Asia 

Egypt 
Algeria 
Ivory Coast 
Kenya 
Morocco 
Nigeria 
South Africa 
"Tanzania 
Other Africa 
Africa 
Argentina 
Brazil 
Canada 
Colombia 
Mexico 
Peru 
Venezuela 
United States 
Other America 


America 


Australia 
New Zealand 
Other Oceania 


Oceania 
Western countries 


1981 


405.7 
151.8 
330.0 
181.3 
236.0 
45.2 
18.8 
19.0 
91.1 
24.4 
87.8 
20.2 
26.9 
38.0 
25.2 
16.1 
1.4 


1719.1 


22.6 
95.3 
51.4 
752.3 
14.5 
9.7 
16.1 
11.8 
68.0 
38.4 
33.3 
12.3 
13.3 


1139.0 


2.7 
11.0 
4.0 
7.2 
3.0 
12.7 
84.1 
3.2 
8.6 


136.5 


30.9 
155.9 
140.0 

14.6 

. 889 

23.2 
20.2 
878.6 
28.0 


1380.3 


95.4 
20.7 
0.1 


116.2 
4491.1 


1985 


408.8 
169.1 
246.9 
189.3 
218.0 
51.1 
15.2 
8.3 
95.3 
26.0 
105.6 
21.0 
31.9 
31.5 
26.3 
12.2 
13 


1657.8 


21.5 
134.0 
50.6 
780.1 
14.6 
11.6 
13.0 
6.4 
119.7 
49.4 
39.6 
49.8 
38.2 


1328.5 


7.0 
11.0 
46 
6.7 
2.7 
7.9 
84.1 
3.5 


93 . 


136.8 


25.8 
132.4 
156.5 

18.3 

99.2 

412 

15.4 
961.4 

22.7 


1472.9 


82.1 
24.7 
0.1 


106.9 


4702.9 


1990 


484.0 
177.6 
284.0 
189.0 
278.0 
71.7 
203 
16.0 
118.7 
29.1 
108.9 
15.9 

' 39.0 
39.5 
223 
13.0 
1.4 


1908.4 


17.3 
135.0 
53.2 
814.3 
22.6 
25.0 
33.1 


13.0 


227.4 
79.4 
66.0 
47.7 
52.8 


1586.6 


10.0 
15.0 
2.0 
8.2 
3.0 
6.0 
86.5 
2.0 
18.3 


150.0 


19.1 
129.7 
126.1 

8.6 
110.1 

71.0 

10.6 
996.8 

14.1 


1486.5 


82.2 
20.0 
0.1 


102.3 
5234.7 
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1981 1985 1990 





Bulgaria 75.0 70.0 46.6 
East Germany 86.2 69.7 45.5 
Poland 1783 1572 109.5 
Romania 49.9 35.3 . 128 
Czechoslovakia 67.0 58.0 51.8 
Soviet Union 1030.0 1000.0 920.0 
Hungary 25.0 24.5 12.0 
China 259.0 3490 500.0 
Others 28.0 32.0 45.0 
Cuba r5 1.8 1.2 
Eastern countries . 17999 1797.5 1744.4 
World total 6291.0 6500.4 6979.1 





10.8.2 Chloride 


Zinc chloride, ZnCl4 forms hexagonal- 
rhombic crystals, usually in the form of a 
white powder, mp 283 °C, bp 732?C, p 2.91 
g/cm? at 25 °C, which is very soluble in water 
(432 g ZnCl, in 100 g water at 25 °C, 615 g 
ZnCl, in 100 g water at 100 °C). It is also solu- 
ble in alcohols, ether, acetone, ethyl acetate, 
glycerine, pyridine, amines, and nitriles. 

Zinc chloride 1s strongly hygroscopic and 
forms hydrates with 1—4 mol water. It has a 
strong affinity for water, and causes many or- 
ganic compounds to undergo condensation re- 
actions. Considerable heat is evolved when 
ZnCl, dissolves in water. 

Zinc chloride reacts with NH,CI to form the 
compounds (NH,)q[ZnCl,], (NH, La), 
and (NH,),[ZnCl,]. Analogous compounds 
are formed with amine hydrochlorides. Am- 
monia forms complexes with the composition 
[Zn(NH3),Cl,] (x = 2, 4, 6). Amines give anal- 
ogous compounds. In water, zinc chloride be- 
haves as an acid, forming aquoacids with the 
compositions H[ZnCLOH] ара 
H,[ZnCl,(OH),]. With increasing dilution, ће 
aquoacid anions take up water and lose Cl, 
eventually being converted into the aquoca- 
tion complex [Zn(H,O)g?* and losing the 
strongly acid reaction. 

Commercial zinc chloride often contains 
basic zinc salt which leads to cloudiness in 
aqueous media. 


Production. High-purity zinc chloride is 
formed from zinc and НСІ gas at 700 °C [39]. 
Spectroscopically pure zinc chloride can be 
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obtained by decomposing zinc amalgam with 
НСІ [40]. Quality specifications are listed in 
Table 10.5. 


Table 10.5: Quality specifications for zinc chloride. 


Analytical-grade High-purity ZnCl, 
ZnCl, (ACS,  (DAB,PhEur ВР, 


ISO), % JP. USP), 96 
Assay >98 98-100.5 
(complexometric) 
504 < 0.002 «0.01 
Total N < 0.001 «0.01 
As < 0.0002 
Ca < 0.001 i «0.01 
Fe < 0.0005 . «0.001 
K < 0.001 0.001 
NH4 < 0.001 0.02 
Na < 0.001 
Oxychloride 21.2 in accordance with 
(as ZnO) - test 
pH (1096 aq.) 4.6-5.5 


Technical-grade zinc chloride is usually 
produced by leaching zinc oxides or zinc-con- 
taining waste such as zinc dross or ammonium 
chloride slags (unavoidable by-products of 
hot-dip galvanizing) with hydrochloric acid. 
Raw materials containing a high percentage of 
NH, must be subjected to an additional treat- 
ment stage, i.e., passing chlorine gas into the 
aqueous suspension to oxidize the ammonia to 
nitrogen. 

The zinc-containing raw materials are dis- 
solved in concentrated hydrochloric acid. The 
crude liquor contains varying amounts of the 
elements Fe, Mn, Pb, Cu, and Cd. Ferrous ion 
is oxidized to Fe?* with H,O, or KMnO,, and 
Fe(OH), is precipitated at pH 45. Also, the Mn 
is precipitated as MnO, by KMnO,. The re- 
raining elements Cu, Pb, and Cd are removed 
by treatment with zinc dust (cementation). 
The solution is then evaporated to dryness. 
Aqueous solutions are sometimes. subjected to 
further processing. 


Uses 


e Hydrochlorination of ethanol to monochlo- 
roethane 


C,H,OH + НСІ 2 C,H,CI + H,O 


e Catalytic hydrolysis of benzotrichloride to 
benzoyl chloride 
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e Catalyst in the production of ammonium 
methylene-bis-dithiocarbamate from hydro- 
gen peroxide, aqueous ammonia, carbon 
disulfide, and ethylenediamine 


e Production of benzyl chloride from ben- 
zene, formaldehyde, and HCI/ZnCL, 


e Filing material for batteries, emulsion 
breaker in petrochemical processes, deodor- 
izing agent 1 

e Production of zinc compounds, e.g., zinc 
cyanide from potassium cyanide and a solu- 
tion of zinc chloride (sometimes zinc sul- 
fate) 


e Production of zinc soaps from alkali metal 
soaps and zinc chloride 


10.8.3 Bromide © 


Zinc bromide, ZnBr, forms colorless 
rhombic crystals, mp 394°C, bp 650°C, p 
4.29 g/cm?, which are strongly hygroscopic. 
The dihydrate, ZnBr,-2H,O, melts at 35— 
47 °C with loss of water of crystallization. 1115 
obtained by dissolving an aqueous suspension 
of ZnO or metallic zinc in aqueous HBr. An- 
hydrous ZnBr, is formed from its elements at 
ca. 600 °C or by thermal dehydration of the di- 
hydrate in a stream of dry СО,. Its solubility in 
water at 25 °C is 820 g/L. 


Uses 

e A mild Lewis acid for alkylation reactions 
[41] 

e A catalyst for intramolecular reactions [42] 


e An activating agent in the production of ac- 
tivated carbon 

e An additive to photographic gelatins 

e An electrolyte for zinc bromide batteries 
High-purity ZnBr, contains > 98% ZnBr,, 

with the following maximum impurity con- 

tents: Ba 10 ppm, Ca 100 ppm, Fe 10 ppm, K 

100 ppm, Mg 100 ppm, and Na 100 ppm. 


10.8.4 Iodide 


Zinc iodide, Znl,, forms white to yellowish 
cubic crystals, тр 446 °C, bp 624 °C, р,; 4.73 
g/cm?. It is produced by adding metallic zinc 
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to constant-boiling aqueous hydriodic acid un- 
til the yellow color disappears, by neutralizing 
aqueous HI with ZnO in the presence of a cat- 


alyst (precipitated silver), or by the reaction of. 


I, vapor with molten zinc at 600 °C in a stream 
of N, [43]. Its solubility in water at 20 °C is 
4500 g/L (hygroscopic). 

Zinc iodide is used in medicine as a topical 
antiseptic astringent and in the preparation of 
iodide-zinc-starch solution. - 


10.8.5 Sulfate 


Zinc sulfate, ZnSO,, р 4.33 р/ст?, forms 
rhombic crystals. On heating to > 650 °C, zinc 
sulfate undergoes considerable decomposi- 
tion with formation of basic sulfates. Above 
800 °C, it decomposes completely into ZnO 
and 80}. | 

ZnSO, is very soluble in water, and forms 
hydrates with 1, 2, 4, 6, and 7 molecules of 
water of crystallization. The hepta-, hexa-, and 
monohydrates are produced on an industrial 
scale. 


Zinc sulfate heptahydrate, ZnSO,-7H,O, 
forms white, lustrous, columnar, rhombic 
crystals. It is transformed into the hexahydrate 
at 39°C. It occurs in nature as goslarite. 
Mixed crystals are formed with the sulfates of 
Fe, Mg, Mn, Co, and Ni. It is very soluble in 
glycerine, but only sparingly soluble in other 
organic solvents. 

Zinc sulfate is obtained by leaching zinc- 
containing materials with sulfuric acid in an 
aqueous medium. Suitable materials include 
zinc dross, slags, sweepings, oxides, sludges, 
metallic zinc, and zinc-containing flue dusts 
[44]. Used sulfuric acid can be utilized. It 
should be noted that arsine can be formed dur- 
ing the treatment of metallic dross and waste. 
Iron, manganese, and heavy metals are re- 
moved by the same process as that used to 
treat electrolyte liquors. 


The purified solution of zinc sulfate is 
evaporated until its density reaches ca. 1.4 at 
80 °C. On cooling, crystals of zinc sulfate 
heptahydrate form and are centrifuged off. 
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The crystals obtained are sometimes dried at 
ca. 30 °C to prevent efflorescence. 

Pharmaceutical-grade ZnSO,:7H,O can be 
produced from sulfuric acid and pharmaceuti- 
cal-grade zinc oxide. The impurity levels in 
the various grades of zinc sulfate are listed in 
Table 10.6. 


Table 10.6: Commercial grades of ZnSO,-7H,0. 


sng. High-purity 
Analytical” (DAB, USP, ^ Pure 


gn PhEur, FCC) 
Assay < 99.596 99.5% 98% 
As 0.5 ppm 2 ppm 10 ppm 
Ca 10 ppm 50 ppm ; 
Cd 2ppm 2ppm 30 ppm 
Cu 5 ppm 1 ppm 10 ppm 
Fe 5 ppm 10 ppm 30 ppm 
K 10 ppm 100 ppm 
Mg 10 ppm 50 ppm 
Mn 2ppm 10 ppm 50 ppm 
Na 50 ppm 1000 ppm 
Pb 5ppm 5ppm 50 ppm 
Chloride 5ppm 100 ppm 4000 ppm 
Hg 1ррт 
Se 5 ppm 


pH (5%, 20 °C 4.4—5.6 4.4—5.6 


Zinc sulfate monohydrate, 2п50,:Н,0, is 

produced by thermal dehydration or by dehy- 

drating with 9596 ethanol. It crystallizes from 

a zinc sulfate mother liquor at temperatures 

above 70 °C [45]. It can be dried in a rotary, 

spray, or fluidized-bed driers. 
Uses of zinc sulfate can be divided into di- 
rect and indirect uses. 

Direct uses: 

e Precipitating baths for viscose manufacture 

e Electrolytes for galvanizing baths 

e Additive (trace element) in fertilizers and 
animal feeds 

e Іп medicine, as an emetic, astringent, or dis- 
infectant 

e Wood preservative, additive for paper 
bleaching, flocculent 

e Water treatment 

Indirect uses: 

e Starting material for the production of other 
Zinc, compounds such as the fungicides 
Zineb and Mancozeb, zinc soaps, and the 
antidandruff agent zinc pyrithione 
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e Production of lithopone and zinc sulfide 
pigments 

e Production of zinc cyanamide from potas- 
sium cyanamide 

e Production of zinc phosphides 


10.8.6 Toxicology and 
Occupational Health 


Zinc metal and most of its compounds 
show very low toxicity compared to most 
other heavy metals. The toxicity of zinc salts 
varies to a certain extent, being dependent pri- 
marily on the toxicity of the anionic part of the 
compound. For example, the high toxicity and 
carcinogenicity of zinc chromate, ZnCrO,, is 
not due to Zn**, but to the anionic СгО2 com- 
ponent. 

Intoxications with zinc and its compounds 
are comparatively rare. They can occur by in- 
gestion of food contaminated with zinc 
leached from food containers or by inhalation 
of zinc or zinc oxide dust under occupational 
conditions (see below). 

On the other hand, zinc is one of the most 
important essential elements for humans and 
all forms of plant and animal life. It is neces- 
sary for growth, skin integrity and function, 
testicular maturation, immunocompetence, 
wound healing, and for a variety of metabolic 
processes including carbohydrate, lipid, pro- 
tein and nucleic acid synthesis or degradation. 
It is an essential, coenzyme-like component 
for the function of more than 70 metallo-en- 
zymes, including alcohol dehydrogenase, car- 
bonic anhydrase, and carboxypeptidase [46]. 
Physiological amounts of zinc have been 
shown to decrease the toxicity of other heavy 
metal ions such as Cd, Hg, Pb, and Sn [47]. 

Biological significance, biochemistry, toxi- 
cokinetics, human and animal toxicity, levels 
of tolerance, detoxification, evaluation of 
health risks to humans, and ecotoxicity of zinc 
and its compounds have been reviewed [47— 
50]. 


Toxicokinetics. As an essential element, zinc 
1s absorbed in an active transport process, reg- 
ulated by dietary zinc status and occurring pri- 
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marily in the ileum [51]. Zinc is bound to 
proteins to a large extent. Excretion occurs 
predominantly via the feces, and to a minor 
extent via urine and sweat. Excretion in the 
urine is up to 12.2 mmol/d; higher values indi- 
cate zinc intoxication [52]. 

Zinc is the most prevalent metal ion in hu- 
man tissues other than blood. The body of a 
70-kg man contains ca. 2.3 g of zinc [53], 64% 
of which is found in muscle and 28% tn bone 
[54]. The highest zinc concentrations are 
found in reproductive orgaus, especially the 
prostate gland (87 ug/g wet weight), whereas 
the whole-body average is 33 ug/g wet weight 
[53]. Serum contains 10.7-22.9 mmol/L, 
plasma 17.4 + 1.8 mmol/L, erythrocytes 184- 
198 mmol/L, and hair 3.30 + 1.33 mmol/g 
[52]. 


Acute Toxicity. In contrast to numerous other 
heavy metals, zinc shows low acute toxicity. 
Zinc overload of the organism is rather un- 
likely and occurs almost exclusively by inges- 
tion when food or drinks, especially acidic 
ones, are prepared or stored in galvanized con- 
tainers [55, 56]. 

Symptoms of acute intoxication are gas- 
trointestinal distress, diarrhea, nausea, and ab- 
dominal pain. Vomiting occurs almost 
universally. In elemental-zinc overdose, 
symptoms such as lethargy, slight ataxia, and 
difficulty in writing also appear. Abnormal 
laboratory parameters include increase of 
pancreatic enzyme activities, hypokalemia 
secondary to acute pancreatitis, and microhe- 
maturia [57, 58]. 

Zinc chloride, ZnCL, is caustic to the gas- 
trointestinal tract, occasionally leading to he- 
matemesis, beside the symptoms mentioned 
above. Furthermore, it is extremely detrimen- 
tal to the lungs. An episode of pulmonary ex- 
posure to ZnCl, smoke resulted in ten 
fatalities due to pulmonary toxicity. Most sur- 
vivers showed lachrymation, rhinitis, dysp- 
nea, stridor, and retrosternal chest pain. In two 
autopsies, severe inflammation of the upper 
respiratory tract mucosa and pulmonary 
edema, but no changes in liver and kidneys, 
could be detected [59]. 
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Zinc or zinc oxide fume is responsible for a 
syndrome which may occur in welding, galva- 
nizing, or smelting operations, called *metal 
fume fever". Symptoms such as rapid breath- 
ing, dyspnea, cough, fever, shivering, sweat- 
ing, chest and leg pain, myalgias, fatigue, 
metallic taste, salivation, thirst, and leukocy- 
tosis appear within 4-6 h after exposure and 
disappear after 24-48 h [60, 61]. The X ray of 
the chest is normally clear. A rapid tolerance 


(tachyphylaxis, “quick immunity” [62]) de-: 


velops in workers within 48 h, but may the lost 
over the weekend (“monday morning fever’). 
Metal fume fever can also be caused by expo- 
sure to fumes of aluminum, antimony, copper, 
iron, Magnesium, manganese, and nickel. 


Zinc phosphide, Zn3P.,, is extremely toxic 
because of the formation of phosphine, РН,, 
on reaction with water or acids. 


Chronic Toxicity. The development of a toxi- 
cosis has been reported in the case of a contin- 
uous uptake of drinking water contaminated 
with 40 ppm Zn from a galvanized pipe [63]. 
Dialysis patients are at risk of an elevation of 
the plasma concentration of zinc (and other 
heavy metal ions) [64, 65]. The symptoms are 
similar to those of acute toxicity, but are less 
pronounced. 


Genotoxicity. Zinc apparently does not show 
‘any mutagenicity or carcinogenicity [47]. In 
human lymphocytes, 0.1—1000 mol/L of zinc 
acetate, alone or in combination with cad- 
mium and lead acetates, failed to induce chro- 
matid-type aberrations (deletions, acentric 
fragments) and gaps [66]. The carcinogenic 
effect of zinc chromate, ZnCrO,, is due to the 
- chromate anion, not to the zinc cation. 


Reproductive Toxicity. There are no indica- 
tions for reproductive effects, especially for 
teratogenicity, of zinc [47]. 


Immunotoxicity. There are no reports con- 
cerning immunotoxic effects of zinc. How- 
ever, zinc chromate, ZnCrO,, shows strong 
sensitizing effects and therefore is able to 
cause obstinate eczema under occupational 
conditions [67]. 
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Toxicological Data. The lethal dose of ZnCl, 
in humans is 35 g. Since zinc sulfate, ZnSO,, 
is less caustic than the chloride, it has lower 
toxicity [68]. 


Treatment. Decontamination of the gas- 
trointestinal tract after oral uptake of zinc 
compounds by syrup of ipecac, lavage, or ca- 
thartics is mostly unnecessary, since patients 
usually vomit sufficiently. For normalization 
of zinc levels, CaNa,EDTA is the agent of 
choice [57, 59]. After oral uptake of ZnCl, 
milk may be administered to decrease absorp- 
tion of the metal [70]. 

After contact of the skin with ZnCl,, imme- 
diate removal is necessary using soap and 
plenty of water. 

After contact of the eyes with ZnCl,, ade- 
quate measures are rinsing with plenty of wa- 
ter, use of Isogutt eye drops, and contacting an 
ophthalmologist as soon as possible [70, 71]. 

In cases of ZnCl, fume inhalation, corti- 
sone preparations should be applied immedi- 
ately (e.g., by inhalation of Auxiloson) to 
avoid development of lung edema [71]. In se- 
vere cases clinical observation for at least 24 h 
is necessary. 


Occupational Health. The MAK value of 
zinc oxide, ZnO, is 5 mg ZnO/m?, measured as 
total fine dust [72]. The same TLV value has 
been set in Hungary, Japan, Poland, Sweden, 
and by the WHO, while it is 1Omg ZnO/m? in 
Bulgaria, Romania, and Pennsylvania (United 
States); it is 15 mg ZnO/m? in Finland. The 
United States has a TLV value of 1 mg 
ZnCl/m?, and Massachusetts a 30-min limit 
of 0.2 mg/m? zinc chromate, ZnCrO, [53]. 

Zinc chromate, ZnCrO, is classified in 
group Al (proven human carcinogens) of Ap- 
pendix III of the MAK list [72]. 


10.9 Zinc Pigments 


10.9.1 Zinc Sulfide Pigments 
[73-75] 


White pigments based on zinc sulfide were 
first developed and patented in 1850 in 
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France. Although they are still of economic 
importance, they have continually lost market 
volume since the early 1950s when titanium 
dioxide was introduced. Only one modem 
production installation for zinc sulfide pig- 
ments still exists in the market-economy-ori- 
ented industrial nations (Sachtleben Chemie, 
Germany). There are other production plants 
in eastern Europe and in China. ; 


The zinc-sulfide-containing white pigment 
with the largest sales volume is /ithopone, 
which is produced by coprecipitation and sub- 
sequent calcination of a mixture of zinc sul- 
fide, ZnS, and barium sulfate, BaSO,. Pure 
zinc sulfide is marketed as Sachtolith. 


White zinc sulfide pigments maintain their 
market position in areas of use where not only 
their good light scattering ability but other 
properties such as low abrasion, low oil num- 
ber, and low Mohs hardness are required. 
They are often produced from many types of 
industrial waste. This recycling relieves pres- 
sure on the environment, as these materiáls 
would otherwise have to be disposed of. 


10.9.1.1 Properties 


Some physical and chemical properties of 
ZnS and BaSO, are given in Table 10.7. 


A white pigment must not absorb light in 
the visible region (wavelength 400—800 nm), 
but should disperse incident radiation in this 
region as completely as possible. The spectral 
reflectance curves of zinc sulfide and barium 
sulfate (Figure 10.13) fulfil these conditions to 
a large extent. The absorption maximum for 
ZnS at ca. 700 nm is a result of lattice stabili- 
zation with cobalt ions, whose function is ex- 
plained in the next section. The absorption 
edge in the UV-A region is responsible for the 
bluish-white tinge of zinc sulfide. Depending 
on the production process, zinc sulfide has a 
sphalerite or wurtzite lattice type. 
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Table 10.7: Properties of the components of zinc sulfide 
pigments. 


Property '  Zincsulfide Barium sulfate" 

Physical properties 
Refractive index п 2.37 1.64 
Density, g/cm? 4.08 4.48 
Mohs hardness 3 3.5 
Solubility in water 

(18 °C), % 1.8x 107 2.5x 107% 
Chemical properties 
Resistance to acids/bases ` soluble in insoluble 

strong acids 

Resistance to organic 

solvents insoluble insoluble 


* Component of lithopone. 


Wor cmc 
a 
1 80 


Aa 


60 
40 


20 


Reflectance, 


0 : 
300 400 500 600 700 800 
Wavelength, nm ——» 


Figure 10.13: Spectral reflectance curves of barium sul- 
fate and zinc sulfide: a) Barium sulfate; b) Zinc sulfide 
(Co-doped). 

The refractive index » of ZnS, which deter- 
mines its scattering properties, is 2.37 and is 
much greater than that of plastics and binders 
(и = 1.5-1.6). Spheroidal ZnS particles have 
their maximum scattering power at a diameter 
of 294 nm. Barium sulfate does not directly 
contribute to the light scattering due to its rela- 
tively low refractive index (7 = 1.64), but acts 
as an extender, and increases the scattering ef- 
ficiency of the ZnS. 


The barium sulfate in lithopone can be 
identified thermoanalytically by a reversible 
endothermic transformation at 1150 °C. Both 
Sachtolith and lithopone are thermally stable 
up to ca. 550 *C in the presence of air. Due to 
their low Mohs hardness, they are less abra- 
sive than other white pigments. Barium sulfate 
is practically inert toward acids, bases, and or- 
ganic solvents. Zinc sulfide is stable in aque- 
ous media between pH 4 and 10, and is largely 
inert toward organic media. In the presence of 
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water and- oxygen, it can be oxidatively de- 
composed by the action of UV radiation. 


10.9.1.2 Production 


Raw Materials. The source of zinc ‘can be 
zinc oxide from a smelter, zinc dross or 
sweepings, ammonium chlonde slag from hot 
dip galvanizing, or liquid waste such as pickle 
liquors from galvanizing plants. Variations in 
the price of zinc have a large effect on the eco- 
nomics of zinc sulfide pigments. 

The starting material for water-soluble bar- 
ium compounds is fused barium sulfide pro- 
duced by coke reduction of naturally 
occurring barite with a low silica and stron- 
tium content. Suitable barite is readily avail- 
able from many deposits worldwide. 


Lithopone. The reaction of equimolar quanti- 
ties of ZnSO, and BaS produces a white, wa- 
ter-insoluble — coprecipitate with Ње 
theoretical composition 29.4% ZnS and 
70.6% BaSO,: 

ZnSO, + BaS — ZnS + BaSO, (1) 


By using a different molar ratio, this composi- 
tion can be changed; for example, precipita- 
tion according to Equation (2) gives a product 
containing 62.5% ZnS and 37.5% BaSO,: 


ZnSO, + 3ZnCl, + 4BaS — 4ZnS + ВаЅО, + 3BaCl, (2) 


Figure 10.14 is a flow diagram of lithopone 
production. The solutions of zinc salts contain 
impurities (e.g., salts of iron, nickel, chro- 
mium, manganese, silver, cadmium) that de- 
pend on their origins. The main sources of 
zinc sulfate solutions are zinc electrolyses and 
the reprocessing of zinc scrap and zinc oxide. 
The first stage of purification consists of chlo- 
rination. Iron and manganese are precipitated 
as oxide-hydroxides, and cobalt, nickel, and 
cadmium as hydroxides. The solutions are 
then mixed with zinc dust at 80 °C. All the ele- 
ments more noble than zinc (cadmium, in- 
dium, thallium, nickel, cobalt, lead, iron, 
copper, and silver) are almost completely pre- 
cipitated, while zinc goes into solution. The 
metal slime is filtered off and taken to copper 
smelters for recovery of the noble metal com- 
ponents. A small quantity of a water-soluble 
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cobalt salt is added to the purified zinc salt so- 
lution. The cobalt (0.02—0.596) becomes in- 
corporated into the ZnS lattice dung 
subsequent calcination to stabilize the final 
product against light. Zinc sulfide that is not 
treated in this way becomes gray in sunlight. 
The barium sulfide solution is produced by 
dissolving fused barium sulfide in water. The 
barium sulfide is obtained by reducing an inti- 
mate mixture of crushed barite (ca. 1 cm 
lumps) with petroleum coke according to 
Equation (3) in a directly heated rotary kiln at 
1200-1300 °C: 
BaSO, + 2C > BaS + 2CO, (3) 


Purified solution 
of zinc salt 


BaS solution 





Figure 10.14: Flow diagram for lithopone production: a) 
Precipitation vessel; b) Rotary filter; c) Turbo dryer; d) 
Rotary kiln; e) Chilling vessel; f) Rake classifier; g) 
Thickener; h) Grinder, i) Silo. 

The warm solution (60 °C) containing ca. 200 
g/L barium sulfide is filtered and immediately 
pumped to the precipitation stage. Further pu- 
rification is not necessary. Unreacted gangue 
and heavy metals are collected as insoluble 
sulfides in the filter cake. The almost clear so- 
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lution can be stored only for a short period. 
Longer storage leads to undesirable polysul- 
fide formation. 


The zinc salt and BaS solutions are mixed 
thoroughly under controlled conditions (ves- 
sel geometry, temperature, pH, salt concentra- 
tion, and stirring speed, see (a) in Figure 
10.14). The precipitated “raw lithopone" does 
not possess pigment properties. It is filtered 
off (b,) and dried (c); ca. 2 cm lumps of the 
material are calcined in a rotary kiln (d) di- 
rectly heated with natural gas at 650—700 ?C. 
Crystal growth is controlled by adding 1-2% 
NaCl, 2% Na,SO, and traces of Mg” (ca. 
2000 ppm) and K* (ca. 100—200 ppm). The 
temperature profile and residence time in the 
kiln are controlled to obtain ZnS with an opti- 
mum particle size of ca. 300 nm. 


The hot product from the kiln is quenched 
in water (e), passed via classifiers and hy- 
droseparators (f) into thickeners (g), filtered 
on rotary filters (b,), and washed until salt- 
free. The dried product is ground in high-in- 
tensity mills (g) and may undergo organic 
treatment (with a polyalcohol) depending on 
the application. 


Figure 10.15 shows a scanning electron mi- 
crograph of lithopone. The ZnS and BaSO, 
particles can be distinguished by means of 
their size. The average particle diameter of 
BaSO, is 1 um. 


Sachtolith. Production is similar to that of li- 
thopone. For process engineering reasons, a 
sodium sulfide solution is used as the sulfide 
component, and is formed according to Equa- 
tion (4): 

BaS + Na,SO, — Na,S + BaSO, (4) 
The BaSO,, which is produced as a by-prod- 
uct, is filtered, washed, dried, and ground. It is 


a high-quality extender (Blanc fixe) used in 
the paint industry. 
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Figure 10.15: Scanning electron micrograph of lithopone. 
The larger particles are barium sulfate (mean size 1.0 pm) 
and the smaller particles are zinc sulfide (mean size 0.3 


pm). 

The Na,S solution is mixed with a cobalt- 
treated zinc salt solution under precisely con- 
trolled conditions. The resulting zinc sulfide 
precipitate is calcined and processed to give 
the finished product. 


Hydrothermal Process. Crystal growth of 
ZnS can be achieved by a hydrothermal pro- 
cess instead of by calcination. The raw litho- 
pone is precipitated with a slight excess of 
sulfide at pH 8.5. The pH is then adjusted to 
12-13 with sodium hydroxide solution, and 
0.5% sodium carbonate is added. The suspen- 
sion is then autoclaved for ca. 15—20 min at 
250-300 °C. In contrast to the wurtzite struc- 
ture of the calcined product, the hydrothermal 
product has a sphalerite structure with a ca. 
10% greater scattering power. Although the 
product is of better quality, the hydrothermal 
process is less economic due to the high cost 
of the materials required for lining the auto- 
clave (e.g., tantalum or a zirconium alloy). 


Environmental Protection. During the re- 
duction of barite and the calcination of 
Sachtolith and lithopone, sulfur dioxide is lib- 
erated. This is removed from the waste gas in a 
purification stage which is based on the re- 
versible, temperature-dependent solubility of 
sulfur dioxide in polyglycol. The absorbed 
sulfur dioxide can be recovered as a liquid 
product or as a raw material for sulfuric acid. 
Any soluble banum in the residue from the 
dissolution of the fused BaS is removed by 
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treatment with iron-containing waste hydro- 
chloric acid. The gangue, in the form of a 
slime, is water-insoluble and can therefore be 
disposed of. The barium chloride solution is 
used as a raw material for the production of 
precipitated barium sulfate fillers. 


10.9:1.3 Commercial Products 


Commercial lithopone grades contain 30% 
ZnS (red seal) and 60% ZnS (silver seal). The 
ZnS content of Sachtolith is > 97%. Various 
chemical (e.g., polyalcohols, siloxanes, si- 
lanes) and mechanical treatments (e.g., jet 
milling) are used to obtain other products for 
special applications. The technical data for 
commercial red seal lithopone and Sachtolith 
are given in Table 10.8. 


Table 10.8: Technical data for red seal lithopone and 
Sachtolith. 


Parameter Standard ^ Sachtolith Fos 
ZnS, 96 DIN 55910 297 ca. 29 
ZnO, 96 DIN 55910 0.2 0.1 
BaSO,, % DIN 55910 <3 ca. 70 
Brightness? 98 98-99 
Lightening power DIN 53192 400 120 
Water-soluble DIN 53197 «0.2 «0.2 

salts, 96 ў 
Sieve residue’, % 0.02 <0.1 
Oil number DIN 53192 12 8 
pH DIN 53200 6-8 7 
Specific surface 8 3 
area, m"/g 


*BaSO, white standard = 100. 
b Test sieve 45 um, DIN 4188, ISO DIS 3310/1. 


10.9.1.4 Uses 


Lithopone is mainly used in coating materi- 
als with relatively high pigment concentra- 
tions (Table 10.9). Examples are primers, 
plastic masses, putties and fillers, artists’ col- 
ors, and emulsion paints. An important prop- 
erty of lithopone is its low binder requirement, 
giving paint products with good flow and ap- 
plication properties. It is suitable for almost all 
binder media, and has good wetting and dis- 
persing properties. With optimum feed com- 
position, good dispersion can be achieved 
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simply by the action of a dissolver. It can be 
economically advantageous to use lithopone 
in combination with TiO, pigments; the good 
hiding power of the TiO, pigments is com- 
bined with the economic and technical advan- 
tages of lithopone. Due to the strong shift of 
the absorption band towards the blue, litho- 
pone is especially useful as a white pigment 
for UV-cured paint systems. Zinc compounds 
have a fungicidal and algicidal action, and in- 
clusion of lithopone or Sachtolith in paint for- 
mulations for exterior use therefore prevents 
attack by algae or fungi. 

Table 10.9: Uses of Sachtolith and lithopone (as percent- 
age of total consumption). 





. Lithopone 
U Sachtolith 
` se а H Western Word 
Europe 

Paints 20 79 94 
Plastics 64 17 2 
Lubricants 6 

Others 10 4 4 


The material advantages of lithopone аге 
used in plastics (e.g., good lightfastness and 
clear bluish-white shade). : The product also 
imparts very good extruding properties to the 
plastic resulting in high throughput rates and 
economic extruder operation. In fire-resistant 
systems, ca. 50% of the flame retardant anti- 
mony trioxide can be replaced by nontoxic li- 
thopone without any adverse effect. 


Sachtolith is mainly used in plastics (Table 
10.9). Functional properties such as lightening 
and hiding power are criteria for the use of Sa- 
chtolith. It has proved to be very useful for 
coloring many thermoplasts. During the dis- 
persion process it does not cause abrasion of 
metallic production machinery or adversely 
effect the polymer, even at high operating tem- 
peratures or during multistage processing. 
Even ultrahigh molecular mass thermoplasts 
can be colored without problems. In glass-fi- 
ber-reinforced plastics, the soft texture of Sa- 
chtolith prevents mechanical fiber damage 
during extrusion. Sachtolith is also used as a 
dry lubricant during the fabrication of these 
materials. 
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The low abrasiveness of Sachtolith pro- 
longs the operating life of stamping tools used 
in the manufacture of industrial rubber arti- 
cles. The lightfastness and ageing resistance 
of many elastomers are improved by Sacht- 
olith. It is also used as a dry lubricant for roller 
and plain bearings, and as a white pigment for 
greases and oils. 


10.9.1.5 Economic Aspects 


Total world production of lithopone in 1990 
was 220 x 10? t. This was subdivided as fol- 


lows (10? t): 

Germany 30 (+7 Sachtolith) 
Former Yugoslavia 5 

Former Czechoslovakia 15 

Former Soviet Union 50 

China 120 


Only estimated figures are available for the 
former Soviet Union and China. 

A decrease in output is to be expected be- 
cause replacement by TiO, is not yet at an end, 
especially in coating materials. In the long 
term, only the high-quality grades can main- 
tain their place in the market, i.e., those in 
which technical properties are required in ай- 
dition to light scattering. 


10.9.1.6 Toxicology 


The use of zinc sulfide and barium sulfate 
in contact with foods is permitted by the FDA 
(United States) and in most European coun- 
tries. Some restrictions apply in France, Italy, 
the United Kingdom, and Czechoslovakia. 

` Soluble zinc is toxic in large amounts, but 
the human body requires small quantities (10— 
15 mg/d) for metabolism. Zinc sulfide is com- 
pletely harmless in the human due to its low 
solubility. The acid concentration in the stom- 
ach and the rate of dissolution following in- 
gestion are not sufficient to produce 
physiologically significant quantities of solu- 
ble zinc. LD,, values in the rat exceed 20 g/kg. 
No cases of poisoning or chronic damage to 
health have been observed in the manufacture 
of zinc sulfide pigments despite exposure to 
dust that occurs mainly during grinding and 
packing. 
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10.9.2 Zinc Oxide (Zinc White) 
[76—80] 


10.9.2.1 Introduction 


Zinc oxide, ZnO, was formerly used only as 
a white pigment, and was named zinc white 
(С.І. Pigment White 4), Chinese white, or 
flowers of zinc. The term zinc white now de- 
notes zinc oxide produced by the combustion 
of zinc metal according to the indirect or 
French process. 


Historical Aspects. Zinc oxide has long been 
known as a by-product of copper smelting. 
The Romans called it “cadmia” and used it as 
such in the production of brass. They also pu- 
rified it for use in ointments by reduction fol- 
lowed by oxidation. In the Middle Ages, the 
alchemists thought that cadmia could be con- 
verted into gold. 


In the mid-18th century, the German chem- 
ist CRAMER discovered that cadmia could be 
obtained by the combustion of metallic zinc. 
Courtois began to produce zinc white in 1781 
in France, but it was not until 1840 that indus- 
trial production was started by LEcLARE (indi- 
rect or French process). The use of this white 
pigment spread rapidly. Zinc oxide replaced 
white lead because it had the advantage of be- 
ing nontoxic, of not darkening in the presence 
of sulfurous gases, and of having better hiding 
power. 


Around 1850 S. WETHERILL of the New Jer- 
sey Zinc Company perfected a roasting fur- 
nace in which a grate was charged with coal 
and then covered with a mixture of zinc ore 
and coal. The zinc was reduced by the partial 
combustion of the coal and reoxidized at the 
furnace exit (direct or American process). 
These furnaces were subsequently improved 
but are now no longer used. During the second 
half of the nineteenth century, the use of ZnO 
in rubber was introduced to reduce the time 
needed for vulcanization. The discovery of the 
first organic accelerators for vulcanization in 
1906 added to the importance of ZnO, which 
acts as an activator in these materials. ' 
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A third industrial production process exists 
but this wet process is less widely used. 


10.9.2.2 Properties 


Physical Properties. Zinc oxide is a fine 
white powder that turns yellow when heated 
above 300 °C. It absorbs UV light at wave- 
lengths below 366 nm. Traces of monovalent 
or trivalent elements introduced into the crys- 
tal lattice impart semiconducting properties. 
The elementary particles of ZnO obtained by 
thé thermal method may be granular or nodu- 
lar (0.1—5 ши) or acicular (needle-shaped). 
Some physical properties are given below: 


Density І 5.65-5.68 g/cm? 
Refractive index 1.95-2.1 
mp 1975 *C 
Heat capacity 
25°С 40.26 Jmol-1K-1 


100 *C 44.37 Jmol-1K-1 


1000 °C 54.95 Imol-1K-1 
Thermal conductivity 25.2 Wm-1K-1 
Crystal structure 


hexagonal, wurtzite 

Mohs hardness 4-4.5 

Chemical Properties. Zinc oxide is amphot- 
eric; it reacts with organic and inorganic acids, 
and also dissolves in alkalis and ammonia so- 
lution to form zincates. It combines readily 
with acidic gases (e.g., CO,, SO,, and H,S). It 
reacts at high temperatures with other oxides 
to form compounds such as zinc ferrites. 


10.9.2.3 Production 


About 1-2% of zinc oxide is produced by 
the wet process, 10-20% by the direct pro- 
cess, and the remainder by the indirect pro- 
cess. 


Raw Materials. In the early days, the raw ma- 
terials were mainly zinc ores or concentrates 
for the direct process, or metal from zinc pro- 
ducers for the indirect process. Nowadays, 
zinc oxide manufacturers mainly use residues 
and secondary zinc. This fact, combined with 
the demand for chemical purity imposed by 
the users, means that processes have had to be 
modified and a number of purification tech- 
niques are used. | 


Direct or American Process. The direct pro- 
cess is noted for its simplicity, low cost, and 
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excellent thermal efficiency. It consists of an 
initial high-temperature reduction (1000— 
1200 °C) of a zinc-containing material (as ox- 
ide), the reducing agent being coal. Reduction 
takes place according to Boudouard’s equa- 
tions: 


Zn0+C = Zn* CO 
ZnO + СО = Zn+CO, 
C40, = CO, 
CO, +C = 2CO 


The zinc vapor and the CO gas are then oxi- 
dized to zinc oxide and carbon dioxide above 
the reaction bed or at the furnace exit. Various 
Zinc-containing materials are used, e.g., zinc 
concentrates, metallization residues, by-prod- 
uct zinc hydroxide, and above all zinc dross 
from casting furnaces or galvanizing. The 
dross must first be treated to remove chloride 
and lead by heating at ca. 1000 °C in rotary 
kilns. 

Only rotary kilns are now used for the di- 
rect process; the use of static furnaces has 
been discontinued. The zinc content of raw 
materials is between 60 and 75%. There are 
two types of rotary kiln: 


e One type is a long (ca. 30 m), fairly narrow 
(2.5 m diameter) kiln, heated by gas or oil. 
The raw material (a mixture of zinc-contain- 
ing material and coal) is charged continu- 
ously either countercurrent or cocurrent to 
the combustion gases. The residues, which 
still contain some zinc and unburnt coal, 
leave the furnace continuously at the end 
opposite to the feed end. The excess coal is 
sieved out and recycled. The combustion 
gases, containing zinc vapor, ZnO, and CO, 
pass into a chamber where oxidation is com- 
pleted and large particles of impurities settle 
out. The gases are then cooled in a heat ex- 
changer or by dilution with air. The zinc ox- 
ide is collected in bag filters. 


e The second type of rotary kiln is shorter (5 
m) and has a larger diameter (ca. 3 m). 
Charging is continuous, but the dezincified 
residues are removed batchwise. 


Zinc 


In both cases, operating conditions are con- 
trolled to obtain a high yield and to give the re- 
quired particle shape and size. Provided no 
contamination is introduced, chemical purity 
1s determined solely by the composition of the 
raw materials used. 


Indirect or French Process. The zinc is 
boiled, and the resulting vapor is oxidized by 
combustion in air under defined conditions. 
The crystallographic and physical properties 
of the ZnO can be controlled by adjustment of 
the combustion conditions (e.g., flame turbu- 
lence and air excess). The chemical composi- 
tion of the ZnO is solely a function of the 
composition of the zinc vapor. 


Many types of furnace are available to pro- 
duce vapor of the required purity from various 
raw materials and obtain a high yield of zinc. 
Pure zinc (super high grade, SHG; high grade, 
HG) or, to an increasing extent, metal residues 
(e.g., scrap zinc, die casting dross, or galva- 
nizer's dross) are used as raw materials. Vari- 
ous liquid- or vapor-phase separation 
techniques are used for separating Cd, Pb, Fe, 
and Al from zinc metal before it is oxidized‘ 


e Muffle Furnaces or Retorts of Graphite or 
Silicon Carbide. The metal is fed into the 
furnace either batchwise as a solid or contin- 
uously as a liquid. The heat of vaporization 
is supplied by heating the outside of the re- 
tort with a burner. The nonvolatile residues 
(iron and lead in the case of dross from 
smelting) accumulate in the retort and must 
be removed at intervals. This is facilitated 
by tipping the retorts. 


e Fractional Distillation. The vapor contain- 
ing Cd, Pb, Fe, Al, and Cu can he purified 
by fractional distillation in columns (New 
Jersey Zinc Co.) with silicon carbide plates. 
Oxidation takes place at the exit of the col- 
umn. 


e Furnaces with Two Separate Chambers. 
The metallic raw material, which can be in 
large pieces, is fed into the first chamber 
where it melts. This is connected to the sec- 
ond, electrically heated chamber where dis- 
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tillation takes place in the absence of air. 
The first version of this type of furnace was 
constructed by LunpDevatt [81]. 


The nonmetallic residues are removed at the 
surface of the melting chamber. Impurities, 
such as Fe, Al, and some of the Pb, accumu- 
late in the distillation chamber and are pen- 
odically removed in the liquid state. The last 
traces of lead are then removed by fractional 
distillation. 


e Smelting Process in a Rotary Kiln. Indirect 
zinc oxide is also made by smelting in a ro- 
tary kiln, starting from the same raw materi- 
als. Melting, distillation, and part of the 
oxidation all take place in the same zone, al- 
lowing utilization of a large part of the heat 
of combustion of the zinc. By controlling 
the temperature and partial pressures of car- 
bon dioxide’ and oxygen, the impurity con- 
tent (Pb) can be limited and the shape and 
size of the ZnO particles can be adjusted, 
though to a lesser extent than in the other 
processes. 


Wet Process. Zinc oxide is also produced in- 
dustrially from purified solutions of zinc sul- 
fate or chloride by precipitating the basic 
carbonate, which is then washed, filtered, and 
finally calcined. This method produces a 
grade of zinc oxide with a high specific sur- 
face area. 


Products of this type are also obtained from 
waste hydroxides which are purified by a 
chemical route and then calcined. 


Aftertreatment. Thermal treatment at tem- 
peratures up to 1000 °C improves the pigment 
properties of the ZnO and is mainly applied to 
oxide produced by the direct method. Con- 
trolled atmospheric calcination also improves 
the photoconducting properties of the high- 
purity oxide used in photocopying. 

The ZnO surface is made more organo- 
philic by coating it with oil and propionic acid. 
The ZnO is often deaerated and sometimes 
pelletized or granulated to improve handling 
properties. 
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10.9.2.4 Quality Specifications 


Many standard specifications have been 
laid down for the more important uses of ZnO 
(rubber, paints, and the pharmaceutical indus- 
try). Various methods of classification are 
used, often based on the production process 
and the chemical composition. The most well- 
known are pharmacopeias, RAL 844 C3 
(Reichs-Ausschuf) für Lieferbedingungen), 
ASTM D79, BS 254, DAB 8 (Deutsches Arz- 
neibuch), T 31006 NF (French standard), and 
ISO R 275. Table 10.10 shows the classifica- 
tion of commercially available zinc oxide 
grades. 


Table 10.10: Classification of commercially available 
grades of zinc oxide. 


A B C D 
Parameter Indirect Indirect Direct Wet 
process process process process 
ZnO (min.), % 99.5 99 98.5 93 
Pb (max.), % 0.004 0.25 025 0.001 
Cd (max.), 96 0.001 0.05 0.03 0.001 
Cu (max.), % 0.0005 0.003 0.005 0.002 
Mn (max.), % 0.0005 0.001 0.005 0.001 
Water-soluble salts 0.02 0.1 0.65 1 
(max.), % 
Loss on ignition 0.3 0.3 0.3 4 
(max.), % 
Acidity, g 0.01 0.1 0.3 0.2 
H,SO,/100 g 
Specific surface 3-8 3-10 1-5 25 
area, m°/g (min.) 


Classification based on color codes is com- 
mon in Europe, but is of limited value. Manu- 
facturers have their own standards. In general, 
the terms silver seal and white seal indicate 
category À, and red seal category B. 


10.9.2.5 Uses 


Zinc oxide has many uses. By far the most 
important is in the rubber industry. Almost 
half the world's ZnO is used as an activator for 
vulcanization accelerators in natural and syn- 
thetic rubber. The reactivity of the ZnO is a 
function of its specific surface area, but is also 
influenced by the presence of impurities such 
as lead and sulfates. The ZnO also ensures 
good durability of the vulcanized rubber, and 
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increases its thermal conductivity. The ZnO 
content is usually 2-5%. 

In paints and coatings, zinc oxide is no 
longer the principal white pigment, although 
its superb white color is used by artists. It is 
used as an additive in exterior paints for wood 
preservation. It is also utilized in antifouling 
and anticorrosion paints [82]. It improves film 
formation, durability, and resistance to mildew 
(having a synergistic effect with other fungi- 
cides) because it reacts with acidic products of 
oxidation and can absorb UV radiation. 

The pharmaceutical and cosmetic indus- 
tries use ZnO in powders and ointments be- 
cause of its bactericidal properties. It is also 
used to form dental cements by its reaction 
with eugenol. 

In the field of glass, ceramics, and enam- 
els, ZnO is used for its ability to reduce ther- 
mal expansion, to lower the melting point, and 
to increase chemical resistance. It can also be 
used to modify gloss or to improve opacity. 

Zinc oxide is used as a raw miaterial for 
many products: stearates, phosphates, chro- 
mates, bromates, organic dithiophosphates, 
and ferrites (ZnO, MnO, Fe;O,). It is used as a 
source of zinc in animal feeds and in electro- 
galvanization. It is also used for desulfurizing 
gases. 

Zinc oxide is used as a catalyst in organic 
syntheses (e.g., of methanol), often in con- 
junction with other oxides. It is present in 
some adhesive compositions. 

The highest purity material is calcined with 
additives such as Bi,O, and used in the manu- 
facture of varistors [83]. The photoconduct- 
ing properties of ZnO are used in 
photoreproduction processes. Doping with 
alumina causes a reduction in electrical resis- 
tance, hence, it can be used in the coatings on 
the master papers for offset reproduction [84]. 


10.9.2.6 Economic Aspects 


The consumption of zinc oxide in Western 
Europe in 1990 was estimated to be 160 000 t. 
Annual world consumption is in the region of 
500 000 t, representing ca. 10% of the total 
world zinc production. The rubber industry 
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consumes ca. 45% of the total and the remain- 
der is divided among a large number of indus- 
tries. 


10.9.2.7 Toxicology and 
Occupational Health 


Unlike other heavy metals, zinc is not con- 
sidered to be toxic or dangerous. It is an'essen- 
tial element for humans, animals, and plants. 
The human body contains ca. 2 g, and it is rec- 
ommended that 10—20 mg should be ingested 
per day [85]. The oral LD,, value for rats is 
630 mg/kg. The permitted concentration of the 
dust in air at the workplace is 5 mg/m? 
(MAK), 10 mg/m? (TLV-TWA). Values for 
zinc oxide fumes are 5 mg/m? (TLV-TWA) 
and 10 mg/m? (TLV-STEL). - | 


If large quantities of ZnO are accidentally 
ingested or inhaled, fever, nausea, and irrita- 
tion of the respiratory tract ensue after several 
hours. These symptoms rapidly disappear 
without long-term consequences. 


Li 


10.9.2.8 Anticorrosive Zinc Oxide 


Zinc oxide, ZnO, is a white powder that 1s 
usually used in combination with active anti- 
corrosive pigments. It has the following physi- 
cal properties: 

Oil absorption value, g/100 g 20—24 


Density, g/cm? 5.6 
Apparent density, cm?/100 g 100 
Mean particle size, jum 0.11-0.22 
BET surface area, m?/g 3-10 


The inhibiting action of zinc oxide is based 
on its ability to react with corrosive substances 
and to maintain an alkaline pH in the coating. 
It also reacts with acidic components of the 
binder to form soaps and absorbs UV light. 


The lead content of commercial zinc oxide 
depends on the manufacturer and is in the 
range 0.002—1.5 %. For a zinc oxide coating to 
be considered lead-free, the lead content must 
be less than 1.5%. 
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10.9.2.9 Transparent Zinc Oxide 


Similar to transparent titanium dioxide, mi- 
croparticles of zinc oxide are manufactured by 
using sol-gel processes or precipitation in the 
presence of protective colloids to limit particle 
growth [86]. 

An industrial process [87] operates with so- 
lutions of zinc sulfate and zinc chloride in the 
ratios 1 :2. Basic zinc carbonate is precipitated 
by feeding simultaneously the zinc-salt solu- 
tion and a mixed solution of sodium hydroxide 
and sodium carbonate into a reactor charged 
with water. The precipitated product is inten- 
sively washed several times and then spray- 
dried. 


It is used for cosmetics and paints as a 
transparent UV-light shielding chemical. 


Trade names include Sachtotec Micro- 
Zinkoxid (Sachtleben, Germany) and Z-cote 
HP1 (SunSmart Inc., USA). 


10.9.3 Zinc Phosphate [88-92] 


The most important phosphate-containing 
pigment is zinc phosphate, Zn4(PO 9,-4H.O. 
It can be used with a large number of binders 
and has a very wide range of uses [88, 89, 91— 
93]. 

Zinc phosphate is usually produced on an 
industrial scale from zinc oxide and phospho- 
ric acid, or from zinc salts and phosphates 
[94]. Composition and properties are-given in 
Table 10.11. 

The mechanism of the action of zinc plios- 
phate is shown in Figure 10.16. Zinc phos- 
phate dihydrate pigment is hydrated to the 
tetrahydrate in an alkyd resin binder [95]. The 
tetrahydrate 1s then hydrolyzed to form zinc 
hydroxide and secondary phosphate ions 
which form a protective film of basic iron(II) 
phosphate on the iron surface [96]. The anti- 
corrosive action of zinc phosphate depends on 
its particle size distribution. Micronization im- 
proves the anticorrosive properties [97—99]. 
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Table 10.11: Composition and properties of zinc phosphate pigments. 


Property (standard) 


Metal content, % (ISO 787, part 2) 

Phosphate content, % (ISO 787, part 2) 
Chloride content, 96 (ISO 787, part 13) 
Sulfate content, 96 (ISO 787, part 13) 
Water-soluble content, % (ISO 787, part 3) 
Sieve residue, 96 (ISO 787, part 18) 

Density, g/cm? (ISO 787, part 10) 

Specific surface area, m’/g (DIN 66131/66132) 
Loss on ignition, 96 (ISO 787, part 2) 

Oil absorption value, g/100 g (ISO 787, part 5) 
Conductivity, uS (ISO 787, part 14) 

pH (ISO 787, part 9) 

Color 


drolysi 


_ Hy sis И 
2п31Р0,,+ 290+ 40H“ —————_ 3Zn(OH),+ 2HPO; 


Protective layer 
Iron zinc phosphate complex 


Н,0+0,+ he” — 40H" 2Fe — e 2Fe" «he 


Cathode ze Anode 


Figure 10.16: Passivation of iron by zinc phosphate [96]. 


The effect of corrosion-promoting ions on 
the anticorrosive properties of zinc phosphate 
is described in [100, 101]. 

Trade names are as follows: 

Zinc phosphate: Sicor ZNP/M, ZNP/S 
(BASF, Germany), Heucophos ZP10 (Dr. H. 
Heubach, Germany); Halox Zinc Phosphate 
(Halox Pigments, USA); Phosphinox PZ20 
(SNCZ, France); Hispafos N 2 (Colores His- 
pania, Spain). 

- Basic zinc phosphate: Heucophos ZPO (Dr. 
H.Heubach, Germany); HispafosSP (Colores 
Hispania, Spain). 





10.9.4 Zinc Hydroxyphosphite 


Commercial zinc hydroxyphosphite is a 
white, nontoxic pigment with basic character. 
The pigment has the following physical 


properties [102]: 

Oil absorption value, g/100 g 15-20 
Density, g/cm? 3.96 
pH, 2% suspension 6.5-7.5 
Mean particle size, jim 2-3 


Zinc phosphate Micronized zinc phosphate 
Zn,(P0,),-2-4H,O Zn,(PO,),*2—4H,O 

51 51 
49 « 49 

0.01 0.05 

«0.1 0.05, 

< 0.1 0.1 

0.01 0.01 
3.2 3.4 
1.0 4.3 

10-11 13 
20 24 
100 300 

6.2-7 7 

white-beige white-beige 


Water-soluble content, g/100 cm? «0.01 
Specific conductivity, О/ст 9700 

A trade name for zinc hydroxyphosphite is 
Nalcin 2 (National Lead Chemicals, USA; 


Kronos Titan, Germany). 


10.9.5 Zinc Cyanamide 


Zinc cyanamide, ZnCN,, is a white to beige 
powder which has the following properties 


[103]: 

Density, g/cm? са. 3.1 
Apparent density, g/cm? ca. 250 
Metal content, 96 ca. 60 
CN2 content, 96 ca. 34 
Specific surface area, 2/0, ca. 50 
pH 8.5 
Conductivity, pS < 1000 


10.9.6 Zinc and Calcium Ferrites 


Many paint formulations contain iron oxide 
as an extender. It is a physically protective an- 
ticorrosive pigment (only to a small extent). In 
order to obtain a chemically protective anti- 
corrosive pigment with active constituents the 
iron oxide is heated with oxides or carbonates 
of alkaline earths (CaO, CaCO,) or zinc (ZnO) 
to form pigments of the ferrite type [104, 105]. 
The following systems have been reported for 
alkyd resin primers: 2CaO-Fe;O,, 
CaO-Fe;O,, and Zn(Mg)O ·Ее,О,. In the coat- 
ing these pigments are hydrolyzed with water 
to form alkaline-earth hydroxides or zinc hy- 
droxide which prevent corrosion by increasing 
the pH. Alkaline-earth soaps are also formed 
in certain binder media [106]. However, the 





Zinc 


pigment volume concentration must be high to 
ensure good results [107]. 

Only one zinc ferrite pigment has attained 
economic significance. Its properties are as 


follows [108]: 

Water-soluble salts, 96 max. 06 
Oil absorption value, g/ 100 р ca. 22 
pH 9-11 
Density g/cm? 5.0 


A trade name for zinc ferrite is Anticor 70 
(Bayer, Germany; Mobay Chemical Corpora- 
tion, USA). 


10.9.7 Zinc Dust 


Zinc dust, mp 419.4 °C, density 7.14 g/cm?, 
1s a free-flowing blue-gray powder composed 
of spheroidal particles. It is produced by melt- 
ing zinc in a crucible, vaporizing it at ca. 900— 
950 °C, and condensing and sifting the prod- 
uct Alternatively, molten zinc is atomized 
with a nozzle to produce dust, which is then 
sifted. Properties of commercial zinc dust pig- 
ments are listed in Table 10.12 [109, 110]. 


Table 10.12: Properties of commercial zinc dust pig- 
ments. 


Zinc dust Zinc dust 


Property, Ultra25 ^ Ultra35 
Total zinc content, % > 99.0 > 99.0 
Metallic zinc content?, % 94—96 94—96 
Lead content, % « 0.005 < 0.005 
Cadmium content, % <0.005 < 0.005 
Tron content, % 0.003 0.003 
Copper content, % 0.001 0.001 
Acid-insoluble material, % «0.1 «0.1 
Sieve residue’, 96 <0.01 <0.01 
Mean particle size‘, um 2.8-3.2 3.3-3.8 


*KMnO, method. 
b Sieve residue on 16 900 sieve (DIN 4188, aperture: 45 шт). 
* Air permeability method. 


The action of zinc dust in primers with or- 
ganic binders is based on sealing effects and 
electrochemical processes. The zinc reacts 
with water and atmospheric oxygen that dif- 
fuse into the binder, forming zinc hydroxide 
which is then neutralized by sulfuric acid 
(from SO, in the air) and hydrochloric acid 
(from Cl-containing substances in the air, e.g., 
NH,Cl). This causes an increase in volume 
and decreases permeability. The corrosion 
products of zinc also have an anticorrosive ac- 
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tion [111]. Cathodic protection takes place 
when the zinc and iron come into contact; the 
zinc content in the primer must be at least 94— 
96% [112—115]. Zinc dust coatings are used in 
large quantities for structural steel, including 
underwater steel construction and shipbuild- 
ing. Zinc dust is also used in inorganic binder 
systems (alkali silicates or alkyl silicates) in 
the form of two-component systems (116]. 

A trade name is Zinc Dust Ultra 25' and 35 
(Lindgens & Sóhne, Germany). 


10.9.8 Flake Zinc Pigments 


Flake zinc pigments are used: mainly as 
high-quality anticorrosive pigments in powder 
or paste form. Owing to their platelet structure 
they have a considerably higher surface area 
than spherical zinc dust particles. They can 
therefore take up much more binder which 
produces a more flexible coating film than that 
obtained with zinc dust. Other advantages in- 
clude a lower settling tendency, good remix- 
ing, and problem-free application onto the 
precoated surface. | 

The flake zinc pigments give a consider- 
ably brighter, better metallic effect than zinc 
dust. Their appearance can be further im- 
proved by combining them with aluminum 
pigments or by applying a topcoat based on 
aluminum pigment. 

Another widespread application for flake 
zinc pigments is the coating of small articles 
with complex shapes (e.g., screws, steel 
springs, bolts, rivets) and for special anticorro- 
sive paints. 
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11.1 History [1-4,6,11,15] 


Because of its luster and softness, tin was 
usually assigned to the planet Jupiter, more 
rarely to Venus. The name of the element is 
derived from the Old High German zin and the 
Norse żin. The symbol Sn from the Latin stan- 
num was proposed by BerzeLws. Historically 
tin is of major cultural importance, being an 
essential component of the copper alloy 
bronze which gave its name to the Bronze 
Age. The first bronze objects appeared in 
Egyptian tombs dating from the end of the 4th 
millennium B.C. 

Pure tin was first produced in China and Ja- 
pan around 1800 B.C. Around 600 B.C., the 
ancient Egyptians occasionally placed pure tin 
artifacts in mummies' tombs. Tin is not only 
an essential constituent of tin bronze, but 1s 
also a constituent of lead alloys for solders and 
tin plating Tin and especially its alloys have 
shaped the development of many geographical 


regions, e.g., China, Indochina, Indonesia, In- 
dia, the Near East, North Africa, and Europe. 


The cultural and historical importance of 
tin from the Middle Ages to early modern 
times lay in its use for sacred objects, articles 
of daily use, and jewelry. 


There is no historical evidence concerning 
the oldest methods of tin extraction. It is fairly 
certain that in 100 B.C. in Cornwall, England, 
tin was smelted from very pure ore over wood 
fires in pits and later in small furnaces. Up to 
the 1200s, Cornwall provided most of Eu- 
rope's tin. Today, these deposits are virtually 
exhausted. Tin was probably produced in Bo- 
hemia around 1150. Also, the first tn mines 
were opened in Saxony at this time, and these 
supplied European requirements until they 
were destroyed in the Thirty Years War. Then, 
as these various deposits gradually became ex- 
hausted and as ocean transport developed, tin 
from overseas became dominant. 
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The largest tin mines are in Asia, the most 
important ore-supplying countries in the 
world being Malaysia and Indonesia, followed 
by China. The second largest tin-producing re- 
gion includes Brazil and Bolivia. The coun- 
tries exporting the largest quantities of tin ores 
also produce the most tin metal. World annual 
production has developed as follows: 


ca. 1800 9100t 
ca. 1850 19 000t 
ca. 1900 91 900t 
ca. 1950 172 100t 
1980 243 600t 
1990 225 600 t 


The principal consumer countries are the 
United States, Japan, China, and Russia. 


11.2 Properties 


Physical Properties [1, 2, 4, 16—19, 20]. Tin, 
Sn, exists in two crystalline modifications, the 
o.- and B-forms. A third modification may also 
exist. Some physical properties of a- and B-tin 


are listed in the following: 


Natural isotopes 10 
Relative atomic mass 118.69 
Crystal structure 
a@-Sn (gray tin) fcc (A,) diamond type 


B-Sn (white tin) 
Transformation temperature 


tetragonal (A,) 


a-Sn © Bän 286.2 К 
Enthalpy of transformation 1966 J/mol 
Lattice constants at 25 °C 

a-Sn а = 648.92 pm 

B-Sn а = 583.16, с = 318.13 
Density of B-tin at 20 °C 7.286 g/cm? 

100 °C 7.32 

230 °C 7.40 
Density of a-tin 5.765 g/cm? 
Density of liquid tin at 240 "C 6.992 g/cm? 

400 °C 6.879 

800 °C 6.611 

1000 °C 6.484 
Molar heat capacity of B-tin - 

25°C 27.0 Jmol K“ 

230 °C 30.7 

Liquid 28.5 
Melting point 505.06 К 
Enthalpy of fusion 7029 J/mol 
Boiling point 2876 К 
Enthalpy of vaporization 295 763 J/mol 
Vapor pressure at 1000 K 9.8 x 107 Pa 

1800 K 750 

2100 К 8390 

2400 К 51 200 


Cubic coefficient of expansion 
a-tin at -130 °C to +10 °C 
f-tin at 0 °C 
B-tin at 50 °С 


(14.1 to 4.7) x 10% К! 
59.8 х 105 
69.2 x 10% 
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B-tin at 100 °C 


71.4x 10% 

B-tin at 150°C 80.2 x 10% 

Molten tin at 700 °C 105.0 x 10% 
Coefficient of thermal 

conductivity of B-tin at O^C 0.63 Wem^!K"! 
Surface tension at 232 °C 0.53-0.62 N/m 

400 °C 0.52-0.59 

800 °C 0.51-0.52 

1000 °С 0.49 
Dynamic viscosity at 232 °C 2.71 x 10? Pa-s 

400 °C 1.32x 103 

1000 °C *0.80 x 10? 
Specific electrical resistivity 

a-tin at 0 °C 5x10% Dm 

B-tinat 25 °C 11.15 x 10% 
Transition temperature for 

superconductivity 3.70K 


Magnetic susceptibility of B-Sn 2.6 x 10 !! mike ` 

In the periodic table, tin lies on the bound- 
ary between metals and nonmetals. The trans- 
formation of the œ- to the B-modification is 
accompanied by a complete change of lattice 
structure, affecting the physical, chemical, and 
mechanical properties. Also, at 170 °C there is 
a second-order transformation accompanied 
by a discontinuous change in the lattice pa- 
rameters and thermomechanical properties. A 
tetragonal high-pressure modification of tin, 
stable between 3500 and 11 000 MPa, is de- 
scribed in the literature the lattice constants 
being a = 381 pm and b = 348 pm. ` 

The transformation of B-tin (white tin) into 
a--tin (gray tin) is of practical importance, as it 
involves a volume increase of 21 %. The trans- 
formation process requires a high energy of 
activation, and can be very strongly hindered. 
White Bun can therefore exist for many years 
at —30 °C. The presence of Gun seed crystals 
is important for the transformation process, 
and these are formed by repeated phase transi- 
tions. Foreign "elements" also affect the trans- 
formation temperature and rate. These can 
consist of impurities and deformations. The 
effect of impurities on transformation behav- 
ior is described in [21]. Tin vapor consists of 
Sn; molecules. 


Mechanical properties [1, 2, 4, 20—23] are 
not of great relevance to most applications of 
pure tin. The most important are listed in the 
following: 


Yield strength at 25 °C 2.55 N/mm? 
Ultimate tensile strength at -120 °C87.6 N/mm? 
15°C 14.5 
200 °C 4.5 








Tin 


Brinell hardness 
(10 mm, 3000 №, 105) ї0°С 4.12 


100 °С 2.26 
200 °C 0.88 
Modulus of elasticity E at -170 °C 65 000 N/mm? 

—20 °С 50 000 
0*C 52 000 
40°C 49 300 
100 °C S 44 700 
200 °C 26 000 


Chemical Properties [1, 2, 4, 20]. Tin has the 
atomic number 50 and is a member of group 
14 of the periodic t table. The electronic config- 
uration is 15? 2s?p$ 3s*pd"° 45?p*dl? 552р? Tin 
can be di- or etae It is stable in dry air, 
but is considerably more rapidly oxidized at a 
relative humidity of 80%. Bright metallic tin 
becomes dull within 100 d even in indoor at- 
mospheres. Oxygen is rapidly and irrevers- 
ibly chemisorbed, and the oxide layer formed 
grows at an exponentially increasing rate. 
Typical impurities present after metallurgical 
production (e.g., Sb, ТІ, Bi, and Fe) promote 
oxidation. Treatment with carbonate or chro- 
mate solutions leads to passivation. 

Molten tin at temperatures up to ca. 500 *C 
picks up oxygen from the air at a rate that 
obeys a parabolic law, a result of the compact 
layer of oxide formed. 

Gaseous water and nitrogen do not dissolve 
in solid tin. Dissolution in molten tin only oc- 
curs at high temperatures (ca. > 1000 °C). Un- 
der the conditions of electrochemical 
reduction in hydrochloric acid solutions, 
atomic hydrogen forms SnH,, and elemental 
nitrogen forms Sn4N,. 

Tin is stable towards fluorine at room tem- 
perature, but SnF, or SnF, are formed at 
higher temperatures. 

г" Rapid and vigorous reactions occur with 
| chlorine, bromine, and iodine, these reactions 
{ being accelerated by moisture and elevated 
|t temperatures. The reaction products are SnCl,, 
і SnBr,, SnL, and Sol, 

Sulfur reacts rapidly with molten tin at > 
600 °C to form the sulfides SnS, Sn,S,, and 
SnS.. The reaction rate is lower above 900 °C, 
and only SnS is formed. 

Reaction with hydrogen sulfide is slow and 
only occurs in the presence of oxygen and 
moisture. Sulfur dioxide reacts with molten tin 


mO, + Co 
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to form SnO, and S, and a molten solution of 
tin in copper reacts with SO, to form SnO, and 
CuS (an important reaction in pyrometal- 
lurgy). Tin is stable towards pure hot water, 
steam, and dry ammonia. Nitrogen oxides 
only react with molten tin. 

Tin is amphoteric, reacting with both strong 
bases and strong acids with evolution of hy- 
drogen. Having a normal electrode potential 
of -0.136 V, tin lies between nickel and lead in 
the electrochemical series. 

- With sodium hydroxide solution, tin forms[ 
Na,[Sn(OH),], and with potassium hydro] 
solution K,[Sn(OH). 

Tin reacts slowly with acids in the absence 
of oxygen. The high hydrogen overvoltage is 
caused by a layer of atomic hydrogen at the 
metal surface preventing further attack. Vigor- 
ous reactions occur with nitric acid, the rate 
depending on the acid concentration. The re- 
actions are very vigorous with 35% acid, but 
complete passivation can occur at concentra- 
tions > 80%. Tin is stable towards fuming ni- 
tric acid. While hydrogen fluoride does not 
attack tin, hydrochloric acid reacts even at a 
concentration of 0.05% and temperatures be- 
low 0 °C. Tin is not attacked by sulfurous acid 
or by < 80% sulfuric acid. 

The most important use of tin and tin-plated 
materials is in the preserved food industry. For 
this reason, the possibility of reactions of tin 
with certain organic acids is important. Lactic, 
mialic, citric, tartaric, and acetic acids either do 
not react at all at normal temperatures or do so 
to a negligible extent, especially in the ab- 
sence of atmospheric oxygen. This is also true 
of alcohols and hydrocarbons. 


11.3 Occurrence, Ore 
Extraction, and Beneficiation 


The average concentration of tin in the 
earth's crust is estimated to be 2—3 ppm, com- 
parable to cerium and yttrium. Owing to the 
high atomic mass of tin and the high density of 
its important minerals, its volume concentra- 
tion is very low. However, it occurs in only a 
small number of locations, where conse- 
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quently its relative abundance 1s high. In gen- 
eral, 1000-fold enrichment is necessary to 
give workable tin deposits, i.e., with a tin con- 
tent of at least 0.296. The question of whether 
a deposit can be economically extracted, for a 
given world market price level, depends on the 
mining conditions. For example, there are de- 
posits in Bolivia containing 196 Sn which can- 
not be economically extracted, whereas in 
South East Asia placer deposits containing 
0.02% Sn are successfully mined. 


11.3.1 Minerals 


Native tin occurs only very rarely and has 
only been identified with certainty in Canada. 


Cassiterite, SnO,, is the most economically 
important tin mineral. It forms tetragonal crys- 
tals, has a Mohs hardness of 6—7, a density of 
6.8-7.1 g/cm?, and a tin content of up to 79%. 
The color is usually brown to brownish black. 
The presence of Ti, Fe, Nb, Ta, or Mn can lead 
to colors varying from gray to white. Contact 
deposits of cassiterite can be combined with, 
e.g., magnetite, arsenical iron pyrites, or zinc 
blende. Placer deposits of cassiterite are of 
major importance. “Wood tin" consists of gel- 
like or very fine grained aggregates of cas- 
siterite. Cassiterite is an oxidic mineral and is 
chemically very resistant, in particular to- 
wards weathering. 


Stannite (bell metal ore), Си (Fe, Zn)SnS,, 
forms tetragonal crystals, has a Mohs hardness 
of 4, a density of 4.4 g/cm?, and a tin content 
of up to 27.6%. Its color is steel gray with an 
olive green tinge. It is chemically less resistant 
than cassiterite, seldom occurs in hydrother- 
mal deposits, and is of little economic impor- 
tance. | 

Hydrocassiterite (varlamoffite), H,SnO,, is 
a tetragonal gel-like stannic acid. It occurs in 
Bolivia, usually accompanying cassiterite. 


Other tin minerals include teallite, (Sn, 
Sb)S;  herzenbergite,  SnS;  franckeite, 
Pb,Sn4Sb,S,4; cylindrite, Pb,Sn,Sb,S,,; tho- 
reaulite, SnTa,O,; hulsite, (iron tin borate); 
and stokesite, Са5п(51,0,):2Н,0. None are of 
economic importance. 
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Table 11.1: Tin ore reserves and mine outputs for various 
countries in 1990. 


Country Ore reserves Output 
(t metal content) (t metal content) 

Malaysia 1 200 000 28 500 
Thailand 1 200 000 14 600 
Indonesia 1 550 000 31 700 
Bolivia 980 000 17 300 
Russia 1 000 000 13 000 
China 1 500 000 35 800 
Australia 330 000 7 400 
Brazil 400 000 35 100 
Zaire i 200 000 1 600 
United Kingdom 260 000 3 200 
South Africa 50 000 1100 
Nigeria 280 000 200 
Others d 765 000 17 000 
World total 9 715 000 210 700 


11.3.2 Deposits 


The economical important tin deposits 
are closely associated with acidic to interme- 
diate magmatic rocks which were formed in 
the orogenic phases of the earth’s history. Tin, 
a volatile metal, was deposited primarily dur- 
ing the pegmatitic, pneumatolytic, or hydro- 
thermal phase in the region of the exo- or 
endocontact of the intrusive bodies. The eco- 
nomically much more important secondary tin 
deposits exist as eluvial, alluvial, or marine 
placer deposits which can be near to or remote 
from these acidic magmatic rock complexes. 
An overview of the ore reserves and of the 
amounts extracted in 1990 is given in Table 
11.1. 

Primary deposits originate from the pegma- 
titic formation of cassiterite in contact with 
granites or their secondary rocks. Cassiterite 
occurs there in idiomorphic pyramidal crystals 
of > 2 mm diameter. These tin-bearing gran- 
ites and pegmatites typically include the min- 
erals quartz, albite, potassium feldspar, 
muscovite, and cassiterite. Columbite is an 
important accompanying mineral. Deposits of 
this type are found in central and southem Af- 
rica, Brazil, and Russia (Siberia). They ac- 
count for « 5% of world production. 
Cassiterite quartzes of the pneumatolytic 
catathermal phase were formed in vein fis- 
sures of granites and their secondary rocks. In- 
dividual veins or lodes can have a tin content 


Tin 


of up to 3%. They can be 0.2—1 m thick and up 
to 200 m deep. 

There are various types of paragenesis of 
the granites, leading to the greisen type (mica— 
feldspar-quartz formed by  pneumatolysis 
with fluorspar, lepidolite, and tourmaline), the 
topaz-quartz type, the feldspar-quartz type, 
and the quartz type. Such deposits contain ca. 
20% of the world’s tin reserves, and are found 
in Malaysia, Russia (Siberia), arid Germany 
(Erzgebirge in Saxony). Cassiterite-sulfide 
deposits of the hydrothermal phase are formed 
as vein ores associated with intrusions of 
granodioritic rocks, or are formed by remigra- 
tion of the metal content of older pegmatitic 
tin deposits caused by younger acidic subvol- 
canoes. Characteristic of these types of de- 
posit is the paragenesis of cassiterite with 
stannite, iron pyrites, arsenical iron pyrites, 
galena, zinc blende, magnetic iron pyrites, and 
copper sulfides. These deposits, which can be 
very large, are mined in Bolivia, Russia, 
southern China, Thailand, Burma, Australia, 
South Africa, and also England. They consti- 
tute ca. 1596 of the world's tin reserves. 

Because cassitente 1s resistant to weather- 
ing and is hard and dense, the weathering of 
the primary tin-bearing rocks enables it to be- 
come concentrated as it 1s transported to form 
secondary deposits, i.e., eluvial, deluvial, or 
marine placers. 

Alluvial placers are formed by intense 
weathering and breakdown of cassiterite-con- 
taining granites or granodiorites, especially 
under tropical climate conditions. The lighter 
minerals are washed out or carried away by 
wind, while the cassiterite and other heavy 
minerals remain behind and can become con- 
centrated in deposits of considerable thick- 
ness, as in Malaysia and Zaire. Very coarse 
and deluvial placers are also formed by gravi- 
tational enrichment due to landslips and eluvi- 
ation at the bottom of mountainsides. 

Alluvial or fluviatile placers are formed by 
the transport of weathered tin-bearing rocks 
by flowing water derived from atmospheric 
precipitation. The softer and lighter compo- 
nents of the rock are more extensively size re- 
duced and therefore transported further than 
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the hard, resistant cassiterite minerals, which 
sink due to their high density and are depos- 
ited at points where flow rates are low. The 
most important alluvial placer deposits are in 
central Africa (Zaire, Rwanda), western Af- 
rica (Nigeria, Niger), and Brazil. Marine plac- 
ers are formed where primary tin-bearing rock 
complexes have been directly transported by 
surf; or where rivers have carried the cassiter- 
ite-containing sediment into the sea, avhere it 
is then deposited in coastal strips. These are 
the most important deposits, and represent ca. 
60% of the world’s workable reserves. The 
largest of these deposits are in south-east Asia, 
the coast of Thailand, the Thai Island of 
Phuket, in Malaysia, and on the Indonesian Is- 
lands of Bangka and Billiton. 

Secondary deposits usually have tin con- 
tents of 0.05-0.5%, reaching 3% in some 
cases. Marine placers have tin contents of 
0.01~-0.03%. At present, deposits containing 
0.1% Sn are workable by the open-pit method. 
For underground mining, deposits should con- 
tain 0.396 Sn. 


11.3.3 Mining 


Primary tin ores are extracted by under- 
ground mining. Depths can reach 1000 m in 
exceptional cases. Most of the technologies 
used in nonferrous metal mining are used, the 
method in a given situation being determined 
by the thickness, shape, and orientation of the 
ore body, and geological factors. 

In secondary deposits, the loosely packed 
weathered hard mineral rock which contains 
the cassiterite together with associated depos- 
its of sand and gravel is extracted by high-pro- 
duction loading techniques which also 
perform preliminary classification. General 
local conditions, including the state of eco- 
nomic development in the region, have a great 
influence on the mining conditions. For exam- 
ple, in Zaire, surface eluvial deposits (weath- 
ered pegmatites) with tin contents of up to 


.0.15% are extracted by conventional open-pit 


methods. In Thailand, Malaysia, and Indone- 
sia, loose alluvial and marine deposits in river 
valleys and in the undersea regions just off the 
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coast are extracted by dredging shovels, dra- 
gline excavators, chain and bucket excavators, 
and similar equipment specially designed for 
local conditions. The initial separation of 
gangue and other foreign materials (eng, 
wood) is performed by this equipment. Cas- 
siterite in thick deposits of loose sediments 
and coarse detritus in Southern China and 
Thailand is treated with powerful water jets 
operating at pressures of up to 1.5 MPa. These 
generate a mixture of water and heavy sand 
which is then fed to the treatment plant. 

Off the coasts of Indonesia, Thailand, and 
Malaysia, chain and bucket excavators are 
used to extract cassiterite from alluvial depos- 
its under water at depths of up to 40 m. This 
also gives a preliminary beneficiation. 


11.3.4 Ore Beneficiation [11, 24—28] 


The beneficiation of primary tin ores is dif- 
ficult. The principal mineral, cassiterite, 1s 
nonmagnetic and is not suitable for flotation, 
so that mainly gravimetric sorting processes 
must be used. Furthermore, cassiterite is often 
strongly intergrown, and the accompanying 
minerals behave similarly to cassiterite during 
processing. 

Current technologies are characterized by 
controlled multistage size reduction of the 
ores and separation of the cassiterite released 
after each size reduction stage using sorting 
methods based on density. Screen jigs and 
shaking tables of various designs are used. 
However, very small particles (< 30 um) can- 
not be processed to give satisfactory yields 
and production rates. If the degree of inter- 
growth of the ores requires finer grinding, as is 
increasingly the case with ores from Russia, 
the United Kingdom, Bolivia, South Africa, 
and Portugal, the flotation method for sorting 
particles < 100 шп is sometimes used. This 
technique was also used for the tin ore from 
the Altenberg region of Saxony, whose mines 
were closed in 1990. The following stages of 
beneficiation of primary tin ores are used: 

Ores with an average degree of intergrowth 
are concentrated mainly by processes based on 
density. Flotation 1s increasingly used to sort 
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fine-grained material and ground middlings 
obtained by the density-based sorting process, 
and has now become the preferred method for 
treating the most finely intergrown, complex 
tin ores. Flotation of cassiterite with particle 
sizes between 40 and 10 um is mainly carried 
out with arsonic acids. 
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Coarse product 
{Го wet mechanical 
treatment) 


Fine product. 


[Destudging| Sulfides 
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Sludge and 
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Cassiterite concentrate 


Figure 11.1: Flotation of primary tin ores. 
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The flow diagram (Figure 11.1) shows the 
flotation of primary tin concentrates to remove 
sulfides of similar paragenesis, followed by 
flotation of cassiterite from the preconcen- 
trate, and magnetic separation of paramag- 
netic minerals from the flotation product. 

Composition ranges for complex tin con- 
centrates are: 


Sn 5.6-60% 

S 1.0-15% : ^ 
As 0.1-3% 

Sb 0.1-2% 

Bi 0.1-0.5% 

Cù 0.1-0.7% 

Pb 0.1-3% 

Zn 0.14% 

Ag up to 500 ppm 

W 0.1-5% WO, 

Nb/Ta 1-396 Nb,O, + Та,О, 


The ores from placer deposits are thor- 
oughly broken down by natural weathering 
processes which separate the material roughly 
according to the rate at which it settles out of 
suspension. The fine-grained cassiterite is 
mixed with coarser sand or gravel. On board 
the floating dredges, which operate in artifi- 
cial dredging ponds or natural surface waters, 
there is ore beneficiation equipment which 
produces a preconcentrate for further process- 
ing on shore (Figure 11.2). The ore passes 
through a drum screen which removes coarse 
gravel (10-20 mm), wood, and other foreign 
bodies. The material passing through the 
screen is desludged in a hydrocyclone, and 
treatment on a three-stage screen jig then pro- 
duces heavy metal concentrate for further pro- 
cessing on shore. 

The ore obtained from placer deposits on 
land using water cannons or from the seabed 
using special ships with suction pumps is pro- 
cessed using conventional ore beneficiation 
methods such as screen jigs or screen troughs. 

Concentrates from placer deposits are rela- 
tively pure; a typical analysis (in %) follows: 


Sn 70 Ni 0.01 
As 0.1 Ta,0, 0.2 
Sb 0.05 Nb,O, 0.1 
Pb 0.008 wo, 0.05 
Cu 0.005 SiO, 5.0 
Zn 0.01 CaO 0.1 
Bi 0.015 TiO, 0.1 


Fe 0.3 ALO, 1.0 
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Figure 11.2: Preparation of secondary tin ores (placer de- 
posits) on floating dredgers. 


11.4 Smelting 


11.4.4 Fundamental Theory of 
Smelting [1-3, 5, 29-34] 
Because the most important tin-bearing 


mineral in tin ore is cassiterite (SnO,), the car- 
bothermic reaction 


SnO, +2CO = Sn * 2CO, 


is of fundamental importance. 

A theoretical consideration of tin smelting 
must include the temperature dependence of 
this equilibrium and the behavior of the im- 
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portant reactants (Sn, O, and C) and accompa- 
nying elements and impurities in the 
concentrate, e.g., Fe, Cu, Sb, Bi, Ag, Si, Ca, 
A], Mg, Nb, Ta, etc., of which Fe is the most 
important. The equilibrium diagrams for Sn- 
O-C and Fe-O- are of crucial importance in 
the reduction of tin. At temperatures above 
1100 °C, not only the Sn but also the Fe 
present in the oxidic precursors is reduced, so 
that selective winning from industrial tin-con- 
taining raw materials, which always also con- 
tain iron, is impossible. Furthermore, in this 
temperature range, up to 209^ tin dissolves in 
iron, and iron-tin compounds (known as hard 
head) are formed at lower temperatures, so 
that iron-free tin cannot be obtained under 
these conditions. This restricts the advantage 
of using a high process temperature to give a 
faster reaction rate in carbothermic cassiterite 
reduction. Also, the technique of stably bind- 
ing iron in fayalite, to enable tin reduction to 
be carried out selectively, though realized on a 
laboratory scale by Wricut [29], could not be 
scaled up to production conditions. 

The elements involved in tin reduction can 
be divided into the following groups: 
e Elements more noble than tin are reduced at 

lower temperatures than tin, and dissolve in 

molten tin (e.g., Cu, Pb, and Sb) 


e Elements that are much less noble than tin 


and which are not reduced under the reduc-: 


tion conditions, but which act as important 
slag formers, such as Ca, Al, and Si in the 
form of their oxides . 

e Iron, the most important accompanying ele- 
ment, which behaves similarly to tin 

e Gaseous compounds produced in the reduc- 
tion process 


e Sulfur, which has an important role in the 
reduction and volatilization process of pyro- 
metallurgical tin production 

Both the iron and the slag formers must be 
removed in a liquid slag; this determines the 
minimum process temperature. The iron con- 
tent of the metal product depends on the Fe/Sn 
ratio in the slag. This relationship, represented 
in Figure 11.3, illustrates the principal prob- 
lem of tin production from oxidic raw materi- 
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als. If a high tin yield is to be obtained, i.e., 
small losses of tin in the slag (e.g., « 1096), 
high reduction temperatures must be used, 
giving an iron content in the tin of > 8%, so 
that subsequent refining is more difficult. If a 
purer metal is desired (e.g., 0.596 iron in the 
tin), there will be high losses of tin in the slag, 
whose tin content can be 10-25%. These slags 
are starting materials. for a second process 
stage. 
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Figure 11.3: Calculated Fe/Sn ratios in the metal and slag 
at equilibrium as a function of temperature. 

The reactions in the slag phase are of major 
importance for selective reduction, whereby 
SnO is an important component. Experiments 
on pure substances have shown that although 
SnO melts °C it is unstable below 


1100 °C, decomposing into SnO, and Sn. The 


activity of SnO in SnO-SiO, melts obeys 
Raoult’s law between 1000 and 1250 °C. The 
negative free energies of mixing SiO, with 
FeO, ZnO, PbO, MnO, and MgO increase in 
this order, and increase the SnO activities in 
the silicate melts. The position of the metal- 
slag equilibrium in the reaction 


Fe + SnO = Sn + FeO 
is expressed by the distribution coefficient 


x (9) [E 
Fe aea Sn Jaag 


K should be as large as possible, and at the 
usual reaction temperature of 1000-1100 °C 
used in tin metallurgy, should be ca. 300 to 
give an iron content of ca. 1% in the tn. _ 


Tin 


Binary and ternary slag systems containing 
tin oxides have been thoroughly investigated 
[33] and give useful guidance for carrying out 
the tin reduction. However, practical results 
depend very much on the viscosity of the mol- 
ten products, the density differences, the sur- 
face tension, and colloidal dispersion. and 
chemisorption of the slags. Thus, under pro- 
duction conditions stronger bases displace 
SnO bound in silicate, and FeO increases the 
fluidity of the slags. 

The difference between the kinetics of tin 
oxide reduction and iron oxide reduction af- 
fects the selectivity of the reduction process 
and hence the iron content of the tin and the 
performance parameters of the furnace sys- 
tems. Other important parameters are the pore 
structure and particle size of the raw materials, 
the partial pressures of the reduction gases, re- 
moval of the reaction gases, formation of seed 
crystals and coatings, and heat transfer. Thus, 
from the point of view of reaction rate, the re- 
verberatory furnace is not the best equipment 
for carrying out reduction as it contains a large 
slow moving mass of material with a large bed 
thickness where heat is supplied only frem 
above. The poor heat transfer leads to an ex- 
tremely low smelting capacity, i.e., < 0.7 t 
metal per m? furnace volume per day. Because 
slag formation is very slow, some of the tin re- 
duced at the start of the process can be tapped 
off as a relatively pure, low-iron product be- 
fore the entire charge is smelted. 

In contrast, highly turbulent reaction sys- 
tems lead to process rates orders of magnitude 
higher. Under practical reaction conditions 
above 900 °C, the reaction 


SnO, +2CO = Sn * 2CO, 
is rapid, and the reaction 
C+CO, = 2CO 


becomes rate determining. This is why oxygen 
has to be added to the mixture of solid charge 
and reducing carbon in the furnace. 

World production of tin is two-thirds from 
oxidic and one-third from sulfidic raw materi- 
als. The main problem in treating sulfidic tin 
concentrates is their complex composition. As 
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many impurities as possible are vaporized in 
an initial roasting stage. 

Arsenic requires special treatment, as it is 
oxidized to As,O, and As,O,, which combines 
with Fe;O,, formed by roasting, to give non- 
volatile iron(III) arsenate. In practical opera- 
tion, a somewhat reducing atmosphere is 
therefore produced by adding charcoal to the 
charge. Another possibilty is to vaporize 
heavy metal chlorides by adding NaCl 


11.4.2. Special Aspects of the 
Winning of Tin from its Ores 


Problems in ore beneficiation often lead to 
concentrates with low tin contents, as unac- 
ceptably high losses of material would occur if 
ore concentrates with higher tin contents were 
produced. Therefore, a  pyrometallurgical 
"thermal ore beneficiation" stage is necessary 
prior to the actual reduction process. This is a 
volatilization process that exploits the fact that 
the iron compounds and other slag formers 
have low vapor pressures at 1000-1500 °C, 
while SnO and SnS volatilize very readily. 
This technique can also be used to treat tin- 
containing slags. 

The vapor pressure of SnS is considerably 
higher than that of SnO. Therefore, in practice, 
SnS is vaporized and then oxidized іо SnO and 
SO, Pyrite (FeS,) added as sulfur source 
causes problems in later stages of the process, 
as the FeO formed must be slagged, and the 
SO, evolved makes waste-gas cleaning neces- 
sary. However, this is outweighed by the ad- 
vantages of a high yield of tin at relatively low 
process temperatures. 

Economic advantages can be achieved by 
using cheap sulfur-containing grades of heat- 
ing oil as fuel in the roasting process. 

The naturally occuring ore beneficiation 
process that takes place in cassiterite deposits 
in surface waters and the increasing use of ore 
concentration processes with finely inter- 
grown ores lead to extremely fine grained ma- 
terials. Processes of agglomeration or 
compaction would be very costly. For this rea- 
son, these types of raw material are usually 
treated in an ore reverberatory furnace. 
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The main problem in pyrometallurgical tin 
production processes is separating tin from 
iron. Under production conditions, simulta- 
neous reduction of SnO and FeO cannot be 
prevented. Molten tin can dissolve large 
amounts of iron, and intermetallic com- 
pounds, which are very difficult to separate, 
can be formed on solidification. To minimize 
this problem, tin production is carried out in 
two stages. In the first stage, under mild reduc- 
tion conditions, a relatively pure tin and a rich 
slag are produced. The latter 1s treated under 
strongly reducing conditions in the second 
stage, giving a discardable slag and a very im- 
pure tin-iron compound. The metallic phase 1s 
returned to the first stage, where the iron is re- 
oxidized. The two-stage process must be car- 
ried out such that the iron initially in the 
concentrate is eventually removed from the 
process in the waste slags. 


11.4.3 Production of Crude Tin 


11.4.3.1 General Aspects 


The choice of a crude-tin production pro- 
cess involves consideration of factors associ- 
ated with both raw matenals and location, and 
the following questions must be posed: 

e Whether the raw materials are highly en- 
riched concentrates with low levels of impu- 
rities 

e Whether the raw materials used are low- 
grade concentrates whose principal impuri- 
ties are slag components І 

e Whether complex raw materials containing 
at least one other valuable element (e.g., W, 
Nb, or Ta) are used 

Other important factors include the avail- 
ability of raw materials, energy costs, environ- 
mental considerations, and personnel costs. 


11.4.3.2 Ore Preparation prior to 
Reduction 
As a result of the problems described in 


Section 11.3.4 and also of the efforts to re- 
cover as much of the tin from the ore as possi- 
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ble, the tin content of the ore concentrate can 
range from 8 to 6096. Hence in most cases, 
pretreatment is necessary, e.g., pyrometallur- 
gical enrichment of low-grade raw materials, a 
roasting stage (sometimes with addition of 
fluxes), or a leaching operation. 


Pyrometallurgical Enrichment of Low- 
Grade Concentrates [1—5, 28-30, 34-41] 


Low-grade tin concentrates are subjected to 
pyrometallurgical enrichment. The tin is va- 
porized as sulfide, and then oxidized in the gas 
phase by atmospheric oxygen to form SnO,. 
The nonvolatile components of the raw mate- 
rial are selectively removed, and with careful 
process control, 90-95% of the tin can be re- 
covered as an oxidized product containing 40— 
60% Sn. 

Optimum results are only obtained if the re- 
action of the sulfide with oxygen takes place 
exclusively in the gas phase; therefore, reduc- 
ing conditions must be maintained in the fur- 
nace. Although gaseous sulfur is the best 
sulfiding agent from a thermodynamic view- 
point, pyrites is used almost exclusively under 
production conditions. If calcium sulfate is 
used, the disadvantage that energy is required 
for its dissociation must be balanced against 
the advantage that the CaO produced is a use- 
ful slag former. 

Although the vaporization of tin as SnS is 
used in all production plants, there is no gener- 
ally accepted model of the reactions that take 
place. However, it is probable that in view of 
the S/Sn ratios required, the available polysul- 
fidic sulfur in the pyrites does not take part in 
the formation of tin sulfide. Furthermore, it 
can be deduced from the importance of the 
added carbon to the reaction product obtained 
and from the CO content or oxygen demand of 
the reaction gases that SnO, is reduced first to 
SnO in an intermediate stage and $п9 is then 
formed by the reaction of SnO with FeS. This 
is supported by the fact that the pyrites or the 
FeS formed therefrom forms SnS more readily 
than does sulfur vapor, contrary to what would 
be expected from thermodynamic consider- 

ations. 


Tin 


These results, especially when supported 
by practical experience, show that the overall 
equation and the individual reactions are prob- 
ably as follows [28]: 


SnO, + FeS, + 17,510, + C +7/,0, = 
SnS + '/,(2FeO-SiO,) + SO, + CO, 


Реб, = FeS +S 


5+0, = SO, "E 
C40, = CO 

SnO, + СО = SnO + CO, 

SnO + FeS = SnS + FeO 

2FeO + SiO, = 2FeO-SiO, 


Pyrometallurgical enrichment of low- 
grade tin concentrates can be carried out in 
various types of furnace. 

Initially, rotary and shaft kilns were used 
for the vaporization process. Although the op- 
eration of both types of equipment was techni- 
cally sophisticated, there were considerable 
disadvantages, which eventually led to their 
abandonment. Apart from the high energy and 
fuel requirements typical of both systems, the 
shaft kiln process led to a relatively low direct 
yield of tin in the flue dust, mainly due to the 
production of matte, which required separate 
processing. The rotary kiln method led to a 
low tin concentration in the flue dust, and, for 
raw material of high iron content, to the for- 
mation of matte, and hence to a drum clinker, 
which had then to be processed in a shaft kiln. 

High-capacity thermal concentration pro- 
cesses, already established on a large scale in 
the nonferrous metal industry, were therefore 
adapted to tin enrichment. The fluidized bed 
and the cyclone smelting processes were not 
used. Also, the flash smelting (levitation 
smelting) process has severe limitations be- 
cause of the raw matenals used. Good results 
could be obtained with concentrates in which 
most of the material had a particle size of 200— 
300 um. Using such concentrates containing 
10-12% Sn, discardable slags containing 0.2— 
0.4% Sn and flue dusts containing 50-60% Sn 
could be obtained. On using low-grade con- 
centrates that had not been desludged and 
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which contained significant amounts of mate- 
rial with a particle size of 50-60 pm, the 
amount of primary flue dust increases signifi- 
cantly, and the tin concentration in the flue 
dust sometimes decreases to < 40%. Also, the 
tin content of the slags is unacceptably high 
(1-2%). 

The main disadvantage of the flash smelt- 
ing process is that it imposes strict require- 
ments on the physical form of the concentrate. 


The slag blowing process, originally used 
for detinning the slags from the reduction pro- 
cess, has been increasingly used for enrich- 
ment of tin in low-grade concentrates and 
exploitable gangue from ore processing. 
These products were at first added to the initial 
smelting process, but they were later added in 
solid form directly to the blowing furnace. 
Smelting and blowing can be carried out in a 
single furnace, so that it is not necessary to 
build a special smelting plant. This enables 
capital and operating costs to be reduced. 


An important part of the practical operation 
is the maintenance of the correct fuel-air mix- 
ture with uniform distribution of the fuel and 
air to the individual jets. Heating oil and natu- 
ral gas are preferred because they are more 
easily metered than solid fuels. If pyrites is 
used as the sulfiding agent, an S/Sn ratio of 0.8 
is necessary, which places high demands on 
the equipment for removing sulfur dioxide. 
When pyrites is used, only FeS is effective in 
the slag phase, so that only 50% of the sulfur 
is used for sulfiding. If pyrrhotite (magnetic 
pyrites) or calcium sulfide is used, the S/Sn ra- 
tio need only be 0.4, and the emission of sulfur 
dioxide decreases by 50%. 


The good metallurgical results of the slag 
blowing process, in which flue dusts contain- 
ing 65-70% Sn and final slags containing 
0.1% Sn are obtained, must be balanced 
against the disadvantage of a batch process. 
This leads to nonuniform loading of the down- 
stream plant, e.g., the waste heat recovery and 
gas cleaning equipment. 
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Roasting — [1, 2, 4, 5, 11, 17, 32, 42-50] 


The roasting process, not only converts sul- 
fides to oxides, but also volatilizes major ox- 
idic impurities (e.g., arsenic). Roasting can be 
an independent process, or a pretreatment 
prior to hydrometallurgical leaching. It is sig- 
nificant that the level of impurities As, Sb, Pb, 
and Bi in tin concentrates has increased in 
spite of great efforts to improve ore beneficia- 
tion technology. If the levels of As and Pb are 
> 0.1%, and of Bi and Sb > 0.03%, a roasting 
process, sometimes with the addition of a 
leaching stage, is both useful and necessary 
for the benefit of the final tin reduction and re- 
fining processes. 

The important reactions in the roasting pro- 
cess are as follows (M = metallic impurity): 


e Dissociation 
FeS, = FeS +'/,8, 
4FeAsS = 4FeS + As, 
e Roasting reactions 
MS +20, = MO +80, 
e Oxidation 

MO + 140, = MO, 

Although the roasting reactions and espe- 
cially the oxidation reactions are exothermic, 
addition of fuel is necessary in industrial-scale 
roasting processes. The pore structure of the 
material must be maintained to enable the gas- 
eous metallic and nonmetallic impurities to be 
vaporized. The upper temperature limit for the 
roasting process is imposed by the melting 
point of the low-melting sulfide eutectic. 
However, the temperature should be kept as 
high as possible to prevent the formation of 
.sulfates, e.g., lead and calcium sulfate. 

A mildly reducing atmosphere is necessary 
to suppress sulfate formation and also prevent 
formation of higher nonvolatile oxides of the 
impurities (e.g., Аѕ,О,). 

The roasting processes are carried out in 
multideck or rotary kilns. The use of fluidized- 
bed furnaces with carefully controlled operat- 
ing parameters has been reported [48]. 

Chioridizing roasting is also suitable for the 
pretreatment of tin concentrates, owing to the 
high affinity of the main impurities for chlo- 
rine. However, problems can be caused by 
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chloridation of tin, which itself then volatil- 


izes as SnCl, and ЅпС],. 

Chloridizing roasting of tin concentrates in 
rotary kilns is carried out in Thailand. The 
contents of lead and bismuth are lowered from 
2.0% to 0.04%, and from 0.1% to 0.02%, re- 
spectively. The flue dust contains 10% As, 
3% Sn, 20% Pb, and 4% Bi. Treatment of this 
product presents serious problems [2]. 

The processes for removing impurities by 
chloridation differ fundamentally from those 
for the volatilization of tin from concentrates, 
being based on the fact that a large phase field 
exists in the phase diagrams Sn-HCl-H, and 
Fe-HCI-H, between 900 and 1000°C in 
which selective chloridation and volatilization 
of tin is possible without chloridizing iron. 

The overall reactions are as follows (M = 
Mg, Ca, or Na): 


SnO, + MCI, + CO = SnCl, + MO + CO, 
SnO, + Cl, +C = SnCl, + СО, 
SnO, + 2HCI + CO = SnCl, + H,O + CO, 


The presence of iron oxide increases yield 
and reaction rate, which can only be explained 
by intermediate formation of FeCl;: 


4SnO, + 6FeCl, = 2Fe,O, + 2SnCl, + 28nCl, 


Here, the instability of iron chloride in the 
presence of tin oxide is the reason for the good 
separation of tin from iron. In a reducing at- 
mosphere, i.e., in the presence of C or CO, 
only SnCl, is formed. ` 

In the Warren Spring process [50], CaCl, is 
used as chloridizing agent, and the CaO 
formed is used in the reductive smelting by 
adding limestone in accordance with the fol- 
lowing equations: 


SnO, + CaCl, + C = SnCl, + СаО + CO 
SnCl, + CaCO, + C = Sn + CaCl, + CO + CO, 


The industrial-scale reaction is difficult to 
carry out, as moisture resulting from the hy- 
groscopic properties of the tin chloride and the 
„quicklime must be avoided. The. corrosive 
properties of the reaction gases make very 
high demands on the construction materials 
used. 


Tin 


A special form of roasting is the heating of 
high-tungsten tin concentrates with NaOH or 
Na,CO, to give soluble Na,WO,, which can 
be leached out. 


Leaching —[1-4, 32, 47, 51-55] 


In tin metallurgy, the main use of leaching 
processes is to remove typical impurities from 
the concentrate. Tin, which is nearly álways 
present in the raw materials as SnO,, can only 
be brought into aqueous solution if the SnO, is 
reduced to SnO in a precisely controlled 
CO/CO, atmosphere. It can then be extracted 
in acid or alkaline media. This procedure has 
not yet been operated on an industrial scale. 

Only hydrochloric acid is used on an indus- 
trial scale to remove impurities by leaching, 
the typical impurities in the concentrate, Fe, 
Pb, Cu, Sb, or As, going into solution in the 
form of their chlorides. Best results are ob- 
tained using > 20% hydrochloric acid at 100- 
110°C. Suitable reaction vessels are high- 
pressure, acid-resistant spherical autoclaves 
with a capacity of 20 t. This batch process 
must sometimes be repeated several times. 
The solids are removed by thickeners and vac- 
uum filters, and the dissolved impurities are 
precipitated from the liquor by cementation on 
scrap iron. 

The high costs of these special reactors, the 
batch mode of operation, and the expense of 
the process for recovering the hydrochloric 
acid have restricted the use of hydrochloric 
acid leaching to some special cases. 

It is preferable to carry out chloridizing 
Toasting before leaching out the impurities. 
This then only requires a dilute acid solution. 

Leaching of tungsten-containing tin con- 
centrates to recover tungsten is important. Af- 
ter digesting the ore with sodium carbonate in 
spherical boilers, the tungsten is converted to 
its hexavalent form, which is soluble in hot 
water. It is then precipitated from the neutral 
solution with CaCl,: 


Na, WO, + CaCl, = CaWO, + 2NaCl; 


An easily filtered precipitate containing up to 
60% WO, (on dry basis) is obtained. 
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Tungsten can also be extracted from tin 
concentrates by leaching with an aqueous so- 
lution of ammonia: 

H,WO, + 2NH,OH = (NH,),WO, +2H,O 

The concentration of WO, in the filtrate can 
reach 50 g/L, and this can be precipitated as 
artificial scheelite, Ca(WO,). The tungsten 
content of the tin concentrate can be reduced 
to 0.5%. a 

Most of the tin can be leached from a tin 
concentrate containing 2% bismuth with 5% 
hydrochloric acid at 80 °C [46]. 

Treatment with sulfuric acid is used to re- 
move iron present as carbonate in Australian 
tin concentrates. By removing gangue mate- 
rial in this way, the tin content of the concen- 
trate is increased from 37.2% to 47.1%. 

A process for the removal of arsenic from 
tin concentrates by bacterial leaching with 
Thiobacillus ferrooxidans has been tested in 
Russian research institutes [54]. 

The tin can be leached out of ores that are 
difficult to treat if these are first reductively 
smelted with CuCl, and HCl, in accordance 
with the following series of reactions [42]: 


Sn + CuCl, = Cu + SnCl, 
Cu + CuCl, = CuCl, 
Cu2Cl, + НСІ = 2CuCl, + Н, 


Tin is precipitated from solution by adding 
zinc, and copper by adding iron. 


11.4.3.3 Reduction 


As explained, it is not possible to obtain 
high yield and high metal purity at the same 
time. Reduction is therefore carried out in two 
stages, the first stage giving a relatively pure 


: metal (up to 97% Sn) and a rich slag (8-35% 


Sn). This slag is treated in a second stage, and 
sometimes in a third. Slag treatment processes 
are described later. 

Various types of furnace are used for reduc- 
tion. Very low grade ore.in lump form can be 
treated in a shaft kiln. However, as most con- 
centrates obtained in ore beneficiation are 
very finely divided, and agglomeration, e.g., 
by sintering, 1s impossible, other types of fur- 
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nace must be used in this case. Reverberatory . 


or rotary air furnaces are often used for reduc- 
tion, and electric furnaces are also employed. 
Each furnace type has its own advantages and 
disadvantages. 


Reduction in a Shaft Kiln | (1-3, 5, 30, 
56, 57] 


Shaft kilns are historically the oldest type 
used for tin reduction. They have their origin 
in the old Chinese natural draught furnaces 
made of rammed clay held together with 
wooden posts and operated on mountainsides. 
The hearth was usually sloped so that the mol- 
ten product ran off continuously. Today, shaft 
kilns are water-jacketed, and have a melting 
capacity of 5.5-8 tmd. The good heat 
transfer and the continuous method of opera- 
tion give a higher melting capacity than 1s ob- 
tained 1n comparable reverberatory furnaces. 
The air flow rate must be low to prevent vola- 
tilization. Shaft kilns require raw material in 
lump form. The iron content must be as low as 
possible in order to limit the formation of hard 
head in the reducing atmosphere. 


Reduction in a Reverberatory 
Furnace (13, 5, 30, 32, 58-61] 


The necessity for treating fine-grained con- 
centrates from ore beneficiation has led to the 
replacement of the shaft furnace by the rever- 
beratory furnace, and this is today the most 
important type of reduction equipment used in 
tin metallurgy. Modem reverberatory furnaces 
have internal dimensions of 3-4 m width, 10— 
13 m length, and 1—1.5 m height. In a freshly 
Iined hearth the height available for the molten 
charge is no more than 0.5 m. This increases 
with increasing wear of the furnace bottom. 
The bath volume of modern tin ore reverbera- 
tory furnaces is 20—50 m’. As the tin is very 
fluid at the reaction temperatures (up to 
1400 °C), high pressures can be produced at 
the bottom of the hearth. To prevent this, ei- 
ther holes must be provided in the steel sheet 
bottom to allow the tin to drip into a lower 
chamber where it can solidify in stalactite 
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form, or the reverberatory furnace must have a 
water-cooled bottom so that the tin solidifies 
in the gaps between the bricks. 

The refractory bricks and mortar used to 
line the furnace must be made of high-grade 
chrome-magnesite. This must be very pure be- 
cause of possible reactions of SnO or Sn with 
iron oxides or silica. Chamotte can only be 
used above the slag zone. To avoid distur- 
bance of the brickwork in the melting zone, 
charging is carried out through the roof. 

The burners, which use heavy fuel oil, are 
situated on the narrow sides of the furnace. 
The furnaces operate discontinuously using 
the regenerative principle, the duration of a 
heat being 16—20 h. Specific melting capaci- 
ties are in the range 1.2~2.0 tm?d"!. Charge 
batches consisting of concentrate, carbon, and 
fluxes weigh between 40 and 70 t. Optimum 
results can only be achieved by extremely 
careful operation. 

Thus, at the start of a new heat, the amount 
of material charged to the furnace should be 
limited, e.g., by adding the charge in two por- 
tions, to prevent a large drop in temperature. 
The amount of carbon added in the form of 
coke, coal, petroleum coke, or charcoal is de- 
termined by the tin and iron contents and also 
by the incidence of hard head. The carbon ad- 
dition is adjusted so that coreduction of the 
iron is prevented as far as possible. 

The furnace draught must be kept low to 
prevent entry of cold air and to maintain the 
oxygen content in the waste gas below 5 
vol%, thereby minimizing oxidation of the tin. 

The first tin can be tapped off after 4—5 h of 
a 24 h cycle. As this is comparatively pure, it 
is preferable to treat it separately. The material 
tapped off later separates into metal and slag 
in a settler outside the smelting furnace. Some 
furnaces have facilities for tapping off the 
metal and the slag separately. 

Up to 6% of the weight of charge material 
is converted to flue dust, which consists of en- 
trained charge, SnO, and some Sn$. Its tin 
content is therefore considerably higher than 
that in the charge material. 

Compositions of products obtained when a 
relatively pure concentrate (> 70% Sn) is 
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treated in a reverberatory furnace are listed in 
Table 11.2. The amount of slag is relatively 
small (14% of the charge), but the slag must 
undergo a further stage of processing because 
of its high tin content. 

A simplified flow diagram for the treatment 
of high-grade concentrates is shown in Figure 
11.4. s 

The process flow diagram for low-grade, 
impure, and complex concentrates is consider- 
ably more complex. With high-grade concen- 
trates, a tin yield, including that obtained from 
slág treatment, of 99.696 can be achieved, as 
actual losses of tin can only occur in the waste 
slag and by loss of airborne dust. In the treat- 
ment of low-grade concentrates, the yields of 
tin may only be 955%, and in exceptional 
cases 925%, because of the numerous tin-con- 
taining waste products. 

Control of the CO partial pressure, which 
determines the reduction potential, is more 


Concentrates 


d. 
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difficult in a stationary reverberatory furnace, 
which contains a slow-moving mass of charge, 
than in a shaft furnace, in which the coke and 
air move in countercurrent flow. This is also 
the reason for the poor heat transfer and hence 
the low rates of reduction and melting in a re- 
verberatory furnace. 


Table 11.2: Typical compositions of products from a re- 


verberatory furnace (in 96). a 
Component Crude tin Slag Flue dust 

Sn 97-99 8-25 40—70 
Fe 0.02--2.0 15—40 0.8—4.0 

‘As 0.01-2.0 0.1-0.7 
Pb 0.01-0.1 0.1-0.5 0.2-1.6 
Bi 0.003—0.02 0.01-0.1 
Sb 0.005-0.2 0.01-0.02 0.1-0.4 
Cu 0.001-0.1 0.02-0.05 
ALO; 7-12 510 
510, 10-30 $2.0 
CaO ; 4—14 £0.6 
MgO 14 $0.6 

S 0.01—0.05 <1.0 
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Figure 11.4: Process for treating high grade concentrates (simplified). 
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Under operating conditions, care must be 
taken that the slag formers do not melt too rap- 
idly, as this impairs the contact between the 
furnace atmosphere and the unmelted charge. 
At the same time, the melting temperature of 
the slag must be as low as possible, so that the 
use of such slag formers as CaO and SiO, 
should be- limited. Added lime is of special 
significance, because it displaces tin from sili- 
cate, can lead to calcium stannate formation if 
present in excess, and increases the melting 
point of the slag. 


The effect of the slag constituents, espe- 
cially on melting point and viscosity, is de- 
scribed in detail in [3] In a process 
optimization/cost minimization exercise, it is 
always necessary to include the effect on costs 
of the amount of tin tied up in materials being 
recycled [59]. 


Reduction in Rotary Kilns  [1-3, 5, 30, 
32, 57-62] 


Rotary kilns (rotary air kilns) are horizontal 
smelting units that operate batchwise. They 
have.a higher melting capacity than stationary 
reverberatory furnaces, but lead to consider- 
ably more severe stress on the refractory lin- 
ing. Operating procedures in two tin smelting 
works in Indonesia and Bolivia in which the 
reduction process is based on the rotary kiln 
principle are reported in the specialist litera- 
ture [63]. The furnaces have a length of 8 m, a 
diameter of 3.6 m, a surface area of reacting 
material of ca. 22 m?, and a specific melting 
capacity of 1.36—1.5 tm“d7. 


The furnace availability (300 d/a) is supe- 
rior to that of reverberatory furnaces (260 d/a). 
Also, there is less requirement for mixing op- 
erations or agitation of the melt by stirring 
(rabbling). The metallurgical results of both 
types of furnace are very similar. However, the 
considerably poorer stability of the refractory 
lining, the higher energy requirement, and the 
significantly larger quantities of flue dust are 
all disadvantages. Separation of the tin from 
the slag has to be carried out outside the fur- 
nace in a settler. 
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Table 11.3: Typical compositions of products from rotary 


kiln at Mentok, Bangka (in %). . 
Component Crude tin Slag Flue dust 

Sn 99.78-99.83 14-25 60-72 

Fe 0.089-0.144 15-26 1-4 

Pb 0.010—0.031 

As 0.010-0.188 

Sb 0.005P0.010 

Bi 0.0025-0.003 

Cu 0.002P0.025 

SiO, 8-24 0.2-2.0 

CaO 2-10 1-1.2 

MgO 2-4 

S 0.2 


Tin concentrate can also be reduced in short 
drum kilns in which the ratio of the length to 
the cross-section is 1. The metallurgical func- 
tion 1s basically similar to that of the rotary 
kilns. The compositions of the smelting prod- 
ucts in an Indonesian tin smelting works in 
which high-grade concentrates are reduced in 
a rotary kiln are given in Table 11.3. 


Reduction in an Electric Furnace 
[1-3, 5, 30, 32, 58, 64-68] 


Electric resistance and arc furnaces used in 
metallurgy are characterized by high reaction 
temperatures and low waste-gas volumes. Dis- 
advantages are the necessity for thorough pre- 
mixing of the raw materials and the batch 
operation. Tin smelting is often carried out in 
regions where electrical energy is less readily 
available than energy from other sources such 
as gas, coal, or oil. Wherever electric furnaces 
are used in tin metallurgy, the object is to uti- 
lize their advantages of high reaction tempera- 
ture and the production of heat by the Joule 
effect directly in the smelting bath. 

Because their reducing action is so effec- 
tive, electric furnaces are particularly suitable 
for extracting tin from slag (see Section 
11.4.3.4). In concentrates whose iron content 
is significantly less than 5%, it is even possi- 
ble to produce crude tin in a single stage, with 
tin levels in the slag of < 0.7%. Electric fur- 
naces are used in many tin smelting works for 
primary tin production from concentrates. 
These concentrates are often imported, e.g., in 
Germany, France, Italy, Canada, and Japan, al- 
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though tin concentrate producing countries, 
e.g., Brazil, Zaire, South Africa, Russia, Thai- 
land, and China also use electric furnaces. The 
raw materials for the electric furnace process 
must be intensively mixed. Very fine-grained 
materials such as flue dust are pelletized. A 
moisture content of ca. 2% must not be ex- 
ceeded. Typically, circular furnace vessels 
with an outside diameter of up to 4.5 m and a 
height of 1.5-3 m are used, or oval furnace 
vessels with dimensions 2.5 x 1.8 x 1.8 m. 
Heating is carried out with three-phase electric 
arcs using graphite electrodes. In single-phase 
furnaces, the furnace bottom acts as the coun- 
terelectrode for the immersed graphite elec- 
trodes. | 

Both stationary and tilting furnaces are 
used. Linings of carbon bricks give a service 
life of up to three years. Electric currents of 6— 
20 kA at 50-150 V are used. Depending on the 
characteristics of the raw materials, energy 
consumption is 750-1400 kWh/t concentrate 
(1300-1860 kWh/t tin). Precise control of the 
electrode immersion depth is essential for 
good control of the process. 

Electric furnace technology enables a wide 
range of process parameters to be used. For 
example, when low-iron concentrates are 
treated, a tin quality suitable for normal refin- 
ing can be produced. The high-tin slags pro- 
duced (up to 30% tin) are treated in a second 
stage to recover the tin. If the iron contents are 
much greater than 3%, the tin obtained has a 
high iron content (3—1094). 

It is also possible to operate at ca. 1400 °C 
by using strongly reducing conditions. A tin- 
containing slag is then obtained together with 
hard head containing ca. 40% tin and 50% 
iron. The iron can be removed by smelting 
with ferrosilicon in a second pass, and a crude 
tin containing ca. 1% iron is obtained. 

Great efforts have been made to overcome 
the disadvantage of batch operation of the 
electric furnace. For example, a continuously 
operated lengthened double chamber electric 
furnace has been reported. in Russia. Each 
chamber has a hearth area of 1 m? and two 
electrodes. The reduced tin flows out of the 
first chamber over an air-cooled overflow, and 
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the tin is extracted from the high-tin slag in a 
second chamber [68]. The process is still at the 
pilot stage. The furnace capacity is reported to 
be less than 10 t/d. 


Other Reduction Processes  [1-3, 5, 
30, 58, 60, 69] 


All the processes described above have dis- 
advantages, and many other methods and 
types of equipment have therefore been sug- 
gested for the reductive treatment of tin con- 
centrates, but few of these proposals have led 
to an industrial plant. 

- One of the few methods tested at full scale 
is the top blown rotary converter developed in 
the United States and based on the "Kaldo" 
converter used in ferrous metallurgy. Oxygen 
is blown onto the top of charge as the con- 
verter rotates about its axis, which is set at an 
angle. The volume of waste gas is very low as 
there is no ballast nitrogen. The favorable heat 
transfer to the charge leads to a high reaction 
rate. Disadvantages include batch operation, a 
high rate of wear of the refractory lining, and 
the complexity of the system for controlling 
the oxygen lance. - 

After completion of the reduction process, 
the tin is tapped off. The tin in the remaining 
slag is vaporized as chloride by: adding cal- 
cium chloride, and a discardable slag is 
thereby produced. 

The tin chloride is scrubbed out of the 
waste gases and then precipitated as SnO; by 
adding CaO, regenerating CaCl.. 

The potential for transferring proven pro- 
cesses used in nonferrous metallurgy to tin 
metallurgy is discussed in detail in [69]. 

Developments over recent years suggest 
that no completely new processes for reducing 
tin concentrates have become established in 
the industry because of the high capital invest- 
ment required and the hidden risks involved. 


11.4.3.4 Slag Processing [1, 2, 5, 
32, 38, 47, 62, 63, 70-79] 


The slags produced during the reduction of 
high-tin concentrates can contain 5-10% of 
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the tin. This can increase to 20% in the case of 
low-grade and complex ores. One- or two- 
stage treatment of the slag is then necessary. It 
is in principle possible to use strongly reduc- 
tive smelting (e.g., in a reverberatory or rotary 
furnace) or blowing processes to volatilize the 
zinc from the slag. 

On reductive smelting, the tin and iron 
form an alloy, the so-called hard head, which 
is recycled to the primary tin production pro- 
cess. The secondary slag has such a low tin 
content that it can be removed from the pro- 
cess. 

In the blowing process, the tin is converted 
into a flue dust, which is recycled to the pri- 
mary smelting process. The slag, which usu- 
ally has a high iron content, can be discarded. 
Table 11.4: Tin and iron balance for two-stage smelting of 


a concentrate containing 73% Sn and 0.7% Fe based on 
1000 kg concentrate treated. 


kg Sn kg Fe 


Smelting of concentrate 

Charge: 

1000 kg concentrate 730 7 
95 kg hard head 38 42 
220 kg coke/coal 2 
40 kg flue dust 18 

11 kg recycled material 6 3 
Total 792 54 
Product: 

733 kg crude tin 730 5 
200 kg primary slag 47 51 
30 kg flue dust 15 1 
Total 792 54 
Smelting of slag 

Charge: 

200 kg primary slag 47 51 
40 kg coke/coal 

Total 47 51 
Product: 

100 kg secondary slag 1 8 
95 kg hard head 38 42 
10 kg flue dust 5 

2 kg Fe alloy 1 
Total 44 51 


Under production conditions, the interme- 
diate products, e.g., the tin-containing second- 
ary slag, the hard head, and the flue dusts, 
contain considerable quantities of tin. These 
are important for the economic operation of 
the process because of the amount of capital 
tied up if they are not immediately treated. 
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The tin and iron balances in the treatment of a 
concentrate with a very high tin content and a 
low iron content are shown in simplified form 
in Table 11.4. 


The balance shows that the iron introduced 
into the concentrate smelting process with the 
concentrate and reducing agent (7 + 2 kg) 
must be removed from the slag smelting pro- 
cess in the secondary slag and iron-tin alloy (8 
+ ] kg). Of the tin in the concentrate, 6% is in 
circulation in the primary slag (47 kg out of 
730 kg). 


However, the concentrates treated usually 
contain considerably more iron, so that a 
larger amount of primary slag and hard head 
are produced, and the amount of tin contained 
therein can rise to 20% of the raw material 
used. 


In practical slag smelting, the SnO in silica- 
rich slags is mainly present as 28nO -Si0,, and 
the high activity of the SnO in silica- and lime- 
containing slags decreases with increasing 
FeO contents, so that in practice simultaneous 
reduction of tin and iron occurs. Theoretically, 
it is only possible to produce crude tin and 
low-tin slag if the FeO activities are extremely 
low. However, the processes would proceed at 
high temperatures with large additions of re- 
ducing carbon. 


The binary Fe-Sn phase diagram shows a 
miscibility gap at > 1100 °C between 20 and 
50% Fe. On cooling to room temperature, sep- 
aration of a-iron first takes place, followed by 
formation of FeSn and FeSn,. At room tem- 
perature, the region of the composition of the 
hard head is always in the o-iron/FeSn two- 
phase region. 


Wright has found by calculation of the dis- 
tribution constant K at equilibrium 


z- (£) Je 
Bn Jas Fe Jett 


that the balance of the process is improved as 
the ratio in the first quotient increases, i.e., as 
the amount of iron removed in the slag in- 
creases. However, there must then be a higher 
iron concentration in the tin. If the tin in the 
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primary slag is present as 2SnO-SiO,, the re- 
action mechanism is as follows: 


C+Sn0#= CO + Sn 

CO + SnO = СО, + Sn 

CO + FeO = CO, + Fe 

CO + Fe,0; = CO, + 2FeO 

3FeO = Fe + FeO, ; a 
Fe + SnO = FeO + Sn 

2FeO + SnO = Fe,0; + Sn 


Thus the reaction first occurs only at the 
surface of the carbon, and then via the iron ox- 
ides as intermediate phases. A high relative 
rate of reaction of carbon, slag, and reaction 
gas is therefore important for the reaction ki- 
netics. 

The reactions that occur in the detinning of 
slag are described in Section 11.4.3.2 (pyro- 
metallurgical enrichment of low-grade con- 
centrates), but here they start from SnO. As a 
matte phase must be present, the reaction will 
be: 


SnO + FeS = SnS + FeO 


As the slag is saturated with FeS, the 
amount of SnS formed is proportional to the 
activity of SnO in the slag, but indirectly pro- 
portional to the activity of FeO. 

Reverberatory or electric furnaces are usu- 
ally used in the reductive smelting process for 
the extraction of tin from primary reduction 
slags, though shaft kilns are occasionally used. 
The necessary intense reducing effect is 
achieved by adding 10-20% reduction carbon 
and by operating at temperatures up to 
1500 °C. In the electric furnace process, en- 
ergy consumptions are 500-1000 kWh/t, and 
1-10 kg electrode is consumed per tonne of 
slag. The reaction products, i.e., the final slag 
and the hard head alloy, are separated in set- 
tlers and then granulated in water. 

As highly turbulent conditions are favor- 
able to the process, reductive detinning can be 
carried out with a lance (“submerged combus- 
tion”), which produces a high reaction rate by 
agitation of the bath. Methane or natural gas 
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have been used as reducing gas, and experi- 
ments have also been carried out using hydro- . 
gen, carbon monoxide, and powdered solid 
fuels. Heat 1s produced by partial combustion 
of the injected gases and transferred to the 
molten slag. However, because SnO is vola- 
tile, 2096 of the tin goes into airborne dust, a 
further undesired tin-containing reaction prod- 
uct in addition to the hard head. 

An effective method of detinning primary 
tin reduction slags is by the blowing process, 
which can be carried out in reverberatory fur- 
naces or true blowing furnaces. Gypsum or 
pyrite can be used as the sulfur source. The 
gypsum is first reduced to CaS, and then reacts 
with SnO to form SnS and CaO. If pyrite is 
used, impurities such as Pb, Zn, or As are in- 
troduced into the metallurgical process, add- 
ing to the difficulties of treating the tin- 
containing flue dusts. Blasting technology is 
also often used as the third stage of slag de- 
tinning. In the second stage, a thermal reduc- 
tion, Sn contents of 2-5% and FeO contents of 
ca. 3096 are obtained. The tin content of the 
molten slag in the furnace 1s reduced to ca. 
0.596 by addition of sulfur sources. The addi- 
tion of pyrite can be up to 400% of the theoret- 
ical amount calculated for the formation of 
SnS. Since smaller additions are possible in 
the case of acid slags, CaS is probably formed 
1n basic slags. The treatment of primary slags 
in true blowing furnaces consists of blowing 
the pyrites into the molten slag. However, the 
process is discontinuous. The SnS vapor is ox- 
idized in the furnace atmosphere, and recov- 
ered as SnO dust by filtration. 

The slag blowing process can be carried out 
in furnaces of various designs, e.g., in a type 
of shaft kiln with a floor area of 0.5-6 m^ and 
a water-cooled shaft 7 m in height. The charge 
of primary slag can be 5—20 t. Cyclone and 
short drum kilns are also used. Process param- 
eters, e.g., ratios of sulfur source to oxygen, 
fuel to atmospheric oxygen, and tin to sulfur 
must be carefully controlled to obtain opti- 


mum results. 


Other proposed methods of detinning pri- 
mary tin slags, such as vacuum-assisted vola- 
tilization of SnO (which has a considerably 
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lower vapor pressure than SnS), have not been 
used on an industrial scale [29]. 


11.5 Refining  [1-3.5,32, 46, 47, 
80-84] 


The crude tin obtained by -the reduction 
process is insufficiently pure for most applica- 
tions. 

Most national standards specify maximum 
contents of typical impurities. However, non- 
metallic impurities such as oxygen and sulfur 
and less common impurities such as noble 
metals are neglected, and the tin content is 
simply determined by subtracting the total 
amount of analytically determined impurities 
from 100. 

The following three standard grades are ac- 
cepted internationally: Sn 99.0%, Sn 99.75%, 
and Sn 99.9%. 

There are some variations in these stan- 
dards from country to country; the German 
standard is DIN 1704. 

The level of impurities in the crude tin de- 
termines the extent of the refining operation. 
Treatment of very pure concentrates can give a 
tin content of up to 99.0% in the crude metal. 
The main impurity is iron (0.896), the sum of 
all the other impurities being only 0.2%. In the 
case of low-grade and complex concentrates, 
the situation is very different, the tin content 
of the crude tin obtained sometimes being 
only 9296. 

The impurities Fe, As, Sb, Cu, Ni, Pb, Bi, 
and the noble metals affect the amount of 
work involved in the refining process. The 
metals Zn Cd, Mg, Si, Ca, Te, Se, and also sul- 
fur and oxygen do not require special treat- 
ment, as they are present in the crude metal in 
only small concentrations, and are removed 
together with the other impurities during the 
various stages of purification. The phase dia- 
grams for tin and its typical impurities lead to 
the following conclusions: 

In the temperature range between 1000 and 
1300 °C used in pyrometallurgical reduction, 
the impurities are completely soluble with the 
exception of Fe and Cr. 
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Only Sb, Cd, Bi, Zn, and Pb are signifi- 
cantly soluble in tin at room temperature. This 
1s the basis for the removal of insoluble impu- 
rity elements by liquation. However, the liqua- 
tion products have high tin contents, making 
costly recovery processes necessary. 

In pyrometallurgical tin refining, the indi- 
vidual impurities are removed stepwise in 
batch processes. The use of the time-consum- 
ing operations is justified by their high selec- 
tivity. 

Proposed continuous processes have not 
been operated on an industrial scale. 


11.5.1 Pyrometallurgical Refining 


11.5.1.1 Removal of Iron 


The process for removing iron is based on 
the temperature dependence of the solubility 
of iron or Sn—Fe mixed crystals in tin. Accu- 
rate experiments have shown that the solubil- 
ity of iron in tin at 250 °C is 0.0058% [81]. In 
industrial practice, even lower figures are 
achieved, which can only be explained by 
other impurities, such as Cu, As, or Sb, caus- 
ing deviations from 1deal solubility behavior. 
On cooling molten crude tin, a-Fe, y-Fe, 
FeSn, and FeSn, precipitate successively. The 
density of the precipitated compounds is al- 
most the same as that of the molten tin. In 
practice, “poling”, i.e., passing steam or air 
into the melt, is used to coagulate the precipi- 
tated particles, which rise to the surface of the 
bath and are removed from the molten tin by 
filtration through graphite, slag wool, or a slab 
made of silica and limestone chippings. This 
should be carried out just above the melting 
point of tin, or in practice at a temperature not 
less than 260 °С. The process is sometimes 
carried out in two stages. Iron contents of 
0.003—0.019^ can be achieved. 


As, Ni, Co, Cu, As, and Sb form intermetal- - 


lic compounds with each other as well as with 
Fe, these impurities are also removed to some 
extent. 

The treatment of the recovered intermetal- 
lic compounds is very complex, as these are in 
the form of a slurry with large amounts of ad- 


Tin 


hering molten tin. The iron content is only a 
few per cent, 1.е., considerably less than that of 
the intermetallic compound FeSn,. 


The metal slurry is treated in small liqua- 
tion furnaces. A controlled temperature in- 
crease over the range 230—300 ?C enables 
pure tin to be removed, and a residue contain- 
ing ca. 1596 Fe suitable for use in the primary 
smelting stage to be obtained. "n 

In high-capacity tin smelting works, high- 
temperature centrifuges are used. These en- 
able a solid residue containing up to 2596 Fe 
to be obtained [83]. 


11.5.1.2 Removal of Copper 


After iron has been removed by liquation, 
the copper content is up to 0.01%. Elemental 
sulfur (2—5 kg/t) is stirred in at 250-300 °C, 
enabling copper contents as low as 0.001% to 
be attained. The resulting copper dross can be 
removed from the process after several stages 
of enrichment. 


11.5.1.5 Removal of Arsenic e 


After removal of iron by liquation, the ar- 
senic content is ca. 0.196, significantly higher 
than permitted levels. For example, the com- 
monly used Sn 99.75 grade should contain « 
0.05% As according to DIN 1704. 


Arsenic can be removed from the melts 
along with some Cu, Ni, and residual Fe by 
forming intermetallic compounds with alumi- 
num. For this, the aluminum must be present 
as an ideal solution in the tin. For this reason, 
the melt must be heated to a temperature close 
to the melting point of aluminum before the 
aluminum is added. Special precautions are 
necessary, e.g., operation in a closed vessel so 
that the aluminum does not burn on the surface 
of the bath. The amount added must be ap- 
proximately three times the stoichiometric 
amount. The use of Al-Sn master alloys en- 
ables the operation to be carried out at a lower 
temperature. Intense agitation if followed by a 
settling process with cooling to 350—400 °C, 
and the Al-As mixed crystals can then be re- 
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moved. Separation of the Al mixed crystals is 
assisted by poling. 

With correct operation, As contents of < 
0.02% can be achieved, 1.е., below the permit- 
ted level for Sn 99.90%. This process enables 
Sb contents of 0.005%, Cu contents of 0.02%, 
and Ni contents of 0.005% to be attained, and 
any remaining Fe to be removed. 

Any aluminum remaining in the molten tin 
can be removed by adding sodium, sodium hy- 
droxide, chlorine, or steam, and residual so- 
dium by adding sulfur. 

The storage, transport, and treatment of the 
Al-As product presents problems. Contact 
with water must be avoided as this leads to the 
formation of highly toxic arsine and stibine. 
The material is stored in closed vessels and is 
converted into a safe product as soon as possi- 
ble by oxidative roasting or by treating with 
alkali solution and collecting and burning the 
liberated arsine to form As,O, and Н,О. The 
residues obtained both from the roasting and 
the leaching processes can be recycled to the 
process. 

The large differences in vapor pressure be- 
tween the impurities (arsenic, antimony, bis- 
muth, and lead) and tin enable selective 
evaporation at reduced pressure to be used. 
However, numerous proposed processes have 
resulted in only two industrial applications. 

In a system tested in Russia, the impure tin 
flows from the top of a vertical reactor under a 
vacuum of 1 Pa into heated evaporating 
dishes. The evaporated impurities are col- 
lected in a separate chamber. Barometric 
valves are used to remove the purified tin and 
the condensate. 

In the Bergsóe-Redlac system, a cylinder, 
cooled on the inside, rotates in a horizontal 
vacuum chamber above the melt, and the va- 
porized impurities are deposited on this in 
solid form. In the next stage of the process, 
they are scraped off and removed. The results 
of the vacuum distillation process depend on 
the reaction temperature and time. The high 
energy requirement for heating and for pro- 
ducing the vacuum, 400—700 kWh/t tin, is a 
disadvantage. Moreover, significant quantities 
of tin are vaporized. The use of selective evap- 
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oration of typical impurities in crude tin al- 
ways involves a compromise between the 
purity and tin yield. Practical experiments are 
described in [85]. 


11.5.1.4 Removal of Lead 


If the lead content is still not low enough af- 
ter the first stages of the refining process, the 
lead can be converted into its dichlonde by 
treatment with chlorine, tin dichloride, or tin 
tetrachloride: 


SnCi, + Pb = PbCi,+ Sn 


The equilibrium is shifted to the right at 
low temperatures, so that the process must be 
carried out at a temperature only a little above 
the melting point of tin. The process also re- 
moves any remaining zinc and aluminum. 

The best results are obtained by using two- 
stage operation, i.e., the product of the second 
stage, with a reduced lead content, is returned 
to the first stage. Precise control of the opera- 
tion can lead to final lead contents of 0.00896. 


11.5.1.5 Removal of Bismuth 


In analogy to the thermal refining of lead, 
bismuth can be precipitated as an intermetallic 
compound by adding calcium or magnesium. 
The molar ratio Ca/Mg should be ca. 2 to ob- 
tain the best results [46]. A ternary compound 
is probably formed at this ratio. Under produc- 
tion conditions, scrap magnesium is used, as 
this is the most economic material. 

Final bismuth contents of 0.06-0.003% 
have been reported for full-scale plant. In 
analogy to a technique used when removing 
arsenic from aluminum, the calcium and mag- 
nesium remaining in the tin can be converted 
to their chlorides and removed, e.g., by treat- 
ment with ammonium chloride. 


11.5.2 Electrorefining 


The theoretical conditions for the electrore- 
fining of tin are favorable. The position of tin 
in the electrochemical series of the elements in 
aqueous solution show that Au, Ag, Cu, Bi, 
As, and Sb do not go into solution under elec- 
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trorefining conditions, but will appear in the 
anode slime. The elements Ni, Fe, Zn, and Al 
can be largely removed by a preliminary pyro- 
metallurgical refining operation. Only lead 
lies close to tin in the electrochemical series. 
The high electrochemical equivalent weight of 
tin also favors the use of an electrometallurgi- 
cal refining process. However, there are con- 
siderable problems in the practical realization 
of the process. 

Simple and cheap electrolytes such as solu- 
tions of sulfate or chloride lead to spongy or 
needle-like deposits, and these effects are only 
slightly moderated by extremely large addi- 
tions of colloidal matenals. The process can 
only be operated at low current densities, lead- 
ing to low process rates and inefficient utiliza- 
tion of energy (e.g., low current yields). Also, 
the presence of large amounts of expensive 
metal tied up in the process is undesirable eco- 
nomically. 

These negative aspects mean that electrore- 
fining is only worthwhile if the tin contains 
high concentrations of noble metals. Elec- 
trorefining can be carried out in acid or alka- 
line medium. 


11.5.2.1  Electrorefining in Acid 
Medium 


When sulfate electrolytes are used, addi- 
tions of chloride, fluoride, crude cresol, glue, 
nicotine sulfide, о- and B-naphthol, diphenyl- 
amine, phenol, and/or cresolsulfonic acid are 
made. The sulfate ions cause the anodically 
dissolved lead to go into the anode slime in the 
form of lead sulfate. Also, sulfides such as nic- 
otine sulfide can lead to the formation of lead 
sulfide, which is deposited in the anode slime. 
The organic sulfonic acids prevent the forma- 
tion of basic tin salts on the anodes. 

In spite of these precautions, the formation 
of coatings on the anode is the main problem 
in the electrolytic refining of tin in an acid me- 
dium. The main cause of coating formation is 
the lead content of the anodes, which must be 
removed mechanically when the bath voltage 
increases. The following operational data are 
quoted: 


Tin 


Anode mass: 100-200 kg 
Anode thickness: 30 mm 


Cell dimensions: 3.0—4.5 m long, 1.0-1.2 m wide, 
` 1.0-1.5 m deep 


wooden cells with lead cladding or 
concrete 


Cathode replacement: after 6 d 
Anodereplacement: after 10-12 d 


Anode composition: 94-96% Sn, 0.01-0.03% Fe, 
0.3-1.3% Pb, 0.1—0.696 Cu, 
0.1-3.5% Bi, 0.02-0.35% As, 
0.1—0.2596 Sb, 100-300 g/t'Ag, 
0.3-0.7 g/t Au 


Cathodes: starter sheets of pure tin 

The current yield is largely determined by 
the rate of removal of anode passivation. The 
energy consumption is 150—200 kWh/t tin. 
Because iron accumulates in the electrolyte, 
regeneration of the electrolyte is necessary. 


Cell construction: 


11.5.2.2  Electrorefining іп an 
Alkaline Medium 


In alkaline medium, i.e., in NaOH or NaS 
electrolytes, less pure anodes (7596 Sn) can be 
used than are used in an acid medium. A 
smooth deposit can be obtained without addi- 
tion of colloids. However, current densities are 
very low, and the process must be carried out 
at 90 °C. Detailed information about the possi- 
bilities and limitations of electrorefining, dep- 
osition behavior, deposition mechanism, and 
effects of additives to the electrolyte, pH, and 
impurities are given in [4]. 


11.5.2.3 Other Methods of 
Electrorefining 


Many attempts have been made to use mol- 
ten salt electrorefining to overcome the disad- 
vantages of electrorefining in aqueous 
solutions. The electrolyte was molten CaCL;- 
KCl—NaCl. Various grades of crude tin were 
used. The electrodes consisted of graphite cru- 
cibles and graphite rods. The operating tem- 
perature was ca. 650°C, and the current 
density 50-200 A/dm? Arsenic was effec- 
tively removed (reduced from 1.5% to 
0.005%), and the antimony content was re- 
duced from 0.32% to 0.01%. It proved impos- 
sible to scale up from pilot scale to full scale 
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operation, mainly because of problems in the 
control of the high-temperature process [77]. 


11.6 Recovery of Tin from 


Scrap Materials and Residues 
[1-3, 5, 11, 86, 87] 


Scrap materials and residues which are pro- 
duced during the processing of metals.to give 
semifinished and finished products are usually 
known as “new scrap”, while the returned old 
material from industry, trade, building con- 
struction, factories, and consumption is 
known as “old scrap”. The use of old and new 
scrap supplements primary production. It is 
collected by scrap merchants who work di- 
rectly with the smelters. Also, in the neighbor- 
hood of metal smelting works there are often 
small scrap metal operations which sort, sepa- 
rate, refine and blend with primary metals to 
produce a primary metal that corresponds to 
the standard specification of an original metal 
[87]. 

The recovery of tin from tinplate is becom- 
ing increasingly difficult, as the change to 
electrolytic methods of tinning is leading to 
very thin coatings which sometimes diffuse 
into the steel sheet. The recycling of this mate- 
rial will continue to be a technically and eco- 
nomically difficult task. In principle, two 
processes are used today for recovering tin 
from tinplate: the alkaline electrolytic method 
and the alkaline chemical method. 

In the alkaline electrolytic detinning of tin- 
plate, baskets of cleaned scrap are immersed 
in hot 5-10% sodium hydroxide solution. The 
baskets form the anodes, and the tinned steel 
sheet forms the cathodes. The tin is deposited 
in the form of a sponge. As contact with atmo- 
spheric carbon dioxide cannot be prevented, 
sodium carbonate is formed, and the electro- 
lyte bath must be frequently regenerated. The 
lacquer coating on the scrap tinplate is re- 
moved by adding solvents to the bath or by a 
special pretreatment process. The bath is oper- 
ated at a temperature of 65—75 ?C, a voltage of 
1.5 V, and a cathode current density of 300 
A/m?. 
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In the alkaline chemical detinning of tin- 
plate, the scrap material in perforated contain- 
ers is immersed in sodium hydroxide solution. 
Hydrated sodium stannate is formed accord- 
ing to the equation 


Sn + 2NaOH + 4H,O э Na,SnO,-3H,0 + 2H, 


The hydrogen liberated must be reacted with 
an oxidizing agent; sodium nitrate is suitable. 
The dissolution process is accelerated by mo- 
tion of the container in the liquor. The de- 
tinning time is 2-4 h, depending on the 
concentration and the temperature. If sodium 
nitrite is used instead of sodium nitrate, the tin 
goes into solution, the foreign metals, e.g., 
lead, iron, and antimony, can be precipitated, 
e.g., by hydrogen sulfide, and the tin can then 
be recovered by electrowinning. 


Processing tin-containing alloys is easier 
than recovering tin from scrap tinplate. How- 
ever, the tin content of many alloys has de- 
creased over recent years, and alloys have in 
some cases been replaced by cheaper materi- 
` als. Both these developments have tended to 
limit the potential for recovering secondary 
tin, and also explain why the amount of recov- 
ered tin in Europe has decreased from 15 800 t 
іп 1980 to 13 300 t in 1990. In the United 
States, the amounts of recovered tin have re- 
mained almost constant at 16 900 t in 1980 
and 17 100 tin 1990 [9]. 


The quantification of tin recovery from sec- 
ondary raw materials is difficult because most 
of it is obtained from scrap alloy. 


In addition to the tin concentrates treated in 
the primary smelting process, there are also 
other materials that must be treated, including 
the slags, oxidic flue dusts, ash, and sweepings 
containing very variable amounts of tin. Tin- 
containing processing scrap is also produced 
during casting, metal forming and cutting, tin- 
ning, and alloying. Considerable amounts of 
recycled scrap also come from the manufac- 
ture of cans, tinplate, tubes, foil, pure tin arti- 
cles, and alloys such as solders, antifriction 
and bearing metals, type metal, etc. 


In recycling it is essential to sort tin-con- 
taining materials into standard grades with ex- 
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act analytical specifications so that the 
metallurgical process can be optimized. 


Short drum furnaces are suitable for pro- 
cessing oxidic materials, although shaft kilns 
and réverberatory furnaces are also used. The 
reduction is performed by coke/coal, with 
added sodium carbonate or fluorspar as flux. 
The process is operated in one or two stages, 
depending on the material. Scrap alloys con- 
taining high proportions of lead, antimony, or 
copper are remelted to form alloys. Scrap bab- 
bitt (bearing metal) contains zinc, which is ei- 
ther removed in the slag or selectively 
volatilized. Scrap solder alloys are refined like 
crude tin. 


11.7 Analysis [88] 


11.7.1 Analysis of Ores and 
Concentrates 


Determination of Sn. In the determination of 
tin in ore concentrates, the choice of method 
depends on the presence or absence of typical 
impurities. 

Tungsten-Free Ores and Concentrates. Af- 
ter fusion with sodium peroxide and dissolu- 
tion in water, the solution obtained is acidified 
with hydrochloric acid and partially evapo- 
rated to drive off arsenic. The antimony is then 
precipitated with iron powder (cementation). 
The tin in the filtrate can then be “cemented” 
by adding aluminum powder, and determined 
by iodometric titration. 


Tungsten-Containing Ores and Concen- 
trates. The tungsten can be precipitated from 
the acidified solution by adding cinchonine. 
The excess of this reagent in the filtrate is de- 
composed by fuming with sulfuric acid. The 
solution is then taken up in hydrochloric acid 
and treated as in the determination of tin in 
tungsten-free ores. 


Silicate-Containing Ores and Concen- 
trates. The material is boiled to dryness with 
nitric acid, and the residue is then strongly 
heated, fumed with HF/H,SO, and fused with 
sodium peroxide. The tin determination can 


Tin 


then be carried out as for tungsten-free materi- 
als. 


Determination of Other Elements. The de- 
termination of tungsten is carried out by pre- 
cipitating with cinchonine after the fusion 
stage. The precipitate is strongly heated (ca. 
750 °C) to form WO,, and tungsten is then de- 
termined gravimetrically. 

Arsenic is determined by distilling it,out of 
the acidified solution of fused product and 
then carrying out a bromatometric titration on 
the distillate. 

‘Antimony is determined by adding iron 
powder to the acidified fusion product to pre- 
cipitate antimony sponge. This is dissolved in 
Вг,/НСІ, and any arsenic still present is driven 
off by evaporating with HCl. The antimony is 
purified by reprecipitation, and determined by 
bromatometric titration. 

For the determination of other elements 
such as cadmium, iron, nickel, copper, bis- 
muth, lead, zinc, and the noble metals, it is 
best to remove zinc, arsenic, and antimony 
from the dissolved product of a sodium perox- 
ide fusion (acidified with НСІ) by evaporating 
with Br/HBr. The elements can be detér- 
mined in the solution by atomic absorption 
spectrometry. 

To determine sulfur, the sample is heated in 
a stream of oxygen, the SO, formed is col- 
lected in a dilute solution of Н,О,, and the 
H,SO, formed is determined by titration. The 
sulfur content of the tin is calculated from this. 


11.7.2 Analysis of Metallic Tin 


The preferred methods of analysis of pure 
and commercial-grade tin are detailed in DIN 
1704 [88]. 

Arsenic is determined by dissolving the 
metal in a strongly acidic solution of FeC],. 
The AsCl, formed is distilled off, and can be 
determined photometrically by the molybde- 
num blue method. 

Antimony is determined by dissolving the 
metal in concentrated sulfuric acid. After add- 
ing hydrochloric acid, the antimony is oxi- 
dized with cerium(IV) to antimony(V). This is 
then extracted with isopropyl ether and can be 
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determined photometrically as yellow potas- 
sium tetraiodoantimonate. 

Lead is determined by dissolving the metal 
in a mixture of Br,, HBr, and НСІО,, fuming 
this to volatilize the zinc, removing any Tl that 
might still be present by extraction with iso- 
propyl ether, and determining the lead by po- 
larography. | 

In the determination of copper, the initial 
dissolution is similar to that used in the deter- 
mination of lead. The copper in the solution 
then is determined photometrically as the di- 
ethyldithiocarbamate complex after extrac- 
tion with ССІ,. 

The determination of zinc also requires a 
dissolution process similar to that for lead. 
The solution is acidified with hydrochloric 
acid, and heavy metals still present are precip- 
itated as sulfides. The zinc in the filtrate ob- 
tained can be determined by polarography. 
Iron is determined by first carrying out the dis- 
solution and precipitation of heavy metals as 
for zinc determination. The iron in the filtrate 
can be determined photometrically as the sul- 
fosalicylic acid complex. 

The determination of aluminum also re- 
quires dissolution and removal of heavy met- 
als by precipitation of their sulfides as for iron 
determination. The aluminum in the filtrate 
can be determined photometrically as the erio- 
chrome cyanine complex. 

As well as the analytical methods recom- 
mended in DIN 1704, rapid and efficient 
methods such as atomic absorption spectrom- 
etry (AAS) and atomic emission spectrometry 
with inductively coupled plasma excitation 
(ICP-AES) are also being used to an increas- 
ing extent [89]. These methods are specified in 
the German and international standards for the 
analysis of water, wastewater, and sewage 
sludge. 

After dissolution of the tin in a mixture of 
Dr, HBr, and HCIO,, the accompanying anti- 
mony, arsenic, bismuth, copper, iron, lead, 
aluminum, cadmium, and zinc can be deter- 
mined with a high degree of accuracy in the 
presence of each other, without first separating 
them, by means of AAS and ICP-AES. In the 
determination of arsenic and antimony, other 
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dissolution processes must first be performed. 
The analysis of metallic tin and tin alloys is of- 
ten carried out by spectral analysis with spark 
or arc excitation, and the analysis of tin slags 
and concentrates by X-ray fluorescence analy- 
SIS. 

Table 11.5: World production and consumption of tin (in 
10? 1). 

Year Mining output Smelting output Consumption 


1980 235.5 s 243.6 221.4 
1985 185.3 216.2 214.3 
1990 210.7 225.6 232.7 


Table 11.6: Mining output and consumption of tin in vari- 
ous countries in 1990 [9]. 


с Mining output Consumption 
iud inl0t as% іп101 as% 
Brazil 39.1 18.6 6.1 2.6 
Indonesia 37.1 15.1 l4 0.6 
Malaysia 28.5 14.3 3.3 1.4 
Bolivia 17.3 8.2 0.4 0.2 
China 35.8 17.0 18.0 77 
Russia 13.0 6.1 20.0 8.5 
United States 0.1 0.04 37.3 16.0 
Japan 33.8 14.5 
Germany 19.3 8.2 


United Kingdom 3.4 1.6 10.4 4.3 


11.8 Economic Aspects (2,9, 11] 


There have been no large variations in the 
amounts of tin mined, smelted, and consumed 
in recent years. Figures for the years 1980- 
1990 are given in Table 11.5. 


Even in 1938, smelting production 
amounted to 171 200 t [3], and this had in- 
creased by only 66 500 t or 38.8% in 1990. 
This is an average increase of 9.75% per an- 
num. 

Typically in the production and consump- 
tion of tin, the production processes of mining 
and smelting are geographically remote from 
the places where the metal is consumed. ` 

The main producers, i.e., Brazil, Indonesia, 
Malaysia, Bolivia, and to some extent China, 
consume very little tin themselves (see Table 
11.6). On the other hand, the United States, Ja- 
pan, Germany, and the United Kingdom pro- 
duce little or no primary tin themselves and 
are the main tin consumers. In the CIS, pro- 
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duction and consumption are approximately 
equal. 

The continuous fall in the price of tin (7 
30000 DM/t in 1985, ca. 10000 РМл in 
1990) has led to many casualties worldwide. 
The worst effects have been in Malaysia, 
where over 80 suppliers have been closed 
down. In 1980, Malaysia was the main pro- 
ducer of tin, with a mine output of 61 000 t. 
This fell to 28 500 t in 1990, and Malaysia 
now produces less tin than Brazil, China, or 
Indonesia. Even the well-known tin smelter 
Capper Pass in the United Kingdom has 
ceased production, as have the tin mines in the 
Altenberg region of Saxony. 


11.9 Alloys and Coatings [1, 
2,11] 


Tin is one of the most important constitu- 
ents of low-melting nonferrous alloys. The 
following important properties of the metal 
are exploited 


e Low melting point 

e Low hardness 

e Good wetting properties 

e Effective incorporation of foreign particles 
e Good compatibility with foodstuffs 


Tin utensils have been produced for over 
5000 years; and well-preserved examples exist 
from the various epochs. 

Tin utensils are always made of tin alloys, 
as the pure metal is too soft. The most impor- 
tant alloying elements are antimony, copper, 
and lead. The tin is usually melted first, and it 
then readily forms alloys with pure metals, 
which have good solubility properties. To 
minimize burning, especially of antimony, 
master alloys are usually used. 


Solders. Most solders are based on the tin lead 
binary system, which has a eutectic at ca. 6396 
tin and 183 °C. The solid solubility of 1-2% 
lead in tin and 13% tin in lead is not relevant 
to production conditions. 

Although the copper-tin alloys are some of 
the oldest materials used by humans, their de- 
velopment is not yet exhausted even today. 





Tin 


The most important development aims are 
improvement of mechanical properties and 
corrosion resistance, and reduction of the tin 
content. 


Sintering Metallurgy of Bronzes. An inter- 


esting new use for tin is as an addition in pow- . 


der form when sintering bronze. Especially 
when this is for use as a bearing metal, eco- 
nomic advantages are obtained by the addition 
of 4% tin to the copper powder with or with- 
out lead addition. 


Low-melting alloys are of great importance in 
several technical applications. Their melting 
points usually lie significantly below 150 °C. 
Bismuth is always an essential alloy constitu- 
ent. 

Their most important application areas are 
in mold making, safety systems for the pre- 
vention of fire and overheating, and stepwise 
soldering. 


Amalgams. Tin has been used for dental fill- 
ings since the Middle Ages, and amalgams 
since the 1800s. Subsequent developments 


have led to the silver-tin amalgams used to- ` 


day. À typical amalgam has the following 
composition: 52% Hg, 33% Ag, 12.5% Sn, 
2% Cu, 0.5% Zn. 

When the mixture of metals is ground to- 
gether, the following hardening reaction takes 
place: 


AgSn, + 4Hg > Ag,Hg, + 8n, „Нр + Ag,Sn 


The metallographic structure of a dental 
amalgam consists of islands of solid undis- 
solved particles of alloy (Ag,Sn) in a soft ma- 
trix of silver and tin amalgams. 


11.10 Compounds 


Consumption of inorganic tin compounds 
is lower than that of organic tin compounds, 
but they are often the starting materials used to 
produce the organic tin compounds. 

In minerals, tin is nearly always tetravalent 
and bonded to oxygen or sulfur. The only ex- 
ception is herzenbergite, SnS, in which it is di- 
valent. 
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In industry, tin(II) and tin(IV) compounds 
are produced from metallic tin. Many tin(II) 
compounds which are sufficiently stable for 
practical purposes have a strong tendency to 
change into tin(IV) compounds and are there- 
fore strongly reducing. For example, SnCl, 
precipitates gold and silver in metallic form 
from their salt solutions. 

The salts in both valency states hydrolyze 
in aqueous solution to form insoluble salts. In 
alkaline media, stannites (divalent) and stan- 
nates (tetravalent) are formed. 


11.10.1  Tin(II) Compounds 


Tin( chloride, SnCl,, is the most important 
inorganic tin(II) compound. It is produced on 
an industrial scale by reducing tin(IV) chlo- 
ride with molten tin, or by direct chlorination 
of tin. f 

Solutions of tin(II) chloride are obtained by 
dissolving metallic tin in hydrochloric acid, or 
by reducing a solution of SnC1, with metallic 
tin. 

The anhydrous substance is white, has a 
greasy luster, and dissolves readily in water al- 
cohol, ethyl acetate, acetone, and ether. The 
clear, nondeliquescent, monoclinic dihydrate 
SnCl,-2H,0, crystallizes from aqueous solu- 
tion and is the commercial product. 

On dilution, the aqueous solution becomes 
cloudy as hydrolysis causes precipitation of 
the basic salt: 


SnCl, + Н.О = Sn(OH)CI + HCI 


The cloudiness can be prevented by small ad- 
ditions of hydrochloric acid, tartaric acid, or 
ammonium chlonde. Because of its strong 
tendency to hydrolyze, the-dihydrate can only 
be dehydrated over concentrated sulfuric acid 
or by heating in a stream of hydrogen chloride. 

Tin(II) chloride is an important industrial 
reducing agent, being used to reduce aromatic 
nitro compounds to amines, aliphatic nitro 
compounds to oximes and hydroxylamines, 
and nitriles to aldehydes. 

Tin electroplating can be carried out in a 
fused eutectic salt mixture of 20% SnCl, and 
80% KC] at 200-400 °С [90, 91]. 
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Tinh Oxide Hydrate and Tin(IT) Oxide. If 
aqueous solutions of SnCl, or other Golf 
salts are reacted with alkali metal carbonate or 
ammonia, an amorphous white precipitate of 
tin(II) oxide hydrate, 5SSnO-2H,O, is obtained 
[92]. Sn(OH), does not exist. Tin(II) oxide hy- 
drate is amphotenc. Dehydration in a stream 
of carbon dioxide gives tin(II) oxide. Tin(IT) 
oxide hydrate and tin(IT) oxide are starting 
materials for the production of other tin(IT) 
compounds. 


Other Tin(II) Compounds. TindD fluoride, 
SnF,, is formed from tin(II) oxide hydrate and 
hydrofluoric acid, and is added to toothpastes 
as an anticaries agent. 

Тіп(1) fluoroborate hydrate, 
Sn(BF ,),:7H,O, is formed by dissolving the 
oxide hydrate or the oxide in aqueous fluo- 
roboric acid. Sulfuric acid reacts with the ox- 
ide hydrate or the oxide to form tin(IT) sulfate. 
Both tin(II) sulfate and tin(II) fluoroborate are 
important in the production of metallic tin 
coatings by electroplating. 

Тіп(П) bromide, SnBr,, and tin(II) iodide, 
SnL, are produced by reacting metallic tin 
with the appropriate hydrogen halide. 

` Tin(II) cyanide, which is produced from 
bis(cyclopentadienyl)tin(IT) and hydrogen cy- 
anide, is the only known compound of tin with 
inorganic carbon: 
(С;Н,),5п + 2HCN > Sn(CN), + 2C,H, 


The tin(II) salt of ethylhexanoic acid is an 
effective catalyst in polyurethane production. 


11.10.2 Tin(IV) Compounds 


Tin(IV) Hydride. The toxic, colorless, flam- 
mable gas, tin(IV) hydride, is formed by the 
reduction of tin(IV) chloride by LiAIH, in di- 
ethyl ether at —30 °C. It is stable for several 
days at room temperature, and decomposes 
into its elements at 150°C in the absence of 
air, forming a tin mirror. 

Tin(IV) Halides and Halostannates(IV). 
Anhydrous tin([V) chloride is a colorless liq- 
uid which fumes strongly in air. It is a good 
solvent for sulfur, phosphorus, and iodine, and 
is miscible in all proportions with carbon di- 
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sulfide, alcohol, benzene, and other organic 
solvents. It hydrolyzes in water, evolving 
much heat and forming colloidal tin(IV) oxide 
and hydrochloric acid: 

5пС1, + 29,0 — SnO, + 4HCI 


In moist air, the pentahydrate, SnCl, 
5Н,О, is formed, the so-called butter of tin, a 
white deliquescent crystalline mass with a 


melting point of 60 ?C. In industry, SnCl, is. 


produced by the reaction of chlorine with tin. 
The anhydrous product is obtained if the metal 
is covered with SnCl, Anhydrous tin(IV) 
chloride is an important starting material for 
the production of organic-tin compounds. _ 
Tin(IV) bromide, SnBr, and tin(IV) iodide, 


Snl,, are also obtained by the reaction of me- , 


tallic tin with the halogens. Tin(IV) fluoride is 
produced by the reaction of tin(IV) chloride 
with anhydrous hydrogen fluoride: 


ЅпСІ, + 4HF — SnF, + 4HCI 


Tin(IV) halides react readily with metal ha- 
lides to form the halostannates([V), the coor- 
dination number of the tin increasing from 
four to six. The reaction proceeds as follows 
(X 7 halogen): 


SnX, 4 2MX = M,SnX, 


One of the best known compounds of this type 
is ammonium hexachlorostannate, (NH), 
SnCl, the so-called pink salt. 

Hexachlorostannic acid, H,SnC,-6H,O, is 
formed by passing НСІ into a concentrated so- 
lution of SnCl,. 


Tin(IV) Oxide, Тіп(ТУ) Oxide Hydrate, and 
Stannates(IV). Tin(IV) oxide decomposes 
above 1500 °C without melting to form tin(II) 
oxide: 

25п0, э 25п0 + О, 

Pure tin(IV) oxide can be obtained by the 
combustion of powdered tin or sprayed molten 
tin in a hot stream of air. It is insoluble in acids 
and alkalis. Specially prepared tin(IV) oxide 
has many uses, total world consumption of 
this material being > 4000 t/a. It is used in 
combination with other pigments to produce 
ceramic colorants. It has a rutile structure, and 
hence can absorb the colored ions of transition 
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metals. The products obtained form the basis 
of ceramic colors, and include tin vanadium 
yellow, tin antimony gray, and chrome tin 
pink. The thermal stability of the tin colors en- 
ables them to be used both in and under the 
glaze. 

Electrodes made of SnO, are used in the 
production of lead glass [93]. They are resis- 
tant to corrosion by molten glass, and have 
good electrical conductivity when hot. 

Coatings of tin(IV) oxide treated with in- 
dium oxide (< 100 um thick) give good trans- 
parency properties to aircraft window 
systems, increase their strength, and give pro- 
tection from icing. 

If tin(IV) oxide is reacted with a solution of 
alkali, or a solution of stannate is reacted with 
acid, a white, gel-like precipitate of tin(IV) 
onide hydrates is formed which are very solu- 
ble in alkalis and acids. This precipitate was 
formerly known as “о-ѕіаппіс acid", and the 
aged product, which is sparingly soluble, as 
"D-stannic acid" (metastannic acid). Today, 
this product is regarded as tin(IV) oxide hy- 
drate with the formula SnO,-7H,O, where n 
decreases with aging. 

The reaction of powdered or granulated tin 
with concentrated nitric acid leads to the for- 
mation of the reactive B-tin([V) oxide hydrate. 
This can be used as a catalyst for aromatics. 

The B-tin oxide hydrate gels precipitated 
from SnCl, by ammonia and then dried are 
stable towards nuclear radiation, and can be 
used in chromatographic columns for separat- 
ing radioactive isotopes [94]. 

Fusion of tin(IV) oxide with alkali metal 
hydroxides leads to formation of alkali metal 
hexahydroxystannates according to the fol- 
lowing reaction scheme (M - alkali metal): 


SnO, + 2MOH + 2H, 2 M2[Sn(OH),] 


The sodium and potassium complexes are 
used as alkaline electrolytes in electrolytic tin 
plating. 

Tin(IV) sulfide, SnS., is formed as golden 
yellow flakes with a hexagonal crystal struc- 
ture by passing hydrogen sulfide through a 
weakly acidic solution of a tin(IV) salt. On 
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heating, the crystals become dark red to al- 
most black, reverting to yellow on cooling. 
The tin disulfide known as “mosaic gold” is 
produced industrially by heating tin amalgam 
with sulfur and ammonium chloride. It is used 
for gilding picture frames, and in painting to 
produce deep yellow to bronze color shades. 


11.11 Toxicology А 


Metallic tin is generally considered to be 
nontoxic. As early as the Middle Ages, it was 
used in the form of plates, jugs, and drinking 
vessels. Even large amounts of tin salts in the 
digestive system cause negligible harm. Ap- 
parently, tin can migrate only very slowly 
through the intestinal walls into the blood. 
Orally ingested tin is poorly resorbed by ani- 
mals and humans. The half-life in the kidneys 
and liver is 10-20 d, and in the bones 40—100 
d. Cases of poisoning are almost unknown. 
Massive inhalation of tin or tin oxide dust by 
exposed industrial workers can lead to irrita- 
tion of the respiratory tract. In extreme cases, 
metal fume fever with similar symptoms to 
those of "zinc fever" or *brass fever" also oc- 
curs. As the peroral ingestion of tin and its in- 
organic compounds is comparatively harmless 
because of the relatively low resorption, the 
limit value for the prevention of sickness and 
diarrhea for fruit conserves is ca. 250—500 
mg/kg, and for fruit juices 500-1000 mg/kg. 
In current industrial practice, the tin cans are 
additionally lacquered, and the tin concentra- 
tions in preserved fruit and vegetables are « 
250 ppm. The MAK value, calculated as tin 
and measured in total dust, has been 2 mg/m? 
for many years [95, 96]. 

Hydrochloric acid formed by the hydrolysis 
of tin chloride can cause acid burns. Tin hy- 
dride is very toxic, having a similar effect on 
the human organism to arsine [97]. 

Organotin compounds are very toxic; the 
MAK value is 0.1 mg/m? [96]. These com- 
pounds can differ widely in their effects, and 
can also be slowly converted to other com- 
pounds in the organism, so that toxic symp- 
toms can change during the induction time. 
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The toxicity of alkyl and aryl tin compounds 
decreases in the series: trialkyl > dialkyl > tet- 
raalkyl > monoalkyl compounds. Whereas 
tributyl- and triphenyltin compounds are al- 
most as toxic as HCN, the monoalkyl com- 
pounds have a toxicity similar to that of the 
inorganic tin compounds. 

The resorption of tin alkyl and tin aryl с com- 
pounds can have harmful effects on the CNS, 
such as edema of the brain and spinal cord and 
damage to the respiratory center. The volatile 
organotin compounds cause persistent head- 
aches, epileptiform convulsions, narcosis, and 
respiratory paralysis. 

Dibutyltin dichloride, tributyltin chloride, 
and analogous alkyl tin halides, after a latent 
period, cause irritating and burning of the skin 
and especially the mucous membranes, and 
are intensely sternutatory and lachrymatory 
[98, 99]. 

In cases of poisoning by organotin com- 
pounds, long-term observation of the func- 
tioning of the liver and CNS is necessary. 
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12.1 Introduction 


Nickel is a silver white metal with typical 
metallic properties. It occurs in the periodic ta- 
ble in the first triad of Group VIII (IUPAC 
Group 10), after iron and cobalt, to which it is 
closely related. The electronic configuration 
of nickel is 152 2522рё 3s573p%3a? 452. 

Nickel occurs naturally as a mixture of five 
stable isotopes of mass number 58 (67.84%), 
60 (26.23 %), 61 (1.19%), 62 (3.66%), and 64 
(1.08 46). So far even artificial radioactive iso- 
topes have been identified with mass numbers 
of 56, 57, 59, 63, 65, 66, and 67. 

The great importance of nickel lies in its 
ability, when alloyed with other elements, to 
increase a metal's strength, toughness, and 
corrosion resistance over a wide temperature 
range, Nickel is essential to the iron and steel 
industry, and nickel-containing alloys have 
played a key role in the development of mate- 
rials for the aerospace industry. World produc- 
tion of nickel increased from 20 x 10? t/a in 
1920 to 750 x 10? t/a in 1976 at an average an- 
nual rate of increase of 3%. However, no sig- 
nificant increase in either consumption or 
production occurred between 1976 and 1986, 
with world nickel consumption falling as low 
as 650 000 t/a in 1981 and 1982. The known 
world reserves of nickel are more than ade- 
quate to maintain this level of production for 
many years. 


12.1.1 History [1-4] 


It is believed that the word "Nickel" or 
“Kupfer Nickel" is derived from a derogatory 
term applied by medieval miners in Saxony to 
a mineral which they mistakenly believed to 
be a copper ore, but from which they could ex- 
tract no copper. It was in fact the nickel ars- 
enide ore niccolite (NiAs). The Saxon miners 
not unnaturally assumed that evil spirits, or 
*Old Nick" himself, were responsible for their 
problems. 

Nickel was first isolated by the Swedish 
mineralogist Axe. Скомѕтерт in 1751, when 
studying a gersdorffite (NiAsS) ore from Los 
in Sweden. Nickel's status as an independent 
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element was proved in 1775 by TORBERN 
BERGMAN and coworkers, but it was not until 
1804 that Jeremias RicureR produced а rela- 
tively pure sample of the metal and described 
its essential properties. 

Nickel-containing alloys were in use long 
before CnoNsTEDT's discovery. For centuries 
the Chinese had been making "pai thung" or 
“white copper" (40% Cu, 32% Ni, 25% Zn, 
and 3 % Fe) which resembled silver in appear- 
ance. This material appeared in Europe in 
small quantities in the late 1700s. Since it 
costs only one quarter the price of silver, the 
alloy had obvious commercial potential as a 
silver substitute. By the 1830s, copper- 
nickel-zinc alloys, by then known as German 
Silver and later as nickel-silver, were being 
produced commercially in both Germany and 
England in significant amounts. Tn addition to 
its silver color, this alloy was easy to cast and 
fabricate, was resistant to tarnishing, and was 
economical to produce. The next significant 
development occurred in 1857 when the 
United States issued a cupronickel coin con- 
taining 12% nickel; other countries soon fol- 
lowed suit. 

In the mid-1800s nickel was produced in 
small quantities from sulfide ores mined in 
Germany, Norway, Sweden, and Russia. Al- 
though refined metallic nickel was first pro- 
duced in Germany in 1838, world production 
of nickel remained below 1000 t/a until 1876. 

The demand for nickel increased abruptly 
in 1870-1880 when PARKES, MARBEAU, and 
Rey demonstrated its use in alloy steels, as 
FLEITMANN succeeded in making malleable 


successfully developed. The first nickel-steel 
armor plate was made in France in 1885 and 
soon afterwards in Italy, England, and the 
United States. In the early 1890s the adoption 
of nickel steels by the world's navies led to a 
steep rise in the demand for nickel. 

In 1863, PERRE GARNIER discovered the 
nickel oxide ores of New Caledonia, and from 
1875 this French island became the world's 
main producer of nickel, which position it re- 
tained until displaced by Canada in 1905. 
Mining of the sulfide ores of the Sudbury Ba- 


‘nickel, and as electrolytic nickel plating was ` 


М. 
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sin in Ontario, Canada, started in 1886, and 
these ore bodies were to remain the most im- 
portant source of the world's nickel supply for 
most of the twentieth century. Even in 1950 
the Sudbury area still supplied 9546 of the 
nickel for the Western world. Since then Can- 
ada's preeminent position has been largely 
eroded, and by 1980 nickel was being mined, 
smelted, and refined in more than 20 coun- 
tries. 


Up to the end of World War I nickel was 
used almost exclusively for military purposes, 
but intensive research, between the world 
wars, into potential industrial uses soon led to 
a variety of new applications. In the 1990s 
there are thousands of nickel alloys in use with 
nickel contents ranging from 99% in wrought 
nickel to as little as 1% as hardening additives 
for various alloys. 


12.1.2 Physical Properties 


The physical properties of nickel [9—11] de- 
pend largely on its purity, on the physical state 
of the metal, and on its previous treatment. 
The wrought metal is highly malleable, mod- 
erately strong, tough, ductile, and highly resis- 
tant to corrosion in many media. Its good 
strength and ductility persist to subzero tem- 
peratures. Some important physical properties 
of nickel are as follows: 


mp 1455 °C (1728 K) 
bp 2730 *C (3003 K) 
Relative density (25 °C) 8.9 

Volume increase on melting 4.5% 

Heat of fusion (mp) 302 J/g 
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Heat of sublimation (25 °C) 7317 Vg 
Heat of vaporization (Ti) 6375 J/g 
Standard entropy 29.81 I/K 


Thermal conductivity (0-100 °C) 88.5 шік”! 
Heat capacity (0-100 °C) 0.452 Jg ! K^! 
Electrical resistivity (20 °C) 6.9 uO/cm 
Temperature coefficient of electrical 


resistivity (0-100 °C) 6.8 x 107K! 
Thermal expansion coefficient 

(0-100 °C) 13.3 x 10$ К"! 
Modulus of elasticity 199.5 GPa, 
Brinell hardness 85 


The density of molten nickel in g/cm? is given 
by 

р=р„— 1.16 x 10? (r- t) 

where 

ро= 7.905, t= 1455; 

the surface tension іп mN/m, by 
o =G, — 0.38 (1— tal 

where 

0,721778, 1) =1455; 

and the viscosity in mPa-s, by 
nee? 

where 

То = 0.1663, E=855 J/g 


Some mechanical properties of nickel are 
listed in Table 12.1. 

Nickel normally forms a face-centered cu- ` 
bic crystal lattice, although a hexagonal modi- 
fication is known, which changes to the cubic 
form at 250 °C. Cubic nickel is ferromagnetic 
below its Curie point of 357 °C, although less 
so than iron. The hexagonal form of nickel is 
not ferromagnetic. 


Table 12.1: Mechanical properties of nickel (nominally 99.0% Ni). 











Pretreatment 
Property 
Tempered Hot-rolled 

Temperature, °C -200 -75 20 20 200 400 600 800 
0.2% proof stress, MPa 230 170 160 170 150 140 110 

Tensile strength, MPa 710 560 500 490 540 540 250 170 
Elongation, % 54 58 48 50 50 50 60 60 
Impact value (Charpy) 230 230 230 


OC _—ш _—— ——— ——-——_—_— $— ——_—————— 
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12.1.3 Chemical Properties 


In its chemical properties [12] nickel re- 
sembles iron and cobalt, as well as copper. The 
+2 oxidation state is much the most important 
in nickel chemistry, although the +3 and +4 
oxidation states are also known. The oxidation 
of nickel(II) salt solutions with chlorine, bro- 
mine, or persulfate in aqueous alkaline solu- 
tion produces the insoluble nickel(1II) oxide, 
B-NiO(OH). The nickel(IV) oxide 
NiO,-nH,O is prepared by persulfate oxida- 
tion of nickel(II) hydroxide. In contrast to co- 
balt and iron, nickel is normally only stable in 
aqueous solution in the +2 oxidation state. 

Nickel) ions form complexes very 
readily. The maximum coordination number is 
Six. The green color of most hydrated 
nickel(IT) salts and their aqueous solutions is 
due to the octahedral Ni(H,O)?* cation. The 
strong tendency of the nickel(1I) ion to form 
complexes with ammonia, for example 
Ni(NH,)2*, or Ni(H,O),(NH,);", is utilized in 
a number of extraction processes. 

The most unusual property of nickel is its 
ability to react directly with carbon monoxide 
to form a binary carbonyl complex. When car- 
bon monoxide reacts with metallic nickel at 
60 °C it forms the volatile nickel tetracarbo- 
nyl, Ni(CO),. This reaction is reversible, with 
the carbonyl compound decomposing to car- 
bon monoxide and nickel at higher tempera- 
tures (180 ?C). 

60°С 
Ni+4CO = Ni(CO), 
180°C 

This reaction is the basis for the vapometal- 
lurgical refining of nickel. No other metal 
forms similar carbonyl compounds under such 
mild conditions at atmospheric pressure. 

At moderate temperatures nickel has a high 
corrosion resistance against air, seawater, and 
nonoxidizing acids. Nickel is fairly electro- 
positive with a standard electrode potential of 
—0.25 V, which is similar to cobalt (0.28 V). 


Ni Ni*«-2e (E=-0.25 V) 

An outstanding property of nickel is its cor- 
rosion resistance to alkalis. The metal is there- 
fore frequently used in the production and 
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handling of caustic soda. In contrast, nickel is 
attacked by aqueous ammonia solutions. 


Nickel absorbs hydrogen, especially when 
finely divided; hydrogen absorption increases 
with increasing temperature. Defined hydride 
compounds have not been characterized. Ni- 
trogen is not absorbed by nickel nor does it 
combine directly with it, although there is evi- 
dence for a nitride Ni,N. 


12.2 Occurrence 


Nickel ranks twenty-fourth in the order of 
abundance of elements in the earth’s crust 
with an estimated concentration of 0.008%. 
Although nickel is more abundant than cop- 
per, zinc, and lead there are relatively few 
nickel ore bodies of commercial significance. 


The economically important ores can be di- 
vided into two types, sulfide and oxide (or sili- 
cate). Nickel does not occur as native metal. 
World reserves of nickel are currently (1988) 
estimated at about 50 x 10° t by the U.S. Bu- 
reau of Mines. This estimate includes only 
ores which are economically recoverable at 
prevailing metal prices. Identified world re- 
sources in deposits containing 1% Ni or more 
amount to over 130 x 10$ t of nickel. About 
80% of the nickel in these resources is in later- 
ite ore bodies, with only 20 % in sulfide depos- 
its. The distribution of high-grade nickel 
reserves are detailed by country in Table 12.2, 
together with the corresponding 1988 mine 
production rates [13]. 


Nickel-containing manganese nodules, 
which occur in vast quantities on the seabed at 
depths between 3500 and 4000 m, typically 
contain 0.5-1.5% Ni. While not currently eco- 
nomically viable as a source of nickel, these 
deposits will undoubtedly become an increas- 
ingly important nickel resource in the future. 


The United States has significant quanti- 
ties of low-grade nickel resources such as the 
laterite ores of Oregon and northern Califor- 
nia. However, none of these ores was consid- 
ered as an economic nickel reserve by the 
Bureau of Mines at 1988 metal prices, and 
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consequently they are omitted from Table 
12.2. 


Table 12.2: World reserves of nickel [13]. 
Reserves, 1988 Mine pro- 





Country 10 t duction, 10? t 
Albania 180 10 
Australia 1270 74 
Botswana 354 16 
Brazil 666 15 
Canada 8 130 . 190 
China 726 25 
Colombia 558 21 
Cuba 18 140 34 
Dominican Republic 517 23 
Finland 80 11 
Greece 454 12 
Indonesia 3200 58 
New Caledonia 4535 56 
Philippines 408 8 
South Africa 2540 34 
Former Soviet Union 6 620 186 
Yugoslavia 158 4 
Zimbabwe 77 11 
World total 48 980 788 


Table 12.3: Principai nickel minerals [1]. 





x Nickel 
Mineral Ideal formula content, % 
Sulfides 
Pentlandite (Ni, Fe),S, 34.22" 
Millerite NiS 64.67 
Hazelwoodite NiS, 73.30 
Polydymite Ni,S, 57.86 
Siegenite (Co, №),5, 28.89 
Violarite Ni;FeS, 38.94 
Arsenides 
Niccolite NiAs 43.92 
Rammelsbergite NiAs, 28.15 
Gersdorffite NiAsS 35.42 
Antomonides 
Breithauptite NiSb 32.53 
Silicates and oxides 
Garnierite (Ni,Mg),Si,O, (OH), <47 
Nickeliferous 
limonite (Fe,Ni)O(OH)-nH,0 low 


12.21 Minerals 


The most important nickel-containing min- 
erals occurring in nickel deposits are listed in 
Table 12.3, together with their chemical com- 
positions [1]. Some are relatively uncommon, 
and only pentlandite, garnierite, and nickeli- 
ferous limonite are of economic significance. 
The term garnierite is commonly used as a ge- 
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neric name for a series of mixed nickeliferous 
silicates with a wide range of nickel contents, 
and can include colloidal mixtures of silica 
and nickel hydroxide. Nickeliferous limonite 
is the term used to describe poorly crystalline 
nickel-bearing ferric oxides of which the main 
constituent is goethite (о-ЕеО-ОН). 

Pyrrhotite (Fe, _,S,) is not included in the 
list of nickel minerals because it is an iron sul- 
fide, and nickel is not essential to its composi- 
tion. In pyrrhotites from different ore bodies 
the composition varies from FeS to Fe,S,. 
Small amounts of nickel may substitute for the 
iron, making some pyrrhotite nickeliferous, 
independently of any particles of pentlandite 
they may contain. 


12.2.2 Sulfide Ores 


Sulfide nickel ores consist principally of 
nickeliferous pyrrhotite (Fe,S,), pentlandite 
(Ni,Fe))S,, and chalcopyrite (CuFeS,). Other 
minerals which occur in small but significant 
amounts include magnetite (Fe,O,), ilmenite 
(FeTiO,), pyrite (FeS,), cubanite (CuFe;S,), 
and violarite (Ni,FeS,). Sulfide ores typically 
grade 0.4—2.0 % nickel, 0.2-2.0 % copper, 10- 
30% iron, and 5-20% sulfur. The balance 
consists of silica, magnesia, alumina, and cal- 
cium oxide. 

Pentlandite, the commonest of the sulfide 
minerals, probably accounts for 60 % of world 
nickel production. Nickeliferous pyrrhotite is 
normally the most abundant phase in a nickel 
ore. It contains nickel in solid solution (0.2— 
0.5% Ni) in addition to very finely divided 
pentlandite inclusions. Chalcopyrite is the 
most important copper mineral, although cu- 
banite is often present in lesser amounts. 

Although the major minerals are the same 
in all large sulfide ore bodies, the relative 
amounts of pyrrhotite, pentlandite, and chal- 
copyrite vary widely. The relative amounts of 
the three minerals largely determine the 
choice of processing route. 

In addition to nickel production, a large 
number of valuable by-products can be recov- 
ered from sulfide ores, including copper, co- 
balt, the platinum group metals, gold, silver, 
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selenium, tellurium, sulfur, and iron. Cobalt 
occurs principally in solid solution in pentlan- 
dite, at concentrations ranging from 1 to 546 of 
the nickel content. Discrete particles of gold, 
silver, and platinum group metals are very 
rare, and these metals are normally found in 
solid solution in the sulfide phases. The treat- 
ment processes are normally designed to yield 
optimum overall recovery of metal values. 


Major sulfide ore bodies occur in Canada, 
the former Soviet Union, the Republic of 
South Africa, Australia, Zimbabwe, and Fin- 
]and. 


12.2.3 Oxide Ores 


The oxidic ores of nickel are formed by a 
chemical concentration process that occurs as 
a result of the lateritic weathering of peridotite 
rock. Peridotite consists mainly of olivine, a 
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magnesium iron silicate containing up to 0.3 76 
nickel. In many rocks the peridotite has been 
altered to serpentine, a hydrated magnesium 
silicate, prior to exposure to weathering. Oliv- 
ine and serpentine are decomposed by ground- 
water containing carbon dioxide to form 
soluble magnesium, iron, and nickel, and col- 
loidal silica. The iron rapidly oxidizes in con- 
tact with air and precipitates by hydrolysis to 
form goethite and hematite, which remain 
near the surface of the deposit. The dissolved 
nickel and magnesium, and the colloidal sil- 
ica, percolate downwards in the laterite de- 
posit, remaining in solution so long as the 
solution is acidic. When the solution is neu- 
tralized by reaction with rock and soil, nickel, 
silica, and some of the magnesium precipitate 
as hydrated silicates. This process is illus- 
trated in Figure 12.1 [14]. 














| Idealized laterite Approximate analysis, % 


Extractive 
procedure 





fic : 






Overburden to 
stockpile 












Hydromefallurgy 









Hydrometallurgy 
or 
pyrometallurgy 















Pyrometallurgy 









; vv VS 

VV V Vv YV Мм 
v Unaltered peridotite’ y 
м v учу у NM v vy 
vY NN Y vv. 















Left in situ 





v 
v vVVvy v 


Figure 12.1: Typical section through a laterite deposit. 
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Complete separation of iron and nickel into 
distinct zones is never achieved. Some or even 
most of the nickel may in fact remain in the 
upper layer, which is thus enriched in iron and 
nickel, but depleted in magnesium and silica. 
Such material, consisting mainly of ferric ox- 
ide minerals, is described as limonitic. This 
type of ore is typically relatively rich in cobalt 
and chromium. By contrast, in the silicate 
minerals, the separation of iron and nickel is 
more complete, and the nickel is present in sil- 
icate minerals with a high magnesia content. 
Both types of material are almost always 
found in a laterite deposit, but in widely differ- 
ing proportions. 

The differences between limonitic and sili- 
cate minerals influence the methods by which 
they are treated for nickel recovery (Figure 
12.1). The silicates, which are chemically and 
mineralogically heterogeneous and require a 
very flexible processing method, are normally 
treated by pyrometallurgical processes. The li- 
monites on the other hand are relatively homo- 
geneous in composition and mineralogy and 
are well suited to hydrometallurgical treat- 
ment. . 

The type of weathering which dissolves sil- 
ica and metallic elements from rock to pro- 
duce limonitic and silicate nickel ores occurs 
most frequently in tropical climates with high 
rainfall, and with decomposing vegetable mat- 
ter to provide organic acids and carbon diox- 
ide in the groundwater. Oxide nickel mineral 
deposits are currently exploited in Australia, 
Brazil, Cuba, the Dominican Republic, 
Greece, Indonesia, the Philippines, New Cale- 
donia, Yugoslavia, the United States, and the 
former Soviet Union. The laterite deposits in 
Oregon and California were formed when the 
climate was subtropical in past geologic ep- 
ochs. 


12.2.4 Economic Trends 


Although 80% of the world’s known nickel 
resources on land are in oxide ore bodies, only 
40% of nickel production comes from this 
source. The greater part of the nickel produced 


is recovered from sulfide ores. This situation ` 
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has arisen from the influence of political, geo- 
graphic, technical, and economic factors. Sul- 
fide ore deposits lie mostly in politically stable 
countries and close to the major nickel mar- 
kets. The nickel content of sulfide ores can be 
concentrated relatively easily and cheaply by 
physical methods, while oxide ores must be 
treated in bulk. The potential for recovering 
the more numerous and valuable by-products 
also favors the exploitation of sulfide ore. 
However, the grades of sulfide ores are contin- 
ually declining as the richer ores are con- 
sumed, and the cost of underground mining, 
particularly labor costs, is continually increas- 
ing. Inevitably therefore, oxide ore bodies, 
which are all relatively uniform in grade and 
can be surface mined, must in future support a 
larger share of nickel production. 
Unfortunately, the production of nickel 
from oxide ores by the established processes 
consumes two to three times as much energy 
as the processing of sulfide ores. Nickel oxide 
ore treatment is therefore very sensitive to fuel 
oil and electrical power costs. A major expan- 
sion in the exploitation of oxide ores occurred 
in the decade prior to 1973 when fuel oil 
prices were low. Many of the new laterite 
treatment plants built in this period became 
uneconomic after the oil price increase in 
1973, and as a result there was little or no in- 
crease in the proportion of nickel produced 
from oxide ores between 1975 and 1990. 
Several international mining industry con- 
sortia evaluated the feasibility of recovering 
nickel from deep sea manganese nodules dur- 
ing the 1970s, and potential mining techniques 
were developed and tested. However, process- 
ing of the nodules to separate and recover the 
metals proved to be significantly more expen- 
sive than for land-based ores [15, 16]. The in- 
ternational legal aspects of ownership of these 
deep sea resources were the subject of the 11th 
Session of the Third U.N. Conference on the 
Law of the Sea, which ended in April 1982 
with only a partial agreement which several 
major participants refused to sign [17]. These 
developments, in conjunction with low nickel 
prices, essentially killed any serious consider- 
ation of deep sea nodules as a source of nickel 
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during the 1980s. Development of this re- 
source on a significant scale is therefore un- 
likely before the next century. 


12.3 Beneficiation of Nickel 
Sulfide Ores [1.18] 


The low metal content of present-day 
nickel sulfide ores renders them unsuitable for 
either direct smelting or direct hydrometallur- 
gical processing. Because the sulfide minerals 
usually occur as distinct grains in the rock ma- 
trix, these ores are amenable to a mechanical 
upgrading in which much of the rock content 
can be rejected. The metal content of the ore is 
concentrated by a physical treatment such as 
comminution to liberate the metal sulfide 
grains, followed by froth flotation or magnetic 
separation to recover a metal-rich concentrate 
[19]. 

In principle it is possible to produce sepa- 
rate nickel (pentlandite), copper (chalcopy- 
rite), and iron (pyrrhotite) concentrates. 
However, a clean separation of pentlandite 
from pyrrhotite is difficult in practice since 
pyrrhotite typically contains intergrown inclu- 
sions of pentlandite as well as nickel in solid 
solution in the pyrrhotite. In fact pyrrhotite of- 
ten contains 0.5—1% Ni that cannot be sepa- 
rated by physical methods. The relatively high 
nickel content in pyrrhotite makes it difficult 
to achieve high yields of nickel from the ore 
unless the pyrrhotite is processed to recover its 
nickel content, and conversely the presence of 
nickel makes it difficult to obtain a marketable 
iron product from the pyrrhotite. 

Most nickel producers, outside Canada, 
make no attempt to obtain separate nickel, 
copper, and iron concentrates and produce a 
bulk concentrate that contains pentlandite, 
pyrrhotite, and chalcopyrite as smelter feed. In 
Canada, both the major producers separate a 
large part of the pyrrhotite from pentlandite 
and chalcopyrite, and Inco further separates 
the pentlandite and chalcopyrite into separate 
nickel and copper concentrates. Even where 
the bulk of the pyrrhotite can be separated 
from pentlandite, residual pyrrhotite in the 
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nickel concentrate still contributes a major 
part of the sulfur content. 


In response to ever tighter constraints on 
sulfur dioxide emissions from smelters during 
the 1970s and 1980s, the Canadian companies 
have made increased pyrrhotite rejection from 
smelter feed a major priority, and substantial 
improvements have been achieved. A pyrrho- 
tite concentrate was treated by Inco for many 
years for nickel and iron oxide recovery. How- 
ever, current environmental constraints on sul- 
fur dioxide emissions have rendered the 
process obsolete, and pyrrhotite concentrates 
are now largely stockpiled, since none of the 
known treatment methods that avoid sulfur di- 
oxide production is economic. 


Pyrrhotite can be separated from pentland- 
ite and chalcopyrite either by using its ferro- 
magnetic properties or by flotation. Not all 
pyrrhotite is ferromagnetic, although in ores 
from the Sudbury, Ontario area the magnetic 


monoclinic form predominates over the para-_ 


magnetic or “nonmagnetic” hexagonal form 
[20]. In general, pyrrhotite containing less sul- 
fur than Fe,,,S is nonmagnetic. This material 
can usually be separated from pentlandite by 
flotation. 


Nickel or nickel copper concentrates typi- . 


cally range in grade from 5 to 15% Ni + Cu, 
depending on the degree of pyrrhotite rejec- 
tion achieved. An exceptionally high-grade 
concentrate, containing 28% Ni and consist- 
ing largely of pentlandite, is produced in lim- 
ited amounts at Inco’s Thompson, Manitoba 
operation. 


One of the more complex nickel concentra- 
tion process flow sheets is that operated by 
Inco at its Sudbury operation [21]. In the two 
primary concentrators, the Clarabelle mill and 
the Frood-Stobie mill, 50 000 dd of ore, grad- 
ing 1.2% Ni and 1.2% Cu, is ground to a parti- 
cle size of ca. 200 um and treated by magnetic 
separation and flotation with a sodium amyl 
xanthate reagent to produce 5000 t/d of a bulk 
nickel copper concentrate and 8000 t/d of a 
pyrrhotite concentrate. Metallurgical data for 
the Clarabelle mill are given in Table 12.4. 
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Table 12.4: Metallurgical data for the magnetic separation and flotation of nickel ore (Clarabelle mill, Inco) [21]. 

& Analysis, 95 Recovery, % 

o 

Cu Ni Pyrrhotite Cu Ni Pyrrhotite 

Oe — 100 1.32 1.40 18.9 100 100 100 
Magnetic concentrate 26 0.62 1.65 62.7 12 30 84 
Flotation concentrate 8 14.4 11.6 15.9 84 64 7 
Tails 66 0.07 0.13 2.5 4 6 9 





[21]. 


Table 12.5: Metallurgical data for the upgrading of pyrrhotite and copper-nickel concentrate (Copper Cliff mill, Inco) 





М Analysis, 76 Recovery, % ^ 
(2) 
Cu Ni Pyrrhotite Cu Ni Pyrrhotite 

Féed 100 4.58 4.42 49.6 100 100 100 
Copper concentrate 13 292 0.91 8.4 83 3 2 
Nickel concentrate 29 228 12.8 43.0 14 85 25 
Pyrrhotite concentrate 33 0.11 0.96 84.4 1 7 57 
Tails 25 0.36 0.91 32.3 2 5 16 


The two primary concentrates are further 
upgraded in the Copper Cliff mill. The bulk 
nickel copper concentrate is separated by flo- 
tation into separate nickel and copper concen- 
trates by using lime and sodium cyanide at 30— 
35 °C to depress pentlandite and pyrrhotite. 
Under these conditions about 92 % of the cop- 
per is recovered to a concentrate grading 29 % 
Cu and 0.9 % Ni. About 98 % of the nickel and 
92 % of the pyrrhotite are rejected to the sepa- 
rator tails, which grade 13% Ni and 2% Cu. 

The Clarabelle rougher pyrrhotite concen- 
trate is treated to separate residual chalcopy- 
rite and pentlandite by grinding to ca. 74 um 
followed by magnetic separation and flotation. 
A magnetic, cleaner pyrrhotite concentrate, a 
bulk nickel copper concentrate, and a non- 
magnetic pyrrhotite tail are produced. The 
nonmagnetic tails stream (1% Cu, 2% Ni, and 
30% pyrrhotite) is further treated, by regrind- 
ing and flotation in the pyrrhotite rejection cir- 
cuit, for final recovery of pentlandite and 
chalcopyrite before it is discharged to the tail- 
ings pond. Overall, about 80% of the pyrrho- 
tite content of the ore is rejected from smelter 
feed to the pyrrhotite concentrate and tails. 
Metallurgical data for the Copper Cliff mill 
are given in Table 12.5. 

Falconbridge at its Strathcona mill in the 
Sudbury basin treats ore containing 1.5% Ni 
and 1.145 Cu by grinding and flotation to pro- 
duce a nickel copper concentrate grading 


6.7% Ni and 5.6% Cu at an average recovery 
of 83% Ni and 93 % Cu [22—24]. A large part 
of the pyrrhotite content of the ore is rejected 
directly to the tailings pond. The separation of 
the nickel and copper in the bulk concentrate 
is carried out in the matte refining process af- 


. ter smelting. 


The ore mined by Inco at Thompson, Mani- 
toba consists of pentlandite and pyrrhotite 
with only a small amount of chalcopyrite 
(2.7% Ni, 0.2% Cu, 22% pyrrhotite). Since 
the pyrrhotite contains 78% of the sulfur but 
only 5.5 46 of the nickel, a high degree of pyr- 
rhotite rejection is feasible without seriously 
decreasing the nickel recovery [25]. The ore is 
ground and floated to recover a nickel copper 
concentrate and reject 9046 of the gangue and 
60% of the pyrrhotite to tails. The nickel cop- 
per concentrate is treated by flotation to sepa- 
rate first a copper concentrate, and then by 
magnetic separation and flotation to recover a 
high-grade (28% Ni) pentlandite concentrate. 
The tailings stream from these steps forms the 
main nickel concentrate smelter feed (11 % Ni, 
0.4% Cu). The overall recovery of nickel to 
the nickel and pentlandite concentrates is 
about 87 %, while another 5 % of the nickel re- 
ports to the copper concentrate. Over 60% of 
the pyrrhotite is rejected to tailings with only 
8 % of the nickel. 

At the BCL nickel-copper mine in 
Botswana the pyrrhotite/pentlandite ratio in 
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the ore averages about 13:1 and the pyrrhotite 
contains over 30% of the nickel either in solid 
solution or as small pentlandite inclusions. 
Consequently, high nickel recoveries can only 
be achieved by recovering the nickel from 
pyrrhotite. This is achieved by producing a 
bulk pentlandite-pyrrhotite-chalcopyrite con- 
centrate, with a typical composition of 2.8% 
Ni and 3.2% Cu [26]. Modern nickel concen- 
trators are largely automated and are equipped 
with process control systems based on on-line 
X-ray analysis of process streams [27]. 


12.4 Pyrometallurgy of 
Nickel Concentrates 


Over 90% of the world's nickel sulfide 
concentrates are treated by pyrometallurgical 
processes to form nickel-containing mattes 
[1, 28-32]. Production capacities and compo- 
sition of the feed concentrate and product 
matte are listed in Table 12.6 for several major 
nickel smelters. 


The pyrometallurgical treatment of nickel 
concentrates includes three types of unit oper- 
ation: roasting, smelting, and converting. In 
the roasting step sulfur is driven off as sulfur 
dioxide and part of the iron is oxidized. In 
smelting, the roaster product is melted with a 
siliceous flux which combines with the oxi- 
dized iron to produce two immiscible phases, 
a liquid silicate slag which can be discarded, 
and a solution of molten sulfides which con- 
tains the metal values. In the converting opera- 
tion on the sulfide melt, more sulfur is driven 
off as sulfur dioxide, and the remaining iron is 
oxidized and fluxed for removal as silicate 


Table 12.6: Nickel sulfide smelters (30—32]. 
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slag, leaving a high-grade nickel copper sul- 
fide matte. 


In several modern operations the roasting 
step has been eliminated, and the nickel sul- 
fide concentrate is treated directly in the 
smelter. 


12.4.1 Roasting 


Roasting [33] is basically a process in 
which the nickel sulfide concentrates are 
heated in an oxygen-containing gas, usually 
air, to a temperature (600—700 °C) at which 
oxygen oxidizes sulfide to sulfur dioxide and 
reacts with the metal values to form solid ox- 
ides, termed the calcine. The roasting step 
may also serve to preheat the charge for smelt- 
ing. 

The thermodynamic relationships between 
the metal sulfides and oxides provide the basis 
for the separation of iron from nickel, copper, 
and cobalt contained in the concentrate. The 
sulfides of iron, nickel, cobalt and copper are 
all in the same thermal stability range at the 
smelting temperatures (1200-1300 °C), but, 
in the presence of oxygen, each sulfide is un- 
stable with respect to its corresponding oxide. 


Iron has the greatest affinity for oxygen, fol- ` 


lowed by cobalt, nickel, and copper. Conse- 
quently, if the nickel concentrate is roasted 
with a deficiency of oxygen the iron is oxi- 
dized preferentially, while virtually all of the 
nickel and copper remain as sulfides. Thus the 
degree of oxidation of the charge and the de- 
gree of elimination of sulfur can be controlled 
by regulating the supply of air to the roaster. 











b Matte product, % 
Smelter Feed concertate, # E S Nominal capacity, t/a Ni 
Ni Cu Ni Cu 
Inco, Copper Cliff 13 2.7 63 15 110 000 
Inco, Thompson 10.5 Q.4 73 3 50 000 
Western Mining 11.4 0.85 72 5 60 000 
Falconbridge 6.7 5.6 40 34 45 400. 
Outokumpu 8-9 2-4 64 26 18 000 
BCL, Botswana 2.8 3.2 38 40 20000 
Rustenburg 32 2.0 47 27 19 000 
Bindura 10.6 3.4 70 20 14 400 
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The degree of sulfur elimination achieved 
in the roasting step largely determines the 
grade of the matte produced as well as the 
losses of nickel and copper to the slag phase in 
the subsequent smelting operation. All the sul- 
fur present in the calcine in excess of the 
amount needed to combine with the nickel, 
copper, and cobalt in the matte combines with 
iron, which therefore remains in the matte 
phase and lowers its nickel copper 'cobalt 
grade. The major constraint on achieving a 
high-matte grade in smelting is the increasing 
loss of nickel, copper, and cobalt to the slag 
phase. If all of the iron were to be oxidized in 
the roasting step so that it could be slagged off 
in the smelting stage and a high-grade matte 
produced directly an increased amount of 
nickel, copper, and cobalt oxides would be 
formed in the roaster, and metal losses to the 
slag in smelting would increase substantially. 
Hence, each smelting operation seeks to oper- 
ate at an optimum matte grade which gives the 
highest metal value recovery to the matte. The 
balance of the iron is removed in the convert- 
ing step. 

Normally only about 5046 of the pyrrhotite 
content of the nickel concentrate is oxidized in 
roasting, and under these conditions less than 
5 % of the nickel and copper are oxidized, with 
the balance remaining as sulfides. The oxida- 
tion of pyrrhotite to magnetite can be repre- 
sented by the following reaction: 


3Fe,S, + 380, — 7Fe,O, + 2450, 


This reaction is strongly exothermic, and au- 
togenous roasting, without the use of an exter- 
nal heat source, is practiced whenever 
possible. 


In order to achieve effective roasting the 
furnace must provide good contact between 
the sulfide particles and the oxygen-bearing 
gas. The furnace system must also be able to 
provide close control of the degree of sulfur 
elimination. Both multihearth roasters and flu- 
idized-bed roasters are in current industrial 
use for nickel concentrate roasting. The use of 
traveling grate sintering machines, which 
were formerly widely used to prepare an ag- 
glomerated feed for blast furnace smelting, is 
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now practiced only in the former Soviet 
Union. 

The multihearth roasting furnace consists 
of a series of vertically superimposed circular 
hearths. Wet concentrate and smelting flux are 
charged to the upper hearth. A central rotating 
shaft drives rabble arms that extend across the 
roaster hearths, turning over the concentrate 
charge and transferring it via dropholes to the 
next lower hearth. Air, preheated by the com- 
bustion of natural gas, passes upwards through 
the hearths, heating the concentrate to ignition 
temperature and providing the oxygen re- 
quired to burn the concentrate. The tempera- 
ture is controlled by regulating the flow of air 
into the roaster. 

Since the area of contact between the fur- 
nace gas and concentrate particles on the 
hearths is very limited, the total time required 
for roasting in this type of furnace is long, re- 
sulting in low throughput rates. A further dis- 
advantage of the multihearth roaster is that 
low oxygen utilization and high air infiltration 
rates produce an off-gas with a low concentra- 
tion of sulfur dioxide which is unsuitable for 
sulfuric acid production. 

Multihearth roasters are still used in the 
Copper Cliff smelter of Inco in Ontario, wbich 
was built in 1930. A battery of 24 roasters can 
each treat 300 t/d of wet concentrate mixed 
with 75—90 t/d of siliceous flux. About 40% of 
the sulfur content of the concentrate (13 % Ni, 
2-3 % Cu, 30% S, and 40% Fe) is eliminated 
at a roasting temperature of 800 *C. Less than 
5 % of the nickel and copper are oxidized. This 
operation is not thermally self-sustaining, due 
to high heat losses from the roaster, and natu- 
ral gas is used to provide supplementary heat- 
ing. The off-gas is cleaned to recover dust and 
is vented to a stack. The roasted calcine dis- 
charge from the bottom of the furnaces is con- 
veyed directly to the reverberatory smelting 
furnaces [34]. 

The fluidized-bed roaster is a more recent 
development and has an improved gas solids 
contact efficiency and a simpler construction 
(Figure 12.2). The roasting furnace is a verti- 
cal chamber of circular cross section with a 
grate hearth through which the oxygen-bear- 
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ing gas is blown. As nickel concentrate and 
smelting flux are fed to the chamber, the parti- 
cles are suspended in the vertical air flow. 
Since each sulfide particle is in constant turbu- 
lent motion in the oxidizing atmosphere, 
roasting is uniform and rapid, with eíficient 
heat transfer and oxygen utilization. Solids are 
discharged from the furnace either by over- 
flow through a side port or by entrainment in 
the off-gas stream. The dust-laden gas may be 
passed through waste-heat boilers to recover 
its sensible heat. The cleaned off-gas stream 
contains a high concentration of sulfur diox- 
ide. which can be converted to sulfuric acid. 

Fluidized-bed roasting of nickel concen- 
trates is practiced by Inco at the Thompson 
smelter in Manitoba and at Copper Cliff, 
where 10% of the nickel concentrates are pro- 
cessed in fluidized-bed roasters, and by Fal- 
conbridge at its smelter in Ontario. The 
Thompson smelter operates five fluidized- 
bed roasters with a combined capacity of 3800 
t/d of concentrate, while the Falconbridge 
smelter operates two roasters with a combined 
capacity of 2000 t/d of concentrate [22, 35]. 

In the Falconbridge smelter a slurry (75 % 
solids) of nickel-copper concentrate (6.7% 
Ni, 5.6% Cu, 30% S, 40% Fe) in water is fed 
directly to the roaster. Siliceous flux is added 
separately. Sulfur elimination ranges from 50 
to 60% at a roasting temperature of 600— 
650 °C. The operation is thermally autoge- 
nous, and the water contained in the feed 
slurry serves as a heat sink to control the bed 
temperature. Oxygen utilization is essentially 
100%. About 85% of the calcine leaves the 
roaster in the off-gas stream which is treated in 
a series of cyclones, gas coolers, and electro- 
Static precipitators for solids recovery. The 
solids recovered from the gas cleaning system 
are combined with the coarser roaster bed 
overflow calcine, for charging to the electric 
smelting furnaces [24]. 


12.4.2 Smelting 


In the treatment of nickel sulfide ores and 
concentrates the function of the smelting pro- 
cess is to eliminate the gangue minerals and 
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most of the iron sulfide and to concentrate the 
metal values into a high-grade nickel-copper 
matte containing 0.5-3.0% Fe and 6-22% S. 
Unlike copper, nickel metal cannot be pro- 
duced by the oxidation of the sulfide at a prac- 
tical smelting temperature (up to ca. 1400 °C). 
Off-gas 





Ni i 
Air—-| P $ Product 
-- 





Figure 12.2: Cutaway view of a fluidized-bed roaster. 


When a mixture of metal sulfides, iron ox- 
ide, gangue, and siliceous flux are melted to- 


gether, the iron oxide, gangue, and silica form ` 


a slag layer that floats on the heavier, molten 
sulfide or matte phase. The two immiscible 
layers are separated and the slag is discarded. 
The smelting process for nickel sulfide 
concentrates is normally carried out in two 
stages: primary smelting and converting. The 
oxidizing, slagging, and removal of iron in 
stages is critical to the efficiency and econom- 
ics of smelting operations. If most of the iron 
were to be oxidized in the roaster and then 
slagged in a single smelting step, a matte high 
in nickel and low in iron would be produced. 
However, as noted above, significant amounts 
of the nickel and copper sulfides would also be 
oxidized in the roaster, and these oxides would 
be lost to the slag in the smelting step. Slag 
can also mechanically entrain droplets of 


Nickel 


matte and these losses will also increase with 
matte grade. Thus if a high-grade matte were 
to be produced in one step, the overall recov- 
ery of nickel would be low. · 

Provided that only about half the iron is ox- 
idized in the initial roasting step, only 5% of 
the nickel and copper sulfides are oxidized. In 
fact only a small amount of these oxidized 
metals will be lost to the slag because the ox- 
ides react with residual iron sulfides їп the 
smelting process to produce the corresponding 
sulfides, which return to the matte phase. 


9NiO + 7FeS — 3Ni,S, + 7FeO + SO, 
Cu,0 + FeS — Си,5 + FeO 


Thus a low-grade, high-iron furnace matte 
is produced and only a small amount of nickel 
is lost to the slag as oxide when the nickel con- 
centrate is treated in separate roasting and 
smelting steps. 

The iron remaining in the furnace matte is 
oxidized and slagged in the secondary smelt- 
ing step (converting). Since the slag produced 
in the converting stage, in which a high-grade, 
low-iron matte is produced, has a high nickel 
and copper content, it is returned to ће pri- 
mary smelting stage where the metal values 
are recovered by the reaction of the oxides 
with iron sulfide and by the settling of en- 
trained droplets of matte. Thus the two-stage 
smelting process allows the production of a 
high-grade, low-iron nickel matte, and a high- 
iron slag of low metal grade which can be dis- 
carded without significant loss of metal val- 
ues. 


12.4.2.1 Primary Smelting 


The primary smelting step is carried out in 
a variety of furnaces, including reverberatory, 
electric, and flash furnaces, which provide a 
wide variety of smelting conditions. Chemical 
losses of nickel and copper to the slag increase 
with the oxidation potential of the system. 
Thus metal losses to slag are much higher in 
the flash smelting furnace, in which the roast- 
ing step is combined with the primary smelt- 
ing step, and smelting conditions are strongly 
oxidizing, than in the electric furnace, where 


727 


smelting is carried out under reducing condi- 
tions. Consequently, slag from the flash smelt- 
ing process must be treated in a separate step 
to recover the contained metal values, while 
slag from the electric furnace or reverberatory 
furnace smelting processes can be discarded 
without further treatment. 

A typical furnace matte containing 10 % Ni, 
65 % Fe, and 25% S melts at са. 950 °С, and 
nickel sulfide itself melts at ca. 790 2С. The 
melting point of a fayalite slag with an iron to 
Silica ratio of about 7:3 is 1200 °C, although 
the slag melting point can be reduced to 
1100 °C by the addition of a few percent of 
lime and alumina. With this type of slag, 
smelting is carried out at ca. 1200 °C. How- 
ever, when significant levels of magnesia are 
present in the nickel concentrate or ore the 
melting point of the slag may be as high as 
1260 °C, and smelting is then carried out at ca. 
1400 °С [36—38]. 

Magnetite, which is formed іп the partial 
roasting of the concentrates, reacts in the pri- 
mary smelting step with the remaining iron 
sulfides and silica flux to form fayalite: 
3Fe,O, + FeS  10FeO + SO, 
2FeO + SiO, — 2FeO-SiO, 


The presence of magnetite in slags and 
mattes not only affects the chemistry of the 
smelting operation, but has an important effect 
on the smelting furnace. Magnetite is formed 
under strongly oxidizing conditions and its 
formation is favored by low operating temper- 
atures and by silica-deficient slags. The mag- 
netite content of slags from the more oxidizing 
reverberatory and flash smelting furnaces is 
usually above 10%, with the content increas- 
ing with matte grade, while slags from reduc- 
tion smelting electric furnaces typically 
contain less than 5% magnetite. Magnetite 
tends to settle out in the bottom of the smelting 
vessel and accretions can severely reduce the 
operating capacity of the furnace. Conse- 
quently it is always desirable to minimize the 
formation of magnetite in the smelting pro- 
cess. 


Reverberatory Furnace Smelting. In the re- 
verberatory furnace, fossil fuel (pulverized 
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coal, oil, or natural gas) is burned separately 
from the material being smelted. The furnace 
is a long rectangular structure with an arched 
roof and burners at one end and in the roof. A 
large part of the heat from the combustion gas 
radiates directly to the charge lying in the 
hearth below. À further substantial part of the 
heat is reflected from the walls and roof of the 
furnace into the charge. Solid charge is fed 
through vertical fettling pipes mounted in the 
roof along each side of the furnace. As the 
charge melts it flows towards the center of the 
furnace. Molten converter slag is introduced 
into the furnace at the firing end. 

Slag is tapped from the end of the furnace 
opposite the burners, while matte is tapped 
from the side. This type of furnace has a low 
energy efficiency since the off-gas stream car- 
ries nearly 50% of the heating value of the 
fuel. Waste-heat boilers or heat exchangers are 
used to recover heat from the off-gases. 

The reduction of the magnetite formed in 
the roaster to ferrous oxide is not complete in 
the reverberatory furnace, and slags contain 
up to 746 magnetite. Scrap iron or ferrosilicon 
is often added to control the formation of mag- 
netite to minimize metal losses to the slag and 
to prevent magnetite buildup in the furnace 
hearth. . 

Inco uses two reverberatory furnaces 
equipped with roof-mounted oxyfuel burners 
for the primary smelting of nickel concen- 
trates at its smelter in Copper Cliff, Ontario. 
Each furnace treats 1500 t/d of partially oxi- 
dized concentrate (13% Ni, 2.7% Cu) which 
is transferred at 700 *C from the multihearth 
roasters, together with 700 t/d of recycled 
molten converter slag. Oxygen enrichment of 
the combustion air supplied to the oxyfuel 
burners not only increases fuel utilization effi- 
ciency but also substantially increases the ca- 
pacity of the furnace [34, 39-43]. 

The furnace matte contains 30-35 % nickel 
plus copper, together with the precious metals 
content of the charge. The reverberatory slag, 
which normally analyzes 0.2% Ni, 0.1% Cu, 
0.1% Co, 38% Fe, and 36% SiO, is dis- 
carded. The matte is tapped at 1150 °C and 
blown with oxygen-enriched air (30% O;), in 
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one of 14 Peirce-Smith converters, to a high- 
grade, sulfur-deficient matte containing 78% 
Ni and Cu and 20% S. The converter slag, typ- 
ically containing 2.3% Ni and Cu, 50% Fe, 
and 25 96 SiO,, is recycled to the reverberatory 
furnace for recovery of the contained nickel 
and copper [42]. 


Electric Furnace Smelting. The energy re- 
quired for smelting may be obtained from 
electrical power as an alternative to burning 
fossil fuels or sulfides in air or oxygen. The 
use of an electric furnace for nickel sulfide 
smelting is favored when the cost of electrical 
energy is low or when the required smelting 
temperature is high, for example, when the 
concentrate contains high levels of magnesia. 
Heating of the bath is achieved by passing a 
three-phase electrical current through a circuit 
consisting of carbon electrodes immersed in 
the slag layer, which has a high electrical re- 
sistance (submerged arc technique). Electric 
furnaces used for nickel-copper matte smelt- 
ing are either rectangular with six electrodes 
in line or circular with three electrodes in tri- 
angular configuration. The consumable elec- 
trodes are made of carbon and are either 
prebaked or are of the self-baking Sóderberg 


type. 


The charge of concentrate (or calcine) and > 


flux is fed through the roof. Thus a layer of un- 


smelted charge covers the slag giving it a 


“cold top”. The concentrate or calcine gradu- 
ally settles into the slag as it melts and then 
separates into slag and matte layers. The slag 


and matte are tapped intermittently, as re- ^ 


quired. Since there is no fuel combustion in an 
electric furnace the quantity of off-gas is much 
less than from a reverberatory furnace and 
heat and dust recovery from the off-gas is 
therefore easier. 

Electric furnace smelting of nickel concen- 
trates is practiced by Inco at its Thompson, 
Manitoba, operation; by Falconbridge at Sud- 
bury, Ontario; by the Severonikel Combine in 
the former Soviet Union; by Rustenburg Plati- 
num, Impala Platinum, and Western Platinum 
in the Republic of South Africa; and by Bin- 
dura Nickel in Zimbabwe. The Canadian oper- 
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ations treat partly roasted concentrate 
calcines, while Bindura and the platinum pro- 
ducers treat nickel-copper concentrates di- 
rectly. The Severonikel electric furnace 
smelter treats high-grade ore from Norilsk 
(3.5% Ni, 3.5 % Cu) directly [44]. Current in- 
dustrial practice is illustrated by the following 
examples. 


In the Rustenburg Refiners smelter [45] in 
the Republic of South Africa, pelletized 
nickel-copper concentrate, containing 3.295 
Ni, 2% Cu, 15% Fe, 39% SiO,, 15% MgO, 
3% CuO, 6% ALO,, 9% S, and ca. 130 g/t 
precious metals, is mixed with a lime flux and 
smelted directly in a 19.5 MVA electric fur- 
nace. About 98 % of the nickel and 97 96 of the 
copper and most of the precious metals con- 
tained in the concentrate are recovered to a 
matte containing about 17% Ni, 10% Cu, 
40 % Fe, and 27 % S. The electric furnace slag, 
containing 0.1% Ni and 0.06% Cu, is tapped 
at 1350 °C and discarded. The matte is tapped 
at 1180 °С and converted in Peirce-Smith 
converters to a product analyzing 48% Ni, 
27% Cu, 1.5% Fe, and 20% S, again with 
high recovery of the precious metals to the 
matte. 


The Falconbridge smelter in Sudbury, On- 
tario, which was built in 1978 on similar lines 
to Inco's Thompson smelter, is a good exam- 
ple of the modern large-scale application of 
fluidized-bed roasting and electric furnace 
smelting of nickel-copper concentrates (Fig- 
ure 12.3). The smelter contains two roaster 
electric furnace lines, each of which was de- 
Ni-Cu 
concentrate 
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signed to treat up to 1250 t/d of nickel-copper 
concentrate (6.7 % Ni, 5.6% Cu). The electric 
furnaces are each rated at 33 MVA and have a 
six-in-line electrode configuration. The elec- 
trodes are of the Sóderberg self-baking type. 
Typical furnace operating conditions are as 
follows [21, 46, 47]: 


Concentrate feed rate 900 t/d 

Power consumption 1.2 GJ/t solid charge 
Slag temperature 1230*C ^ 

Matte temperature 1130 *C 

Off-gas temperature 700 °C 

Calcine depth 500 mm 

Slag depth 1500 mm 

Matte depth 700 mm 

Bottom buildup 150 mm 

Electrode immersion 250 mm 


Off-gas volume 28 300 m3/h (STP) 

Roaster calcine together with the flux 
added prior to roasting, at about 600 °C, is 
conveyed directly to the furnace and added to 
the bath through fettling tubes mounted in the 
furnace roof. Recycle dusts and scrap together 
with reductants are added to the calcine con- 
veyors. Converter slag is fed to the furnace 
through a launder above the matte-tapping end 
of the furnace. 

Coke is added to the charge as a reductant, 
at a rate of 2.5% of the concentrate, to im- 
prove metal recoveries and to reduce magne- 
tite formation. The use of coke reductant and 
operation of the furnace under “black top” 
conditions results in a significant power sav- 
ing compared with open-bath operation under 
oxidizing conditions (1.2 СІЛ versus 1.5 GJ/t 
of solid charge). 


To gas cleaning 
and stack 





Matte fo 
casting 
and crushing 


Figure 12.3: Flow sheet of the Falconbridge smelter: a) Gas-scrubbing and calcine recovery; b) Acid plant; c) Converter; 


d) Electric furnace. 
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The electric furnace slag, typically contain- 
ing 0.12% Ni, 0.20% Cu, and ca. 4% magne- 
tite, is tapped at 1230 ?C and is transferred in 
slag pots to a disposal area. The furnace matte, 
which normally contains 24% Ni + Cu, is 
tapped at 1130 °C and is transferred to one of 
four Peirce-Smith converters where it is 
blown with air to produce a matte containing 
74% Ni + Cu, 1% Co, 2.5% Fe, and 23% S. 
The converter matte is cast, crushed, and 
shipped to the Falconbridge refinery in Nor- 
way. The converter slag is recycled to the elec- 
tric furnace, and the converter off-gases are 
cleaned in electrostatic precipitators and 
vented to a stack. 


Flash Smelting. In flash smelting, a finely 
ground sulfide concentrate is smelted by burn- 
ing some of its sulfur and iron content while 
the sulfide particles are suspended in the oxi- 
dizing atmosphere. The concentrate is roasted 
and smelted in a single process step. The pre- 
dried concentrate and flux materials are in- 
jected with preheated oxygen-enriched air or 
commercial oxygen into the reaction shaft of a 
specially designed furnace. The exothermic 
heat of reaction of the iron sulfide with oxygen 
provides the energy to heat the particles to 
smelting temperature. The smelting tempera- 
ture and the grade of matte formed are both 
controlled by adjusting the ratio of the amount 
of oxygen supplied to. the furnace to the 
throughput rate of concentrate. In current 
practice, which uses oxygen-enriched air, the 
process can be thermally autogenous, and the 
addition of a fossil fuel is not generally re- 
quired. 


The flash smelting process was developed 
independently by Inco in Canada and Outo- 
kumpu in Finland, shortly after World War П. 
In both cases it was applied commercially to 
the treatment of copper concentrates. The Inco 
process uses commercial oxygen (95 %) while 
the Outokumpu process initially used air, aug- 
mented by fuel oil, as the oxidant and energy 
sources. The Outokumpu process was first ap- 
plied commercially to the treatment of nickel 
concentrates in 1959. Oxygen enrichment of 
the combustion air was introduced by Outo- 
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kumpu in 1971 and resulted in several major 
improvements in furnace performance. The 
Inco flash smelting process was successfully 
tested on a full production scale for the treat- 
ment of nickel concentrate in 1976, and will 
be utilized in the modernization of the Copper 
Cliff smelter scheduled for the early 1990s. In 
addition to its own installation at Harjavalta in 
Finland, the Outokumpu flash smelting pro- 
cess for nickel has been adopted by the West- 
ern Mining Corporation in Australia, by BCL 
in Botswana, and by the Norilsk Combine in 
Russia. The Outokumpu flash smelting pro- 
cess for copper has been adopted in about 30 
operations worldwide [48, 49]. 
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Figure 12.4: Cutaway view of an Outokumpu flash smelt- 
ing furnace: a) Concentrate burner; b) Uptake; c) Reaction 
shaft; d) Slag; e) Matte; f) Settler. 

The Outokumpu flash smelting furnace, es- 
sentially an upright U in shape, consists of a 
vertical reaction shaft, a horizontal reverbera- 
tory settler hearth, and a vertical gas uptake 


shaft (Figure 12.4). Predried nickel concen- ` 


trates and fluxes are mixed with oxygen-en- 
riched air and injected into the furnace by 
means of the concentrate burner mounted at 
the top of the reaction shaft. The resulting sus- 
pension spreads over the area of the reaction 
shaft. At operating temperatures, ignition of 
the iron sulfides occurs instantly, and the fol- 
lowing exothermic reaction with oxygen pro- 
vides all the heat required for smelting: 


2FeS + ЗО, —> 2FeO + 250, 


The nickel and copper sulfides melt to form 
a matte, while the iron oxide combines with 
silica flux to form a fayalite slag. Separation 
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of the molten particles from the combustion 
gases occurs as the gas stream leaves the reac- 
tion shaft. The melt collects in the settler, 
where the matte and slag form separate layers 
and are tapped at opposite ends of the furnace. 

Nickel flash furnace mattes typically grade 
50-55% Ni + Cu, and the grade is controlled 
by adjusting the ratio of oxygen to concentrate 
in the furnace. The furnace mattes are treated 
in Peirce-Smith converters with oxygen-en- 
riched air to produce a high-grade matte prod- 
uct. The converter slag is either recycled to the 
flash furnace or treated directly in a slag clean- 
ing furnace to recover the contained metal val- 
ues. The composition of converter matte 
varies between smelters. The final sulfur con- 
tent is adjusted in accordance with the require- 
ments of the subsequent refining process. 
Thus at Harjavalta the matte is blown to a sul- 
fur content of only 4-7%, while the other 
smelters produce matte containing about 20% 
S. 

When oxygen-enriched air is used to pro- 
duce a high-grade furnace matte, operating 
temperatures are sufficiently high to reduce 
magnetite formation and prevent significant 
magnetite accretions building up in the fur- 
nace. Inevitably, when a high-grade matte is 
produced under oxidizing conditions the slags 
contain too high a level of metal values to be 
discarded. Nickel flash furnace slags are gen- 
erally cleaned by reduction and settling in an 
electric furnace, with coke as the reductant. 
The Western Mining flash furnace in Australia 
has been modified by the extension of the set- 
tler beyond the gas uptake shaft [50, 51]. This 
extension to the settler hearth contains two 
sets of electrodes and serves as a continuous 
slag cleaning furnace. The furnace slag tapped 
from the extension is sufficiently low in metal 
values to be discarded. At the BCL smelter in 
Botswana, which treats a very low-grade con- 
centrate and consequently has a high slag to 
matte ratio, slag losses are controlled in the 
settler itself by the addition of lump coal, 
which floats on the surface of the slag and re- 
duces the metal oxides [26, 52]. The slag is 
further cleaned in two electric furnaces con- 
nected in series before being discarded. Re- 
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cent metallurgical data for three fJash smelting 
operations are presented in Table 12.7. 


Off-gases leave the flash furnace through 
the uptake shaft and enter a waste-heat boiler 
where the heat content of the gas is recovered 
as high-pressure steam. The gas, which has a 
high sulfur dioxide content, is cleaned in elec- 
trostatic precipitators to recover entrained 
dust. The cleaned gas stream can be used as a 
feed to a sulfuric acid plant, for liquid sulfur 
dioxide recovery, or can be reduced to elemen- 
tal sulfur with a fossil fuel. 


The flash smelting process is particularly 
suited to the application of automated process 
control. The major control parameter is the ra- 
tio of oxygen in the combustion air to concen- 
trate throughput. This parameter not only 
controls the degree of oxidation of the sulfides 
but also the grade of the matte and the operat- 
ing temperature The process is thus controlled 
by adjusting the flow rates of both combustion 
air and commercial oxygen, in relation to the 
concentrate feed rate. The slag composition is 
controlled by the rate of addition of flux mate- 
rials to the concentrate in the furnace feed 
blend. Control of the process can thus be fully 
computerized [53]. 


Table 12.7: Metallurgical data for flash smelters [50—53]. 








Outo- Western 
Smelter kumpu Botswana Mining 
Capacity, t/a 
concentrate 190000 800000 600000 
Concentrate, % Ni 8-9 2.8 11.4 
Cu 2-4 32 0.9 
Fe 24-27 43.5 38 
S 19-22 31.0 32 
Furnace matte, Ф Ni 33 15 44 
Cu 19 17 3 
Fe 18 27 
S 25 22 
Converter matte, % Ni 58 36 72 
Cu 32 40 | 5 
Fe 05 ^ «1 «1 
S 6 20 21 


Discard slag, 56 Ni 0.15 0.15 0.28 
Cu 0.32 0.34 0.08 


Smelter recovery, 95 95 91.5 96 
ee fc e 
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Figure 12.5: Cutaway view of a Peirce-Smith side blown 
converter: a) Tuyére pipes; b) Pneumatic punchers; c) 
Hood; d) Flux gun. 


12.4.2. Matte Converting 


In the converting step [54—56], iron sulfide 
is removed from the molten, low-grade fur- 
nace matte by oxidation and slagging. The 
slag, which contains high levels of nickel and 
copper, is returned to the primary smelting 
furnace for recovery of metal values. The 
high-grade, low-iron nickel-copper matte, 
which typically contains 20% S, less than 1 % 
Fe, and also any precious metals present in the 
original concentrates, is the final product of 
the smelting process. 

Converting is a batch operation. The hori- 
zontal side blown converter, known as the 
Peirce-Smith converter (Figure 12.5), is nor- 
mally used for the treatment of nickel furnace 
mattes, although top blown rotary converters 
are used in some modern plants, particularly 
for low production rates. Air or oxygen-en- 
riched air is blown through the molten matte to 
form iron oxides and remove sulfur as sulfur 
dioxide. The iron oxides combine with added 
silica flux to form an iron silicate slag: 
2FeS + 30, — 2FeO + 280, 
2FeO + SiO, > 2FeO-SiO, 

A substantial amount of magnetite is also 
formed in the conversion process. 

Converter slags contain 20-35% silica, 
with the balance being iron oxides. Silica in 
the slag combines with iron(II) oxide, thus 
preventing further oxidation to magnetite. 
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Slags low in silica contain large amounts of 
magnetite. Typically, up to one-third of the 
iron may be in the iron(II) state in a 20% sil- 
ica slag, while a slag with 35% silica contains 
less than 15% magnetite. Magnetite formation 
is useful in converting since it can be made to 
coat the inside of the brick-lined furnace and 
thus protects it from erosion and corrosion by 
the slag [57, 58]. 

The oxidation of iron sulfide is strongly 
exothermic and much of the heat generated in 
the conversion process can be utilized to melt 
additional ore or concentrate feed or recycled 
scrap materials. Since the throughput of a con- 
verter is almost directly proportional to the 
amount of oxygen blown through the charge, 
its capacity can be raised substantially by en- 
riching the air with oxygen. In addition to in- 
creasing the converting rate, oxygen 
enrichment of the air permits the treatment of 
additional cold charge, and in fact the addition 
of cold charge is essential to control the bath 
temperature when oxygen-enriched air is 
used. Up to 3 t of cold charge materials can be 
smelted for each tonne of oxygen supplied. 


12.4.3 Environmental Aspects of 
Nickel Smelting 


During the 1970s and 1980s the nickel in- 
dustry responded to increasing public concern 
over smelter emissions of sulfur dioxide to the 
environment by replacing outdated process 
equipment, such as multihearth roasters, sinter 
machines, blast furnaces, and reverberatory 


furnaces, by processes such as fluidized-bed · 


roasting, electric furnace smelting, and flash 
furnace smelting, which are more energy effi- 
cient and environmentally cleaner. 

However, while the technology is available 
to produce sulfuric acid economically from 
sulfur dioxide in the high-strength off-gas 
streams produced by the modem smelting 
techniques, there is not always a market for 
large amounts of acid within an economic 
shipping distance of the nickel smelter. Thus, 
although the Inco and Falconbridge smelters 
in the Sudbury area of Ontario do convert a 
substantial amount of their sulfur dioxide to 


Nickel 


acid, more remote operations, including Inco’s 
smelter at Thompson, Manitoba, Western 
Mining’s smelter in Western Australia, and the 
BCL smelter in Botswana, vent SO,-contain- 
ing off-gases to the atmosphere. In fact the 
BCL smelter was designed with the capability 
to convert sulfur dioxide to elemental sulfur 
by reduction with fuel oil. However, this pro- 
cess proved uneconomic when oil prices in- 
creased in the early 1970s and it has‘ never 
been operated. A similar circuit that uses natu- 
ral gas to reduce sulfur dioxide to sulfur is in 
operation at the Norilsk flash furnace smelter 
in the former Soviet Union, which was com- 
missioned in 1981 [58]. 


A more cost-effective method of reducing 
sulfur dioxide emissions is to reject as much 
pyrrhotite as possible from the smelter feed by 
separating pyrrhotite from pentlandite in the 
concentrator. As much as 50-60% of the pyr- 
rhotite content of the ore is now rejected in the 
major Canadian nickel operations at Sudbury 
and Thompson. At Thompson, Inco reduced 
SO, emissions by 45% between 1976 and 
1986 simply by increasing pyrrhotite rejec- 
tion, but incurred significant metallurgiéal 
penalties by doing so [25]. Not only was the 
overall recovery of nickel reduced but the ab- 
sence of much of the pyrrhotite removed a ma- 
jor energy source for the smelting process. 
Since the roasting and converting steps were 
designed to be autogenous using the iron sul- 
fide as fuel, when over 50% of the pyrrhotite 
is rejected prior to smelting insufficient iron is 
available to sustain the converting operation, 
and extra fuel must be supplied. 


Maximum pyrrhotite rejection is practiced 
by both Inco and Falconbridge at their Sud- 
bury operations. In these ores the nickel con- 
tent of the pyrrhotite mineral is higher than in 
the Thompson ore and so pyrrhotite rejection 
results in significant losses in nickel recovery. 
A process to treat pyrrhotite concentrate sepa- 
rately to recover nickel, iron ore, and sulfuric 
acid, was operated by Inco for many years but 
the operation was abandoned in the mid 1980s 
when it became uneconomic due to increas- 
ingly stringent sulfur emission limits [32]. 
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Falconbridge rejects over 55 % of the pyr- 
rhotite in its ore and recovers sulfuric acid 
from the sulfur dioxide in the fluidized-bed 
roaster off-gas stream. Electric furnace and 
converter off-gases are vented to the atmo- 
sphere as a low-strength sulfur dioxide stream. 
The distribution of sulfur in the Falconbridge 
operation in 1983 is detailed in Table 12.8 [24, 
52]. | 
Table 12.8: Sulfur distribution at Falconbridge “Sudbury, 
Ontario in 1983 [24]. 


Sulfur, t/d Distribution, % 


Mill tailings, incl. pyrrhotite 540 58.5 
Smelter slag 11 1.2 
Nickel-copper matte 44 4.8 
Sulfuric acid production 200 21.7 
Stack emissions 104 11.3 
Copper concentrate, etc. 23 2.5 


Particulate emissions from the Falcon- 
bridge smelter were also reduced by 80% 
when the fluidized-bed roasting-electric fur- 
nace process replaced the old sintering blast 
furnace process in 1978. 

The Outokumpu flash smelting process is 
probably the most environmentally compati- 
ble of the current commercial nickel smelting 
processes because it permits the capture of vir- 
tually all the sulfur dioxide produced prior to 
the conversion step. The recovery of sulfur di- 
oxide from the off-gas stream from Peirce— 
Smith converters is not generally feasible due 
to the low sulfur content of the off-gas and in- 
termittent nature of the operation. 


12.4.3.1 New Developments in 
Nickel Smelting 


In contrast to the copper industry, in which 
a number of continuous smelting processes 
have been commercialized, there has been lit- 
tle interest in developing a process for nickel 
concentrates in which the primary smelting 
and converting steps are combined into a sin- 
gle continuous operation. One such process 
was proposed by QuENEAU and SCHUMANN in 
1976 hut has not been adopted commercially 
[59]. 

The major development in nickel smelting 
during the 1990s will be the modernization of 
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Inco's aging nickel-copper smelter at Copper 
Cliff; Ontario. Ontario Government regulatory 
measures to reduce acid rain require that Inco 
reduce its emissions of sulfur dioxide from 
685 x 10? t/a in 1990 to 265 x 10? t/a by 1994, 
corresponding to an increase in the fixation of 
the sulfur in the ore from 70% to 90 %. In the 
existing operation, 55% of the sulfur is re- 
jected to tailings as pyrrhotite, and a further 
1596 is converted either to acid or to liquid 
sulfur dioxide. The remaining 30% is emitted 
to the environment as low sulfur dioxide con- 
tent off-gases from the Herreschoff roasters, 
reverberatory furnaces, and the nickel matte 
and copper converters. 


Several potential smelting options were ex- 
amined by Inco, including the roast-reduc- 
tion-smelting process, which was tested on a 
plant scale at Thompson in 1979 [32], and the 
oxygen flash smelting of nickel concentrate, 
which was tested with the copper flash furnace 
at Copper Cliff in 1976 [60]. However, none 
of these options was acceptable since they did 
not eliminate the copper converting opera- 
tion, which itself produces more than the 1994 
sulfur dioxide emission limit of 265 000 t/a 
[61]. 


The strategy eventually selected for the 
modernization is based on the oxygen flash 
smelting of bulk nickel copper concentrate 
followed by converting the high-grade furnace 
matte in the existing nickel converters. The 
converter matte will be separated into metal- 
lics, nickel sulfide, and copper sulfide frac- 
tions using the existing matte separation 
process, and the iron-free copper sulfide 
(Cu,S) will be oxygen flash smelted to semi- 
blister copper. In this way the weak gas 
streams from the roasters, reverberatory fur- 
naces, and copper converters will be totally 
eliminated, and the volume of gases from the 
nickel converters will be halved. All the sulfur 
dioxide in the high-strength (80% SO.) off- 
gas streams from the flash furnaces will be 
fixed as sulfuric acid or liquid sulfur dioxide. 
The oxygen flash smelting process is very en- 
ergy efficient, and energy consumption in the 
smelter will be halved. 
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Since the entire nickel-copper separation 
will in future be carried out in the matte sepa- 
ration plant, Inco’s milling operations will be 
simplified. Operations will be consolidated in 
the Clarabelle mill, and the Copper Cliff and 
Frood-Stobie mills will be closed. The func- 
tion of the modernized Clarabelle mill will be 
to reject pyrrhotite and produce a bulk nickel- 
copper concentrate. À large new semiautoge- 
nous grinding mill and new flotation cells, 
more than ten times larger than the existing 
cells, will be installed. These changes are pro- 
jected to increase the rejection of sulfur from 
the ore as pyrrhotite to tailings to 67 % [61]. 

In the smelter, two large new flash smelting 
furnaces, each capable of treating 1800 t/d of 
bulk concentrate, and a smaller flash furnace 
capable of treating 725 t/d of Cu,S concen- 
trate, will be constructed. A new oxygen plant 
will produce 450 t/d to supplement the 1300 
t/d currently available. 

A new sulfuric acid plant with a design rate 
of 2300 t/d will handle the off-gas from both 
large flash furnaces. Off-gas from the copper 
flash furnace will form the feed to the existing 
liquid sulfur dioxide plant. Installation of the 
new acid plant will permit the closing of the 
roaster operation and acid plant at the iron ore 
recovery plant. 

The first large flash furnace together with 
the new oxygen plant and acid plant are sched- 
uled for completion in 1992, while the second 
large flash furnace will be operating by the 
end of 1993. 


12.44 Treatment of Converter 
Matte 


Nickel-copper converter matte is essen- 
tially a melt of nickel, copper, and sulfur with 
small amounts of cobalt, iron, and oxygen, and 
traces of the noble metals and various undesir- 
able impurities, including selenium, tellurium, 
and entrained slag. In the South African plati- 
num industry, where nickel copper mattes 
containing over 1000 g/t platinum group met- 
als are common, the noble metal content of the 
matte far exceeds the base metal content in 
value. The platinum group metal contents of 
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the Sudbury mattes, although much lower than 
in the South African mattes, are still of major 
economic significance. 


Further processing of nickel copper con- 
verter mattes is carried out to separate and re- 
cover nickel, copper, cobalt, and the noble 
metals. Mattes may be treated by hydrometal- 
lurgy (the Sherritt, Outokumpu, and Falcon- 
bridge leach processes), by electrometallurgy 
if they are low in copper (Inco's direct elec- 
trorefining of matte anodes), or by pyrometal- 
lurgy (Inco's slow-cooling matte separation 
process). 


12.4.41 INCO Matte Separation 
Process 


The controlled slow-cooling matte separa- 
tion process [1] was developed by Inco in the 
1940s to replace the obsolete Orford Process 
which depended on the different solubilities of 
copper and nickel sulfides in molten sodium 
sulfide. Other operations which had used the 
Orford Process, Rustenburg Platinum in the 
Republic of South Africa and the major Soviet 
nickel producers, have subsequently adopted 
the slow-cooling technique. 

This process is based on the fact that when 
molten nickel-copper mattes freeze slowly, 
the constituents segregate into grains that are 
separate and distinct chemical phases. The 
major phases are Cu,S and №,5,, but if the 
matte contains less sulfur than is required to 
form these compounds, the excess nickel 
forms a magnetic alloy phase with copper, 
which also preferentially collects the noble 
metals. The slow-cooled matte can then be 
comminuted and separated into nickel sulfide, 
copper sulfide, and nickel-copper alloy frac- 
tions by normal mineral beneficiation tech- 
niques. The nickel-copper alloy, which is 
separated magnetically, contains virtually all 
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the platinum group metal and gold values al a 
substantially increased grade compared to the 
converter matte. 


In the Inco matte separation plant at Copper 
Cliff (Figure 12.6) [34] molten sulfur-defi- 
cient converter matte (50 % Ni, 26% Cu, 0.5% 
Fe, 22% S) is poured into molds at 1000 °C 
and cooled slowly over a period of four days 
to about 200 °C. The solid matte is ‘crushed 
and ground and is then separated into its com- 
ponents by magnetic separation and flotation. 
The copper sulfide concentrate (73% Cu, 5% 
Ni), which also contains most of the silver, se- 
lenium, and tellurium, is converted to blister 
copper in Inco’s copper smelting circuit. The 
silver, selenium, and tellurium are recovered 
from the copper refinery anode slimes. The 
magnetic nickel copper alloy (65% Ni, 20% 
Cu) forms the major feedstock to Inco’s Cop- 
per Cliff nickel refinery, where the nickel is re- 
fined by the pressure carbonyl process to high- 
grade nickel powder and pellets, and copper 
and the precious metals are recovered from the 
refining residue. The nickel sulfide concen- 
trate (70% Ni, 0.6% Cu), which is essentially 
depleted in precious metals, forms the feed to 
the fluidized-bed roasting plant. 

The three large sulfide nickel operations in 
the former Soviet Union at Pechenga, 
Monchegorsk, and Norilsk, all use similar 
slow-cooling matte separation processes, pro- 
ducing separate nickel and copper sulfide con- 
centrates. Rustenburg Platinum in the 
Republic of South Africa uses the slow-cool- 
ing technique to separate a magnetic nickel- 
copper alloy with a high noble-metal content 
for processing to recover and refine the plati- 
num group metals, but does not separate the 
nickel and copper sulfides. The bulk nickel- 
copper concentrate is treated by pressure hy- 
drometallurgy to separate the nickel and cop- 
per. 
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Figure 12.6: Flow sheet of the Inco matte separation process: a) Converter matte from Copper Cliff smelter, b) Rod mill; 
c) Ball mill; d) Magnetic separator; e) Centrifuge; f) Rake classifier; g) Flotation cell; h) Thickener; i) Disc filter; j) 
Dryer. 
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Figure 12.7: Flow sheet of the Inco nickel matte roasting process: a) Disc filter; b) Pelletizing disc; c) Electrostatic pre- 
cipitator; d) Cyclone; e) Rosster; f) Reroaster; g) Cooler; h) Chlorination reactor; i) Splash tower; j) Packed tower. 


12.4.4.2 Fluidized-Bed Roasting the former ил dead roasting of 
` finel ound nickel sulfide concentrates 1n a 

GL Nickel Sulfide fluidized-bed roaster presents difficulties be- 
Nickel sulfide concentrates are roasted in cause nickel sulfide softens and becomes 
fluidized-bed roasters [62] to produce nickel sticky at about 650 °C, while sulfur removal 
oxide at Inco’s matte treatment plant in Cop- must be carried out at a temperature above 
per Cliff and at the major nickel operations in 1100 °C, at which the sulfide is molten, to 
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achieve the required degree of sulfur elimina- 
tion at an economic rate. À further problem is 
the very fine nature of the concentrates. Typi- 
cally 99% of the particles are less than 75 um, 
with about 2046 in the 10 um range. It is there- 
fore difficult to feed such fine material into a 
fluidized-bed roaster without either incurring 
excessive dust carryover from the bed, or 
causing the bed to fuse with consequent loss of 
fluidization. PA 

In Inco's practice (Figure 12.7) [34] the 
concentrate is pelletized in order to provide 
enough mass to carry the sulfide particles 
down through the rising gas stream into the 
bed. Agglomeration is carried out by adding 
recovered roaster dust (about 10% of the total) 
to the nickel sulfide concentrate slurry re- 
ceived from the matte flotation circuit. The 
green nickel sulfide pellets are charged into 
four fluidized-bed roasters which operate un- 
der optimum conditions at a superficial gas 
velocity of about 2 m/s with a bed expansion 
of about 150%. The average retention time of 
a particle in the bed is ca. 8 h. Roasting under 
these conditions is autogenous at 1100 °C, but 
the roaster air is enriched with oxygen to in- 
crease the elimination of sulfur and increase 
the concentrate throughput rate. A coarse 
granular nickel oxide (NiO) containing ca. 
0.2% S is drawn off from the bed overflow. A 
single roaster can treat ca. 350 t/d of nickel 
concentrate. 

The roaster calcine is either cooled in a flu- 
idized cooler with water sprays from 1100 °C 
to 90 °C and shipped to one of Inco’s nickel 
refineries (Copper Cliff or Port Colborne, On- 
tario; or Clydach, Wales), or is further de- 
sulfurized in a second fluidized-bed roaster. In 
this second roasting step the sulfur content is 
reduced to levels as low as 0.005 %. This ma- 
terial is either marketed directly as ‘Sinter 75’ 
(75% Ni, 0.7 % Cu, and 0.006% S), which is 
used in alloy steel making, or is treated by 
chlorination and reduction to lower its copper 
content. The removal of copper and other im- 
purities is carried out by the injection of chlo- 
rine gas into a fluidized-bed reactor at 
1200 °C, at a chlorine addition rate of about 
3% of the reactor feed. The bed is heated by 
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light fuel oil апа oxygen-enriched air. Тһе re- 
actor product typically contains 0.3% Cu and 
less than 0.01% S. It was formerly treated 
with a gas containing 75% hydrogen at 510 °C 
in another fluidized-bed reactor to yield In- 
comet, a metallic nickel product, which, how- 
ever, is no longer made. 


12.5 Hydrometallurgy of 
Nickel Concentrates and 
Mattes 


Several hydrometallurgical processes [63] 
are in commercial operation for the treatment 
of nickel copper mattes to produce separate 
nickel and copper products. In addition, the 
hydrometallurgical process developed by 
Sherritt Gordon in the early 1950s for the di- 
rect treatment of nickel sulfide concentrates, 
as an alternative to smelting, is still commer- 
cially viable and competitive, despite very sig- 
nificant improvements in the economics and 
energy efficiency of nickel smelting technol- 
ogy [64]. 

In a typical hydrometallurgical process, the 
concentrate or matte is first leached in a sul- 
fate or chloride solution to dissolve nickel, co- 
balt, and some of the copper, while the sulfide 
is oxidized to insoluble elemental sulfur or 
soluble sulfate. Frequently, leaching is carried 
out in a two-stage countercurrent system so 
that the matte can be used to partially purify 
the solution, for example, by precipitating 
copper by cementation. In this way a nickel 
copper matte can be treated in a two-stage 
leach process to produce a copper-free nickel 
sulfate or nickel chloride solution, and a leach 
residue enriched in copper. The copper-rich 
residue is treated by pressure leaching, or by 
roasting and leaching, to solubilize the copper 
as copper sulfate so that it can be recovered 
from solution electrolytically as cathode cop- 
per Nickel is recovered from the purified 
nickel sulfate or chloride solution either elec- 
trolytically as a pure nickel cathode or by 
chemical reduction with hydrogen to give pure 
nickel powder. 
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Table 12.9: Hydrometallurgical nickel refineries [63]. 
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Company/operation Capacity, t/a Ni 
Falconbridge, Norway 54 000 
Inco, Thompson 46 000 
Western Mining 33 000 
Sherritt Gordon 24 000 
Sumitomo, Niiharna 22 000 
Rustenberg Refiners 20 000 
Outokumpu, Harjavalta 17 000 
SLN, Le Havre 16 000 
Jianchuan, China 15 000 
Bindura, Zimbabwe 14 400 
Empress, Zimbabwe 5 000 
Western Platinum 2 000 


Feed composition, 95 








Ni Cu Co Fe S 
35-40 30-35 1.0 2.5 22-24 
73 3 0.8. 0.6 20 
44-72 3-5 0.8 1-25 20-23 
15-70 1-5 0.5 2-30 18-30 
72 5 0.7 0.5 21 
47 27 0.5 3.0 21 

55-65 25-35 0.6 0.2 6 
75 1.5 2:5 20 
68 7 1.0 2.0 21 
66 25 0.6 0.2 6 
40 52 0.2 0.2 6 
48 28 0.5 1.0 21 





The range of compositions for mattes 
treated by hydrometallurgical processes is 
shown in Table 12.9 [63]. The nickel contents 
of the mattes treated hydrometallurgically are 
in the range 35—75 %, while the copper content 
varies from 0 to 52%, and sulfur from 6 to 
24%. Low-copper mattes (< 10% Cu) can be 
treated by ammoniacal pressure leaching, by 
ferric chloride leaching, or by direct electrore- 
fining of the matte. High-copper mattes can be 
treated by high-pressure or atmospheric pres- 
sure sulfuric acid leaching or hydrochloric 
acid leaching. 


The sulfur contents of the mattes are ad- 
justed during the conversion process in the 
smelter to the optimal level for the subsequent 
leaching process. Sulfur levels are typically 
20-23%, except when the matte is to be 
treated by the Outokumpu atmospheric pres- 
sure sulfuric acid leaching process, for which 
the sulfur content is reduced to about 6 %. 


12.5.1 Ammonia Pressure 
Leaching 


The first successful commercialization of a 
hydrometallurgical process for the treatment 
of a nickel sulfide concentrate was realized by 
Sherritt Gordon Mines at Fort Saskatchewan, 
Alberta, Canada in 1954. This process was de- 
veloped specifically to treat a pentlandite con- 
centrate from Sherritt’s Lynn Lake mine in 
northern Manitoba by ammonia pressure 
leaching [1, 65]. The original plant was de- 


Signed to produce 8000 t/a of nickel powder 
and briquettes by the chemical reduction of 
nickel in ammoniacal solution with hydrogen 
at high pressure. The same plant, with only 
minor process and equipment modifications, 
can now refine 24 000 t/a of nickel from a 
wide range of feed materials, including pent- 
landite concentrates, low-copper nickel 
mattes, and nickel sulfates and carbonates. 
The ammonia pressure leach process is also 
operated by Western Mining at Kwinana, 
Western Australia. Originally, this refinery 
processed nickel sulfide concentrates, but now 
treats a blend of converter and flash furnace 
nickel mattes to produce powder and bri- 


quettes at a rate of 33 000 t/a Ni. A block flow. 


diagram of the ammonia pressure leach pro- 
cess as operated by Sherritt Gordon is shown 
in Figure 12.8. 


The finely ground nickel sulfide concen- 


trates and mattes are leached in ammoniacal * 


ammonium sulfate solution at 80—95 °C under 
850 kPa air pressure in a two-stage counter- 
current process in eight four-compartment 
horizontal autoclaves (Figure 12.9). Nickel, 
cobalt, and copper are dissolved as soluble 
ammonia complexes, while sulfide is oxidized 
to form a series of soluble thio salts. Reactive 
iron is oxidized and reports to the leach resi- 
due as a hydrated oxide together with pyrite 
which does not react in the leach: 


NiS-FeS + 3FeS + 70, + 10NH, - 4H,O 
— Ni(NH,),SO, + 21Fe,O,-H,O + 2(NH,),S,0, 
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Figure 12.8: Flow sheet of the Sherritt ammonia pressure leach process. 





Figure 12.9: Cutaway view of a horizontal leaching auto- 
clave. 

The leach solution typically contains 50-60 
g/L Ni, 1—2 g/L Co, 5-10 g/L Cu, 130 g/L NH, 
and varying amounts of thio salts, including 
thiosulfate and thionates, as well as ammo- 
nium sulfamate (H,NSO,NH,), which is 
formed by the reaction of thionate with оху- 
gen and ammonia. 

The leach solution is boiled to distil off the 
free ammonia, and elemental sulfur and sulfur 
dioxide are added to augment the thio salts in 
precipitating copper as copper(II) sulfide: 


Cu(NH34SO, + 5 + SO,  2H,0 — CuS + (2NH,),SO, 


The copper sulfide is sold to a copper 
smelter. The ammonia to nickel molar ratio is 


adjusted to 2:1 and the copper free ammonia- 
cal nickel sulfate solution is oxidized at 
235 °C under 4 MPa air pressure to convert 
the sulfur compounds to sulfate and to hydro- 
lyze the sulfamate ion to sulfate. If these sulfur 
compounds were not fully converted to sul- 
fate, the nickel powder product would contain 
unacceptably high levels of sulfur. 

In the final step of the process, nickel is 
precipitated from solution as a metal powder 
by reduction with hydrogen under 3.6 MPa 
pressure at 200 °C in a four-agitator horizontal 
autoclave: 

[Ni(H,0),(NH,),]SO, + Н, — Ni + (NH,),SO, + 4H,0 

Details of the reduction technique are given 
in Section 12.6.4. The nickel powder is either 
compacted into briquettes for use in stainless 
steel production or is rolled into nickel strip 
for coinage production. 

Under the specified process conditions co- 
balt is not precipitated during nickel reduction 
and the reduction end solution contains 1—2 
g/L each of nickel and cobalt as well as about 
400 g/L ammonium sulfate. This solution is 
treated with hydrogen sulfide to precipitate the 
nickel and cobalt as a mixed metal sulfide in- 
termediate product, leaving a pure ammo- 
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nium sulfate solution which is evaporated to 
crystallize ammonium sulfate for sale as a fer- 
tilizer. 


The mixed metal sulfides produced in both 
the Sherritt and the Western Mining nickel re- 
fineries are processed in Sherritt's cobalt re- 
finery in Canada [65]. The sulfides are 
pressure leached in sulfuric acid under 1.15 
MPa air pressure at 150 °C in a lead- and 
brick-lined, six-compartment horizontal auto- 
clave to form a solution of nickel and cobalt 
sulfates: 


NiS + CoS + 40, > NiSO, + CoSO, 


Iron is removed from solution in a second 
autoclave by adjusting the pH to 2.5 with 
aqueous ammonia solution. At this stage the 
solution typically contains 40 g/L Ni, 30 g/L 
Co, and less than 10 mg/L Cu and Fe. The so- 
lution is then treated with aqueous ammonia 
solution under air pressure to oxidize the co- 
Бап) ion to the cobalt(IIT) state which is sta- 
ble as the soluble cobalt(III) pentammine 
complex ion [Co(NH,),-H,O]**. Nickel is re- 
moved in a two-stage process by adding sulfu- 
ric acid to selectively precipitate nickel(II) 
ammonium sulfate, which is recycled to the 
nickel refinery. The cobalt/nickel ratio in the 
purified solution is typically 3000:1. 


The cobalt(IH) ion is reduced to cobalt(II) 
by treating the purified solution with cobalt 
powder and sulfuric acid. Cobalt powder is 
precipitated from solution by reduction with 
hydrogen at 180 "C and 4.3 MPa. 


The pentammine cobalt refining process 
has also been operated by Outokumpu at 
Kokkola in Finland since 1968. 


12.5.2 Atmospheric Acid Leaching 


The atmospheric acid leach process for the 
treatment of high-copper, low-sulfur nickel 
matte was developed by Outokumpu [1] in 
1960 to process material from its nickel mine 
in Finland, and was later adopted by the Bin- 
dura and Empress nickel refineries in Zimba- 
bwe [66]. In this process the leaching 
operations are carried out in trains of air-agi- 
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tated pachuca tanks, in contrast to the mechan- 
ically-agitated horizontal autoclaves used in 
the pressure leaching process. 


The Outokumpu process is outlined in Fig- 
ure 12.10. Granulated matte, typically analyz- 
ing 55-6546 Ni, 25—35 % Cu, 0.6% Co, 0.2% 
Fe, and 6% S, is ground to 90% less than 54 
Hm and leached at 80 °C in acidic sulfate solu- 
tion in a three-stage countercurrent leach cir- 
cuit. Nickel, which is largely present in the 
low-sulfur matte as metallic nickel, dissolves 
in the first stage leach by reaction with sulfuric 
acid and with soluble copper, which is ce- 
mented from solution as copper metal. Copper 
sulfide in the matte does not react: 


Ni + H,SO, + '/,0, > NiSO, + HO 
Ni + CuSO, > NiSO, + Cu 


Most of the remaining nickel and some of 
the copper is leached in the second and third 
leach stages, which operate under increasingly 
oxidizing and acidic conditions. The solution 
from the first leach stage is a copper-free 
nickel sulfate solution, while the residue from 
the third stage is enriched in copper relative to 
nickel. Metal extractions in the atmospheric 
leach are typically about 90 % Ni and 50% Cu. 


The atmospheric leach residue, which con- 
tains about 15 % Ni, 50% Cu, and 20% S, was 
originally recycled to the Outokumpu nickel 
smelter to recover the metal values. This resi- 
due is now treated in a fourth stage, a pressure 
leach under mildly oxidizing conditions at 

.160 °C, in which the nickel is extracted selec- 
tively, leaving a low-nickel, high-copper sul- 
fide residue that can he treated directly in the 
copper smelter [67]. 


The Bindura and Empress refineries do not 
have a pressure leaching step and operate in 
the origina] Outokumpu mode, with copper re- 
covery by electrowinning from the second- 
stage leach liquor, and recycle of the leach res- 
idue to a nickel smelter. At the Empress refin- 
ery, good quality copper cathode is produced, 
despite an unfavorable copper to nickel ratio 
in the solution, by using air-sparged cells at 
relatively low current density [66]. 
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Figure 12.10: Flow sheet of the Outokumpu atmospheric acid leach process. 


The first stage atmospheric leach step is 
primarily a solution purification step designed 
to produce a copper-free nickel sulfate solu- 
tion. Air addition rates are reduced in the later 
pachuca leach tanks in the first stage to avoid 
redissolution of copper, and the PH is allowed 
to rise to 6.0 to ensure precipitation of iron by 
hydrolysis. Lead is precipitated by adding bar- 
ium hydroxide or carbonate to the solution, ei- 
ther in the first stage leach or in a separate 
process step, to precipitate lead sulfate, which 
coprecipitates with barium sulfate. Cobalt is 
separated from the nickel sulfate solution in a 
later step, in which a Slurry of nickel(III) hy- 
droxide is added to precipitate cobalt as co- 
Ба) hydroxide: 


Ni(OH), + CoSO, + NiSO, + Co(OH), 


The nickel(II) hydroxide is produced by 
electrolytic oxidation of піске (П) hydroxide, 
formed by neutralizing purified nickel sulfate 
solution with sodium hydroxide. The co- 
Баі) hydroxide precipitate is refined to co- 
balt metal and cobalt salts by the pentammine 
process at Outokumpu's cobalt refinery at 
Kokkola, Finland. 


Nickel is recovered from the purified nickel 
sulfate solution, which contains about 75 g/L 
Ni, as a high-grade cathode by direct electrow- 
inning (see Section 12.6.2). Anolyte solution 
containing about 50 g/L Niand 50 g/L Н,50,, 
is recycled for use as a leachant in the leachin E 
circuits. 


12.5.3 Acid Pressure Leaching 


The acid pressure leaching process for the 
treatment of high-copper nicke] mattes was 
developed by Sherritt Gordon during the 
1960s and is currently operated by all four 
platinum producers in the Republic of South 
Africa: Rustenburg Refiners, Impala Plati- 
num, Western Platinum, and Barplats [68, 69]. 
A similar process was also operated by the 
Атах nickel refinery in Louisiana, United 
States, from 1974 to 1086 [70, 71]. 

Acid pressure leaching is normally carried 
out in brick- and lead-lined horizontal multi- 
compartment autoclaves at 135-160 °C and 
oxygen partial pressures of 140—350 kPa. The 
major advantage of this process for the plati- 
num producers is that very high extractions of 
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nickel, copper, and sulfur can be achieved. 
Typically, the metal and sulfur extractions are 
greater than 99.9%, so that the leach residue is 
a high-grade platinum group metal concen- 
trate that is virtually free from nickel, copper, 
and sulfur and can be treated directly in a plat- 
inum refinery. An upgrading factor for the 
platinum group metals of over 100 from the 
matte to the leach residue is readily attainable 
[69]. 

The process flow sheet differs significantly 
for the various operations. Rustenburg and Im- 
pala use two countercurrent stages of continu- 
ous pressure leaching at 135-150 °C, while 
the smaller Western Platinum and Barplats re- 
fineries operate an atmospheric leach at 85 °C 
followed by a single-stage continuous pres- 
sure leach at 160 °C. The nickel products also 
differ widely. Rustenburg Refiners recover 
nickel as a high-purity cathode by direct elec- 
trowinning, whereas Impala produces nickel 
powder and briquettes by hydrogen reduction, 
and Western Platinum and Barplats produce 
crystalline nickel sulfate, which is processed 
to metal or plating salts elsewhere. 


The Impala Platinum flow sheet [72] is out- 
lined in Figure 12.11. The nickel copper matte 
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is leached in two stages at 135 °C under 1 
MPa air pressure in spent copper electrolyte 
solution. 


Ni,S, + H,SO, + ¥,0, > NiSO, + 2NiS + H,O 
2NiS + 40, — 2NiSO, 
NiS + CuSO, > NiSO, + CuS 


Solution from the first stage leach, which 
contains a high concentration of nickel (typi- 
cally 100 g/L Ni) and low levels of copper and 
iron, is contacted with nickel powder and so- 
dium hydrosulfide to precipitate copper, and 
iron is then removed as an ammonium jarosite 
precipitate using a horizontal multicompart- 
ment autoclave operating at 150 °C: 

CuSO, + Ni > NiSO, + Cu 
3Fe,(SO,), + (NH,),SO, + 12Н,О 
— 2NH,Fe,(SO,),(OH), + 69,50, 

The jarosite precipitation step also effec- 
tively removes lead and arsenic from the 
nickel sulfate solution. The purified nickel 
sulfate solution is adjusted with aqueous am- 
monia solution to form the nickel(IT) diam- 
mine complex ion, and nickel is recovered as а 
powder by reduction with hydrogen under 
pressure: | 
Ni(NH,),SO, + Н, > Ni + (NH,),SO, р 
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Figure 12.11: Flow sheet of Impala Platinum acid pressure leach process. 
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Figure 12.12: Flow sheet of the Falconbridge refinery process. 


Cobalt and residual nickel are recovered 
from the reduction end solution as the nickel 
sulfate cobalt sulfate ammonium sulfate dou- 
ble salts, which are refined to produce cobalt 
metal powder by the Sherritt pentammine pro- 
cess and hydrogen reduction. The residue 
from the fist stage leach is leached under 
more oxidizing and more acidic conditions in 
copper spent electrolyte in the second-stage 
pressure leach, which completes the extraction 
of nickel and copper sulfides: 


NiS + 20, 2 NiSO, 


CuS + '/,0, + H,SO, > CuS + CuSO, + H,O 
CuS + 20, — CuSO, 


The solution from the second-stage pres- 
sure leach, which contains both nickel and 
copper sulfate with traces of iron and sele- 
nium, is treated with sulfur dioxide to precipi- 
tate selenium as copper(I) selenide, and 
copper is recovered as cathode by electrowin- 
ning. The spent electrolyte, which contains 


high levels of nickel as well as 20 g/L Cu and 
50-70 g/L H,SO,, is recycled to the pressure 
leach circuits. The second-stage leach residue 
contains the platinum group metals, with only 
minor levels of nickel, copper, and sulfur. 


` 12.5.4 Chloride Leach Processes 


Nickel matte refining processes based on 
leaching in chloride solution in the presence of 
chlorine gas have been developed and suc- 
cessfully commercialized by Falconbridge at 
Kristiansand in Norway [73] and by Société 
Le Nickel (SLN) at Le Havre-Sandouville in 
France [74]. Leaching of the matte is carried 
out at atmospheric pressure at the boiling 
point of the leach solution (ca. 110 °C). Chlo- 
rine, which is recovered from the electrolysis 
cells, is sparged directly into the leach tanks. 
In the SLN process the leachant is the iron(II) 
chloride solution recovered from an iron re- 
moval step, whereas in the Falconbridge pro- 
cess the leachant is a solution of copper and 
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nickel chlorides recycled from the copper resi- 
due treatment circuit. The flow sheet of the 
Falconbridge process is shown in Figure 
12.12. 

Granulated nickel copper mattes from the 
Falconbridge smelter in Ontario, Canada and 
from BCL in Botswana, with an average com- 
position of 40-45% Ni, 25-30% Cu, 20-22 % 
S, 2-3% Fe, and 1—1.5% CO, are ground in a 
ball mill [73]. The ground matte is leached 
with chlorine in a nickel copper chloride solu- 
tion in a train of agitated tanks. The leaching 
conditions are controlled by means of redox 
potential measurements to ensure selective 
leaching of nickel: 
2CuCl + Cl, > 2CuCl, 

Ni,S, + 2CuCl, > 2NiS + NiCl, + 2CuCI 
NiS + 2CuCl, > MCL + 2CuCl + S 
CuS +S — 2CuS 


Essentially all the copper and sulfur present 
in the matte remain in the leach residue as 
CuS. The leach residue still contains about 8 % 
Ni as unreacted NiS, and the leach solution 
still contains high concentrations of copper. 
The leach slurry is therefore heated to 140— 
145 °C in two vertical autoclaves, connected 
in series, to promote the precipitation of cop- 
per and the dissolution of nickel by a series of 
metathesis reactions: 

Ni,S, + S+2CuCl — Cu,S + NiCl, + 2NiS 
Ni+ S + 2CuCl — NiCl, + Cu,S 

Сш5+5 02605 c" —. 

S +2CuC] — CuS + CuCl, 


The discharge from the autoclaves, which 
still contains about 7 g/L Cu in solution, is 
treated with fresh matte to reduce the copper 
concentration to less than 0.5 g/L. Overall 
nickel extraction is about 90%, and the final 
residue contains 6-8 % Ni. 

Iron, which is largely dissolved in the chlo- 
rine leach, is precipitated by oxidation with 
chlorine and hydrolysis with nickel carbon- 
ate. Cobalt is extracted from the nickel chlo- 
ride solution by solvent extraction with 
triisooctylamine (TIOA) and, after purifica- 
tion of the strip solution, is recovered as high- 
purity cathode by electrowinning. The nickel 
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chloride raffinate is diluted and purified fur- 
ther by treatment with chlorine and nickel car- 
bonate to remove the remaining traces of 
cobalt, iron, copper, arsenic, lead, and manga- 
nese. High-purity nickel is recovered by direct 
electrowinning as cathode, and as crowns by 
direct plating onto a suitably masked blank. 


Copper is extracted from the chlorine leach 
residue by roasting it in a fluidized-bed roaster 
to convert the copper sulfide and elemental 
sulfur to copper oxide and sulfur dioxide, 
which is converted to sulfuric acid, and leach- 
ing the calcine in sulfuric acid to selectively 
leach the copper. The copper is recovered 
from the sulfate solution by conventional elec- 
trowinning. 

The calcine leach residue, which contains 
50% Ni and 18% Cu as well as the platinum 
group metals (PGM), undergoes further chlo- 
ride leaching to recover the nickel and copper 
in solution for recycling to the leach circuit, 
leaving the platinum group metals in an up- 
graded concentrate. Typical process stream 
compositions for the Falconbridge operation 
are shown in Table 12.10. 


Table 12.10: Process data for the Falconbridge chlorine 
leach process [73]. 





Stream Ni Co Cu Fe S Cl 

Matte, % 45 1 28 2 22 

Feed solution, g/L 60 25 1 90 
Sulfide leach residue,% 7 0.5 56 2 33 03 
Pregnant solution, g/L 230 5 05 6 270 
Ni electrolyte, g/L 60 60 
Roaster calcine 9 05 63 2 05 

Cu electrolyte, g/L 60 6 60 25 


PGM concentrate, 96 20 1 25 5 15 5 








In the SLN process, in which the feed matte 
produced from laterite ore in New Caledonia 
contains virtually no copper, the pregnant 
leach liquor contains 200 g/L Ni with 5 g/L Co 
and 10 g/L Fe. Iron is removed as ferric chlo- 
ride by solvent extraction with tributyl phos- 
phate (TBP). Part of the ferric chloride strip 
solution is recycled to the chlorine leach, 
while the balance is concentrated and sold. 
Cobalt chloride is extracted with TIOA and 
sold as solution for cobalt recovery elsewhere. 


Nickel 


Nickel is recovered from the purified solution 
as high-purity cathode by electrowinnin g [74]. 


12.5.5 Treatment of Nickeliferous 
Pyrrhotite [1] 


Large tonnages of pyrrhotite concentrates 
containing up to 1% Ni are currently rejected 
in the milling and concentrating operations of 
the major Canadian nickel producers as a 
means of reducing the iron and sulfur inputs to 
their smelters, and hence reducing sulfur diox- 
idé emissions. These pyrrhotite concentrates 
represent a major potential source of nickel 
and several attempts have been made to de- 
velop economically viable processes to ex- 
ploit them. The primary requirement for a 
pyrrhotite treatment process is that it should 
produce an iron ore suitable for use in the steel 
industry and yield a good recovery of nickel. 
Such processes are typically based on roasting 
to eliminate all or part of the sulfur and hydro- 
metallurgical treatment of the calcine to re- 
cover the nickel. 

In 1956 Inco commissioned a plant at Cop- 
per Cliff, Ontario, to treat 1.2 x 10° t/a of pyr- 
rhotite concentrate analyzing 0.9% Ni, 58% 
Fe, and 35% S. The iron sulfide concentrate 
was first oxidized to a low-sulfur calcine in 
fluidized-bed roasters, producing an off-gas 
containing sulfur dioxide from which sulfuric 
acid was produced. The calcine was then 
passed through a reducing kiln to reduce the 
nickel, cobalt, and copper oxides selectively to 
metallic form, so that they could be dissolved 
selectively in ammoniacal ammonium carbon- 
ate solution. The solution was purified to re- 
move copper as the sulfide and nickel was 
precipitated as a basic nickel carbonate. The 
basic carbonate was calcined to a marketable 
oxide product containing 77% Ni. The 
leached iron oxide residue was pelletized and 
indurated for market. This plant operated until 
the early 1980s, when marginal economics 
and increasing constraints on sulfur emissions 
resulted in its closure. 

From 1960 until the early 1970s, Falcon- 
bridge operated a process in which pyrrhotite 
concentrate, analyzing 1.1% Ni, 57% Fe, and 
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360% S, was sulfation roasted at 680 °C to 
convert the nickel, copper, and cobalt to their 
water-soluble sulfates. The calcine was then 
water-leached to extract the metals, and 
nickel, cobalt, and copper were precipitated 
from solution by cementation on iron turnings 
for recycling to the smelter. The iron oxide 
product analyzed 66% Fe, 0.13% Ni, and 
0.5% S. 


12.6 Refining [1,63] 


Nickel differs from copper in that it is 
largely used as an alloying element in stainless 
steel and alloy steel production. Thus, whereas 
most copper is used in electrical and thermal 
energy applications, which require a highly re- 
fined metal, a high-purity metal is not required 
for many of nickel's most important markets. 
Nickel products such as nickel oxide, metal- 
lized nickel oxide, and ferronickel, which are 
designated Class II products, are produced di- 
rectly by smelting and roasting and are suffi- 
ciently pure, without refining, for many nickel 
applications such as stainless steel production. 
These Class II products may contain signifi- 
cant levels of cobalt and copper and a range of 
trace impurities. 

In other applications, high-purity nickel is 
essential and Class I nickel products, which 
include electrolytic cathode, carbonyl powder, 
and hydrogen-reduced powder, are made by a 
variety of refining processes. In general nickel 
is refined to decrease to an acceptable level 
only those impurities which would have an ad- 
verse effect on subsequent processing or on 
the properties of the refined metal product. 
These elements include antimony, arsenic, bis- 
muth, cobalt, copper, iron, lead, phosphorus, 
sulfur, tin, and zinc. Cobalt, which resembles 
nickel closely in physical and chemical prop- 
erties, is difficult to remove completely and 
since it is not often a serious contaminant in 
most applications for nickel, many Class I 
products contain quite high levels of cobalt. 

The object of the refining process is not 
only to remove the impurities from the nickel, 
but also to recover those that have an eco- 
nomic value. Obvious examples are the pre- 
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cious and platinum group metals (Pt, Pd, Os, 
Rh, Ir, and Ru), cobalt, and copper; sulfur, se- 
lenium, and tellurium can sometimes also be 
recovered economically. Historically the first 
successful nickel refining operation was es- 
tablished by the Mond Nickel Company (later 
absorbed by Inco) at Clydach, Wales, in 1902, 
using the carbonyl refining process invented 
by Lupwic Момр and CARL LANGE jn 1889. 
This refinery is still in operation using a mod- 
ern version of the carbonyl process. A large 
refinery that uses a high-pressure version of 
the carbonyl process was established by Inco 
at Copper Cliff, Ontario in 1972 [75]. 


The first electrolytic nickel refinery, treat- 
ing nickel metal anodes, was built by Hybi- 
nette in Kristiansand, Norway, in 1910, and 
this plant was acquired by Falconbridge in 
1928. The Kristiansand Refinery was modern- 
ized in the late 1970s by replacing the Hybi- 
nette process with the present chlorine leach 
process [73]. Inco established its first nickel 
refinery in Canada at Port Colborne, Ontario, 
in 1926, using a version of the Hybinette refin- 
ing process.This refinery operated until 1984. 
In 1989 the only electrolytic nickel in North 
America was produced by Inco's refinery at 
Thompson, Manitoba, which electrorefines 
matte anodes [76]. This process is also oper- 
ated in Japan [77] and China. The electrorefin- 
ing of nickel metal anodes, which is 
effectively obsolete in Western Europe and 
North America, is still practiced in the former 
Soviet Union [44]. 

Outokumpu, SLN, and Falconbridge in Eu- 
rope and Bindura, Empress, and Rustenburg 
Refiners in Southern Africa all recover elec- 
trolytic nickel by direct electrowinning from 
purified solutions produced by the leaching of 
nickel or nickel copper mattes. Sherritt Gor- 
don in Canada, Western Mining in Australia, 
and Impala Platinum in the Republic of South 
Africa recover refined nickel powder from pu- 
rified ammoniacal solution by reduction with 
hydrogen. 
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12.6.1 Electrorefining 


Nickel electrorefining [1] is carried out in a 
tank house containing a large number of elec- 
trolytic cells, each filled with a mixed nickel 
sulfate nickel chloride solution, and contain- 
ing 30—40 anodes (slabs of metallic nickel or 
nickel matte), interspersed with cathodes that 
are thin sheets of pure nickel. The anodes and 
cathodes in each cell are connected electri- 
cally in parallel, and the cells are connected in 
series. When electrical current is passed 
through the cells the anodes dissolve, and pure 
nickel deposits on the cathodes. Cathodes and 
anodes are replaced periodically to maintain 
continuity of production. 

Crude nickel anodes are made by reducing 
nickel oxide with coke at temperatures up to 
1540 °С and casting the molten metal in 
molds. The pure nickel starting sheets are 
made in special electrolytic cells in which 
nickel is deposited onto permanent stainless 
steel or titanium cathode blanks, from which 
the thin sheet is stripped after 24 or 48 h of 
deposition. The sheets are fitted with suspen- 
sion loops and placed in the production cells. 
The electrolytic cells are normally made of 
concrete and are lined with an acid-resistant 
membrane such as glass fiber reinforced plas- 
tic material. 

Nickel refining can be carried out with pure 
sulfate, mixed sulfate chloride, or pure chlo- 
ride nickel electrolytes. In practice, the mixed 
sulfate chloride system is normally used for 
the electrorefining of either nickel metal or 
nickel matte. Sulfate and chloride electrolytes 
are used in the nickel electrowinning pro- 
cesses. The sulfate chloride electrolyte has 
two major advantages over the sulfate system, 
in having a higher conductivity which results 
in a lower cell voltage, and in permitting the 
use of chlorine for electrolyte purification. 


12.6.1.1 Refining of Nickel Metal 
Anodes 
In the refining of nickel metal anodes the 


principal reaction at the anode is the dissolu- 
tion of nickel metal as nickel ions: 


Nickel 


A BH = 
Nisus > М gag + 28 ou 


The principal cathodic reaction is the re- 
duction of nickel ions from solution: 


D к : 
М а) + 2€ cunei) > Hie 


At the normal cell operating voltage (ca. 
1.6 V for*metal anodes) the principal impuri- 
ties from the anode such as iron, cobalt, lead, 
arsenic, and copper go into solution with the 
nickel. Silver, gold, the platinum group met- 
als, sulfur, selenium, and tellurium fall to the 
bottom of the cell as an insoluble slime. If the 
soluble impurities reach the cathode surface 
they will codeposit with the nickel. Conse- 
quently, to avoid contamination of the refined 
nickel cathodes, the impure anolyte solution is 
taken through a purification process. The puri- 
fied solution is then returned to the cathode 
compartment of the cell, which is segregated 
from the anode by a porous diaphragm in the 
form of a bag or box enclosing the cathode. 
The purified solution is fed into the cathode 
compartment at a rate sufficient to maintain 
the rate of nickel deposition. The diaphragm 
cloth is tightly woven so that a hydrostatic 
head of solution builds up relative to the rest 
of the electrolyte. This hydrostatic head forces 
nickel-depleted electrolyte through the dia- 
phragm, from the cathode compartment into 
the anolyte, at a rate sufficient to prevent the 
ingress of either anolyte itself, or impurity 
ions, by diffusion into the cathode compart- 
ment. 


12.6.1.2 Refining of Nickel Matte 
Anodes 


Nickel sulfide anodes can be electrorefined 
directly to pure nickel cathode without the in- 
termediate process steps of roasting the sulfide 
to oxide and reducing the oxide to produce 
metallic nickel anodes. Nickel sulfide anodes 
can be cast directly from low-copper converter 
matte or from melted nickel sulfide concen- 
trate produced by the matte separation pro- 
cess. Controlled cooling is necessary to 
produce anodes with the required mechanical 
properties. The anodes consist essentially of 
Ni,S, and nickel alloy, but can contain up to 
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3 % copper as Cu,S and other impurities such 
as iron, cobalt, lead, zinc, arsenic, selenium, 
and platinum group metals. Control of the sul- 
fur content of the anodes is important because 
at sulfur contents of less than 15%, the metal- 
lic nickel alloy phase dissolves preferentially, 
leaving nickel sulfide in the slime. At sulfur 
contents above 15 %, the matte anodes corrode 
uniformly to yield a slime containing elemen- 
tal sulfur. 2 

The principal anodic reactions are the oxi- 
dation of sulfide to elemental sulfur with si- 
multaneous release of metal ions to the 
solution and of electrons to the anode: 


A 12* E 
Ni48; > 3Ni^ «ay + 280i + 66 (anode) 


The cathodic reaction is the same as in the 
metal anode refining process: 


= " | 
Ni ошу + ZE ы) > lege 


The net cell reaction for the nickel sulfide 
phase is thus 


NiS, — 3Ni+ 2S 


The metallic nickel phase dissolves electro- 
lytically as in the refining of nickel metal an- 
odes: 


d 2 =. Я 
Ning > Ni” coin) 26 (anode) 


The actual cell voltage, including the po- 
tential drops across the contacts and through 
the electrolyte, is about 2.8 V for newly 
charged matte anodes. As the anodes corrode, 
the sludge, which consists mainly of elemental 
sulfur, forms a strongly adherent porous sur- 
face layer which causes an increase in volume 
and effectively doubles the bulk of the anode. 
As the sludge layer becomes thicker, the elec- 
trical resistance between the electrodes in- 
creases, and the cell voltage increases to about 
4.0 V by the end of the anode cycle. The in- 
crease in cell resistance also results in in- 
creased heating of the electrolyte. The 
solution temperature rise in the cell increases 
from about 15 °C at the start of the anode cy- 
cle to about 25 °C at the end of the cycle. 

The anode potential is sufficiently high that 
some water is decomposed: 


2H,0 > O, + 4H* + 4e 
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This unwanted reaction, together with the 
electrolytic dissolution of impurities from the 
anode, lowers the anode nickel dissolution ef- 
ficiency so that nickel is removed from solu- 
tion at the cathode faster than it dissolves at 
the anode. The imbalance is corrected during 
electrolyte purification by dissolving matte in 
the electrolyte to neutralize the free acid and 
replenish the nickel content. 

Operation of the nickel matte refining cell 
is similar to that of the metal anode cell except 
that the anodes are enclosed in bags to collect 
the voluminous sludge. The anode spacing in 
the matte refining cell is greater than in the 
metal refining cell, to allow for the increase in 
volume of the matte anode as it corrodes. 


12.6.1.3 Solution Purification 


For the production of high-quality nickel 
cathode it is essential that the anolyte solution 
be purified before it is supplied to the cathode 
compartment. The purification methods used 
(1, 78] depend on the impurities present in the 
anode. Copper is often removed by cementa- 
tion with activated metallic nickel powder, 
causing copper ions to precipitate as metallic 
copper while metallic nickel dissolves: 


Ni + CuSO, > Cu + NiSO, 


Alternatively copper may be precipitated as 
the sulfide with hydrogen sulfide: 


CuSO, + H,S > Cus + Н,80, 


This procedure, which is used in the matte 
electrorefining process, also precipitates ar- 
senic: 
2H, AsO, + 3H,S > Аѕ,5, + GH,O 


Careful control of the redox potential is 
necessary to ensure complete precipitation of 
copper and arsenic while minimizing the co- 
precipitation of nickel. 

Iron is normally removed by treating the 
solution with chlorine and nickel carbonate to 
oxidize the iron to iron(II) and precipitate 
iron(III) hydroxide by hydrolysis: 

Fe,(SO,), + 69,0 — 2Fe(OH), + 3H,SO, 
3NiCO, + 3H,SO, — 3NiSO, +3H,0 + 3CO, 


Handbook of Extractive Metallurgy 


Топ(Ш) hydroxide coprecipitates other im- 
purities from the anolyte, particularly lead and 
arsenic. In the pure sulfate electrolyte systems, 
oxidation of iron is accomplished by using air 
instead of chlorine. Iron can be removed from 
pure chloride electrolytes by solvent extrac- 
tion with tributyl phosphate. 

Cobalt is precipitated as cobalt(II) hydrox- 
ide by treating the solution with chlorine or 
nickel(1II) hydroxide to oxidize the соба) 
to cobalt(II). Nickel carbonate is added to 
control the pH. 


2CoSO, + Cl, + 3NiCO, + 3H,O 
— 2Co(OH), + 2NiSO, + МІСІ, + ЗСО, 


Most of the cobalt precipitates at pH 4 at an 
oxidation potential of +1 V. Chlorine cannot 
be used in pure sulfate electrolyte, and in this 
system, nickel(II) hydroxide is normally 
used. Other oxidants which can be used to re- 
move cobalt from the sulfate system include 
peroxide, persulfate, and ozone. 


Cobalt is normally removed from pure 
chloride nickel electrolytes by solvent extrac- 
tion with a tertiary amine such as triisooctyl- 
amine. Phosphine-based solvent extraction 
reagents such as di-(2-ethylhexyl) phosphoric 
acid (D2EHPA) are used to extract cobalt from 
nickel sulfate solutions. 


In practice the purified solutions used in 
nickel electrorefining are not simple mixtures 
of nickel sulfate and nickel chloride. The elec- 
trolyte is a weakly acidic aqueous solution of 
nickel, sulfate, sodium, and chloride ions, and 
boric acid. The sodium and chloride ions carry 
about 3046 of the current through the electro- 
lyte. Most of the remaining current is carried 
by the slower moving divalent nickel and sul- 
fate ions, since the concentration of hydrogen 
ions is negligible. The boric acid, which exists 
largely as undissociated molecules, acts as a 
buffer to maintain the pH of the solution be- 
low 6. The presence of boric acid thus pre- 
vents the precipitation of nickel(IT) hydroxide 
at the surface of the cathode by the reaction 
between nickel ions and hydroxide produced 
in the minor cathodic reaction involving the 
electrolytic decomposition of water. 


Nickel 


12.6.1.4 Electrorefining 
Operations 


Although it is not currently operated in 
North America or Western Europe, the refin- 
ing of metallic nickel anodes is still practiced 
in the former Soviet Union. The Severonikel 
complex at Monchegorsk in the Kola penin- 
sula has the capacity to produce 142 000 t/a of 
electrolytic nickel [44]. The MoncHegorsk 
smelter treats a blend of high-grade nickel 
copper ores, concentrates, mattes, and scrap 
from the nickel mining operations at Norilsk 
and Pechenga. Separate nickel and copper sul- 
fide concentrates are produced by the slow- 
cooling matte separation process. The nickel 
sulfide is dead roasted at 1170 *C with oxy- 
gen-enriched air (25% O,), and the oxide cal- 
cine is reduced with coke in a rotary kiln to 
form a metallized oxide, which is melted at 
1550 ?C in an electric arc furnace for anode 
casting. About 3% of the metallized oxide 
powder from the reduction kiln is retained for 
use in electrolyte purification. The anodes typ- 
ically weigh 350 kg and analyze (95): 86-88 
Ni, 2 Co, 4.5 Fe, 4 Cu, and 0.2 S. . 

The anodes are refined in an electrolyte 
containing 75—78 g/L Ni, 130-150 g/L SO?, 
14 g/L Cl, and 6 g/L H,BO,, at pH 2. Each 
electrolytic cell contains 43 anodes and 42 
cathodes, and operates at a current density of 
250 A/m?. The cathodes are enclosed in a syn- 
thetic fiber bag supported on a polypropylene 
frame. Starting sheets are produced by plating 
nickel on to titanium blanks for 24 h. The 
sheets are stripped manually. The anode cycle 
is 30 d, while the cathode cycle is four or six 
days. Anode slimes are recovered by washing 
adhering material off the corroded anodes, and 
from the bottom of the electrolytic cells, at the 
end of each anode cycle, for subsequent pro- 
cessing to recover precious metal values. 

Impure anolyte solution is treated to re- 
move iron, copper, and cobalt, and to replen- 
ish the nickel content of the electrolyte, before 
the purified solution is returned to the cathode 
compartments. Iron is removed by controlled 
oxidation with chlorine and neutralization 
with nickel carbonate. Copper is precipitated 
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by cementation on nickel powder from the re- 
duction kiln, and cobalt is precipitated by oxi- 
dation with chlorine and hydrolysis with 
nickel carbonate under highly oxidizing con- 
ditions. The nickel content of the solution is 
replenished by pressure leaching nickel sul- 
fide concentrate (Ni,S,) in sulfuric acid solu- 
tion under 1 MPa air pressure in vertical 
titanium autoclaves. 

The electrorefining of nickel sulfide anodes 
is carried out by Inco at its Thompson opera- 
tion in Canada, by Sumitomo Metal Mining 
Company at Niihama in Japan, and at Jian- 
chuan in China. 

The Thompson smelter (76] produces sul- 
fide anodes by casting molten converter matte 
(73% Ni, 0.8% Co, 2.5-3.0% Cu, 0.5% Fe, 
and 20% S) directly into anodes weighing ca. 
240 kg. The cast anodes are cooled slowly 
over about 36 h to improve their mechanical 
handling characteristics, but are nevertheless 
more brittle than metal anodes and require 
careful handling. 

The sulfide anodes are electrolyzed in dia- 
phragm cells in a sulfate chloride electrolyte. 
Nickel, cobalt, and copper dissolve from the 
anode, while sulfur, selenium, and the noble 
metals form an insoluble sludge or slime, from 
which they can be recovered. Nickel is plated 
on to pure nickel starting sheets, made by 
manually stripping 24-h deposits from stain- 
less steel blanks. The anode cycle is 15 d and 
the cathode cycle is 10 d. Plating is carried out 
at a current density of 240 A/m? Details of the 
tankhouse operating parameters are as follows 
[76]: 


Capacity 45 000 t/a Ni 

Cells 608 

Cell dimensions 1.6 m x 0.9 m x 5.8 m 

Cell construction fiber reinforced plastic 
lined precast concrete 

Anode weight 238 kg 

Anode dimensions 1.1 m x 0.7 m x 63 mm 

Anode spacing 210 mm 

Anodes/cell 27 

Anode cycle 15d 

Cathode dimensions 1.0 m x 0.7 m x 13 mm 

Cathode weight 88.5 kg 

Cathodes/cell 26 

Cathode cycle 10d 


Electrolyte flow 0.64 m?/h per cell 
Electrolyte temperature 50 °C 
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Current density 240 A/m? 
Cell voltage 3-6 V 

The anolyte purification circuits at Thomp- 
son remove copper and arsenic by precipita- 
tion with hydrogen sulfide. The nickel content 
of the electrolyte is then replenished by react- 
ing the solution with ground matte anode 
scrap under oxidizing conditions. For every 
100 kg of nickel plated out in the tankhouse 
only 87 kg dissolves from the anode. This dis- 
crepancy is caused by the dissolution of 4 kg 
of copper, 1 kg of cobalt, 0.5 kg each of iron 
and arsenic, and by the formation of 0.2 kg of 
hydrogen ions. In the final stage of purifica- 
tion cobalt and iron are oxidized and hydro- 
lyzed by the addition of chlorine and nickel 
carbonate. The cobalt(III) hydroxide precipi- 
tate is worked up for cobalt recovery. The pu- 
rified electrolyte typically contains 75 g/L Ni, 
120 g/L 5027, 28 g/L Na, 50 g/L CT, and 8 g/L 
boric acid. 

Until 1984, the principal products of the 
Thompson refinery were full nickel cathodes 
and cut shapes, made by shearing cathodes 
grown on nickel starting sheets. Now about 
40% of the refinery’s production is “S” and 
“R” Rounds for the plating industry, which are 
made by plating nickel directly on to stainless 
steel blanks, covered by a heat-set epoxy 
mask, with circular areas of steel exposed to 
plating. Metallurgical data for the Thompson 
refinery, including the cathode nickel analysis, 
are given in Table 12.11. 

Table 12.11: Metallurgical data for the Inco Thompson 
refinery [76]. 


Anolyte, Purified elec- Electro- 
Element Anode, 75 оу], " trolyte,g/L nickel, g/t 





Ni 73 75 

Co 0.8 0.13 0.02 600 
Cu 3.0 0.50 0.0007 25 
As 0.2 0.03 0.0005 30 
Fe 0.6 0.03 5 
Pb 0.003 2 
S 20 7 


12.6.2 Electrowinning 


Electrowinning differs from electrorefining 
in that it is used to recover nickel from a leach 
liquor and can therefore be carried out with an 
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insoluble anode, since the only function of the 
anode is to transfer electrons from the electro- 
lyte to the external circuit. The electrowinning 
of nickel is practiced commercially with both 
pure sulfate and pure chloride electrolytes. In 
the sulfate system the anodes are made of 
chemical lead or antimonial lead, which have 
a relatively long life in sulfate solution, al- 
though soluble in chloride solutions. In the 
highly corrosive chloride system, dimension- 
ally stable anodes, made by coating a titanium 
substrate with a platinum group metal oxide, 
are used. 

The principal anodic reaction in the sulfate 
system is the decomposition of water to pro- 
duce gaseous oxygen: 


2H,0 > O, + 4H* + 4е7 
The main cathodic reaction, as in electrore- 


fining, is the deposition of nickel ions to form 
nickel atoms on the cathode: 


Ni?* + 2е- 2 Ni 
The overall cell reaction is: 
2NiSO, + 2H,0 > 2Ni+2H,SO,+0, 


The sulfuric acid generated at the anode is 
utilized by recirculating the anolyte to the 
leach circuits. In the chloride system the prin- 
cipal anodic reaction is the oxidation of chlo- 
ride ion to chlorine gas: 
2Cr 2 Cl, + 27 

The overall reaction is thus the decomposi- 
tion of nickel(II) chloride to metallic nickel 
and chlorine gas: 

MCL > Ni + Cl, 

The chlorine liberated at the anode is recy- 
cled for use in the leach circuits. In practice 
some decomposition of water also occurs to 
yield small quantities of hydrogen at the cath- 
ode and oxygen at the anode. 


12.6.2.1 Electrowinning from 
Sulfate Electrolytes 


Tn a sulfate electrowinning system the cath- 
odes are suspended in bags, even though the 
nickel sulfate solution is purified before it en- 
ters the tankhouse. The cathode must still be 


Nickel 


protected from the anolyte, which is strongly 
acidic due to anodic generation of hydrogen 
ions. A high concentration of hydrogen ions at 
the cathode would result in the formation of 
hydrogen gas which is formed in preference to 
nickel deposition, thus seriously reducing the 
current efficiency of the cell. 

Details of the purification methods used to 
remove copper, iron, lead, and cobalt from 
nickel sulfate leach liquor prior to electrowin- 
ning are given in Section 12.5. Treatment of 
electrowinning anolyte or spent electrolyte 
varies depending on the type of leaching cir- 
cuit used. In the Outokumpu atmospheric 
leach, in which very little sulfur is oxidized, 
almost all the anolyte can be recycled to the 


leaching circuits, where the acid is neutralized. 
in leaching nickel from the matte, thus replen- 


ishing the nickel content of the solution. Only 
a small solution bleed is taken out of the cir- 
cuit to control the concentration of sodium 
sulfate, which would otherwise build up to un- 
acceptable levels. f 

In the Sherritt acid pressure leaching pro- 
cess, as practiced by Rustenburg Refiners, in 
which all the sulfur in the matte is oxidized to 
sulfate, a much larger bleed of solution is re- 
quired to maintain a sulfur balance. Typically 
25-35% of the anolyte stream must be re- 
moved from the circuit and treated to recover 
sodium sulfate. This bleed stream is reacted 
with sodium hydroxide or sodium carbonate to 
neutralize the acid and precipitate the remain- 
ing nickel as nickel(II) hydroxide or as basic 
nickel carbonate: 


H,SO, + 2NaOH — Na,SO, + 2H,O 
NiSO, + 2NaOH — Ni(OH), + Na,SO, 


The nickel-free barren solution is evapo- 
rated to crystallize sodium sulfate. The precip- 
itated nickel hydroxide or basic nickel 
carbonate is redissolved in a second portion of 
the anolyte stream to neutralize the acid con- 
tent and replenish the nickel content: 


Ni(OH), + H,SO, > NiSO, + 2H,O 
This solution is recycled directly as feed so- 


lution to the electrowinning circuit. The bal- 
ance of the anolyte is recycled for use in the 
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matte leach circuits, where the acid is neutral- 
ized and the nickel! content replenished, and 
passes through the leach solution purification 
steps before returning to the tankhouse. 

The Outokumpu nickel refinery at Harjav- 
alta in Finland contains 126 electrowinning 
cells, each having 40 insoluble lead anodes 
and 39 cathodes [1, 48, 67]. The bagged cath- 
odes are nickel starting sheets made by the 
deposition of nickel for 48 h onto a.stainless 
steel mother blank. The deposits are stripped 
manually and automatically made up into 
starting sheets. The purified solution is fed to 
the cathode compartments at a rate sufficient 
to maintain a hydrostatic head of about 30 
mm. The current density is 200 A/m’, giving a 
cell voltage of about 3.6 V. The cathode cycle 
is seven days. The cells are hooded to collect 
and remove the oxygen and acid mist gener- 
ated at the anode. 

The feed solution at pH 3.2, containing 75 
g/L Ni as well as sodium sulfate and boric 
acid, is heated to 60 °C and fed separately to 
each cathode compartment. The solution 
passes through the diaphragm cloth into the 
anolyte, which overflows from each end of the 
cell. The anolyte, which contains 50 g/L Ni 
and 40 g/L H,SO,, is recycled to the leaching 
circuits. The cathodes typically weigh ca. 75 
kg and contain 99.95 % Ni. 


12.6.2.2 Electrowinning from 
Chloride Electrolytes 


In the Falconbridge chloride electrowin- 
ning system [73], the dimensionally stable an- 
odes are enclosed in a polyester diaphragm 
bag, to contain the chlorine gas generated in 
the anode reaction, and channel it to a vacuum 
hood fitted to the top of the anode. Ducts, con- 
necting the top of the hood with a manifold 
that runs alongside the tank, allow the with- 
drawal of both chlorine and anolyte by suc- 
tion. Purified solution is fed in at one end of 
the cell, and the solution level is held constant 
by maintaining a small overflow at the other 
end, while the greater portion of the electro- 
lyte is withdrawn as anolyte with the chlorine 
gas. 
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The Falconbridge refinery at Kristiansand, 
Norway, which has a capacity of 54 000 t/a Ni, 
contains 326 electrolytic cells, of which 24 are 
devoted to starting sheet production. Each cell 
contains 46 anodes and 45 cathodes with an 
anode spacing of 145 mm. Typical operating 
parameters are as follows: 


Inlet flow 4.0 m/h per cell 
Total current 24000 A 
Current density 220 A/m? 
Current efficiency 98-99 55 
Electrolyte temperature 60°C 
Catholyte Ni 60 g/L 

Anolyte Ni 54 g/L 


The refinery produces both regular nickel 
cathodes and Falconbridge crowns. The regu- 
lar cathodes are produced by plating onto 
nickel starting sheets and are sheared to a vari- 
ety of sizes for the nickel plating industry. 
Crowns weighing 30-60 g are produced by 
plating nickel onto specially designed cathode 
blanks, from which they are stripped and pol- 
ished for market. The refinery produces a lim- 
ited amount of exceptionally pure superelectro 
nickel, with less than 100 g/t of impurities in- 
cluding oxygen, and less than 5 g/t Co, by us- 
ing a specially purified electrolyte. 


12.6.3 Carbonyl Refining [1, 79, 80] 


The reaction of carbon monoxide at atmo- 
spheric pressure with active nickel metal at 
40—80 °C to form the gaseous nickel tetracar- 
bonyl was discovered by Lance and Monp in 
1889 [75]. The reaction is readily reversible, 
with nickel tetracarbonyl decomposing to me- 
tallic nickel and carbon monoxide at 150— 
300 ?C. 

Nickel tetracarbonyl is a volatile liquid that 
melts at —19.3 °C and boils at 42.5 °C. 

Under the mild conditions employed for re- 
action at atmospheric pressure, the carbonyl- 
forming impurities in crude nickel metal do 
not volatilize. Iron forms a volatile carbonyl, 
iron pentacarbonyl, Fe(CO),, with a freezing 
point of —20.5 °С and a boiling point of 
103 ?C, but the rate of formation is slow. Co- 
balt forms Co,(CO),, which melts at 51 °C 
and decomposes at 52 °C to form Co,(CO),,, 
but both are solids with low volatility. Copper, 
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like most other elements, does not form carbo- 
nyls directly with carbon monoxide. Thus the 
extraction of nickel as a carbonyl from a crude 
metal feed is a highly selective process. 


The formation of metal carbonyls by the in- 
teraction of carbon monoxide with reduced 
metals can be catalyzed. In fact if it were not 
for the large increase in reaction rate resulting 
from the addition of a controlled amount of 
catalyst, the tonnage extraction of nickel and 
iron as carbonyls from reduced metals would 
probably not be feasible. With the aid of cata- 
lysts or inhibitors it is possible to produce the 
carbonyls of nickel, cobalt, and iron either se- 
lectively or together. 


Although catalysts such as ammonia, mer- 
cury, selenium, and tellurium have been used 
to increase the rate of nickel carbonyl forma- 
tion, sulfide activation 1s normally used. Sul- 
fur is a good, low cost catalyst which can be 
added iri the form of hydrogen sulfide, carbo- 
nyl sulfide, or sulfur dioxide. It may be added 
during the reduction step or prior to volatiliza- 
tion. The carbonyl extraction process is nota- 
ble not only for its selectivity in the 
volatilization of the metals as carbonyls but 
also for the relative ease with which the carbo- 
nyls can be separated and decomposed under 
mild conditions to produce high-purity metals. 
Nickel and iron carbonyls can be separated by 
simple fractional distillation as a result of the 
large difference in their boiling points. 


The carbonyl process makes it possible to 
produce nickel of very high purity with an ex- 
ceptionally low cobalt content, which makes it 
particularly useful for nuclear energy applica- 
tions. 


The thermal decomposition of nickel tetra- 
carbonyl is carried out by two different meth- 
ods. Very rapid heating of the gas phase 
produces a fine nickel powder. Alternatively if 
the carbonyl contacts a hot metal surface, 
nickel deposits on the surface. This effect is 
used to produce nickel granules by the succes- 
sive deposition of layers of nickel onto a seed 
particle, until the required size is attained. 


Nickel 


12.6.3.1 Atmospheric Pressure 
Carbonyl Process 


began operation in 1902 using the Lange- 
Mond atmospheric pressure carbonyl process 
[1, 75]. Originally the plant treated nickel cop- 
per matte, but it now processes a granular 
nickel oxide, produced by fluidized-bed roast- 
ing of nickel sulfide at Inco's Copper Cliff 
smelter, which typically analyzes 7445 Ni, 
2.5% Cu, 1.0% CO, 0.3% Fe, and 0.145 S. 

- The refinery still uses the basic Lange- 
Mond process but the operation has been 
greatly increased in efficiency over the years. 
The first three steps in the process reduction, 
sulfide activation, and volatilization are now 
carried out in rotary kilns. The nickel oxide is 
first reduced to metal at 425 °C by countercur- 
rent contact with preheated hydrogen gas. The 
metal is then sulfided in a smaller kiln to acti- 
vate it, before being contacted countercur- 
rently with carbon monoxide at 50—60 °C and 
atmospheric pressure in a third kiln. About 
95 96 of the nickel volatilizes under these con- 
ditions but iron and cobalt are not carbony- 
lated. The residue from the volatilizers is 
returned to Canada and forms part of the feed 
to the converters at the Copper Cliff nickel re- 
finery. 

The off-gas from the volatilizer kiln, which 
contains about 16 vol% nickel carbonyl, is fed 
to a pellet decomposer (Figure 12.13) where it 
is contacted with preheated nickel granules at 
200 °C. The nickel carbonyl decomposes, re- 
leasing carbon monoxide and depositing a 
layer of metallic nickel on the granules, which 
steadily increase in size. 

The decomposer is filled with about 30 t of 
pellets which flow downwards by gravity and 
are recirculated to the top of the vessel by an 
enclosed bucket elevator. As the pellets pass 
downwards they are heated to 200 °C before 
contacting the carbonyl-containing gas intro- 
duced at the bottom of the decomposer. The 


motion of the pellets prevents them from ad- . 


hering together. Nickel powder is added peri- 
odically to nucleate new pellets, and market- 
size pellets (8 mm) are automatically segre- 
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gated from the smaller material and dis- 
charged. The off-gas from the decomposer 


EE А contains ca. 93 vol% carbon monoxide and 


0.1% nickel carbonyl, and is recycled to the 
volatilization kiln. Nickel pellets from the car- 
bonyl process typically contain 99.97% Ni 
and less than 5 g/t Co. In addition to nickel 
pellets, carbonyl nickel powder is also pro- 
duced at Clydach in electrically heated pow- 
der decomposers and accounts for cas20% of 
the refinery nickel output. 






Exhaust gases ——rL— 


Hof gases —*-C— 
Carbon monoxide —— == 


Nickel carbonyl. gas — ==] 


Figure 12.13: Cutaway view of a pellet decomposer: a) 
Bucket elevator; b) Preheater chamber; c) Reaction cham- 
ber. 


12.6.3.2 High-Pressure Carbonyl 
Process (BASF) 


Extraction of nickel with carbon monoxide 
is also used in processes that operate at high 
pressure and produce liquid nickel carbonyl. 
The volume change that occurs in the carbonyl 
reaction: 


Ni + 4CO — Ni(CO), 


with four molecules of carbon monoxide 
forming one.molecule of nickel carbonyl, 
means that an increase in pressure accelerates 
the formation of the carbonyl. The increased 
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pressure stabilizes the carbonyl and thus per- 
mits the process to be carried out at high tem- 
perature, which further increases the rate of 
reaction. As a result, activation of the nickel 
feed material is no longer necessary, and a 
wider range of feeds can be processed. 

BASF in Germany operated a high-pres- 
sure carbonyl nickel refining process from 
1932 until 1964. The feed matenals were 
nickel copper matte or nickel scrap and resi- 
dues. The feeds were melted and the composi- 
tion was adjusted to provide just enough sulfur 
to combine with copper as Cu,S and with part 
of the iron. The molten feed was granulated 
and reacted with carbon monoxide at 230 °C 
and 20 MPa. Over 95% of the nickel was ex- 
tracted as nickel carbonyl in a three-day batch 
treatment. Some iron was also carbonylated. 
Pure nickel powder was obtained by fraction- 
ation of the liquid carbonyls, and rapid heating 
of nickel carbonyl vapor to 280—300 °C. 


12.6.3.3 Inco Pressure Carbonyl 
Process 


The newest application of carbonyl refining 
to the treatment of a nickel-containing feed 
material is Inco's nickel refining complex in 
Copper Cliff, Ontario, which was commis- 
sioned in 1973 [80, 81]. This plant has a nomi- 
nal capacity of 57 000 t/a of refined nickel. 

The refinery consists of two operating 
plants: the converter plant and the pressure 
carbonyl plant. The converter plant produces 
granulated metallic nickel with a controlled 
sulfur content, using two top-blown rotary 
converters (TBRC’s). The pressure carbonyl 
plant produces 45 000t/a of nickel pellets, 
9000t/a of nickel powder, and 2200 t/a of fer- 
ronickel by-product from the granulated, sul- 
fided nickel feed. 

The principal feed materials supplied to the 
refinery by the Copper Cliff smelter are the 
metallics fraction from the matte separation 
process and the less pure portions of the nickel 
oxide made by roasting the nickel sulfide con- 
centrate as well as various other nickel-bear- 
ing residues and intermediates. The novel 
feature of this process is the preparation of a 
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nickel feed material which. could be carbony- 
lated at moderate pressure without the need 
for a separate activation step. 
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Figure 12.14: Flow sheet of the Inco pressure carbonyl 
converter plant: a) Electrostatic precipitator; b) Top- 
blown rotary converter (TBRC); c) Evaporation chamber; 
d). Bottom teeming ladle; e) Tundish; f) Granulating 
sluice; g) Dewatering bins; h) Lamella thickener; i) Cool- 
ing tower; j) Rotary dryer; k) Screen. 

Figure 12.14 shows the process flow sheet 
for the preparation of the feed material in the 
converter plant. The feed materials are 
blended and smelted in two 50 t capacity top- 
blown rotary converters (Figure 12.15). 
Smelting is a batch operation carried out in 
three phases: charging/melting, blowing (sul- 
fur removal), and reduction. In the charg- 
ing/melting phase, blended feed materials are 
charged as the furnace rotates and is fred with 
a natural gas oxygen flame from a water- 
cooled lance. Coke is blended with the feed to 
reduce its oxide content, and the oxygen con- 
tent of the flame is adjusted depending on the 
amount of sulfur to be removed. Charging is 
finished when the oxides have been reduced 
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and the temperature of the melt is about 
1500 °C During the charging and blowing 
phase the furnace is rotated to minimize dust 
emissions. 
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Figure 12.15: Cutaway view of a top-blown rotary con- 
verter: a) Water-cooled charging chute; b) Flue; c) Track 
ring; d) Water-cooled oxygen/natural gas lance; e) Hood; 
f) Rotate drive motor; g) Thrust roller. 
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In the blowing phase, a precalculated 
amount of high-pressure oxygen is blown at 
supersonic velocities into the converter charge 
to oxidize sufficient sulfur to produce a matte 
with a Cu/S ratio of about 4:1 (Cu,S). In the 
reduction phase, oxides formed during blow- 
ing and oxygen dissolved in the bath are re- 
duced with petroleum coke. Some sulfur 
removal also occurs when oxygen dissolved in 
the matte reacts with remaining sulfides. The 
converter is rotated at 15 rpm during reduc- 
tion. Off-gases are drawn out through a mov- 
able hood and cleaned in electrostatic 
precipitators before being vented to a stack. 
The recovered dusts are recycled to a subse- 
quent converter charge. 

Molten matte at 1600 °C is granulated with 
high-pressure water jets at a rate of 1 t/min. 
The granulated matte is dried and transferred 
to the pressure carbonyl plant. The matte typi- 
cally analyzes 75-80% Ni, 12-17% Cu, 2% 
Co, 2% Fe, and 3—4% S, with a granule size of 
less than 9 mm. 


t 


| | Nickel pellets 


JI Nickel powder 
Coss. 


pellets 











Reactor 


à pape 


Figure 12.16: Flow sheet of the Inco pressure carbonyl refining process: a) Reactors; b) Condenser; c) Pellet decompos- 
ers; d) Slurry; e) Crude liquid storage; f) Storage; в) Vaporizer; h) Powder decamposers; i) Reboiler; j) Distillation col- 
umns; К) High-pressure CO storage; 1) Main compressors; m) Low-pressure CO storage. 
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Figure 12.16 shows the process flow sheet 
for the pressure carbonyl refining operation. 
Matte granules are carbonylated in 150-t 
batches at temperatures up to 180 °C and pres- 
sures of 7 MPa in three horizontal cylindrical 
rotating reactors (Figure 12.17). Carbon mon- 
oxide is continually circulated through the re- 
actor Nickel carbonyl formation is very 
exothermic and the heat of reaction is re- 
moved by means of water-cooled heat ex- 
changer tubes inside the reactors, which also 
serve as lifters to improve gas—solids contact 
as the vessel rotates. Micro-metallic filters at 
each end of the reactor prevent loss of solids 
entrained in the gas stream. The direction of 
gas flow is reversed periodically to prevent fil- 
ter blinding. 

Nickel and iron carbonyls are carried out of 
the reactor with the carbon monoxide stream, 
are liquefied by cooling, and stored as liquids 
at atmospheric pressure. The carbonylation re- 
action normally extracts about 97.5% of the 
nickel and 3045 of the iron, leaving a residue 
typically containing 57% Cu, 8.5% Ni, 9% 
CO, 6% Fe, and 15% S, as well as the pre- 
cious metals. The residue is treated hydromet- 
allurgically to recover copper, cobalt, nickel, 
and the precious metals [82]. 

Water Water a b с d Gas 

















Figure 12.17: Cutaway view of a pressure carbonyl reac- 
tor: a) Coils; b) Flights; c) Feed chute; d) Metallic filters; 
e) Tires; f) Rollers; g) Discharge chute; h) Drive pinion; i) 
Spur gear. 

The crude, liquid nickel-iron carbonyls 
typically contain 98.9% Ni and 1.1% Fe. This 
liquid is fractionated in two columns, each 
with twenty trays, to separate nickel carbonyl 
(bp 43 °C) from iron carbonyl (bp 103 °C). 
Distillation is carried out at below boiling 
temperatures with carbon monoxide as a car- 
rier gas. Nickel carbonyl, which is obtained as 
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a mixture of vapor and liquid from the over- 
head partial condensers, is used to make ex- 
tremely pure nickel powder and pellets. The 
bottoms from the reboilers, which contain 
85% iron carbonyl and 15 % nickel carbonyl 
liquids, are decomposed to form ferronickel 
pellets. 


[Ni(NH;),(H,0),]SO, + Н, > № + (NH,),SO, + 4H,O 


Nickel carbonyl vapor 


Carbon 
monoxide 





Nickel powder 


Figure 12.18: Cutaway view of a powder decomposer: a) 
Baghouse; b) Decomposer; c) Electric heaters; d) Con- 
necting box; e) Discharge container. 

The nickel carbonyl vapor from the distilla- 
tion column passes directly to pellet decom- 
posers (Figure 12.13) where it is contacted 
with preheated nickel pellets at 240—270 °C. 
The operation of the decomposers is essen- 
tially as described in Section 12.6.3.2 for the 
Inco refinery at Clydach. The condensed por- 
tion of the nickel carbonyl distillation over- 
head stream is revaporized with carbon 
monoxide carrier gas to avoid premature de- 
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composition and passed to electrically heated 
powder decomposers (Figure 12.18). Decom- 
position by thermal shock at 300 *C produces 
pure nickel powder, which can be varied in 
shape, size, morphology, and density by ad- 
justing the operating conditions. 

The iron carbonyl-containing. bottoms 
product from distillation is treated by revapor- 
izing the liquid at a sub-boiling temperature 
with carbon monoxide as carrier gas, and feed- 
ing it to a pellet decomposer to produce fer- 
ronickel pellets. 

"The pure nickel pellets, with a typical di- 
ameter of 10 mm, analyze over 99.97% Ni 
with 60 g/t C, 40 g/t O,, and less than 0.2 g/t 
Co. The nickel powder, with a particle size in 
the range 3—7 um, has significantly higher car- 
bon and oxygen contents (650 g/t C and 570 
g/t O2) 


12.6.4 Hydrogen Reduction to 
Nickel Powder 


Nickel is recovered as a pure metal powder 
from nickel sulfate leach solutions by chemi- 
cal reduction with hydrogen under pressure in 
several hydrometallurgical nickel refineries 
[1, 65]. Precipitation of the metal is carried out 
with an ammoniacal nickel sulfate solution 
having a molar ratio of ammonia to nickel of 
2:1, so that the acid generated in the reduction 
reaction is neutralized by reaction with ammo- 
nia to form ammonium sulfate: 

The reduction process is operated at 200 °C 
at a hydrogen pressure of 3 MPa in horizontal 
single-compartment autoclaves, each 
equipped with four agitators. The solution is 
processed batchwise, with the powder parti- 
cles growing as successive layers of nickel are 
reduced, onto seed particles, from up to sixty 
batches of nickel-bearing feed solution. After 
each reduction or densification. which takes 
up to thirty minutes, the powder is allowed to 
settle, and the depleted solution is decanted off 
and replaced by fresh feed solution. 

The nickel precipitation reaction can occur 
on any metal surface, and in the absence of 
suitable seed particles most of the metal depo- 
sition occurs on the vessel walls as a solid 
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plate. When suitable seed particles such as 
fine nickel powder are available, most of the 
nickel deposits on these particles, but even so, 
a minor but significant amount of nickel still 
plates on the walls, and must be releached pe- 
riodically. Normally this plating leach is car- 
ried out after each cycle of  50—60 
densifications, and the leach liquor produced 
is used to prepare the seed particles for the 
subsequent densification cycle. 2 


Seed particles are produced by adding an 
aqueous solution of iron(II) sulfate to the plat- 
ing leach liquor to form a finely divided pre- 
cipitate of ferrous hydroxide, and applying a 
hydrogen overpressure of 2.5 MPa at 115 ?C. 
Under these conditions the nickel deposits 
onto the nuclei of ferrous hydroxide to form 
very fine particles of nickel metal, which pro- 
vide the seed particles for densification. Once 
the nickel seed particles are formed, subse- 
quent nickel deposition occurs autocatalyti- 
cally on the surface of the particles, in 
preference to the vessel] walls. 


The reduction reaction is selective for 
nickel from a solution containing 50 g/L Ni 
and 1 g/L Co until the nickel content drops to 
about 1 g/L. Reduction is normally stopped at 
this point, leaving a solution containing about 
1 g/L Ni and 1 g/L Co. This solution is reacted 
with hydrogen sulfide to precipitate a mixed 
nickel cobalt sulfide, which is treated hydro- 
metallurgically to recover refilled cobalt, 
while the barren solution is evaporated to 
crystallize ammonium sulfate for sale as fertil- 
izer. 


Atthe end of a densification cycle when the 
powder has reached the desired particle size 
and density, the whole contents of the auto- 
clave are discharged under pressure to a cone- 
bottomed flash tank. The solution is drawn off 
and the nickel powder is withdrawn from the 
bottom of the tank as a slurry containing 95% 
solids. The powder is washed with water and 
collected on a vacuum filter. The filter cake is 
dried in a rotary dryer fired with natural gas. 
The powder is either marketed as such or is 
converted to briquettes by mixing with an or- 
ganic binder and pressing in briquetting rolls. 
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The "green" briquettes are sintered and de- 
sulfurized at 950 °C in a reducing atmosphere. 


The powder typically analyzes 99.8% Ni, 
0.08 % Co, < 0.001 % Cu, 0.002 % Fe, 0.001 % 
C,0.025 % S, and 0.02% O,. 


This process for recovering nickel powder 
from solution can be used in combination with 
the ammonia pressure leaching of nickel con- 
centrates and mattes (as at Sherritt Gordon and 
Western Mining Corporation), with the acid 
pressure leaching of nickel-copper mattes (as 
at Impala Platirium and in the former Атах 
operation at Port Nickel), and with the Caron 
process for treating nickel laterites (as at 
Nonoc in the Philippines). 


12.7 Beneficiation of Oxide 
Ores [1] 


As described earlier, nickel oxide ores oc- 
cur in two types: a limonitic type which occurs 
in the upper zone of a lateritic deposit, in 
which ferric oxide materials are predominant, 
and a silicate, or "garnierite" type, occurring 
at greater depth in the deposit, which has a 
lower iron content, but is usually richer in 
nickel than the limonite, and contains high 
levels of magnesia and silica. In nickeliferous 
limonite (Fe,Ni)O(OH)-nE,O the nickel ox- 
ide is mainly present in solid solution with the 
iron oxides. In nickeliferous silicate, nickel, 
iron, and cobalt oxides occur in varying pro- 
portions, generally replacing part of the mag- 
nesium oxide їп the serpentinite 
[Mg,;Si,O,( OH),]. 

Most deposits contain both types of ore. 
Usually it is possible to separate the ore by se- 
lective mining and screening into an iron-con- 
taining limonite fraction and a magnesium 
silicate fraction enriched in nickel. The metal- 
lurgy of nickel oxide ores differs from that of 
sulfides in that oxide ores are not amenable to 
most of the standard mineral beneficiation 
methods due to the chemical dissemination of 
the nickel in the oxide minerals. Screening 
may be used to reject the oversize, less weath- 
ered fragments that contain less nickel, but 
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this provides only a minor degree of upgrad- 
ing. 

In most cases the ore is treated directly by a 
pyrometallurgical or hydrometallurgical pro- 
cess. However, two processes have been de- 
veloped in which the nickel is first converted 
by high-temperature treatment to a metallic 
phase, which can then be separated from the 
bulk of the ore by standard mineral beneficia- 
tion techniques. These processes are the Nip- 
pon Yakin Oheyama process (which was 
based on the Krupp-Renn process developed 
in Germany in the 1930s to produce iron from 
otherwise uneconomic low-grade iron ores) 
and the MINPRO-PAMCO segregation pro- 
cess. 


12.7.1 Nippon Yakin Oheyama 
Process | 


Nippon Yakin Kogyo produces 12 000 t/a 
nickel as low-nickel ferronickel from silicate 
ores (2.3~2.6% Ni, 12-15% Fe), imported 
from New Caledonia, the Philippines, and In- 
donesia, at its Oheyama works in Japan [83]. 
The ore is ground and mixed with anthracite, 
coal, and flux, and briquetted. The briquettes 
are fed continuously through a rotary kiln, 
countercurrent to a flow of hot gas produced 
by the combustion of coal. As the temperature 
rises from 700 °C to 1300 °C, the charge is 
successively dried, dehydrated, and reduced. 
As the charge begins to melt, smelting occurs 
in the semifused state to form coalesced parti- 
cles of spongy ferronickel (known as luppen, 
from the Krupp~Renn process) interspersed in 
a viscous slag phase. The kiln discharge is 
quenched in water and the luppen are sepa- 
rated from the slag by grinding, screening, jig- 
ging, and magnetic separation. Nickel 
recovery from ore is typically 95 95. 

A major advantage of this process is that 
the ferronickel product is recovered in the 
form of 2-3 mm particles containing 22% Ni 
+ Co, 0.45% S, 0.03 % С, and 0.0246 P which 
can be used directly in the AOD steel making 
process, without further upgrading or refining. 
Although the process is energy intensive, the 
major energy sources used are cheap anthra- 
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cite and coal, and no high cost electrical en- 
ergy or oil is used for heating. Consequently, 
energy costs are relatively low. 


12.7.2 Segregation Processes 


The segregation process [84, 85] was de- 
veloped to recover copper from refractory 
minerals such as silicates, and has been ap- 
plied with limited success on a commercial 
scale in Africa. Research has shown that the 
technique can be applied to the production of 
ferronickel from several types of nickel later- 
ite ore, but the process has not yet been suc- 
cessfully applied on a commercial scale. 

In the segregation process the ore is treated 
with a halide such as calcium chloride and a 
reductant such as coke at temperatures well 
below the melting range (950-1100 °С). Un- 
der these conditions the halide reacts with sili- 
cates and water vapor to form hydrogen 
chloride. 

CaCl, + SiO, + H,O > CaSiO, + 2HCI 


Ттоп(Ш)) oxide is reduced to iron(II) oxide 
by hydrogen and carbon monoxide, which are 
formed in the reaction between coke and wa- 
ter. 

С+Н,0 2 CO«H, 
Fe,0, + CO 2 2FeO + CO, 
Fe,O, + Н, > 2FeO + H,O 

The gaseous hydrogen chloride chloridizes 
both nickel oxide and iron(IT) oxide to form 
the volatile metal chlorides. 

FeO + 2HCI — FeCl, + H,O 
NiO + 2HCI э MCL + H,O 

The metal chlorides are reduced to metal by 
reaction with hydrogen at the surface of the 
coke particles, 

FeCl, + МСІ, + 2H, — FeNi + AHC) 


releasing hydrogen chloride to react with fur- 
ther nickel and iron oxides. The ferronickel 
collects on the particles of coke and can be 
separated from the silicate phases by grinding 
and magnetic separation. 

A major obstacle to the commercial devel- 
opment of this process has been the lack of a 
suitable reactor. The most promising ap- 
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proach, which was successfully tested at a rate 
of 1t of ore per hour in 1981—1983, is the 
MINPRO-PAMCO segregation process. The 
reactor employed was a 850 kW former autog- 
enous grinding mill, which was relined with 
two courses of refractory brick to permit oper- 
ation at 950 °C. 


In the pilot testwork, a nickel ore contain- 
ing 2.3% Ni and 13.2% Fe was preheated in a 
rotary kiln to 950 *C, and treated in tlie segre- 
gation reactor with 40 kg calcium chloride and 
20 kg coke per tonne of ore. The reactor dis- 
charge was cooled and ground prior to mag- 
netic separation to yield a ferronickel product 
grading 59% Ni and 29% Fe, and a tailing 
with 0.45 % Ni. Further upgrading to 68% Ni 
was shown to be possible with additional 
grinding and magnetic separation steps. En- 
ergy savings of 25-30 % over the conventional 
smelting process have been projected by the 
developers of the process. 


12.8 Pyrometallurgy of 
Oxide Ores 


Nickel laterite ores have historically been 
treated almost exclusively by smelting pro- 
cesses, and except for Cuba, where nickel ore 
treatment is all essentially hydrometallurgical, 
the industry is still predominantly pyrometal- 
lurgical. The development of nickel oxide ore 
smelting has drawn heavily on iron and steel 
metallurgy for ferronickel production and on 
copper metallurgy for nickel matte production 
[1, 7, 8, 29]. 


The separation of nickel from the refractory 
oxides is relatively simple because there are 
large differences in the free energies of forma- 
tion of nickel oxide and the gangue compo- 
nents such as silica and magnesia. Adjustment 
of the reduction conditions permits the com- 
plete reduction of nickel oxide while limiting 
the degree of reduction of iron oxide, but a to- 
tal separation of nickel from iron by selective 
reduction is not possible. Two major process 
routes have been developed to overcome this 
problem. 
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In ferronickel production, the nickel oxide 
and part of the iron oxide are reduced to metal 
in an electric furnace. The fraction of iron re- 
duced to metal is a function of the reduction 
potential of the system, so that ores with a low 
Ni/Fe ratio can be smelted to yield an accept- 
able ferronickel grade. 

In nickel matte production, the ore is 
smelted with a reductant, a flux, and a source 
of sulfur, which may be gypsum, a sulfide 
mineral, or elemental sulfur. Most of the 
nickel and a large portion of the iron are re- 
duced and sulfidized to form a low-sulfur 
matte phase. Iron removal can then be accom- 
plished by fluxing and selective oxidation of 
the iron in a converter to produce a nickel 
matte containing over 75% Ni, 20-22% S, 
and less than 1% Fe. 

The smelting of nickel silicate ores in blast 
furnaces was developed by Société Le Nickel 


Table 12.12: Nickel laterite smelters. 





Smelter Ore grade, % Ni 
SLN, New Caledonia 2.70 
P.T. Inco Indonesia 1.97 
Pacific Metals, Japan 2.40 
Falconbridge, Dominican Republic 1.75 
Cerro Matoso, Colombia 2.90 
LARCO, Greece 1.25 
Hyuga Smelter, Japan 2.40 
Orsk, former Soviet Union 1.02 
Nippon Mining, Japan 2.40 
Glogovac, Yugoslavia 1.32 
P.T. Aneka Tambang, Indonesia 2.25 
^ 1985 production data. 


12.8.1 Ore Pretreatment 


Nickel laterite ores have high moisture con- 
tents (typically up to 45%) as well as chemi- 
cally bound water in the hydroxide form. АП 
ore treatment plants use dryers, usually direct- 
fired rotary units operating at about 250 ?C, 
which reduce the moisture content only to 15— 
20% to minimize dusting during drying and 
subsequent smelting. Calcining to dehydrate 
the ore and prereduction prior to electric fur- 
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(SLN) in New Caledonia in the 1870s [86]. 
Initially, attempts were made to produce fer- 
ronickel, but after encountering difficulties in 
eliminating sulfur from the product, the opera- 
tion switched to the production of nickel iron 
sulfide matte. The furnace matte was blown to 
give a low-iron converter matte, which was 
shipped to Europe or North America where it 
was dead roasted to remove sulfur and re- 
duced in briquette form with charcoal to metal 
rondelles. The SLN introduced electric fur- 
nace smelting of nickel silicate ores to ferron- 
ickel in 1958, using a furnace design 
developed by Elkem-Spigerverket of Norway, 
and most present-day ferronickel smelters use 
processes based on this technology [87]. 

Several of the world's major nickel laterite 
smelters are listed in Table 12.12 together with 
details of their ore and product nickel grades 
and production capacities. 





Product 
———————— — 1988 production, t/a Ni 

Type Grade, % Ni 

Fe-Ni 25 37 000 
matte 78 10 000 
matte 79 28 000 
Fe-Ni 14-22 25 000? 
Fe-Ni 38 29 300 
Fe-Ni 45 19 000 
Fe-Ni 24-30 13 000 
Fe-Ni 20-25 12 000* 
matte 77 16 000 
Fe-Ni 20 10 000° 
Fe-Ni 24 5 500 
Fe-Ni 25 4 800 


nace smelting are generally carried out in 
countercurrently fired rotary kilns. Chemi- 
cally bound water is released above ca. 
400 °C, and reduction of the oxides to metal 
starts at 500-600 °C. The maximum tempera- 
ture reached in the kiln is generally limited to 
800-900 °C because of the tendency of the ore 
to agglomerate and form accretions on the fur- 
nace walls. Dehydration and prereduction of 
the ore in the kiln prior to smelting, optimizes 
the utilization of energy available from the re- 
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ductants and fuel, thus reducing energy con- 
sumption in the smelting operation. 


12.8.2 Smelting to Nickel Matte 


Low-iron nickel sulfide matte has long 
been produced from oxide nickel ores by re- 
duction and sulfidation in a blast furnace. This 
process is still practiced in Russia at three 
smelters in the Urals, but the blast furnace has 
given way to the electric furnace smelting pro- 
cess in New Caledonia and in the P. T. Inco op- 
eration in Indonesia. 


12.8.2.1 Blast Furnace Smelting 


The blast furnace production of nickel 
matte was practiced by SLN at its Doniambo 
smelter in New Caledonia from 1880 until 
1972. The nickel silicate ore was blended with 
calcium sulfate and coke and reduced directly 
to matte in the blast furnace. The low-grade 
furnace matte was then blown to 78% Ni and 
20 % S in a converter [88]. 


At the Yuzhuralnikel Combine at Orsk'in 
Russia, nickel silicate ores, averaging 1.02% 
Ni, 15.4% Fe, 10% MgO, and 49% SiO,, are 
blended with ground coke, limestone, pyrite 
(0.1% Cu content), and recycled converter 
slag and sintered at 1100-1200 °C in one of 
five 75 m? downdraft sinter machines. The re- 
sulting sinter is crushed and smelted in one of 
eleven low (5 m height) shaft furnaces using 
24% oxygen enriched air. The furnace matte, 
containing 17% Ni, 54% Fe, and 21% S is 
tapped at 1200 °C and blown in Peirce-Smith 
converters to a high-grade matte (77% Ni, 
2.5% Cu, 0.2% Fe, 21% S). 


The converter slag is cleaned to reduce its 
nickel and cobalt contents in a two-stage con- 
tact with molten furnace matte, and the 
cleaned slag is recycled to the shaft furnaces. 
The converter matte is cast, ground, and 
roasted in fluidized-bed roasters to eliminate 
sulfur and is then treated in a chloridizing 
roast in a rotary kiln, followed by acid leach- 
ing to remove copper. The leached nickel ox- 
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ide is reduction smelted with coke and the 
metal is granulated. The Orsk combine pro- 
duces 16 000 t/a of nickel granules analyzing 
98.5 % Ni, 0.5% Co, 0.55 % Cu, and 0.5% Fe 
from its exceptionally low-grade nickel later- 
ite ore feed [49]. 


12.8.20. Matte Production from 
Ferronickel ? 


SLN now produces nickel matte from crude 
ferronickel (24% Ni+ Co, 69% Fe, 2% C, and 
0.25 % S) by means of a sulfidizing treatment 
with elemental sulfur in a Peirce Smith con- 
verter [89]. After sulfidizing, the matte is 
blown with air to oxidize iron, which is 
slagged off with silica flux in two stages, to 
produce a matte containing 75—80 % Ni, 0.1 to 
4% Fe, and 20% S. The cobalt content ranges 
from 0.4% in matte containing 0.1% Fe, to 
1.2-1.7 % Co in matte containing 4% Fe. This 
matte is shipped to the SLN nickel refinery at 
Le Havre-Sandouville in France, where it is 
refined to high-grade electrolytic nickel. Co- 
balt is recovered separately in the refilling 
process. 


12.8.2.3 Inco Selective Reduction 
Smelting Process [90—94] 


Inco’s process for the production of nickel 
matte from laterite ores was developed for 
projects in Indonesia and Guatemala which 
started operation in 1977. The ore is dried and 
then calcined and partially reduced in a rotary 
kiln at 750—800 °C. Reduction is accom- 
plished by adding coal to the kiln feed and by 
lancing high-sulfur oil into the ore bed. The 
hot calcine is smelted in an electric furnace. 
The bulk of the sulfur required to form a matte 
is added as molten elemental sulfur either to 
the kiln discharge, or directly to the electric 
furnace discharge. The resulting furnace matte 
is finally upgraded to the product matte in an 
air-blown converter. 
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Figure 12.19: Flow sheet of the P.T. Inco Indonesia matte smelter: a) Drying kiln; b) Reduction kiln; c) Dried ore stor- 
age; d) Top-blown rotary converter; e) Electric furnace (melting); f) Peirce-Smith converter. ` 


In the P.T. Inco Indonesia operation on the 
island of Sulawesi, two ore types are blended 
to maintain a SiO,/MgO ratio of 1.9:1, and the 
moist ore is crushed and screened (Figure 
12.19). The oversize ore is rejected and the 
fines, which typically contain 2.0% Ni, 19.3% 
Fe, 17% MgO, and 33.3 % SiO, are dried to 
20% moisture. The dried ore is fed to one of 
three 100-m long rotary kilns, each of which is 
divided into three zones, for calcining, sul- 
fidizing, and reduction. Reduction is achieved 
by injecting high-sulfur oil into the hot calcine 
at the discharge end of the kiln. The combusti- 
ble cracking products of the injected oil are 
burned gradually as they pass along the kiln, 
countercurrent to the ore, by injecting con- 
trolled amounts of combustion air. The calcine 
is discharged at 770 °C and is transferred to 
one of three 45 MVA electric smelting fur- 
naces. Power for the smelting furnaces is sup- 
plied from a captive hydroelectric facility, 
which has proved a major economic advan- 
tage in comparison with most other nickel lat- 
erite operations, which are heavily dependent 
on the use of fossil fuels. Energy consumption 
in smelting is 2.1-2.2 GJ/t ore (580-600 
kWh/t). Tapping temperatures are 1360 °C for 
the 32 % Ni, 10% S matte and 1550 °C for the 


slag, which typically contains 0.16% Ni, 20% 


Fe, 45 % SiO,, and 23.5% MgO. 


The furnace matte is upgraded to converter 
matte (79% Ni, 19.5% S, 0.5% Fe) in one of 
two side-blown Peirce-Smith converters. 
These converters were installed to replace the 
top-blown rotary converters originally pro- 
vided for this purpose, which had proved to be 
expensive to operate due to high refractory 
wear and high maintenance costs. The matte is 
granulated for shipment to the Japanese mar- 
ket. 

The P.T. Inco Indonesia operation is to be 
expanded from its 1988 production rate of 
34 000 t/a Ni to 47 000 t/a Ni in the early 
1990s. A smaller Inco operation in Guatemala 
(Exmibal) which utilized the same process, 
but was dependent on fuel oil for power gener- 
ation, closed in 1980 after three years of un- 
economic operation. 


12.8.3 Energy Consumption in 
Laterite Smelting 


The pyrometallurgical production of fer- 
ronickel and nickel matte from oxide ores is 
extremely energy intensive and energy costs 
can account for 5046 of the production cost of 
ferronickel. Energy is consumed in drying the 
moist ore, in calcining the dried ore to remove 
chemically bound water, in heating the charge 
to melting temperature, and in smelting. Typi- 
cal fuel and electrical energy consumption 


Nickel 


data collected in a 1986 survey [30] are pre- 
sented in Table 12.13. 

These figures reflect the trend to the use of 
coal in preference to oil in the decade follow- 
ing the increase in oil prices in 1973. The oil 
consumption reported for the Falcondo opera- 
tion includes both the naphtha used in the met- 
allurgical process and the heavy oil used for 
the production of electrical power in the on- 
site generating station. The distribution of en- 
ergy consumption in a typical ferronickel 
smelter is illustrated by the following data (in 
GJ/t ore): 


Drying 1.3-2.0 
Preheating and prereduction 3.3-4.2 
Electric smelting 1.4-2.2 
Other electrical energy 0.22-0.29 
Total 6.22-8.69 


Electrical energy for the electric furnace ac- 
tually accounts for only 25-30% of the total 
energy consumption in a smelter, while the ro- 
tary kiln operation consumes about 50 % of the 
total energy required. 

Total energy consumption at the P.T. Inco 
Indonesia operation was decreased from 620 
GJ/t Ni in 1980 to 460 GJ/t Ni in 1985 by con- 
tinuing process optimization [92]. During this 
period the percentage of energy provided by 
fuel oil was also decreased from 73% to 62 96 
of the total by a partial substitution of oil by 
coal, which provided 8% of the energy used in 
1985. Overall, therefore, these changes re- 
sulted in a 37% reduction in oil consumption 
per tonne of nickel produced. These econo- 
mies in fuel oil usage, combined with a low 
cost source of hydroelectric power, have made 
the P. T. Inco operation in Indonesia one of the 
world's cheaper nickel producers [93]. 


Table 12.13: Smelter fuel and power consumption data [30]. 


Operation PN Pus М Ni 
Falcondo 1.75 38 
РЛ. Inco 2.25 matte 
Hyuga 2.4 20-25 
Nippon 2.4 20 
Aneka Tambang 2.25 25 
Cerro Matoso 2.9 45 


763 


12.9 Hydrometallurgy of 
Oxide Ores 


The chemical and mineralogical homoge- 
neity of limonitic nickel ores, allied with the 
high value of potential by-products such as co- 
balt, chromium, and iron, make them ideal 
feed materials for hydrometallurgical treat- 
ment [1, 63]. Most of the nickel in iron-rich 
laterite ores is contained in goethite (a- 
FeO-OH), while the cobalt is almost always 
associated with manganese oxides. The recov- 
ery of nickel and cobalt thus essentially con- 
sists Of separating them from iron and 
manganese. | 


А variety of potential hydrometallurgical or 
combined pyrometallurgical hydrometallurgi- 
cal process routes have been proposed for lat- 
erite treatment. Approaches considered 
include sulfate or chloride roasting followed 
by water leaching to recover solubilized nickel 
and cobalt sulfates or chlorides, with soda 
roasting of the residue and water leaching to 
recover chromium, as well as the direct leach- 
ing of nickel and cobalt with sulfuric, nitric, or 
hydrochloric acid. Only two hydrometallurgi- 
cal treatment processes have been commer- 
cialized, and although both recover cobalt and 
nickel, neither is currently operated for chro- 
mium or iron recovery. The two commercial 
processes, the Caron process, in which par- 
tially reduced ore is leached in ammoniacal 
solution, and the Moa Bay process, using di- 
rect sulfuric acid pressure leaching of ore, 
were both developed to treat the very large, 
high-iron laterite deposits of Cuba. 





a ITA Ni ët Ni EVEN ` 
15.7 
14 6.9 140 
15 115 
6.0 0.6 79 
23 3.8 108 
2Л 3.1 94 
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12.9.1 Caron Process 


The reduction roast and ammonium car- 
bonate leach process was patented by M. H. 
Caron in 1924, but the first commercial appli- 
cation of the process was not initiated until 
World War H, when a plant was constructed at 
Nicaro, Cuba. The ore is first dried to about 
5 % moisture and is then selectively reduced in 
a multihearth roaster. The reduced calcine is 
cooled under nonoxidizing conditions and 
leached in ammoniacal ammonium carbonate 
solution to selectively extract nickel and co- 
balt. The pregnant leach liquor is then boiled 
to strip ammonia and carbon dioxide, causing 
the nickel and cobalt to precipitate as basic 
carbonates. The mixed nickel cobalt basic car- 
bonate can be calcined to a nickel oxide prod- 
uct or can be refined to nickel powder or 
cathode. Details of a number of operations us- 
ing the Caron process are given in Table 
12.14. 


Table 12.14: Commercial Caron process plants. 
Design Feed ore, % 





Operation capacity, —— — —  . Product type 
t/a Ni Ni Co 
Nicaro, Cuba 22500 1.40 0.10 NiO sinter 
Queensland Nickel, 18000 1.35 0.11 NiO rondelles 
Australia NiS-CoS 
Nonoc, Philippines 30000 1.22 0.10 Ni powder 
NiS-CoS 
Punta Gorda, Cuba 30 000 NiO sinter 
Tocantins, Brazil 5000 1.60 0.14 Nicathode 
Elbasan, Albania 3 000 NiCO, 


The original plant at Nicaro, built and oper- 
ated by the Freeport Sulfur Company [1, 86], 
for the U.S. Government, was commissioned 
in 1944. It was closed down in 1947 as uneco- 
nomic under peacetime conditions, despite 
having achieved a production rate of 14 500 t 
of nickel as nickel oxide in 1946. However 
nickel recovery from the ore had never ex- 
ceeded 70%. It was reopened in 1952 for the 
U.S. Government under the operating man- 
agement of a joint venture of the National 
Lead Company and Fomento de Minerales 
Cubanos. Its production capacity was in- 
creased to 22 500 t/a Ni in 1957, and in 1960 it 
was nationalized by the Cuban Government. 
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Production is believed to have ranged from 
16 000—20 000 t/a Ni during the 1970s and 
1980s [95]. 

Freeport was also a member of the joint 
venture which constructed the Queensland 
Nickel refinery near Townsville, Australia in 
1974, which drew heavily on the design and 
operating experience gained at Nicaro [96]. A 
second Caron plant in Cuba was built by the 
Cuban Government with Soviet assistance in 
the early 1980s at Punta Gorda, near Moa Bay. 
The first of three processing lines was com- 
missioned in 1986 and by the end of 1988 pro- 
duction was reported to have reached 10 000 
t/a Ni as nickel oxide. A third Cuban Caron 
plant is under construction in the same area at 
Las Camarioca, scheduled to start-up in 1995 
[97]. 

The other large Caron plant was built by 
Marinduque Mining and Industrial Corpora- 
tion on Nonoc Island in the Philippines with 
technical assistance from Sherritt Gordon [98, 
99]. The Nicaro process was adapted by Sher- 
ritt to increase nickel and cobalt extractions 
and to produce hydrogen-reduced powder 
from the basic nickel carbonate. 

The Nonoc nickel refinery was commis- 
sioned in 1974 and reached a production rate 
of around 22 000 t/a Ni in 1977, ata nickel re- 
covery of 78% Ni. This plant was closed in 
1986 after several years of declining operation 
due to adverse economic conditions. There are 
currently (1989) plans to refurbish the process 
plant and resume operation in the early 1990s. 
Both the Queensland Nickel and the Marindu- 
que nickel operations were designed to re- 
cover cobalt separately as a by-product by 
precipitating a mixed cobalt-nickel sulfide 
prior to precipitation of basic nickel carbon- 
ate. 

The Companhia Niquel Tocantins plant in 
Brazil began production of nickel cathode 
from basic nickel carbonate in 1981 and was 
scheduled to increase capacity to 10 000 t/a Ni 
by 1990 [100]. The small Caron plant at the 
Elbasan metallurgical complex in Albania 
ships its basic nickel carbonate product to the 
Severonikel Combine in the former Soviet 
Union for refining to metal. 
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Figure 12.20: Flow sheet of the Queensland Nickel laterite refinery. CCD = Countercurrent decantation; BNC = Basic 


nickel carbonate. 

Industrial practice is illustrated by the fol- 
lowing description of the Queensland Nickel 
process, which closely resembles the original 
Nicaro process [1] except for the addition of a 
cobalt recovery step. The flow sheet of this 
plant, which was designed to treat 5700 t/d of 
ore from the Greenvale ore body is outlined in 
Figure 12.20 [96, 63]. 

The blended ore (1.35% Ni, 0.11% Co, 
25% Fe, 10% MgO) is first dried in one of 
three rotary dryers to about 5 % moisture con- 
tent. The dried ore is then ground in a ball mill 
and blended with fuel oil as a reductant, before 
being fed to one of ten seventeen-hearth Her- 
reschoff roasters, where it is roasted under re- 
ducing conditions at 700-760°C with a 
retention time of ca. 90 min. The ore is heated 
by hot reducing gas (CO + H,) formed by the 
combustion of fuel oil in a deficiency of ail in 
the ten combustion chambers on each roaster. 
The reduction potential of the gas phase is reg- 
ulated so that most of the nickel and cobalt in 


the ore are reduced to the metallic state (as a 
ferronickel alloy) and the iron(II) oxides are 
reduced to magnetite without significant re- 
duction of the iron oxides to iron(II) oxide or 
to the metal. 


NiO +H, > Ni + H,O 
3Fe,0, + H, > 2Fe,0, + H,O 


As a result the nickel and cobalt are ren- 
dered amenable to ammoniacal leaching while 
the iron remains as insoluble oxides or sili- 
cates. Typically 80-85 % of the nickel content 
of the ore is converted to the metallic form. 
Any nickel oxide which is not reduced to 
metal is rendered insoluble under the roasting 
conditions by incorporation into the silicate 
minerals. Good control of the roasting condi- 
tions is therefore essential for optimal nickel 
recovery in the process. 

The reduced ore is cooled in a nonoxidizing 
atmosphere, to avoid reoxidation of the nickel, 
and is quenched and leached in ammoniacal 
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ammonium carbonate solution containing 7% 
NH, and 4% CO,. Leaching is carried out in 
three trains of four mechanically agitated, air- 
sparged leaching tanks at a pulp density of ca. 
20% solids. The leaching reactions can be E 
resented by the following equation: 


FeNi + О, + 8NH, + ЗСО, + H,O > 
Ni(NHj)7* + Pei" + 2NH; + ЗСО2- 


The iron(II) is further oxidized and precipi- 
tates as iron(II) hydroxide: 


4Fe** + О, +2H,0 + 80H” — 4Fe(OH), 


However, significant losses of cobalt occur 
by coprecipitation with the iron hydroxide. 

The pregnant liquor is separated from the 
leached ore in a seven-stage countercurrent 
decantation thickener circuit using ammonia- 
cal solution as the washing medium. The 
washing efficiency is typically 99%. Ammo- 
nia is recovered from the washed leach resi- 
dues by steam stripping, and the barren solids 
are discarded. The pregnant liquor recovered 
from the wash circuit, which contains 10 g/L 
Ni and 0.5 g/L Co, was formerly treated with 
ammonium hydrogen sulfide in a pipeline re- 
actor to precipitate virtually all of the cobalt 
and about 10% of the nickel. The mixed sul- 
fide product (15% Co, 40% Ni) was thick- 
ened, washed, and spray dried, and sold for 
cobalt and nickel recovery elsewhere. Ammo- 
nia and carbon dioxide were then stripped 
from the cobalt-free solution by direct stream 
injection to precipitate basic nickel carbonate. 

Since 1988, the pregnant liquor has been 
treated by solvent extraction to separate nickel 
and cobalt [101]. An organic reagent (LIX 87 
QN) is used to extract nickel selectively from 
the pregnant liquor. The nickel is recovered 
from the solvent by stripping with a more con- 
centrated ammoniacal ammonium carbonate 
solution. Basic nickel carbonate can then be 
precipitated from the strip liquor by steam in- 
jection to remove ammonia and carbon diox- 
ide. Copper sulfide is precipitated from the 
raffinate and refined elsewhere. 

-The basic nickel carbonate is recovered by 
thickening and filtration, and the wet filter 
cake, containing about 50% moisture, is dried 
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and calcined at 1300 °C in an oil-fired rotary 
kiln to yield nickel oxide. The nickel oxide 
calcine (77 % Ni) is upgraded by partial hydro- 
gen reduction to yield nickel oxides contain- 
ing 85, 88, or 90% Ni, which are compacted to 
rondelles and sintered for market. 

By the late 1980s the Greenvale nickel ore 
body, which had provided the sole feed to the 
Queensland Nickel refinery since 1974 was 
rapidly becoming depleted, and the operation 
started to treat laterite ores imported from 
New Caledonia and Indonesia. 

The major difference between the process 
flow sheets used by Queensland Nickel and 
Marinduque/Nonoc was the production of re- 
fined nickel powder in the latter [99]. Basic 
nickel carbonate was redissolved in ammonia- 
cal ammonium sulfate solution and metallic 
nickel powder was precipitated by reduction 
with hydrogen under pressure at 200 °C. The 
nickel powder typically analyzed 99.8% Ni, 
0.08 % Co, 0.01 % Fe, 0.007 % Cu, 0.006 % C 
and 0.004% S. By comparison the nickel ox- 
ide sinter produced prior to 1960 in the Nicaro 
plant, which had no cobalt separation step, an- 
alyzed 88% Ni, 0.7% Co, 0.04% Cu, 0.3% 
Fe, 0.05 % C, 0.05 % S, and 7.5 % О, In the To- 
cantins refinery a crude basic nickel-cobalt 
carbonate is redissolved in spent sulfuric acid 
electrolyte, and after purification by sulfide 
precipitation to remove cobalt and copper, the 
solution is treated by electrowinning to yield 
nickel cathode [63]. 

The Caron process is very energy intensive, 
and this factor proved a major economic hand- 
icap for the Queensland Nickel and Marindu- 
que/Nonoc plants, which were both designed 
prior to 1973, with their heavy reliance on fuel 
oil for ore drying, reduction, and power gener- 
ation. The fossil fuel energy requirements for 
the process for ore drying and reduction, and 
power and steam generation amount to ca. 6.7 
GJ/t of dry ore, with an additional 200-250 
MI of electrical power. The Queensland 
Nickel plant originally consumed 900 t/d of 
fuel oil to treat 5700 t of ore. The distribution 
of oil consumption is as follows [102]: 

Ore drying 1446 
Steam and power generation 35 % 


Nickel 
Ore reduction roasting 47% 
Nickel carbonate calcining 4% 


Both Queensland Nickel and Marindu- 
que/Nonoc converted their ore drying and 
steam and power generation facilities to use 
coal in place of oil in the early 1980s, with 
substantial economic benefit. However, con- 
version of the roasters to coal firing was not 
considered to be technically feasible. The To- 
cantins plant in Brazil makes extensive use of 
local eucalyptus wood as fuel in its ore treat- 
ment plant. 


12.9.2 Pressure Leaching with 
Sulfuric Acid [1] 


Because of the naturally high moisture con- 
tent of limonite minerals (20-50% Н,О), it 
would be advantageous if the ore drying and 
reduction roasting steps, which together ac- 
count for over 50% of the energy consumed in 
the Caron process, could be avoided, and the 
ore leached directly. However direct attack by 
the common mineral acids under ambient con- 
ditions is unselective and total dissolution of 
the ore results, with uneconomically high acid 
consumption. Fortunately, leaching of the ores 
in sulfuric acid at high temperature (» 250 ?C) 
and pressure is highly selective since nickel 
and cobalt are stable as soluble sulfates, while 
iron(III) sulfate hydrolyzes and precipitates as 
a hydrated iron(III) oxide. Offsetting the en- 
ergy savings in this type of process are the in- 
creased costs of construction materials 
capable of withstanding the highly corrosive 
environment of the high-temperature acid 
leach. 

The applicability of the acid leach process 
is limited to those ores which do not contain 
substantial levels of other acid consuming 
minerals such as magnesia. It was for this rea- 
son that Freeport did not select an acid leach- 
ing process when seeking a process to treat the 
Nicaro ores (8% MgO). However when the 
same company subsequently developed the 
low-magnesia (1.7% MgO) limonitic ore 
body at Moa, Cuba, the sulfuric acid leach 
process was selected since it offered much 
higher (90% or more) recoveries for both 
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nickel and cobalt, with relatively low acid 
consumption. Although this process has been 
applied on a commercial scale only in the one 
plant at Moa, considerable process develop- 
ment effort was devoted during the 1970s to 
improving the economics and extending the 
applicability of the process to higher magnesia 
content ores, principally by Amax. 


12.9.2.1 Moa Process С 


The plant at Moa was designed and built by 
Freeport in 1959 to produce 22 700 t/a Ni and 
2000 t/a Co in the form of a mixed sulfide con- 
centrate. The concentrate was to be refined to 
the pure metals in a separate plant which Free- 
port built at Port Nickel, Louisiana, where a 
cheap supply of natural gas was available. The 
Moa operation was nationalized in 1960 by 
the Cuban Government before construction 
was complete. It was recommissioned in mid- 
1961 with Soviet assistance, and since then the 
nickel-cobalt sulfide concentrate has been 
shipped to the former Soviet Union for further 
processing. The current production rate (1988) 
is believed to be 18 000 t/a Ni and 1600 t/a Co. 

Although the original plant design is well 
documented, information on subsequent mod- 
ifications is fragmentary. The following de- 
scription is therefore based largely on 
accounts dating from 1960 [1, 95, 103—105]. 
The process flow sheet is shown in Figure 
12.21. The ore, which consists mainly of goe- 
е (a-FeO-OH), is slurried in water and 
screened to remove low-grade, oversize mate- 
rial, which is discarded. The fines fraction (< 1 
mm) that forms the feed to the acid pressure 
leach averages 1.35 % Ni, 0.15 % Co, 48 % Fe, 
1.7% MgO, 9% ALO, 3% CrO, and 4% 
SiO, in composition. It is leached at 45 % sol- 
ids pulp density with 98% sulfuric acid (240 
kg H,SO,/t dry ore) at about 245 °C and 4.3 
MPa, with a retention time of 1—2 h. The acid 
is made on-site from elemental sulfur, and the 
waste heat from the acid plant is used in the 
leaching circuit. Leaching is carried out in 
four leaching trains each containing four large 
vertical autoclaves, which are lead- and brick- 
lined with titanium internal fittings. Agitation 
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is achieved by injecting high-pressure steam 
into a draft tube at the bottom of the vessel. 
Heat is recovered from the autoclave dis- 
charge slurry for use in preheating the cold 
feed slurry. Under these conditions, about 
94% of the nickel and cobalt dissolve, while 
iron solubility 1s limited to about 1 g/L. 
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The leach liquor typically contains 6 g/L 
Ni, 0.5 g/L Co, 2 g/L Mn, 0.8 g/L Fe, 0.4 g/L 
Cr, 2.5 g/L Mg, 2 g/L 510, 3 g/L Al, and 30 
g/L H,SO,. The liquor is separated from the 
leach residue (0.08 % Ni, 0.01% Co, and 51% 
Fe) by countercurrent decantation (CCD) 


washing with water in a six-stage thickener 
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Figure 12.21: Flow sheet of the Moa nickel laterite plant: a) Shaking grizzly; b) Cylindrical scrubber; c) Log washer; d) 
Jaw crusher; e) Screens; f) Slurry heaters; g) Storage thickener; h) Leaching autoclaves (4 in series); i) Slurry cooler; j) 
Flash tank; k) Washing thickeners (6-stage CCD); 1) Neutralizing tanks (4-stage cascade); m) Gypsum thickener; n) 
Heaters; 0) Gas cooler; p) Precipitation autoclave; q) Sulfide thickener; r) Washing thickeners (2-stage CCD). 
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The pregnant solution is treated with coral 
mud (calcium carbonate) to neutralize the acid 
and precipitate most of the dissolved iron, alu- 
minum, and manganese by hydrolysis. The 
precipitated sludge is recycled to the wash cir- 
cuit and joins the leach residue for disposal. 
The neutralized solution typically contains 
(g/L): 3.5—4.0 Ni, 0.3-0.4 Co, 1.0 Mn, 0.3 Fe, 
0.4 Cr, 2.5 Mg, 1.0 SiO,, and 3.0 Al at pH 2.5. 
Nickel and cobalt are recovered from solution 
in 98-99% yield by precipitation at 120 °C 
with hydrogen sulfide at a pressure of 1.1 MPa 
in a three-compartment, brick-lined autoclave. 


NiSO, + H,S 2 NiS + H,SO, 


The barren solution typically contains 
(g/L): 0.05 Ni, 0.01 Co, 1.0 Mn, and 7 H,SO,. 
The nickel cobalt concentrate contains 55% 
Ni, 5% Co, 0.7% Fe, 0.2% Cu, 1.0% Zn, and 
35% S. 

The refinery built by Freeport in Louisiana 
to treat the concentrate employed pressure hy- 
drometallurgy and hydrogen reduction to sep- 
arate and refine nickel and cobalt. This plant 
was being commissioned when the Cuban 
nickel industry was nationalized in 1960, and 
was never used for the purpose for which it 
was designed. Currently (1989) the total 
nickel-cobalt concentrate production from 
Moa Bay is shipped to the former Soviet 
Union, where it is treated at a smelter in the 
Urals to produce nickel—cobalt anodes analyz- 
ing 87% Ni, 8% Co, 2% Fe, and 0.7% Cu. 
The anodes are electrorefined at the 
Yuzhuralnikel Combine at Orsk in a conven- 
tional sulfate chloride electrolyte system. The 
nickel is recovered as high-grade electrolytic 
nickel, and cobalt is separated from anolyte by 
chlorine precipitation for subsequent process- 
ing to metal [49]. 

Energy consumption in the Moa acid leach 
process is relatively low because over half the 
steam requirement for the leach is provided by 
waste heat recovered from the sulfuric acid 
plant. The fuel oil requirement for the genera- 
tion of power and steam has been estimated at 
about 40 kg/t of dry ore, which is only 20% of 
the fuel requirement for the Caron process. 
However, this energy benefit is frequently out- 
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weighed by the high consumption of sulfuric 
acid which depends directly on the magnesia 
content of the ore [106]. 


12.9.2.2 Атах Acid Leach Process 


The Amax acid leach process for the treat- 
ment of laterite ores [107—109] was devel- 
oped, on the basis of the Moa process, with the 
object of increasing metal recoveries while de- 
creasing acid and energy consumption. The 
process was tested extensively in pilot plant 
and prototype plant campaigns between 1975 
and 1981, for a potential new project in New 
Caledonia which was subsequently aban- 
doned. 

In the Amax process (Figure 12.22) the ore 
is divided by selective mining or screening 
into a low-magnesia limonitic fraction and a 
smaller fraction of high-magnesia serpentinic 
ore. The finer limonitic fraction is leached di- 
rectly in the pressure leach at 270 °C, while 
the high-magnesia fraction is first calcined 
and then preleached at atmospheric pressure 
with the leach liquor from the countercurrent 
decantation wash circuit, before it goes to the 
pressure leach. Essentially stoichiometric uti- 
lization of the acid is achieved by this counter- 
current leaching of the high-magnesia ore. 
The overall acid requirement is thus reduced 
substantially, and the need for a separate alka- 
line neutralizing agent (e.g., coral mud at 
Moa) is eliminated. Metal extractions of 94— 
97% are normally achieved with a 20-min re- 
tention time in the pressure leach at 270 °C. 

A major saving (up to 70%) in energy con- 
sumption in the leaching step is achieved by 
using indirect heating of the feed slurry with 
flash steam recovered from the autoclave dis- 
charge slurry. By using this technique in place 
of direct steam sparging, the concentration of 
metals in solution is substantially increased, 
and the size and cost of subsequent processing 
steps is reduced. Overall the requirement for 
fossil fuel is estimated to be only 50% of that 
for the Moa operation. A further simplifica- 
tion of the process was achieved by improving 
mass transfer in the sulfide precipitation step 
so that it could be operated at a lower pressure 
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of 0.2 MPa compared with 1.1 MPa at Moa 
Bay. The Amax acid leach process is claimed 
to be economically viable over a wide range of 
laterite ore compositions, with magnesia con- 
tents as high as 15% MgO. 


12.10  By-Product Cobalt 


All nickel ores, whether sulfide or oxide, 
contain significant amounts of cobalt that can 
potentially be recovered as a valuable by- 
product. Overall, however, the recovery of co- 
balt from nickel ores is very low, and the 
‘nickel industry provides less than 30% of 
world cobalt production. The greater part of 
world cobalt production arises from the cop- 
per operations in Zaire and Zambia. 

No cobalt recovery at all is possible in fer- 
ronickel smelting, where the cobalt is distrib- 
uted between the discard slags and the 
ferronickel product, in which it merely repre- 
sents an impurity. The same comments apply 
to class II nickel products such as nickel oxide 
sinter, made by the smelting of sulfide concen- 
trates or by the Caron process without a cobalt 
separation circuit. 

Cobalt is normally recovered in high yield 
as a by-product of carbonyl, electrolytic, or 
hydrometallurgical refining of nickel metal or 
matte. However, even in these cases the over- 
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Figure 12.22: Flow sheet of the Amax nickel laterite process. 
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all recovery of cobalt from the ore is low, since 
most of the cobalt is lost to the slag phase in 
the prior smelting processes. Cobalt recovery 
in the converting operation depends critically 
on the final iron content of the matte. Typi- 
cally if the matte is blown to less than 1% Fe, 
over 75% of the cobalt reports to the slag 
phase and is effectively lost. If the conversion 
process is stopped at 3—5 % Fe, however, over 
75% of the cobalt remains in the matte, and 
can be recovered during subsequent refining. 

In practice few nickel smelters are operated 
to maximize the recovery of cobalt. The SLN 
in New Caledonia and the Soviet smelters pro- 
ducing matte from laterites are notable excep- 
tions. Slags are cleaned by contact with a 
high-iron matte, which becomes enriched in 
cobalt. The cobalt is then recovered by hydro- 
metallurgical treatment of the enriched mate- 
rial. 

Even in the ammonia pressure leaching of 
nickel sulfide concentrates, where the smelt- 
ing step is bypassed, cobalt recovery is much 
lower than that of nickel, due to a strong affin- 
ity of the iron oxide residue for soluble cobalt. 
Probably the highest overall recovery of co- 
balt from nickel ores is achieved in the sulfuric 
acid pressure leaching of laterite ores, in 
which а cobalt recovery of 90 % is possible. 
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Table 12.15: Commercial forms of nickel [114]. 
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Composition, % 





Туре 
Ni Co Cu Fe С 5 о 

Class I: 

Cathodes > 99.90 0.005 0.002 0.01 0.001 

Pellets 29997 5¥10-5 0.001 0.0015 <0.10 0.0003 

Powder 99.74 <0.10 <0.10 — «0010 — «0.15 

Briquettes 99.90 0.03 0.001 0.01 0.01 0.0035 

Rondelles 99.25 0.37 0.046 0.022 0.022 0.004 0.042 
Class П: А А 

Ferronickel 20-50 1-2 rest 1.5-1.8 «0.3 а 

Nickel oxide 76.0 1.0 0.75 0.30 0.006 rest 





12.11 . Recovery from 
Secondary Sources 


Nickel-containing scrap from forming pro- 
cesses in fabricating plants and machine shops 
is an important source of feed material for the 
production of nickel-containing stainless 
steel. Typically, in the United States about 
40 % of the nickel used for stainless steel pro- 
duction is provided in the form of stainless 
steel scrap from outside sources. Recycled in- 
house scrap is not included in this estimate 
(110, 111]. Nickel-containing scrap falls 
mainly into the categories of stainless steels, 
superalloys, copper nickel alloys, and nickel 
itself. Usually scrap is recycled to a plant 
which produces the same type of alloy. 

Inco established The International Metals 
Reclamation Company (INMETCO) at Ell- 
wood City, Pennsylvania in 1978, to collect 
and convert nickel-containing waste materials 
from specialty steel companies into a stainless 
steel remelt material. This 40 000 t/a capacity 
plant treats various grades of scrap materials 
including flue dusts, scale and turnings, as 
well as stainless steel scrap, to produce 23 kg 
remelt pigs containing ca. 18% Ni and 8% Cr 
[112]. Falconbridge also started to recycle 
nickel- and cobalt-containing alloys to its pri- 
mary nickel smelter in 1985 [113]. 


12.12 Market Products 


Unlike copper, nickel is rarely used without 
further processing and so the mechanical or 
physical properties of nickel products are of 


no significance, and nickel is marketed solely 
on the basis of its chemical composition. 
Nickel is marketed according to its chemical 
purity as either a Class I or a Class II product. 
Class I includes the high-purity products, elec- 
trolytic cathode, carbonyl refined granules and 
powder, and hydrogen-reduced nickel in pow- 
der or briquette form. Commercial nickel of 
this class is normally 99.7% pure or better 
[114]. 

Class II includes the various grades of fer- 
ronickel, nickel oxide, and metallized nickel 
oxide. Typical compositions for Class I and П 
products are given in Table 12.15. Class II 
nickel products, which normally sell at a dis- 
count to Class I nickel, became more popular 
during the 1970s, since the new stainless steel 
making techniques such as the AOD process 
can tolerate higher impurity levels in the feed 
materials. However this trend was reversed 
during the 1980s, during the period of over- 
supply and low metal prices, particularly for 
alloy steel production where Class I nickel 
was preferred [111]. 


Some nickel products are designed for spe- 
cific applications, such as the 0.02 % S content 
“S Nickel Rounds" produced by Inco as “ас- 
tive" anode material for the plating industry, 
and the special powders used in Ni-Cd batter- 
ies. Traditionally, electrolytic nickel cathodes 
are cut into 2.5 cm squares for market. Both 
the major producers of electrolytic nickel, 
Inco and Falconbridge, now produce electro- 
lytic nickel in the form of “rounds” (Inco) or 
"crowns" (Falconbridge), by plating nickel 
onto specially masked cathode blanks, to pro- 


772 


duce discrete round deposits. These deposits 
can be stripped from the blanks and drummed 
directly without shearing, and are easier for 
the consumer to handle than sheared cathode. 


12.13 Uses 


The major first uses of nickel are summa- 
rized in Table 12.16. Stainless steel production 
accounts for over 50% of nickel consumption, 
followed by ferrous alloys, and nickel-base al- 
loys. Electroplating takes only 11% of nickel 
consumption [118]. 


Table 12.16: Western-world nickel consumption: distri- 
bution by first use in 1987 [118]. 


[111, 115-117) 


First use Distribution, % 

Stainless steel 51 

Alloy steels 12 
Nickel-base alloys 15 
Copper-base alloys 

Plating 11 
Foundry 

Other 3 


Table 12.17: Western-world nickel consumption: distri- 
bution by end use in 1987 [118]. 
End use Distribution, 95 
Consumer products 25 
Construction and machinery 13 
Autornotive industry 
Chemical industry 
Building and construction 
Process industry 
Electronics 
Power industry 
Petroleum industry 
Aerospace 
Nickel chemicals 
Marine applications 
Coinage 
Other 


A more detailed breakdown of nickel con- 
sumption by end use is given in Table 12.17. 
The consumer product category, which in- 
cludes the stainless steel used in kitchen sinks, 
laundry equipment, furniture and tableware, 
as well as nickel-plated parts for bicycles, mo- 
torcycles, jewelry, eyeglass frames, and musi- 
cal instruments, accounts for one quarter of 


ja 
m 


in UNN шо D Un Oh Oh Oh D 


Handbook of Extractive Metallurgy 


nickel consumption. The high strength of 
nickel stainless steels combined with light 
weight and low maintenance have contributed 
to their growing use in railway cars and road 
tank trailers in the construction and machinery 
category [117]. 

Nickel consumption dropped significantly 
during the 1970s in the automotive industry 
with the amount of nickel used in the average 
U.S. car falling from about 2 kg in 1970 to 
only 0.5 kg by 1985 [111]. The chemical in- 
dustry is the fourth largest market for nickel, 
mainly in stainless steels for a multitude of ap- 
plications. | 

Building and construction, the process in- 
dustries, and the electronics industries each 
accounted for about 6% of nickel consump- 
tion in 1987. Stainless steel usage in architec- 
tural applications is increasing, as it is in 
environmental control equipment and food 
processing equipment. The growth rate of 
nickel usage in the electronics industry is 
greater than 10% per annum. Alloy 42, a 
nickel-iron alloy, is widely used in lead 
frames, while a copper-nickel-tin alloy 
C72500, is used in springs, clips, and termi- 
nals. 

In the power industry, nickel-containing 
stainless steels are widely used in nuclear 
power stations and are increasingly being ap- 
plied in scrubber systems for the removal of 
sulfur dioxide from the flue gases of oil- and 
coal-fired power stations. Nickel-containing 
materials are used in the petroleum industry in 
applications ranging from drilling bits to pip- 
ing and process vessels in petrochemical 
plants, and to the construction of off-shore 
production platforms. In the marine category, 
nickel-containing materials are used in ships 
and in desalination plants. In the aerospace in- 
dustry nickel is a key element in superalloys 
that resist stress and corrosion at temperatures 
of 1000 °C and above. These materials are 
used in gas turbine engines. 

Nickel chemicals are used in the production 
of nickel catalysts for use in the hydrogenation 
of vegetable oils, in heavy oil refining, as 
nickel salts in electroplating, and for color en- 
hancement in ceramics. Coinage alloys con- 
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taining nickel have been used since ancient 
times [3]. Today the 75 Cu—25 Ni cupronickel 
alloy is the most widely used, although Can- 
ada, the Netherlands, and the Republic of 
South Africa use pure nickel coinage, which is 
particularly durable. 


In 1984, after several years of decreasing 
world demand for nickel, sixteen of the major 
nickel producers cooperated to set up the 
Nickel Development Institute (NiDI) with 
headquarters in Toronto, Canada. The NiDI 
has a mandate to increase the use of nickel. In 
this function NiDI has taken over the market 
development role which was performed very 
effectively by Inco from the 1920s until the 
mid 1970s, when a much reduced share of 
world nickel production and the depressed 
nickel market forced Inco to cut its activity in 
this area. The NiDI, which is international in 
scope, has set up technical information offices 
in North America, Europe, Japan, India, and 
Central and South America, backed by a 
worldwide network of consultants. The orga- 
nization publishes a periodical applications 
oriented magazine, “Nickel”, which has wide 
circulation, as well as sponsoring technical pa- 
pers and a series of reference books on se- 
lected topics. The NiDI has initiated a wide 
range of market development and research 
programs to promote the use of nickel, and 
provides expertise and advice to users of 
nickel and nickel-containing products [115, 
117]. 


12.14 
[115, 118] 


Economic Aspects 


Western-world nickel consumption in- 
creased by an average of 6.5% per annum 
from 1945 to 1974, when it reached a level of 
576000 t (Figure 12.23) Consumption 
dropped sharply in 1975, and the demand for 
nickel remained flat for the next ten years, 
with annual rates fluctuating in the range 
450 000—600 000 t/a. Although demand ap- 
proached the 600 000 t/a consumption level in 
1979 it was not exceeded until 1987 [119]. 
Western-world nickel consumption in 1987 
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and 1988 was 625 000 t and 640 000 t, respec- 
tively. 
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Figure 12.23: Westem-world nickel consumption: a) 
1949 recession; b) Korean war; c) 1954 recession; d) 1958 
recession; e) 1961 recession; f) Vietnam war; g) 1971 re- 
cession; h) 1974—1976 recession; g) 1980—1982 reces- 
sion. 

The slowdown in the growth of nickel con- 
sumption in the mid 1970s coincided with a 
major increase in production capacity, when 
several laterite projects, which had been under 
development for five to ten years, came on 
stream. Many of these projects were heavily 
dependent on fuel oil and in consequence suf- 
fered a severe penalty when oil prices in- 
creased dramaticaly in 1973. During this 
period, nickel production by the Eastern-bloc 
countries also regularly exceeded consump- 
tion by 15 000 to 40 000 t/a, and substantial 
exports were made to Western markets. 

By 1980 there were over forty nickel pro- 
ducers in 26 different countries, and the nickel 
price collapsed as the demand for nickel 
dropped in 1981 and 1982, and the producers 
fought for the shrinking market. Even the most 
COst efficient suffered heavy loses, and several 
higher cost producers were eventually forced 
to close permanently. The surviving opera- 
tions sought to cut operating costs in every 
facet of nickel production, and as a result the 
nickel industry was much leaner and more 
cost efficient by the end of the 1980s. 

When Western-world stainless steel pro- 
duction increased by 15% in 1987, the de- 
mand for nickel increased by over 10% from 
the relatively constant levels of 1984 to 1986. 
After more than ten years of depressed metal 
prices and production rates, the industry was 
unable to respond by increasing production 
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levels since producer inventories of metal had 
been run down to a minimum and most mar- 
ginal capacity had been eliminated in the drive 
to reduce operating costs. The result was a two 
year period of inflated nickel prices, with the 
London Metal Exchange (LME) refined 
nickel cash price, which had averaged US 
$1.60/1b in January 1987, peaking at $10.84 in 
March 1988. The average price for the whole 
of 1988 was $6.25ЛЬ, and high prices contin- 
ued through most of 1989 with an average 
price for the year of $6.05. This development 
restored the financial health of the industry af- 
ter many years of marginal or uneconomic op- 
eration. 


The high nickel prices of 1988/89 raised 
concerns among both stainless steel and nickel 
producers that substitution of nickel-bearing 
materials by cheaper materials would be en- 
couraged. Average industry operating costs in 
1989 were estimated to be around US $2/lb, 
while estimates of the capital expenditure re- 
quired for a new integrated nickel project 
range upwards from US $10ЛЬ of annual ca- 
pacity. A long-term nickel price of US $4— 
5ЛЬ, which would be needed to justify invest- 
ment in new production capacity can be ex- 
pected to depress demand and render new 
capacity unnecessary. Future increases in pro- 
duction thus appear more likely to come from 
the expansion of existing operations than from 
totally new projects. 


Details of world nickel mine and smelter 
production by country for 1985 are given in 
Table 12.18 and the corresponding consump- 
tion breakdown is shown in Table 12.19. Table 
12.20 provides a listing of the world's major 
nickel-producing operations. 


For many years nickel was sold on the basis 
of posted producer prices, set to a large extent 
by Inco as the major producer. In 1979 the 
LME started trading in Class I nickel, and 
even though the LME handles only a rela- 
tively small percentage of total nickel produc- 
tion, it has since become the major factor in 
determining nickel price levels. Prices are 
quoted in US $ per metric tonne of Class I 
metal. 
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Table 12.18: Production of nickel in 1993 [120]. 
Production, 10? t 


Country 


Australia 
Austria 
Botswana 
Brazil 

Canada 

China 
Colombia 
Cuba 
Dominican Republic 
Finland 

France 

Greece 
Indonesia 
Japan 

Korea 

New Caledonia 
Norway 
Philippines 
Russia 

South Africa 
Taiwan 

United Kingdom 
United States 
Yugoslavia 
Zimbabwe 


Total 





* Including ferronickel and nickel oxides as well as refined nickel. 


Mine 
64.7 


19.7 
22.7 
188.4 
32.4 
20.2 


2.5 
1.5 
12.8 
824.0 


Smelter/refinery* 


50.4 
3.5 


15.2 
123.1 
31.0 
20.2 
16.5 
23.9 
14.8 
9.0 
10.9 
5.3 
102.9 
11.3 
36.9 
56.8 


Table 12.19: Consumption of nickel in 1989 [120]. 





Country Consumption, 10? t 
Brazil 12.2 
Canada 16.9 
United States 132.2 
Other America 5.0 
China 45.0 
India 13.0 
Japan 156.7 
Korea 33.2 
Taiwan 21.0 
Other Asia 8.1 
Australasia 1.7 
South Africa 11.0 
Belgium 22.0 
Germany 75.0 
Finland 26.8 
France 36.5 
Italy 38.5 
Russia 64.0 
Spain 18.0 
Sweden 22.8 
United Kingdom 29.8 
Other Europe 11.5 
Total 825.0 
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12.15 Toxicology 


The toxicology of nickel and its com- 
pounds and legislation pertaining to nickel and 
its compounds in the environment and work- 
place are discussed in detail in Section 
12.17.5. 


12.16 Alloys A vi 


Nickel forms mixed crystals over a wide 
range with copper, manganese, iron, chro- 
mium, and other metals. It is mainly used as an 
alloying element in many nonferrous materi- 
als and steels (approximately 2000) to im- 
prove their strength, toughness, corrosion 
resistance, and high-temperature properties. 
About 60 % of the primary nickel produced in 
the Western World is used in the production of 
stainless steels, and a further 13 % is used in 
the production of nickel-base alloys, including 
pure nickel semifinished products. 

In 1988 primary nickel consumption by 
first use in the Western World broke down as 
follows (in %) [121]: 


D 


Alloy steels 6 
Stainless steels 60 
Nonferrous nickel-base alloys 13 
Plating applications 10 
Foundry industry 6 
Other applications 5 


12.17 Compounds 


Of the worldwide production of nickel, 
only about 3% is in the form of compounds if 
ferronickel, nickel oxide, and partially re- 
duced nickel oxides used in the metallurgical 
industry are excluded. 

The main uses of nickel compounds fall 
into four areas: 


e Electroplating. This includes electroform- 
ing and electroless nickel plating as well as 
conventional nickel electroplating. 


e Catalysis. Nickel, its alloys and compounds 
serve as Catalysts for numerous chemical re- 
actions. The main uses of nickel catalysts, 
prepared from nickel compounds, are in 
steam reforming, hydrocracking, and in hy- 
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drogenation reactions, including methana- 
tion. 


e Batteries. There are various routes to the 
nickel hydroxide used as the active mass in 
nickel-cadmium batteries. 


e Pigments. These include colorants in enam- 
els, glassware, ceramics, and plastics. 


Like all transition metals, nickel forms nu- 
merous complexes. These are of academic 
rather than industrial importance. Most nickel 
compounds are green; some are blue. Much 
information is available from the standard ref- 
erence works [122-124] and a review [125]. 
There is an extensive review of the coordina- 
tion chemistry of nickel in [126]. 


Nickel(II) amidosulfate, nickel sulfamate, 
МІ(ЧН,80,), :4Н,О, is a highly soluble salt 
which is used in solution in the electrolyte for 
nickel electroforming processes, giving low 
stress deposits. 

Commercially, it is available not as a solid 
but as a solution containing about 11 46 nickel. 
This is usually prepared by dissolving nickel 
powder in a hot solution of sulfamic acid 
(HSO,-NH,), but soluble nickel oxide, nickel 
hydroxide, or nickel carbonate can also be 
used. Short reaction times are necessary be- 
cause of the hydrolysis of sulfamic acid to sul- 
furic acid. 


Nickel) ammonium sulfate, NiSO,- 
(NH4),SO,-6H.O, can be crystallized as blue- 
green crystals from a solution containing the 
two components in the appropriate ratio. It has 
low solubility in water, са. 25 g/L at 20 °C. 
The salt was formerly used in electroplating, 
but now its uses are very limited. 


Nickel(IT) Carbonate. Although a hydrated 
carbonate NiCO,-6H,O and the anhydrous 
form NiCO, exist, the industrially important 


compound is the bright green, rhombic basic 


nickel carbonate approximating to 2NiCO,- 
3Ni(OH),-4H,O. It is virtually insoluble in 
water, but dissolves in acids with evolution of 
carbon dioxide. Heating to above ca. 450 °C 
in air gives a reactive nickel oxide with a high 
specific surface area. 
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Table 12.20: Major nickel producers (1990). 


Country Company or location 
Australia Western Mining 
Queensland Nickel 
Botswana BCL Limited 
Brazil Cia. Niquel Tocantins 
Codemin SA 
Canada Inco Limited 
Falconbridge 
Sherritt Gordon 
China Jianchuan 
Colombia Cerro Matoso SA 
Cuba Cubaniquel 
Dominican Republic Falcondo 
Finland Outokumpu Oy 
France Société Le Nickel (SLN) 
Greece LARCOSA 
Indonesia PT Inco Indonesia 
PT Aneka Tambang 
Japan Pacific Metals 
Nippon Yakin Kogyo 
Sumitomo Metal Min. 
Tokyo Nickel Co. 
Korea Korea Nickel 
New Caledonia Société Le Nickel (SLN) 
Norway Falconbridge Nikkelverk 
Russia Norilsk 
Ural Nickel 
South Africa Rustmburg Platinum 
impala Platinum 
Western Platinum 
Ukraine Pobugskoye 
United Kingdom Inco Europe, Clydach 
United States Glenbrook Nickel 
Yugoslavia Kavardarci 
Zimbabwe Bindura Nickel 


Rio Tinto, Empress 
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Operations* Estimated capacity, t/a 

M,S,R 80 000 
M,R 27 000 
MS 22 000 
MR 10 000 
M,S 6 500 
M,S,R 163 900 
M,S 45 000 
R 25 000 
M,S,R 25 000 
M,S 20 000 
MR 52 000 
MS 32 000 
SR 18 000 
R 13 000 
M,S 25 000 
M,S 45 400 
MS 10 000 
S 40 800 
5, К 12 700 
5, В 46 000 
R 36 000 
R 12 000 
M,S 50 000 
R 67 000 
M,S,R 300 000 
M,S,R 70 000 
M,S,R 19 000 
M,S,R 12 000 
M.S.R 2.000 
M.S 6 600 
R 36 000 
M.S 26 000 
M,S 28 000 

M,S,R 15000 . 
R 6 500 





*M = mine; S = smelter; R — refinery. 


Commercial basic nickel carbonate is made 
by precipitation from a nickel solution, usu- 
ally the sulfate, with sodium carbonate. The 
exact composition depends on the temperature 
and the concentrations of the components in 
solution. 

Basic nickel carbonate is used for pH ad- 
justment in nickel electroplating baths, in cat- 
alyst production, and in the manufacture of 
some nickel pigments and specialty nickel 
compounds. 

Demand for basic nickel carbonate has re- 
cently increased due to the use of zinc-nickel 


plating of steel by the automotive industry. In 
one electroplating method, the nickel in solu- 
tion is replenished by basic nickel carbonate. 
It is also possible to prepare nickel carbon- 
ate by dissolving nickel in ammonium carbon- 
ate solution in the presence of air and carbon 
dioxide. Boiling off the ammonia and carbon 
dioxide precipitates basic nickel carbonate. 
This method forms part of the Caron process 
for the refining of nickel. The carbonate is fur- 
ther processed to nickel oxide or nickel metal. 
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Nickel(II) Halides. Nickel forms dihalides 
with all four halogens, and each dihalide 
forms one or more hydrates. Only the chlo- 
rides are of industrial importance, particularly 
the hexahydrate NiCl,-6H,O, which is avail- 
able either as a solid or as a concentrated solu- 
tion. 

Table 12.21 lists some properties of the di- 
halides and the hydrate usually encountered. 
Known hydrates are NiF,-4H,O, NiCl,- хН,О, 
(x = 2, 4, 6, 7). NiBr,-xH,O (x = 2, 3, 6, 9), 
Nil,-xH,O (x = 4, 6). Nickel dichloride hy- 
drates are stable over the following tempera- 
ture ranges: 

NiCL,-7H,O low temperature 
NiCl,-6H,O up to 36.25 °C 
NiCL-4H,O 36.25 to 75 °C 
NiCl,-2H,O above 75 °C 


The difluoride is only slightly soluble in 
water, but the other halides are very soluble 
(e.g 117 g NiC1,-6H,O per 100 mL solution 
at 20 °C). 

Table 12.21: Nickel halides. 
Compound d AH (25 °С), Klima Color 








NiF, 4.63 651 light green 
NiCl, 3.55 305 pale yellow 
NiBr, 5.10 212 yellow 

Nil, 5.83 78 black 
NiF,-4H,O 2.22 light green 
NiCl,-6H,O 1.92 2103 green 
NiBr,-3H,O 1146 yellow-green 
Nil, -6H,O blue-green 


The difluoride has a tetragonal structure, 
and the other dihalides have hexagonal layer 
structures. They are relatively stable, and can 
be melted or sublimed in a vacuum or under an 
inert atmosphere. 

Production. The anhydrous halides can be 
made by direct reaction of the elements at high 
temperature or in nonaqueous solution, al- 
though the fluoride is better made indirectly. 
They are also formed by dehydration of the 
hydrates in a stream of the hydrogen halide 
gas to prevent formation of nickel oxide. 

The hydrates can be made by dissolving 
nickel metal, oxide, hydroxide, or carbonate in 
an aqueous solution of the halogen acid HX, 
followed by crystallization. Commercially, 
nickel dichloride hexahydrate is usually pro- 
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duced by dissolving nickel metal іп hydro- 
chloric acid, and then crystallizing. Nickel 
dichloride solutions are important in chloride- 
based processes for the extraction of nickel, 
but nickel metal is usually recovered by elec- 
trowinning. 


Table 12.22: Specifications of nickel chloride hexahy- 
drate for electroplating. 


BS 564 (1970), % DIN 50970, % 


Ni 24.0(Ni+Co)min. 23.7 min. 
Co 1% of total metal, max. 0.5 max. 
Cu 0.005 max. 0.002 max. 
Fe 0.01 max. 0.01 max. 
Pb 0.002 max. 0.002 max. 
Zn 0.002 max. 0.006 max. 
Insolubles 0.05 max. 0.05 max. 


pH (40% м/у) 2.0 min. 


Uses. Nickel dichloride hexahydrate is im- 
portant in electroplating; it is used together 
with nickel sulfate in the Watts plating bath. 
Table 12.22 lists the purity specifications for 
its use in electroplating. It is also used in the 
production of some catalysts. Uses of the other 
dihalides are very minor. 


Nickel(II) hydroxide, Ni(OH),, d 4.15, AH? 

(25 °CC) —514 kJ/mol. Treating a nickel salt 

solution with an alkali-metal hydroxide solu- 

tion gives a green gelatinous precipitate of' 
nickel hydroxide, also known as nickel hy- 

drate. Filtering, washing, and drying give the 

pure compound. The precipitation conditions 

affect the physical characteristics of the nickel 

hydroxide produced. 


Nickel hydroxide is virtually insoluble in 
water, but it is soluble in dilute acids, giving a 
nickel salt solution, and in ammoniacal solu- 
tions a blue ammine complex is formed. Heat- 
ing to ca. 250 °C drives off water, leaving 
nickel oxide. 


Nickel hydroxide has some use as an inter- 
mediate in catalyst production, but its main 
use is as the active mass in the positive elec- 
trode in nickel cadmium batteries. In pocket- 
plate electrodes, pellets of nickel hydroxide 
are used. In sintered electrodes, the nickel hy- 
droxide is prepared within the electrode either 
by precipitation or electrochemically. 
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There are various hydrated oxides or hy- 
droxides containing М№М(Ш) and possibly 
Ni(IV), some of which are not well character- 
ized. The compounds are black and are re- 
ferred to as nickel peroxide, nickelic 
hydroxide, or nickel black. 

The B-NiO-OH, obtained by the oxidation 
of nickel salts in alkaline solution with an oxi- 
dizing agent such as sodium hypochlorite, is 
well characterized. It is also formed in batter- 
ies when Ni(II) hydroxide in a nickel electrode 
is charged. 

Persulfate oxidation of nickel(II) hydroxide 
gives a substance formulated as NiO, HO. 

A commercial “nickel peroxide” corre- 
sponded to Ni,O,-2H,O, and gave Ni,O,- HO 
(equivalent to NiO-OH) on partial dehydra- 
tion [127]. 


Nickel(H) Nitrate. The commercially avail- 
able compound is the green hexahydrate 
Ni(NO,),-6H,O, d 2.05, AH? (25 °C) -2212 
kJ/mol. It is very soluble in water. On heating, 
the hexahydrate dissolves in its own water of 
crystallization at 56 °C. Progressive heating 
drives off the water of crystallization, giving 
basic nitrates and finally nickel(IT) oxide. 

The stability ranges of the hydrates are: 
Ni(NO,),-9H,O below-3 °C 
Ni(NO,),-6H,O -3 054 °C 
Ni(NO,),-4H,O 5410 85.4 °С 
Ni(NO,),:2H,O 85.4 toca. 105 °C 

Nickel nitrate solution can be produced by 
dissolving nickel in nitric acid. The reaction is 
vigorous, and without careful control loss or 
breakdown of the nitric acid occurs, forming, 
among others, ammonium nitrate. The disso- 
lution of nickel(II) oxide in nitric acid is easier 
to control; the hexahydrate is produced by 
crystallization of the resulting solution. 

It is difficult to prepare the pale green, an- 
hydrous nickel(II) nitrate by dehydration of 
the hexahydrate. It can be obtained by dehy- 
dration with dinitrogen pentoxide in fuming 
nitric acid, or from nickel tetracarbonyl and 
dinitrogen tetroxide. 


Nickel(II) nitrate hexahydrate is widely ` 


used in the production of nickel catalysts, by 
impregnating an inert carrier and decompos- 
ing the nitrate. It is also used in the formation 
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of the nickel(II) hydroxide active mass in sin- 
tered nickel electrodes for nickel cadmium 
batteries. 


Nickel(II) Oxide. Nickel oxide, NiO, d 6.8, 
AH? (25 °С) 240 kJ/mol, is green, with a cu- 
bic rock-salt structure. It occurs in nature as 
bunsenite. The exact color depends on factors 
such as purity and crystallite size. In general, 
the properties of nickel oxide depend on the 
method of preparation, especially tempera- 
ture. 

Nickel(II) oxide has a defect structure 
Ni, ,O, which is responsible for its p-type 
semiconductor properties. In addition, nickel 
oxide can absorb surface oxygen to give 
higher O: Ni ratios. There is little evidence for 
Ni,O, as a bulk compound, although it may 
exist as a surface compound on NiO. 

World production of "nickel oxide" is ca. 
40 000 t/a from INCO in Canada, Greenvale 
in Australia, and from Cuba, but only about 
4000 t of this is chemical nickel oxide. The 
majority is metallurgical nickel oxide, or par- 
tially reduced nickel oxide containing 85— 
90% nickel, used mainly in the stainless steel 
industry. Chemical nickel oxide is available in 
two forms: green or black. 

Production. Green nickel oxide can be 
made by calcining almost any nickel com- 
pound in air, for example, the nitrate, oxalate 
or hydroxide, at ca. 1000 °C. It can also be 
made by oxidation of carbonyl nickel powder, 
but some care is needed to ensure complete 
oxidation. 

Black, or soluble, nickel oxide is made by 
calcining basic nickel carbonate at ca. 550 °C; 
it contains a slight excess of oxygen. 

The green oxide is rather refractory, and 
dissolves only slowly in mineral acids. The 
black oxide is more reactive and dissolves 
readily. Both forms are insoluble in water and 
are easily reduced, for example by hydrogen, 
to nickel metal. 

Uses. Nickel oxide is used in the produc- 
tion of catalysts, in the enamel industry for 
making frit, in the glass and ceramics indus- 
tries, and in the manufacture of ferrites for the 
electronics industry. 


Nickel 


Black nickel oxide is particularly suitable 
for dissolving in acids as a first step in the pro- 
duction of specialty nickel salts. 

Higher oxides such as Ni,O,, and NiO, 
have been proposed but there is little evidence 
for their existence free of water. 


Nickel(IT) Sulfate. Two forms of nickel(IT) 
sulfate are commercially available. The most 
common is the blue-green, tetragonal hexahy- 
drate &-NiSO,-6H,O, d 2.07, AH? (25 °C) 
— 2683 kJ/mol, nickel content 22.3%, which 
crystallizes from solution between 30.7 and 
53.8 *C. The other form is the green, ortho- 
rhombic heptahydrate NiSO,-7H,O, d 1.95, 
nickel content 20.9 76, which crystallizes from 
solution below 30.7 °C. Crystallization above 
53.8 °C gives green B-NiSO,-6H,O. 

The hydrates are readily soluble in water. 
The solubilities in grams per liter of solution 
are (the temperature in °C is given in paren- 
theses): 


NiSO,-7H,O 578 (10) 
NiSO,-7H,O 775 (30) 
a-NiSO,-6H,O 770 (40) 
o-NiSO,-6H,O 851 (50) 
B-NiSO,-6H,O 959 (60) 
B-NiSO,-6H,O 1258 (100) А 


Data also exist for the solubility of nickel 
sulfate in sulfuric acid [128]. 

Heating the hydrates causes dehydration. 
Hydrates with 4 or 1 molecule of water are sta- 
ble. The bright yellow, cubic, anhydrous salt 
NiSO,, d 3.68, AH? (25 °C) —873 kJ/mol, is 
obtained above 330°C. This decomposes 
above ca. 800 *C to give nickel oxide and sul- 
fur trioxide. The lower hydrates can also be 
obtained by crystallization from nickel sulfate 
solutions containing excess sulfuric acid. 
They dissolve only slowly in water. Basic sul- 
fates also exist. 

Production. The worldwide production ca- 
pacity is about 40 000 t/a, from producers in 
Europe, Japan, China, and the former Soviet 
Union. Most of the nickel sulfate is a by-prod- 
uct of electrolytic copper refining. A bleed 
stream is purified, finally giving a solution 
from which nickel sulfate is crystallized. 

Nickel sulfate is also produced by dissolv- 
ing nickel or nickel oxide in sulfuric acid and 
crystallizing. Several nickel refineries produce 
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nickel sulfate solution by leaching nickel 
mattes with sulfuric acid, but the nickel is usu- 
ally recovered as nickel metal by electrowin- 
ning. 

Uses. The main use of nickel sulfate is as 
the electrolyte in nickel electroplating baths. 
Table 12.23 lists the standards covering nickel 
sulfate for use in electroplating. It is also used 
in electroless nickel plating, in catalyst manu- 
facture, and in the production of other nickel 
compounds. 


Nickel Sulfides. Nickel(II) sulfide, NiS, d 
5.65, AH? (25 °C) -82 kJ/mol, mp 797 °С. 
Neutra] nickel(II) salt solutions react with 
ammonium sulfide initially to give black a- 
NiS, a hydrous, amorphous precipitate of the 
type Ni(SH,OH),. At low pH, this crystallizes 
to give rhombohedral y-NiS, whereas in more 
alkaline solution hexagonal B-NiS is formed. 


Table 12.23: Specifications of nickel suifate hexa- or hep- 
tahydrate for electroplating. 


BS 564 (1970) DIN 50970 
(б or 7 hydrate), % (6 hydrate), % 

М + Со 20.7 min. 22.0 min. 

Co 1% of total metal, max. 0.5 max. 

Cu 0.002 max. 0.002 max. 
Fe 0.005 max. 0.005 max. 
Pb 0.002 max. 0.002 max. 
Zn 0.002 max. 0.006 max. 
Cd 0.005 max. 
As 0.001 max. 
Insolubles 0.005 max. 0.005 max. 


pH (40% wiv) 2min. 


The y-form occurs in nature as millerite. 
This shows little deviation from stoichiome- 
try, but a high-temperature form has a stoichi- 
ometry range. 

Other nickel sulfides exist, some of which 
occur in nature. These are Ni,S,, Ni,S,, Ni45,, 
and NiS,. All can be prepared by fusing the 
correct proportions of the elements. 

Sulfide minerals are a major source of 
nickel, and nickel sulfide is an important inter- 
mediate in refining processes. The main use of 
nickel sulfides is as catalysts, for example, in 
the hydrogenation of sulfur compounds. The 
catalyst can be prepared in situ by sulfiding a 
supported nickel catalyst. 
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Nickel(If)  tetrafluoroborate, Ni(BF,),- 
6Н,О, can be made as apple green needles by 
reacting fluoroboric acid with basic nickel car- 
bonate, and crystallizing from solution. It has 
limited use in specialty high-speed nickel plat- 
ing process, and other minor uses. 


Nickel Complexes. In common with all tran- 
sition metals nickel forms a vast number of in- 
organic complexes with different oxidation 
states and geometries. Only the ammine com- 
plexes, which are important in ammonia- 
based leaching processes, have industrial sig- 
nificance. 

The structural, spectral, and magnetic prop- 
erties of nickel complexes are important in 
studies of transition-metal complex chemistry. 
In particular, there are concentration and tem- 
perature dependent anomalies in properties 
due to polymerization and equilibria between 
different geometries. 

The most common complex ion is octahe- 
dral Ni(ID, for example, the green Ni(H,O)2* 
in aqueous solution. The electronic structure 
of these complexes is [Ar]3d5 with two un- 
paired electrons, and hence they are paramag- 
netic. Other species can displace water 
molecules, for example, ammonia molecules 
in ammine complexes [Ni(H,O),(NH,), T^", x 
= 0 6, which are blue or purple. The complex 
ion [Ni(H,O),-(NH,),]** is the required ion in 
solution for the production of nickel powder 
by pressure reduction of solutions by hydro- 
gen. 

Four-coordinate Ni(II) complexes are quite 
common, either diamagnetic square planer 
complexes such as the yellow М(СМ№)2 ог 
paramagnetic tetrahedral complexes such as 
NCL". Five-coordinate МИП) complexes 
also exist, and are either trigonal bipyramidal 
or square pyramidal. 

Complexes of nickel in lower oxidation 
states are mostly based on carbonyl ligands. 
An example of Ni(0) is Ni(PF;), and of МТ), 
Ni(PPh,),X (X = Cl, Br, D. 

Higher oxidation states are stabilized by 
electronegative elements, e.g., Ni(III) in the 
violet K,NiF, and Ni(IV) in red K,NiF,, both 
of which are octahedral. 
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12.17.1 Nickel Tetracarbonyl 


Nickel tetracarbonyl, Ni(CO),, bp 42.2 °C, 
mp —19.3 °C, d 1.31, is a very toxic colorless 
liquid. It possesses a significant vapor pres- 
sure at ambient temperature (44 kPa at 20 °C; 
65 kPa at 30 °C). 

Nickel tetracarbonyl is virtually insoluble 
in water, but soluble in many organic solvents. 
It does not react with dilute mineral acids. It is 
thermally unstable, decomposing to nickel and 
carbon monoxide. It burns in air with a lumi- 
nous flame, giving nickel oxide and carbon di- 
oxide, and forms explosive mixtures with air 
(3—34 vol% Ni(CO),). The molecule is tetra- 
hedral, with linear Ni-C-O bonds. The bond- 
ing consists of both a Ni-C o-bond and л 
bonding. 

Production. Nickel tetracarbonyl is formed 
by direct reaction of carbon monoxide and 
finely divided nickel at relatively low temper- 
atures: 


Ni + СО, > МСО), „у 
AG = -160 410 + 418.27T J/mol [129] 


At atmospheric pressure, the maximum rate 
of formation of nickel tetracarbonyl is at 
130 °C for pure nickel. The temperature at 
which the rate of formation is a maximum de- 
creases in the presence of a catalyst such as 
sulfur, and increases with pressure. The re- 
verse reaction begins above ca. 180 °C. This 
reversible reaction is the basis of the atmo- 
spheric-pressure Mond process and the INCO 
pressure process for the production of high- 
purity nickel pellet and powder. Nickel tetra- 
carbonyl can also be prepared in solution by a 
variety of methods [130]. Users of nickel tet- 
racarbonyl frequently produce their own sup- 
ply, but it is commercially available in the 
United States. 

The conditions under which nickel tetracar- 
bonyl is formed are important because of the 
possibility of corrosion or transfer of nickel 
within a system, and in view of its high toxic- 
ity. The mere coexistence of carbon monoxide 
and nickel in some form does not mean that 
nickel tetracarbonyl will form. Other criteria 
must be met: 


Nickel 


e A fully reduced nickel-containing surface, 


e A reducing gas containing carbon monox- 
ide, 

e The formation must be thermodynamically 
possible, which generally means low tem- 
perature (ambient to 150 *C) and high car- 
bon monoxide partial pressures. 

In addition, the presence of a catalyst such 
as sulfur accelerates nickel tetracarboriyl for- 
mation. 

One situation where a significant amount of 
nickel tetracarbonyl can form is from a finely 
divided reduced nickel catalyst and carbon 
monoxide at low temperature. This is well 
known to user s of nickel catalysts, and such 
conditions are avoided. Other than this, it is 
rare that significant amounts of nickel tetra- 
carbonyl are formed. Environmentally, pre- 
cautions preventing contamination of the 
workplace by the carbon monoxide will also 
prevent contamination by any nickel tetracar- 
bonyl. 

The presence of nickel tetracarbonyl has 
been suggested hut not demonstrated in ciga- 
rette smoke and in gases from the combustíon 
of fossil fuels containing nickel. Attempts to 
detect it in welding fume failed [131]. 

Uses. Apart from being an intermediate in 
the carbonyl refining of nickel, nickel tetracar- 
bonyl can be thermally decomposed to nickel 
plate other materials, for example, in mold 
production or in a fluidized bed. It is also used 
as a carbonylating agent or catalyst in organic 
chemistry. 

Analysis. Nickel tetracarbonyl can be ana- 
lyzed by decomposition and conventional 
analysis of the nickel, by gas chromatography, 
UV or IR spectroscopy. There is a highly sen- 
sitive method based on the chemiluminescent 
reaction of nickel tetracarbonyl with ozone 
[132]. Commercial instruments based on in- 


frared or chemiluminescent analysis are avail- 
able. 


Reactions of Nickel Tetracarbonyl. Nickel 
tetracarbonyl undergoes oxidation, reduction, 
and substitution reactions [133, 134]. These 
are normally carried out in organic solvents 
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below ca. 50 *C to prevent thermal decompo- 
sition of the nickel tetracarbonyl. 

Reaction with various oxidizing agents 
gives МИП) compounds. Concentrated nitric 
acid gives nickel nitrate. Solutions of nickel 
tetracarbonyl in organic solvents are oxidized 
by air to basic nickel carbonate and by halo- 
gens to the corresponding nickel dihalide. De- 
composition of nickel tetracarbonyl with 
bromine water is useful as a means ofdisposal 
or for analysis. 

Reduction reactions, generally with alkali 
metals, give polynuclear anions formulated as 
[Ni(COXP^  INi(COXP. ГСО), ЈУ, 
[Ni,(CO),]*", and [Ni,(CO),;]?-. Reduction of 
nickel tetracarbonyl by alkali metals in liquid 
ammonia gives а carbonyl hydride 
[NiH(CO),],, isolated as a tetraammoniate. 

Interest in substitution compounds of 
nickel tetracarbonyl blossomed following the 
publication in 1948 of work by Repre апа co- 
workers showing that an effective class of cat- 
alysts for the trimerization of acetylene 
compounds could be formed by substituting 
CO groups in Ni(CO), by donor ligands such 
as triphenylphosphine. 

Thousands of substitution compounds of 
nickel tetracarbonyl have now been prepared. 
Most are with ligands containing the group 15 
elements phosphorus, arsenic, or antimony as 
electron donor, but carbon, nitrogen, and un- 
saturated organic molecules can also serve as 
ligands. 

Some of the simpler substitution com- 
pounds with phosphorus ligands are 
Ni(CO)(PXj, „л = 0-3, X = Н, F, Cl, CH,, 
C,H,, C,H, (substituted phosphines) and X = 
OCH,, ОС,Н,, OCH. (phosphites). The de- 
gree of substitution is controlled by steric and 
electronic effects. For example, with PF, and 
P(C,H.),, only mono- and disubstituted com- 
pounds are formed, whereas with PCI, and 
P(OC,H,), the carbon monoxide molecules 
can be completely replaced. The tet- 
rakis(ligand) compounds Ni(PF,), апа 
Ni[P(C,H,),], can be prepared by other 
means. Substitution by chelating ligands is 
also possible, e.g., (CO),NIL' and Mat, 
where L’ = o- C;H,[P(C;H.),],. 
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Fewer substitution compounds based on ar- 
senic and antimony have been prepared. Ex- 
amples include Ni(CO)4AsX, (X = CH,, C,H;, 
C.H, ОСН, OCH, OC,H,) and 
Ni(CO),SbX, (X = Cl, C;H,, С,Н,, ОС,Н,). 


12.17.2 Nickel Salts of Organic 
Acids 


Nickel(II) acetate tetrahydrate 
Ni(CH,COO),-4H,O, d 1.744, can be ob- 
tained as green crystals when solutions of 
nickel(H) hydroxide or carbonate in acetic 
acid are evaporated at room temperature. It is 
readily soluble in water but is insoluble in eth- 
anol. 

Anhydrous nickel(IT) acetate 
Ni(CH4COO),, d 1.798, can be prepared by 
dehydration of the tetrahydrate in vacuum or 
by heating the tetrahydrate under reflux with 
acetic anhydride. When heated in the absence 
of air these acetates decompose to give a resi- 
due of nickel and Ni4C, evolving, among other 
products, carbon monoxide and carbon diox- 
ide. Nickel acetate is a suspect carcinogen: the 
LD,, (rat) is 350 mg/kg [135]. 


Nickel) acetylacetonate Ni(CH,COCH 
COCH,),, mp 230 °С (dec.), is obtained as 
emerald green crystals by dehydration of the 
dihydrate at 50 °C in vacuum; it has an un- 
usual trimeric structure in the solid state [136]. 
The dihydrate М(СН.СОСН,), :2Н,0 is pre- 
pared by the addition of acetylacetone to solu- 
tions of nickel(I) salts in the presence of a 
weak base such as sodium acetate. Nickel(IT) 
acetylacetonate is soluble in organic solvents 
and finds use in the synthesis of organometal- 
lic compounds such as nickelocene and 
bis(cyclooctadiene) nickel. It is also industri- 
ally important as a catalyst component in the 
oligomerization of alkenes and in the conver- 
sion of acetylene to cyclooctatetraene [137, 
138]. 


Nickel(IT) dimethylglyoximate bis(dimeth- 
ylglyoximato) nickel), Ni(C,H,N,0,),, is 
obtained quantitatively as a bright red precipi- 
tate when an alcoholic solution of dimethyl- 
glyoxime is added to a neutral or slightly 
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alkaline solution of a nickel(II) salt. This reac- 
tion is used in the gravimetric estimation of 
nickel [139] and is also useful as a spot test for 
the presence of nickel ions. The structure of 
this diamagnetic solid [139] shows the 
nickel(IT) ion to be in a square-planar environ- 
ment; the dotted lines represent strong in- 
tramolecular hydrogen bonds. 
O--H--O 
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| i | 
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Nickel(II) formate dihydrate Ni(HCOO),- 
2H,O, d 2.154, is obtained as green crystals by 
evaporation of a solution of nickel carbonate 
in formic acid. The anhydrous salt is obtained 
when the dihydrate is heated to 140 °C; at 
250 °C, finely divided nickel metal is pro- 
duced. Hence, nickel(IT) formate is used in the 
production of nickel catalysts. 


Nickel(II) oxalate dihydrate Ni(COO),. 
2Н,О, precipitates as a green powder when 
oxalic acid or alkali-metal oxalate solutions 
are added to nickel(IT) salt solutions. When 
heated in vacuum, it evolves water at 150 °C 
and decomposes completely at 300 °C, giving 
finely divided nickel suitable for use in cataly- 
sis or in the production of nickel carbonyl. 


M 


12.17.3 Analysis 


The classical analytical method for nickel 
in solution is gravimetric, by precipitation of 
the red complex with butanedione dioxime 
(dimethylglyoxime). Other methods include 
electrodeposition, EDTA titration, and the 
standard spectroscopic methods of atomic ab- 
sorption, flame emission, inductively coupled 
plasma optical emission, and X-ray fluores- 
cence. There is a standard analytical method 
for nickel in biological tissue [140]. 


12.17.4 Economic Aspects 


In general, nickel compounds cost the Lon- 
don Metal Exchange (LME) price for the con- 
tained nickel, plus a premium based on the 


Nickel 


production cost. However, companies produc- 
ing nickel compounds, particularly nickel sul- 
fate, as a by-product of other processes are 
more flexible in their pricing. 


The LME three-month nickel price de- 
creased during the first part of the 1980s from 
about $3 per pound in 1980 to below $2 per 
pound in 1986. The price then rose to over 
$5.50 per pound in 1988, but has since de- 
creased. 


12.17.5 Toxicology 


12.17.5.1 Distribution in the 
Environment 


Nickel is contained as a trace element in the 
soil in the lattices of iron and aluminum sili- 
cates. and the content is inversely proportional 
to the silicic acid content. At 40% or less of 
SiO, in the soil there is ca. 1600 g Ni/t while at 
80% or more it is only 3 g Ni/t [141]. Nickel 
contents of 1—5 ре МИЛ, are generally found in 
surface waters, but values as high as 264 рр 
Ni/L have been recorded. Plants generally 
contain 0.3-4 mg Ni/kg, and animals 0.1—3 
mg Ni/kg (both dry weight). Atmospheric 
nickel in the United States averages 6 ng 
Ni/m? (nonurban) and 20 ng Ni/m? (urban), 
while 15.8 ng Ni/m? has been observed near 
primary sources [142]. The major part is in the 
form of sulfates and oxides and results from 
burning of fossil fuels and industrial activity 
[143]. 


Ingestion. The normal Western diet contains 
150-600 ug Ni/d, derived primarily from its 
being a natural trace constituent of many food 
stuffs (e.g., cocoa contains 9800 ug Ni/kg) 
[144] and secondarily during food processing, 
which frequently involves nickel-containing 
equipment. Although no specific function for 
nickel has been established in animals, dietary 
induced nickel deficiency has been observed 
experimentally [145]. 
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12.17.5.2  Ecotoxicity 


Plant Life. Nickel is an essential element for 
certain types of plant, for example, legumes. 
Nickel-tolerant plants with nickel contents up 
to 1.35% dry weight occur in some serpentine 
soils, and hyperaccumulators indicate nickel- 
rich soils. Nickel is also toxic to plant life; the 
effective dose that produces a 5046 reduction 
in normal growth depends upon the, species 
(e.g., for rye grass it is 0.18 ppm and for al- 
falfa, 5 ppm) [146]. Sewage sludge containing 
a high level of nickel can be harmful when 
spread on soil because of the persistance of the 
metal and the difficulty of its removal. 


Aquatic Toxicity. Results of acute toxicity 
tests depend upon the aquatic species, test 
conditions, and the solubility of the nickel 
compound under test. For example the LC,, 
for rainbow trout at a water hardness of 100 
mg/L is 0.05 mg Ni/L [147]. 


12.17.5.3 Mammalian Toxicology 


Human Carcinogenesis. The first suspicion 
that nickel might cause respiratory cancer fol- 
lowed the occurrence of a nasal cancer in a 
Welsh refinery worker in 1923 [148]. Subse- 
quent observations of excess nasal and pulmo- 
nary cancers at this and other refineries (in 
Ontario, Canada; Kristiansand, Norway; and 
the former Soviet Union) resulted in suspicion 
falling on the high-temperature roasting of 
nickel-copper matte or impure nickel subsul- 
fide or on nickel oxide, but there was no sup- 
porting evidence of any similar risk in other 
refining operations or in the nickel-using in- 
dustries. This subject has been extensively re- 
viewed by the International Committee on 
Nickel Carcinogenesis in Man, (ICNCM) 
[149], which updated the existing studies and 
evaluated the collective results. Exposures to 
high levels of sulfidic and oxidic nickel (espe- 
cially nickel subsulfide and nickel copper ox- 
ide) were found to be implicated as well as 
impure soluble nickel compounds such as 
nickel sulfate in the Norwegian and Welsh re- 
fineries. However, at each facility where 
nickel sulfate exposure was associated with 
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excess cancer, there were also exposures to 
other substances. The ICNCM concluded that 
more than one form of nickel gave rise to res- 
piratory cancer in men employed at the refin- 
eres considered in the study and “the 
respiratory cancer risks were primarily related 
to exposure to soluble nickel at concentrations 
in excess of 1 mg Ni/m? and to less soluble 
forms at concentrations greater than 10 mg 
Ni/m?". The ICNCM found that: 


e There was an absence of any evidence of 
hazard from metallic nickel, 


e There was no substantial evidence that oc- 
cupational exposure to nickel or any of its 
compounds was likely to produce cancer 
other than in the lung or nose, 


e The few small excesses that were observed 
in cohorts with excess lung or nasal cancer 
could be attributed to misdiagnoses (bone 
and pharynx) or to chance (prostate). 


The group also considered that the risk to 
the general population from exposure to < 1 
ив Ni/m?, in the ambient air, is minute or non- 
existant. 


Experimental Carcinogenesis. Experiments 
have been carried out in vivo and in vitro to 
establish the carcinogenicity of nickel and its 
compounds. A variety of routes of administra- 
tion and animal species have been involved. 
The National Toxicological Programme in the 
United States is currently conducting a major 
inhalation bioassay on rodents, using nickel 
subsulfide, nickel oxide, and nickel sulfate 
[150]. Existing studies have been extensively 
reviewed [151—155]. An IARC review and as- 
sessment was published in 1990 [156]. Sun- 
DERMAN [157] suggested that the ability of 
nickel to enter the target cell and release ions 
is the major determinant in carcinogenicity. 
This may occur by endocytosis, transmem- 
brane diffusion, or the Ca” transport route. 
Having reached the target tissue the nickel ion 
may act by: 


e Direct genotoxic mechanisms, 


e Tumor promotion by blocking cell-to-cell 
communications, 
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e Enhancing tumor progression by inhibiting 
natural killer cell activity. 

These processes can be modified by man- 
ganese and magnesium. Toxicity is related 
partly to the concentration of nickel reaching 
the intracellular tissues but also to the ability 
of cells to phagocytose less soluble particles. 


Species Specific Carcinogenesis. Nickel sub- 
sulfide has been shown to be highly carcino- 
genic to rats by injection into a variety of 
tissues [158]. There is also a single positive in- 
halation study [159] and a dose-related posi- 
tive intratracheal study in female rats [160]. 
The crystalline form was positive in in vitro 
tests [161]. There is some evidence of mu- 
tagenic potential of nickel sulfide in vitro but 
not in vivo [152]. 

The data for nickel oxide are less clear cut. 
The biological activity of nickel oxide is re- 
lated to the temperature of its formation [154]; 
nevertheless, an inhalation study with high ex- 
posures (53.2 mg/m?) to the more reactive 
black form failed to produce a carcinogenic 
response [162]. Cell transformation studies 
with nickel oxide have given marginally weak 
positive results [152]. 

Metallic nickel dust has come under suspi- 
cion as an animal carcinogen but to date no ad- 
equate inhalation data have been produced 
[151]. Using intratracheal and intraperitoneal 
injections of metallic nickel powder, as well as 
a variety of nickel compounds and nickel al- 
loys in female rats, Porr and coworkers [160, 
163] obtained positive results, but intratra- 
cheal instillation of nickel metal and alloys in 
hamsters was negative [164]. 

The carcinogenicity of soluble nickel salts 
has also been studied and is currently of par- 
ticular interest in view of the findings of the 
ICNCM [149]. In vitro studies involving 
nickel sulfate proved negative in the Syrian 
hamster embryo test but positive in cell trans- 
formation assays [165]. 


Allergenicity. Nickel contact dermatitis is a 
well recognized clinical entity [166]. In Den- 
mark, 10% of women and 2% of men are 
known to be sensitized and similar results 
have come from elsewhere. Sensitization is 
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due to nickel-containing articles coming into 
contact with the skin. Persons who are sensi- 
tized can exhibit local or general cutaneous re- 
actions. These can arise from external contact 
and may be exacerbated by internal exposure 
to nickel in food or prosthetic devices. Persis- 
tent hand eczema may occur. Recent studies 
have indicated that sensitization can be 
avoided by the use of alloys that are resistant 
to corrosion by sweat, and legislation hds been 
effected in Denmark to eliminate the use of 
leachable alloys next to the skin (Decree 
88/0088DK). Primary nonallergic skin irrita- 
tion may occur from the handling of solutions 
of soluble nickel salts as in plating. 


Pulmonary sensitization has occurred in a 
few workers exposed to aerosols of soluble 
nickel salts, generally the sulfate [132], which 
may also cause nasal irritation and epistaxis. 


Acute Poisoning. Insoluble nickel is very 
poorly absorbed through the gastrointestinal 
tract and its toxicity is therefore low (Table 
12.24) [167]. Human experience with soluble 
salts consists of death in a child who ate 5 g of 
nickel sulfate [152] and illness lasting a few 
days in workers who accidentally drank water 
contaminated with 1.63 g/L of soluble nickel 
(total dose of 0.5~2.5 g Ni) [168]. 


Table 12.24: Acute toxicity of nickel compounds in Spra- 
gue-Dawley rats, mg/kg [167]. 


Combined response 
Substance LDso LDsp EE 


male female LOD. CP 
NiCl,-6H,O 210 175 200 186-214 
NiO, black, acid 
soluble > 5000 > 5000 > 5000 
NiO, green, high 


temperature > 5000 > 5000 > 5000 
Nickel powder > 9000 > 9000 > 9000 


Ni,S, > 5000 > 5000 > 5000 
NiSO,-6H,0 325 275 300 201-399 
Ferronickel 

(30% Ni) > 5000 > 5000 > 5000 
МОН), 1500 1700 1600 1176-2024 


NiS,amorphous > 5000 > 5000 > 5000 
NiCO,-xH,O 1305 840 1044 822-1281 
NINH, (SO), 440 400 420 340-1281 
Ni, As, 5840 6800 6300 5140-7470 


*C1- 95% Confidence interval. 
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Chronic Pulmonary Changes. Very high ex- 
posure to dust containing nickel oxide resulted 
in pneumoconiosis in hamsters. Lower expo- 
sures to soluble nickel and nickel metal pow- 
der caused injury to lung tissue at the macro- 
and microscopic levels. No clear evidence has 
been produced to suggest that pneumoconiosis 
or chronic bronchitis result from human expo- 
sure [132]. Nickel sulfate has also been shown 
to cause inflammatory reactions in lung tissue 
and olfactory epithelium in rats at concentra- 
tions of ca. 0.1 mg Ni/m? [169]. 


12.17.5.4 Nickel Carbonyl 
Poisoning 


Acute Poisoning. Exposure to nickel carbonyl 
gas is most likely to occur in accidental situa- 
tions at refineries using the carbonyl process 
or in research laboratories. Accidents have oc- 
curred when carbon monoxide was passed 
over reduced, finely divided nickel at ambient 
temperature in catalyst manufacture and in 
some plating operations. 

Poisoning by nickel carbonyl is character- 
ized by a two-stage illness. The first consists 
of headaches, malaise, and pain in the chest 
lasting a few hours; this is generally followed 
by a short remission. The second phase starts 
after ca. 16 h. Symptoms of cough, breathless- 
ness, and extreme fatigue characterize this 
chemical pneumonitis, which reaches its 
greatest severity in about four days. Death 
may result from cardiorespiratory or renal fail- 
ure. Convalescence is often extremely pro- 
tracted and is often complicated by 
depression, exhaustion, and dyspnea on exer- 
tion. Permanent respiratory damage is un- 
usual. The severity of an exposure is 
established by the clinical findings and by 
monitoring urinary nickel [170]. Oxygen ther- 
apy in the early stages reduces the severity of 
any pulmonary edema. Sodium diethyldithio- 
carbamate chelates nickel and is used as a 
therapeutic agent. In practice its biological an- 
alogue, disulfiram (Antabuse) is more readily 
available and is an effective drug. Treatment 
(250 mg-1 g) should be started as soon as pos- 
sible after exposure and accompanied by in- 
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haled and systemic steroids in order to 
minimize pulmonary toxic reactions [171]. 
Oxygen therapy may be indicated. 


Carcinogenicity. There is debate about the 
carcinogenicity of nickel carbonyl gas [172]. 
However, since in modern refineries ambient 
levels are maintained below the local limit of 
detection (Section 12.17.5.5) in order to avoid 
acute effects, such debate is of no practical 
significance. Furthermore, epidemiological 
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data from the Clydach Refinery indicate that 
the cancer risk there was associated with the 
exposure to dust involved in the refining pro- 
cess rather than nickel carbonyl [173]. 


Teratogenicity. SUNDERMAN exposed rats to 
nickel carbonyl early in pregnancy and 2896 
were born with ocular abnormalities [174]. No 
similar effect has been noted with other nickel 
compounds. 


Table 12.25: Labelling, limit values and legislation for nickel. Numbers within braces refer to notes following in the text. 








EC member states (special 


EC directives rules) United States Canada 

Occupa- No figures yet; how- Germany! UK”? France e.g., Ontario!®) 
tionalex- Insol, mg/m? ever, note directive 0.5 05 05 1% 1 
posure — Sol, mg/m? 88/C34/03'! 0.05 01 01 041" 0.1 
limit Carbonyl, mg/m? 0.7 0.05 03 0.007145 0.35 
General Atmospheric Emis- Air pollution from in- TALuft 1 mg/m’ !®! Nilspecific?! e.g., Ontario!!! 
sion dustrial plants; EC UK 5meg/m?!! 5 ug/m? 

84/360! 
Level in drinking water?! EC 80/778?! Applicable throughout Guidance limit CWQG!'4 

50 ug/L EC!) 0.15-1 mg/L 

SDWA 1986!5! 


Effluent discharge”? EC 76/464 


UK The Red List, local con- Site consents 


0.5 met) 


8-100 ив NILUS sent 5.0 mg/L? daily max.3.98 Lost 
Sewage sludge Germany 0.3 mg/L mg/L 
EC 86/278?! CWAÜU! 

Labelling requirements and EC 67/548! Germany Nickel powder and Yes Yes 


subsequent amendments 79/831 


some insoluble Ni com- 


НСА 29CER 7° WHIMIS!?! 


83/467 pounds require "cancer" la- 
90/C33/03 bel for inhalable forms! 

importing and shipping rules International rules Applicable throughout ЕС TSCA Transport of Dan- 
IMDG Code 25А!28! Includes Ni?!! ` gerous Goods Act 
ADR (Road)?! Dept.of Trade IMDGCode 
Hazardous waste Regulations 
86/2799 


Industrial disease compen- Commissionrecom- ЧК Social Security Act 





Workers Com- Each province 


sation mendation 90/326/EC Nickel refining 22a&b pensation & has specific 
Nickel carbonyl С14!3?! Common Law Workers Com- 
France = Matte roasting?” pensation Acts 
Emergency planning and Directive EC 82/501 Applicable throughout EC Superfundand No right to know 
right to know amended; trigger at 1 t rightto know; requirements 
of Ni oxides, sulfides, nickel іѕіей(25) 
and carbonates present NIEHS 1989 re- 
as powders! portis! 
Notes for Table 12.25: 4. OSHA Permissible Exposure Limits 29CFR 


l. Directive 88/C34/03 (Carcinogens) relates to cer- 
tain nickel refining processes. 

2. MAK: Maximale ` Arbeitsplatzkonzentrationen 
1989. In Germany preventive measures have to be 
taken at action levels below these limits. 

3. EH 40/90 of the Health & Safety Executive. These 
are maximum values and it is necessary to get as far 
below them as it reasonably practicable. For 
Ni(CO), this is a 10 min short-term exposure limit. 


(1910.1000). 


5. ACGIH (American Conference of Governmental 


Industrial Hygienists) propose reduction of Thresh- 
old Limit Values (TLVs) to 0.05 mg/m}. 


6. ACGIH figures generally used in Canada, the prov- 


inces make own rules. 


7. Directive 84/360 (Air Pollution from Industrial 


Plants). 
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8. German regulations Technische Anleitung zur 
Reinhaltung der Luft (TA Luft of 27. February 
1986) applicable to Belgium and Holland. 

9. Notice on best practical means; Jan. 1988. 

10.Environmental Protection Agency — nil specific 
for Nickel, some states have specific levels. 

11.Ontario Environmental Pollution Act. Regulation 
308 Schedule 1 (half hour average). 

12.Sayre I. M. International Standards for Drinking 
Water J. American Water Works Association 
80(1):53-60 January 1988. ; i 

13. Directive 80/778 Drinking Water Directive. 

14.United Kingdom Control of Pollution Act 1974 

-Part П. 

15.Safe drinking water regulations 1986 Amend- 
ments. No standard set yet — guidance only. 

16.Canadian water quality guidelines. Canadian 
Council of Resource & Environment March 1987. 

17. Technical Report of Environmental Aspects of the 
Metal Finishing Industry, p. 53—57. 

18.Nickel is a Class II material requiring legislation. 
Member states to make their own rules. Directive 
76/464 (Pollution to the Aquatic Environment). 

19.Directive 86/278 (environment, soil, sewage 
sludge) limits nickel in soil to 30-75 mg/kg and in 
sewage sludge to 300—400 mg/kg. 

20. Water and the Environment DOE circular 7/89 of 
30.3.1989. 

21.Clean Water Act (Public Law 92-217) 1977. 

22. Canadian Fisheries Act: Metal mining liquid efflu- 
ent regulations. 

23.Control of Industrial Water Discharge; Ontario. 

24.Directive 67/548 (Classification packaging and la- 
belling) has many amendments: the 7th is near 
adoption. 

25.UK Classification, Packaging and Labelling of 
Dangerous Substances Regulations 1978. Similar 
rules in all European states. FRG Gefahrstoffver- 
ordnung: Inhalable nickel powder “may cause can- 
cer", 

26.Hazard Communication rule 29CFR7. Title 49 
Transportation — Rules for packaging of Ni Pow- 
der. 

27. Workplace Hazardous Materials Information Sys- 
tem (WHMIS). 

28.International Marine Dangerous Goods Code. 

29.European Agreement of International Carriage of 
Dangerous Goods by Road. HMSO 1985.21. 

30.Directive 86/279. Transfrontier shipment of haz- 
ardous waste — amended 89/C9/01. 

31. Toxic Substances Control Act TSCA. Nickel and 
many of its compounds are subject to TSCA and 
Section 5 requires the importer to comply with spe- 
cial rules and orders. 
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32.UK Social Security Act 1945. Industrial Diseases. 


33.France: Tableaux de maladies professionnelles 37, 
37 bis et 37 ter — 1987. 


34.Directive 82/501 (Major Accident Hazards) 
amended as 88/C119/02. One tonne of nickel etc. in 
the form capable of causing a major accident haz- 
ard. 


35.Title III Superfund amendments and reauthorisa- 
tion Act (SARA); nickel listed in Section 3.13. 


36.National Institute of Environmental Health Sci- 
ences 5th Annual Report on Carcinogens Summary 
1989 NTP 89-239 Nickel pp. 187-192 (Legislation 
p. 192). 
XX Others relevant EEC Directives with bearing 
upon nickel included are Major Accident Hazard 
and Amendments 88/610. 
Protection of Water from Dusts related to Chemi- 
cals, Physical and Biological Agents at Work 
88/842. 


12.17.5.5 Legislation 


Prevention of cancer in nickel workers is 
directed at maintaining occupational expo- 
sure as low as is reasonably practicable. This 
is achieved by the standard hierarchy of con- 
tro] measures: enclosure, wet methods of han- 
dling, exhaust ventilation, respiratory 
protection, and atmospheric monitoring. Bio- 
logical monitoring is considered to be of little 
value {175]. 


Table 12.25 lists various legislative con- 
trols and where appropriate the relevant limit 
values. The notes attached to this table give 
the relevant authority. 


Nickel is currently the subject of legislative 
activity in the EC and member states and also 
in the United States and considerable revision 
of these rules and limit values is likely to take 
place within the foreseeable future. The Direc- 
torate General X1 (DGXI) of the EC is cur- 
rently deciding on classification of pure 
substances. ОСШ has responsibility for mix- 
tures including alloys while DGV is involved 
in workplace safety and occupational expo- 
sure limits. In the United States the EPA is set- 
ting standards for nickel in the general 
atmosphere and water, and the ACGIH has 
proposed reduction of the TLV to 50 ug Ni/m’. 
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13.1 Introduction 


Arsenic belongs to main group V of the pe- 
riodic table and has an atomic number of 33. 
In compounds, it has oxidation states of 3+, 
5+, and 3—. 


Arsenic is a bright silver-gray metal. Its 
surface tarnishes in humid air. Arsenic forms 
trigonal crystals, which are brittle and of aver- 
age hardness (3-4 on the Mohs scale). 


In addition to the metallic modification, 
there are other modifications, namely, yellow 
arsenic and three amorphous forms (В, ү, б) 
[1]. Of these, black arsenic (the B form) is the 
best known. Black arsenic is formed as a coat- 
ing (arsenic mirror) when arsenic hydride is 
passed through an incandescent glass tube and 
also, together with other modifications, when 
the vapor is rapidly cooled. Yellow arsenic is 
formed by the sudden cooling of arsenic vapor 
and consists of transparent, waxy, regular 
cry stals. It is unstable and changes into metal- 
lic arsenic on exposure to light or on gentle 
heating. All amorphous modifications change 
into the metallic form above 270 °C. Another 
form, brown arsenic (p 3.74.1 g/cm?), is ei- 
ther a special modification or simply a more 
finely divided form. This brown modification 
is obtained in the reduction of solutions of ar- 


senic trioxide in hydrochloric acid with tin(IT) 
chloride or hypophosphorous acid. 


13.2 History 


The natural sulfides, realgar and orpiment, 
were known in pre-Christian times and had al- 
ready been named by Aristotzs and his pupil 
ТНЕОРНЕА5Т. In the first century A D. PLintus 
mentioned sandarac (realgar) as occurring in 
gold and silver mines. The color of the yellow 
sulfide gave it the name orpiment. The Greek 
name opoeviKov (fearless, brave, manly), 


‘which was given to the sulfides on account of 


their reactivity with metals, derived from the 
custom prevailing at the time of classifying 
the metals as male or female. Subsequently, 
the name was applied to the metal itself Many 
early authors described medicinal applica- 
tions. Dioskomes (first century A.D.) re- 
ported on the roasting of the sulfides and that 
they were used as remedies and artist's colors. 
In the fifth century A D. Огумрюровоѕ de- 
scribed the production of the arsenic oxide 
As, An incomplete description of metallic 
arsenic dating from the fourth century has also 
been found. The alchemists were more closely 
concemed with the sulfides of arsenic. They 
generally called the roasted product “white ar- 
senic”. Many considered the arsenic oxide, 
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like sulfur, to be a basic constituent of metals. 
ALBERTUS MaGNus apparently obtained the el- 
ement in 1250; Scureper described two meth- 
ods of preparation in 1649. In 1733, BRANDT 
showed that white arsenic is the oxide of the 
metal. The alchemists were aware of the poi- 
sonousness of white arsenic (As,O,). Records 
show that the compounds of arsenic were ex- 
tensively used by the poison brewers of the 
Middle Ages. In the Renaissance it was 
PARACELSUS who pioneered the use of arsenic 
compounds 1n medicine. Arsenic acid and ar- 
senic hydride were discovered by SCHEELE in 
1775. 


13.3 Physical and Chemical 
Properties 


Densities: metallic arsenic 5.72 g/cm’ at 20 °C, yellow ar- 
senic 2.03 g/cm? ; і 

Melting point: 1090 К (817 °С) at 3.7 MPa 

Sublimation point: 886 K (613 °C) at 0.1 MPa 

Linear coefficient of thermal expansion: ca. 5 x 10$ K^! 

Specific heat capacity: 0.329 Jg !K^! at 291 К (18 °C), 
0.344 Jg !K"' on average between 273 К (0 °C) and 
373 K (100 °C) 

Electrical resistivity: 24 x 10% Q-cm at 273 К (0 °C) 

The normal potential of arsenic with re- 
spect to the normal hydrogen electrode is ca. 
0.24 V. Arsenic therefore comes between bis- 
muth and copper in the electrochemical series. 

The various forms of arsenic have different 
behaviors in air Whereas the amorphous 
forms remain unchanged for months in dry air, 
the crystallized o form tums black in a few 
days, as originally observed by BERZELIUS. 
Powdered, moist arsenic is oxidized to arsenic 
trioxide with evolution of heat. When heated 
in air, it burns with a bluish-white flame, 
forming dense vapors of arsenic trioxide. 
When heated, arsenic metal gives off a charac- 
teristic garlic-like odor. 

Concentrated nitric acid and aqua regia oxi- 
dize arsenic to arsenic acid; arsenic is oxidized 
to the 3+ state by dilute nitric acid or concen- 
trated sulfuric acid and by boiling alkali hy- 
droxides in air. Hydrochloric acid has little 
effect on arsenic. Chlorine combines fienly 
with arsenic to form arsenic trichloride. When 
the metal is heated with sulfur, AsS, As,S,, or 
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Аѕ,5; is obtained, depending on the ratios 
used. A mixture of fine arsenic and potassium 
chlorate explodes on impact. 


Arsenic combines with metals to form ars- 
enides. When subjected to oxidizing roasting, 
arsenides give partly metal oxide and arsenous 
acid and partly basic arsenates. When sub- 
jected to chloridizing roasting, they give ar- 
senic trichloride. On heating in the absence of 
air, a sublimate of arsenic metal is formed 
from the heavy metal arsenides, although the 
arsenic can only be partly removed even at 
very high temperatures. 

With oxygen, arsenic forms three oxides, 
namely arsenic trioxide, As,O,; arsenic pen- 
toxide, As,O,, and As, which apparently 
contains trivalent and pentavalent arsenic 
alongside. The first two oxides may be re- 
garded as acid anhydrides. Arsenous acid is 
derived from arsenic trioxide and can only ex- 
ist in aqueous solution. Its well-known salts 
are the arsenates(IIT) (formerly arsenites). Ar- 
senic acid is derived from arsenic pentoxide. 
Its salts, the arsenates, generally correspond to 
the phosphates in their stoichiometry. How- 
ever, solid arsenic acids that correspond to the 
phosphorus acids are not known; instead, 
H4AsO,:'4H,O or As,O;-4H,O crystallizes 
from arsenic acid solutions. 

The highly poisonous arsenic hydride, 
AsH,, is formed from arsenic compounds in 
acidic solution in the presence of strong reduc- 
ing agents (e.g., Zn) or from suitable arsenides 
(e.g., As,Zn,) and acids. 


13.4 Occurrence 


Arsenic 1s widespread and can be detected 
in traces everywhere. Its abundance in the 
earth’s crust is ca. 6 x 10%, i.e., it is roughly 
as abundant as molybdenum or tin, although 
the arsenic content of minerals is usually too 
low for them to have any economic signifi- 
cance. 

Native arsenic is found in many places, but 
only in small quantities, usually in ores con- 
taining gold, silver, cobalt, nickel, and anti- 
mony. Although many  arsenic-bearing 


Arsenic 


minerals are known, only a few occur in such 
quantities that they can be worked economi- 
cally. The most important arsenic minerals are 
shown in Table 13.1. Other arsenides are chlo- 
anthite, N1As; niccolite, NiAs; smaltite, 
CoAs,; cobaltite, CoAsS; gersdorffite, NiAsS. 
Arsenic-bearing fahlores include inter alia 
tennantite, 4Cu,S:As,S,; proustite, 3Ag,S- 
As,S, These minerals may be regarded as 
thioarsenites. — Enargite, — 3Cu;3S-As,S,- 
Cu,AsS,, is a thioarsenate. 

Table 13.1: Most important arsenic-bearing minerals. 


Mohs gom? Crystal Arsenic 
hardness P: 2 27 system content, % 
Arsenopyrite 5.5-6 5.9-6.2 orthorh. 46 
(FeAsS) 
Lóilingite 5-5.5 7.1-7.3 orthorh. 73 
(FeAs,) 
Orpiment (As,S;) 1.5-2 3.4-3.5 mon. 61 
Realgar (AsS) 1.5-2 3.4-3.6 mon. 70 


Native arsenic 3-4  5.6—5.8 trig. 90—100 


13.5 Production 


Most of the arsenic produced commercially 
accumulates as a by-product in the smelting of 
nonferrous metal ores containing gold, silver, 
lead, nickel, and cobalt. 

Arsenopyrite often contains primary gold 
deposits. Fahlores and proustites always con- 
tain silver. Gersdorffite can accompany cop- 
per ores. Arsenopyrite апі  lóllingite 
accompany pyrites [2]. 

Arsenic is mainly obtained from complex 
ores, such as enargite-containing copper, lead, 
and zinc ores and pyritic copper ores rich in 
arsenic. The arsenic content varies consider- 
ably. 

Because of the volatility of arsenic sulfides 
and arsenic oxides, arsenic is concentrated in 
the gas phase. A crude oxide is produced from 
the intermediate products, and, after refining, 
1s reduced to the metal or is sold as is to the 
chemical industry for further treatment. 

The falling world demand for arsenic ox- 
ide, the increasingly elaborate treatment of 
complex ores, the high toxicity, and new envi- 
ronmental requirements have made arsenic- 
containing by-products a problem for many 
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producers. Recently, new methods have been 
sought to concentrate arsenic into more stable 
compounds or to avoid intermediate products 
altogether. Today arsenic is almost always an 
unwanted accompanying element in metal- 
lurgy. 


13.5.1 Production of Arsenic 
Trioxide 


History. Arsenic trioxide has been produced 
in China for 500 years in extremely simple 
plants, consisting of retorts with condensation 
chambers, from an ore containing 15% As. 
However, it was not until the beginning of the 
18th century that a smelter for native arsenic 
was set up in Germany at the instigation of J. 
v. SCHARFENBERG in Reichenstein, Silesia. Be- 
cause the demand for Аѕ,О; was relatively 
low, it was not until the 19th century that a 
second country, Great Britain, began produc- 
ing As, Thereafter, from the middle of the 
19th century to 1901, Great Britain was the 
leading As,O, producer. Production figures up 
to 1945 are only estimates. When legislation 
was introduced in various countries to avoid 
damage caused by release of As,O,-contain- 
ing fumes, world production of As,O, in- 
creased considerably. The production of 
native arsenic was given a fresh impetus by 
the appearance of the boll weevil in Mexico 
and the United States — damage from 1909 to 
1923 was estimated at $3 billion. Calcium ar- 
senate was used to combat the boll weevil. 
The demand for arsenic became so great that it 
exceeded supply. New plants were estab- 
lished, particularly in the United States and 
Mexico. The largest plant was operated be- 
tween 1932 and 1962 by Boliden AB in 
Rönnskär, Sweden. à 


13.5.1.1  Beneficiation 


The mining and dressing of ores with the 
primary object of recovering arsenic minerals 
are of little if any importance. Most arsenic 
raw materials are by-products from the dress- 
ing and smelting of arsenical ores. The raw 
materials differ widely in character: mostly 
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they are sulfides, often with pyrites as the 
principal constituent. For dressing, mixed ars- 
enide-sulfide concentrates of very high metal 
content are floated, whereas the concentration 
of pure arsenic minerals is of secondary im- 
portance and should be avoided altogether. 


The NF-metal concentrates used for the re- 
covery of arsenic have arsenic contents from « 
196 to, in exceptional cases, 1096. Table 13.2 
shows As distributions in the concentrates and 
in the waste products, based on the As initial 
concentration in the ore. 


In the concentration of complex ores, most 
of the arsenic remains in the tailings. In dress- 
ing tin ore, only 7.896 of the arsenic passes 
into the tin concentrate. In the case of copper 
and copper-zinc ores, the arsenic is concen- 
trated in the copper concentrate to a level of 
around 309^ of the quantity originally present 
in the starting ore. The copper concentrate 
therefore contains 0.5—196 As, and concen- 
trates of the complex ores up to 5-896 As [3]. 


One example of copper ore in which a large 
part of the copper is bound to arsenic, as 
enargite or luzonite, 3Cu,S-As,S, is the 
Lepanto ore from the Philippines. The flota- 
tion product contains approximately 2896 Cu, 
32% S, and 9% As. In most ores, however, 
only a small proportion of the copper is bound 
chemically to arsenic, and the copper concen- 
trates have a considerably lower arsenic con- 
tent. Enargite-containing copper concentrates 
are produced in Cerro de Pasco (Peru) and 
Butte, Montana (USA). 
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In many precious metal ores, gold and sil- 
ver occur together with arsenopyrite (FeAsS), 
lóllingite (FeAs,), and pyrites or other sul- 
fides. Although the metals are not chemically 
bound to the arsenic, instead occurring as na- 
tive gold and in the form of non arsenical min- 
erals, separation by selective flotation is not 
satisfactory on account of a partially extensive 
intergrowth of the minerals. In such a case, a 
combined concentrate of the sulfides and ars- 
enides — the arsenic content can vary from a 
few percent to more than 3096 — is flotated. 
One example is the ore from Salsigne, France, 
an arsenopyrite-pyrites ore containing pre- 
cious metals in large quantities, some copper, 
and a little bismuth. The metal concentrate ob- 
tained contains ca. 23% As, 27% S, 34% Fe, 
0.7% Cu, 0.6% Bi, 55 ppm Au, and 115 ppm 
Ag. 

Arsenopyrite often occurs in pyritic copper 
ores, for example, on the Iberian Peninsula, in 
the Balkan countries, in Sweden, and in New 
Brunswick, Canada. The arsenopyrite can be 
recovered by selective flotation. Copper py- 
rites are removed by flotation with higher xan- 
thates, the other sulfide minerals being held 


back by lime. After acidifying and heating the 


pulp, the pyrites and lastly, after further acidi- 
fication and activation with copper sulfate, the 
arsenopyrite are flotated. Alternatively, after 
flotation of the copper pyrites, the arsenopy- 
rite may be selectively floated from the pyrites 
pulp after heating and activation with copper 
sulfate. 


Table 13.2: Distribution of arsenic in the production of the concentrated raw materials (% of arsenic content in starting 


ore) [3]. 
- Copper and А ЙЕ Nickel-cobalt- 
Complex ores copper-zinc ores Тіпое Gold-bearing ore beading оге 
Starting ore 100.0 100.0 100.0 100.0 100.0 
Concentrates, total 15.3. 41.0 17.4 35.0 1.9 
Lead 7.8 — — — — 
Zinc 3.8 1.8 — — — 
Copper 3.3 30.1 9.6 — — 
Pyritic 0.4 9.1 — — — 
Tin — — 7.8 — — 
Gold-containing — — — 35.0 — 
Others — — = — 1.9 
Waste products 84.7 59.0 82.6 65.0 98.1 
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Lead and copper concentrates rich in ar- 
senic are produced in Mexico, South America, 
and South West Africa; cobalt concentrates in 
North Africa; and precious metal concentrates 
in Canada, South America, and other regions. 
Arsenic ores worth extracting and usable in 
concentrated or unconcentrated form as start- 
ing material for the production of arsenic oc- 
cur in the former USSR and China. ` 


13.5.1.2 Roasting of Arsenical 
Materials 


Arsenic should be separated off as early as 
possible in the metallurgical process. Its pres- 
ence in relatively large quantities complicates 
both pyrometallurgical and hydrometallurgi- 
cal processes. Phases rich in arsenic, so-called 
speisses, can be formed in the reducing smelt- 
ing of raw materials rich in arsenic. Because 
of the variety of different compositions of 
these speiss phases and their different solubili- 


ties in sulfide and metal melts, the speisses al- - 


ways lead to losses of valuable metal. Arsenic 
is usually unwanted in the end product metals 
because it adversely affects their physical 
properties, e.g., conductivity, and their me- 
chanical properties, e.g., deformability [2, 4]. 
The removal of arsenic Бу refining is ex- 
tremely difficult. Industrial safety regulations 
also dictate that arsenic be removed from met- 
allurgical processes as early as possible. 


The separation of arsenic by roasting is one 
possibility. The multivalency of arsenic, i.e., 
its ability to form more than one compound or 
complex with one and the same element, com- 
plicates separation. The final product should 
contain so little arsenic that it may be further 
processed as a quasi-arsenic-free material. To 
obtain a high arsenic removal rate and, hence, 
a high concentration of arsenic in as few pro- 
cessing steps as possible, the roasting pro- 
cesses must be conducted in such a way that 
only volatile arsenic compounds or volatile 
As, form. The formation of nonvolatile arsen- 
ates, 1.е., arsenic remaining in the roasted ma- 
terial, must be avoided. The valuable metals 
remain in the roasted material as sulfite or ox- 
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ide, depending on the starting material and the 
process conditions. 

A relatively high oxygen partial pressure 
during roasting promotes the formation of 
metal arsenates and a poor yield of As in the 
flue dust. Metal arsenates are considerably 
more stable than the sulfates and decompose 
only at high temperatures. 

The overall course of the reaction may be 
written as: $ 
MAs + 20, > MAsO, 


At a high SO, partial pressure, i.e., at a low 
О, partial pressure in the roasting zone, 
mainly volatile arsenic oxides are formed: 
4MAs + 50, 2 4MO + 2As,0, 


As,S, and As,S, are volatile at low temper- 
atures. Arsenopyrite and similar compounds 
decompose: 

FeAsS — FeS + As 


If the roasting is correctly controlled, ar- 
senic can be separated in high yields from the 
most important arsenic minerals, namely, arse- 
nopyrite, FeAsS; lóllingite, FeAs;; and enarg- 
ite, 3Cu,S-As,S,. Nickel and cobalt arsenide 
minerals are much more stable and therefore 
more difficult to roast. Fahlores and proustite 
are also very stable. 

Another roasting process makes use of the 
fact that at certain oxygen partial pressures 
magnetite is formed. Magnetite, in contrast to 
hematite, does not react with arsenic oxides to 
form arsenates [2]. In this process the oxygen 
partial pressure is adjusted by the introduction 
of steam and recycled roasting gases. For two 
roasting gases, containing 16.7% and 11.5% 
SO,, the amount of recycled gas required is 
calculated to be ca. 5.5% of the total quantity. 
The amount of air is regulated to exactly 5%. 
In this way an arsenic content in the roasted 
material of 0.01-0.05% is obtained for start- 
ing material containing 0.4% As [2]. 

At a low oxygen partial pressure. particu- 
larly in the case of pyrites-containing materi- 
als, the sulfur partial pressure reaches such 
high levels that reactions of the following type 
assume practical significance in the gas phase: 


25, + As, — As,S, 
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As,S,+ 70, — (As,0,), + 480, 


In the dearsenicating roasting of a raw ma- 
terial containing arsenopyrite or other disso- 
ciable substances, the dissociation reaction 
and secondary reactions are important factors. 
The best results are obtained by roasting at a 
low oxygen partial pressure. To convert all the 
arsenic into the trioxide, the oxidation of the 
dissociation products has to be completed at a 
relatively high oxygen partial pressure. Before 
cooling and purification, therefore, the roast- 
ing furnace gases are burnt under controlled 
conditions. If only partial desulfurization is 
necessary, a single-stage process is generally 
sufficient. For substantially complete desulfu- 
rization, however, a two-stage process may be 
necessary. 


Roasting Plants. In principle, any standard 
roasting furnaces (multiple-bed and fluidized- 
bed furnaces, sintering apparatus and cy- 
clones) may be used for roasting arsenical raw 
materials. The waste gases from the roasting 
reactors may also be bumt. They are then 
freed from dust in a hot cyclone and a hot elec- 
trostatic precipitator above the condensation 
temperature of As,O, and subsequently cooled 
to 100 °C. The As,O, is deposited relatively 
pure in a bag filter. Multiple-bed furnaces are 
the most suitable for dearsenicating roasting. 
Multiple-Bed Furnaces. Where roasting is 
carried out in a multiple-bed furnace (e.g., a 
Wedge furnace), the atmosphere in the mate- 
rial bed during the first part of the roasting 
process should be sufficiently low in oxygen 


to prevent formation of arsenates. In this re- . 


gion most of the arsenic compounds are re- 
leased from the material being roasted and are 
then oxidized in the atmosphere richer in oxy- 
gen over the bed of material being roasted be- 
fore dust separation and cooling. Before it is 
discharged, the roasted material encounters 
the oxygen-rich fresh gas through the quantity 
of which the sulfur content can be adjusted to 
the required level. On aecount of the long resi- 
dence time, mass diffusion is not a problem, 
even in relatively large particles. However, the 
maximum temperatures have to be limited to 
avoid melting and contamination. Multiple- 
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bed furnaces operate under reduced pressure. 
The flue dust content of the off-gases is rela- 
tively low. І 


Fluidized-Bed Furnaces. By virtue of their 
high roasting capacity, their low maintenance 
costs, and the high content of SO, in the off- 
gas, fluidized beds are being used increasingly 
to roast sulfidic raw materials. Raw materials 
rich in arsenic are roasted in fluidized beds, 
but to a minor extent compared with multiple- 
bed roasting in the production of arsenic. In 
contrast, the fluidized-bed roasting of pyrites 
poor in arsenic, with the object of separating 
arsenic from the ferrous raw material, has ac- 
quired considerable significance. 


In fluidized-bed roasting, temperature and 
gas composition are easily kept constant at a 
level favoring separation of arsenic and subse- 
quent complete desulfurization. The composi- 
tion of the mineral, the arsenic content, and the 
grain size of the raw material are critical fac- 
tors affecting the efficiency of arsenic separa- 
tion during roasting. The roasted material is 
completely or partly transported with the off- 
gases to the gas-cleaning system, which 
makes gas cleaning difficult. During cooling 
of the gas, the arsenic trioxide can react with 
the metal oxides, so that the roasted material 
must be mechanically separated at elevated 
temperature. Even after this has been done, the 
gas still has a high flue dust content, which at- 
fects the separation of As,O, and necessitates 
the installation of equipment for selective gas 
cleaning if the highest possible As,O, content 
is to be obtained in the product. 


Arsenopyrite. The roasting plant run by 
Boliden AB at Rönnskär and the technique it 
uses for roasting arsenopyrite and arsenic- 
containing copper pyrites concentrates are a 
good example of a commercial operation [5]. 
The multiple-bed furnace contains 9-11 
hearths with a total hearth area of 230 m?. The 
maximum roasting temperature is 500- 
800 °C. Most of the arsenic is actually re- 
moved: in the upper hearths. Arsenic and ar- 
senic sulfides are then allowed to burn in the 
roasting gas. After passing through a cyclone 
and a flue-dust filter, the roasted material is 
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cooled in a metal air cooler below the conden- 
sation temperature of As,O, and purified in a 
hot precipitator with an exit temperature of 
120—140 °C. Sulfuric acid is recovered from 
the gas containing 3-5% SO, in a fine purifi- 
cation plant (washing tower or wet electric 
precipitator). In the roasting of concentrates 
containing 12% As, the crude oxide accumu- 
lating in the air cooler and the hot precipitator 
has an As,O, content of 80-95%. It is difficult 
to reduce the arsenic content of the roasted 
material below 0.5%. For roasting copper 
concentrates of low arsenic content, see be- 
low. 


The arsenopyrite concentrates from Cana- 
dian gold mines are roasted by various meth- 
ods. The end product required is a roasted 
material low in arsenic that is suitable for the 
cyanide leaching plant. For example, in the 
Giant Yellowknife Gold Mines, roasting is 
carried out in a two-stage fluidized-bed instal- 
lation. The concentrate is fed directly to the 
first fluidized-bed reactor as a pulp for pre- 
roasting and is roasted to completion in a sec- 
ond stage. A 10-66% oxide is obtained in the 
electric precipitator, and the roasted material 
contains ca. 0.5% As for an arsenic content in 
the concentrate of ca. 11% [6]. 


In the former USSR an агѕепорупіе pyrites 
concentrate from Darasunskii containing 9— 
13% As and 32-40% S is partially roasted at 
around 575 °C in a fluidized-bed furnace. Af- 
ter the roasting gas has been cleaned in a hot 
cyclone and a hot electric precipitator 
(400 °C), the oxide is separated in a condensa- 
tion chamber. The roasted material contains 
ca. 0.5% As and 12~20% S; the oxide is 92— 
97% pure [7]. 


Arsenic-Containing Copper Concentrate. 
Copper smelters are the biggest producers of 
arsenic-containing intermediate products. The 
bulk accumulates in the roasting of copper 
concentrates containing enargite and arse- 
nopyrite. The arsenic content of those concen- 
trates varies within wide limits, in many cases 
reaching 10%. Normally the copper concen- 
trate is roasted in multiple-bed furnaces. The 
process is controlled in such a way that opti- 
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mal conditions for removal of the arsenic pre- 
vail in the upper hearths, whereas in the lower 
hearths the sulfur content of the material being 
roasted is reduced to the level required for the 
subsequent smelting of low-grade matte, e.g., 
to 15-20%. 

The processes and plants used are much 
like those used for the roasting of arsenopyrite 
(see above). Roasting is exothermic, and the 
maximum roasting temperature cam reach 
500—800 °C, depending on the composition of 
the batch. The yield of arsenic also depends on 
the composition of the batch, the type and 
quantity of the arsenic minerals, the roasting 
temperature, and other factors. For high ar- 
senic contents or when arsenopyrite or enarg- 
ite are present, the yield can be more than 
80%. For lower arsenic contents the yield can 
be much lower because a few tenths of a per- 
cent of arsenic always remain in the roasted 
material. 


After the hot roasting gas has been cleaned 
in cyclones and dust-settling chambers, rela- 
tively small quantities of a crude arsenic 
heavily contaminated by flue dust and volatile 
substances are obtained by cooling the off-gas. 
The As,O, content of the product is generally 
between 10 and 5096. However, far higher 
contents can be obtained by using electric pre- 
cipitators to remove dust from the hot gas. The 
dust left after cleaning of the hot gas is re- 
turned to the process. 


The cleaned SO.-containing gas still con- 
tains traces of arsenic and other impurities that 
have to be removed by washing with water or 
a circulating washing liquid containing sulfu- 
ric acid and by final cleaning in a wet electric 
precipitator. The sulfur is used to produce sul- 
furic acid. The arsenic-containing slurries that 
accumulate during wet cleaning and effluent 
treatment are collected and neutralized to re- 
cover valuable materials. 


Arsenic-Containing Pyrite. Concentrates. 
The stocks of arsenopyrite-containing pyritic 
ore with « 196 As are quite large and make up 
a significant percentage of the raw material re- 
Serves for arsenic. Pyrites of this type are 
widely used as raw material for sulfur and 
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iron. They are also roasted to produce sulfur 
dioxide and iron oxides. The iron oxide must 
have the lowest possible arsenic content, in 
any case below 0.1%, and best below 0.05%. 
The roasting process must be conducted in 
such a way that as much arsenic as possible is 
removed. In addition, the gas must be freed 
completely from arsenic before it is delivered 
to the sulfuric acid factory or otherwise used. 
The products resulting from cleaning the ar- 
senic-containing gas are being worked up to 
an increasing extent in the interest of protect- 
ing the environment. The most economical 
way 1s by working them up to arsenic com- 
pounds. Other constituents, such as selenium, 
mercury, and lead, may be obtained at the 
same time. In the past this way of obtaining ar- 
senic has played a minor role. In the future, 
however, significant quantities of arsenic will 
be obtained by this method. 

The traditional process for the dearsenicat- 
ing roasting of pyrites is multiple-bed roasting 
controlled so that the arsenic is released in the 
low-oxygen atmosphere of the upper beds 
whereas the sulfur is released in the oxy gen- 
rich atmosphere of the lower beds. The gases 
formed have a relatively low SO, content and 
such a high oxygen content that arsenic, sul- 
fur, and the arsenic sulfides are completely ox- 
idized. The As,O, formed reacts further with 
Fe,O4 and oxygen to form iron arsenate. 
Therefore, most of the arsenic in the dust is in 
bound form and, in addition, because of the 
low total content, is an unsuitable starting ma- 
terial for arsenic. In recent years the multiple- 
bed roasting of pyrites has largely been re- 
placed by fluidized-bed roasting. 

The standard process for roasting pyrites in 
a fluidized bed forms Fe,O, with excess air. 
This is unsuitable for roasting arsenic-bearing 
ores because the arsenic then is bound as iron 
arsenate in the roasted material. Two funda- 
mentally different processes have been devel- 
oped for the fluidized-bed roasting of arsenic- 
bearing pyrites: the two-stage BASF process 
and the single-stage Boliden process. 

In the two-stage process developed by 
BASF, about one half of the sulfur present is 
roasted off in the first reactor at around 900 °C 
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at.a low oxygen partial pressure. After solids 
and gas have been separated in a cyclone, 
roasting is completed in a second reactor 
around 800 °C in excess air. Air is added to the 
gas stream of the first reactor to burn the sul- 
fides and other volatile substances still 
present. The gas is then cooled in a waste-heat 
boiler and cleaned in a hot precipitator and by 
washing. Some of the arsenic is present as iron 
arsenate in the dust precipitated, and some is 
washed out as As,O, during wet cleaning [8, 
9]. 
In the single-stage fluidized-bed roasting 
process developed by Boliden AB at Rey- 
mersholm, the pyrites are roasted in such a 
way that magnetite, Fe,O,, is formed from the 
iron in the ore at a low oxygen partial pressure. 
In contrast to Fe;O,, magnetite does not react 
with the AsO, to form arsenate. A small 
amount of iron arsenate is separated with the 
flue dust. The gas freed from the flue dust is 
mixed with air to burn the dissociation prod- 
ucts. Then it is cooled in a waste-heat boiler, 
freed from dust in a hot precipitator, and sub- 
jected to wet gas cleaning which separates 
most of the arsenic as Аѕ,О, [10, 11]. 

In the wet cleaning of the roasting gases, 
the gases are washed with water or circulating 
sulfuric acid solutions in washing towers, 
Venturi scrubbers, or other apparatus and fi- 
nally are cleaned in wet precipitators. Separa- 
tion of the arsenic by the wash liquid is almost 
complete, although neutralization, utilization, 
or storage of the arsenic removed presents 
problems. Normally the process water is cir- 
culated so that a high concentration of dis- 
solved substances builds up; a side stream is 
purified. For example, the arsenic may be pre- 
cipitated with lime, possibly after neutraliza- 
tion with alkalis. Because the wash liquids are 
strongly acidic and contain many impurities, 
the consumption of chemicals is high and the 
product impure. Selective precipitation may 
be carried out. At the Reymersholm works of 
Boliden AB, the As,O, is continuously recov- 
ered from the circulating sulfuric acid wash 
solution by crystallization. The product ob- 
tained serves as raw material for the produc- 
tion of refined Аз„О». 
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The bulk of world production of arsenic tn- 
oxide comes from the intermediate products of 
the roasting of arsenic-bearing ores, above all 
copper ores, lead ores, and arsenopyrite ores. 
Therefore the level of arsenic production is 
limited by the amount of metals production. 
The raw material base will likely increase 
through the exploitation of low-grade by- 
products. 


а 


13.5.1.3 Production of Refined 
As;0, 


Preliminary Concentration. The starting 
material for the industrial production of re- 
fined As,O; is the arsenic-rich dust or slurry 
that accumulates as an intermediate product in 
the roasting and smelting of arsenic-bearing 
ores and concentrates. The bulk of this arsenic 
raw material comes from copper smelters, al- 
though some also comes from lead, cobalt, 
and other smelters. Occasionally, in the former 
USSR and possibly China, arsenic-rich ore is 
roasted with the primary object of recovering 
arsenic. All these raw materials of various ori- 
gins and arsenic contents have in common that 
they are obtained as products of gas cleaning 
and also contain other condensation products 
and flue dusts. Arsenic is mainly present as 
As, although some may also be bound as 
arsenite or arsenate. The arsenic content can 
vary enormously, depending on the ore used 
and the way in which roasting and gas clean- 
ing are carried out. The gas-cleaning products 
often contain other valuable constituents and, 
because of this, must be worked up even if the 
arsenic content is very low. In such cases the 
materials are circulated until the arsenic con- 
tent exceeds 1096. Low-grade gas-cleaning 
products of low As,O, content from copper 
and lead roasting plants contain flue dust from 
the furnace charge as their principal impurity, 
whereas the high-grade products mainly con- 
tain volatile impurities, such as lead, anti- 
mony, bismuth, and selenium. Most of the 
impurities are present as oxide or sulfate. 
Low-grade starting materials are treated in 
a multistage process. In the first stage the ma- 
terial is roasted to produce 2 80% Аѕ,О,. This 
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is sublimed and separated from the roasting 
gases. The bulk of the impurities remains in 
the roasted material, which is returned to the 
original process or treated separately to re- 
cover valuable secondary products. To in- 
crease the yield of arsenic and to facilitate the 
movement of material through the roasting 
furnace, sulfides or charcoal are added as re- 
ducing agents to the furnace charge. The re- 
ducing atmosphere thus established? in the 
material decomposes the metal arsenates and 
no more arsenate is formed. For example, dust 
from the gas-cleaning process is mixed with a 
few percent of iron pyrites concentrate, and 
the resulting mixture heated at 300—500 ?C in 
oil-fired multiple-bed furnaces. The arsenic- 
containing gas is cooled in a long brick pipe, 
passes through a flue-dust chamber, and then 
through several chambers in which the tem- 
perature falls from 220 °C to below 100 °C to 
separate the arsenic. Finally the gas is cleaned 
in bag filters. In this system the flue dust and 
gaseous impurities of low vapor pressure are 
separated preferably in the first part of the sys- 
tem, so that the gas-cleaning process is frac- 
tionated. In a critical temperature range above 
200 ?C, a relatively small quantity of impure, 
amorphous glassy arsenic tnoxide accumu- 
lates. However, most of the arsenic trioxide 
obtained is crystalline. A product containing 
the high vapor pressure impurities is separated 
in the bag filter. 

Some of the crude arsenic from the separat- 
ing chambers containing more than 95% 
Аѕ,О, is sold, but most of it is refined further. 
The less pure products are returned to the pro- 
cess. 


Refining. High-purity crude oxide, obtained 
either directly or via concentration processes, 
can be dry refined by sublimation or wet re- 
fined by dissolution and crystallization. 


The widely used sublimation process is car- 
ried out by heating the crude arsenic in a re- 
verberatory furnace. The gases are passed 
through a dust-settling chamber to a ca. 70-m- 
long system of, e.g., 39 brick arsenic separa- 
tion chambers called kitchens. The kitchens 
are followed by a bag filter. The temperature 
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in the dust-settling chamber is kept at ca. 
295 °C, which is considerably above the con- 
densation temperature of arsenic trioxide. The 
temperature of the bag filter is kept at 90— 
100 °C. A black, amorphous arsenic trioxide 
containing ca. 95% As,O, accumulates in the 
first kitchens. In the following kitchens, in the 
temperature range from 180 to 120°C, most 
of the arsenic trioxide accumulates in a crys- 
talline form analyzing more than 99%. The 
product separated in the last kitchens below 
120 °C and in the bag filters assays ca. 90% 
As, The low-purity products are returned 
to the process or, if they assay more than 95% 
As, are sold as crude arsenic. The high-pu- 
rity products from the middle kitchens are 
marketed as white arsenic. 

Several versions of the dry refining pro- 
cess, e.g., with repeated sublimation, have 
been described in the literature. The Rönnskär 
works have developed a process for the pro- 
duction of nondusting white arsenic by shock 
cooling of hot-cleaned sublimation pas. 

The wet refining of crude oxide was intro- 
duced at the Rönnskär works back in the 
1930s and is now the only refining process 
practiced here. The process is based on the 
large temperature coefficient of the solubility 
of As,O, in water (12.1 g/L at 0 °C, 18.1 g/L 
at 20 °C, 81.8 g/L at 98.5 °C), on the low solu- 
bility of the impurities, and on the purification 
accompanying crystallization of the Аз„О». 

The crude oxide, assaying from 80 to 95% 
As, is brought in a closed system to the re- 
fining plant and pressure leached in steam- 
heated autoclaves with water or circulating so- 
lution. The As,O, dissolves, whereas the im- 
purities, such as oxides, sulfides, sulfates, and 
arsenates of lead, bismuth, antimony, iron, and 
other metals, as well as silica, selenium, and 
other substances, form a slightly soluble 
sludge, which is separated from the hot leach- 
ing solution. The solution is vacuum cooled, 
and the crystallization is controlled to give a 
relatively coarse product, which is separated 
by centrifuging from the solution, washed, 
dried, and packaged in a closed system. The 
mother liquor is recycled. The process is fully 
continuous and also satisfies stringent indus- 
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trial hygiene requirements. The wet-refined 
arsenic contains more than 99% As,O, and is 
marketed as white arsenic, either in metal 
casks or in lined wooden casks. 


13.5.2 Production of the Metal 


Metallic arsenic is produced on a fairly 
wide scale as commercial arsenic metal, pri- 
marily as an additive for alloys, and to a lesser 
extent as high-purity arsenic for electronic ap- 
plications. 


Commercial Arsenic Metal. The starting ma- 
terial for the production of a metal of commer- 
cial quality 1s usually white arsenic. However, 
the metal can also be produced from arsenopy- 
rite or lóllingite. 

In the processing of As,O, the oxide is nor- 
mally reduced with carbon: 


2As,0, + 3C — As, + 3CO, 
The reaction is endothermic and is carried out 


at 500-800 °C. The elemental arsenic sub- 
limes and is condensed out of the reaction gas 


. by cooling. 


There are several versions of the carbon re- 
duction process. In one version a mixture of 


As, with 25% charcoal is placed in a hori- 


zontal steel retort jacketed with firebrick and 
heated to 650—700 °C in a gas-fired furnace. 
The reaction gas is collected in water-cooled 
condensers, in which the metal separates as 
crystals. After about 10 h, the heating is 
stopped, and, after the furnace has cooled, the 
metal can be removed from the condensers. 
Similar processes are thought to have been 
used by several producers. For example, at the 
Rónnskàr works of Boliden AB, steel retorts 
are provided with demountable air-cooled 
condensers. After the cold retorts have been 
charged, they are closed and heated to 700— 
800 °C in an electric furnace. The metal is 
separated in the condenser, while the off-gases 
are cleaned in a scrubber system. Most of the 
metal is coarsely crystalline. After size reduc- 
tion and grading, the arsenic is packaged in 
metal casks. In the process used at the Rei- 
chenstein works in Silesia, As,O, was vapor- 
ized by indirect heating in a gas-heated retort 
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furnace, and the vapor was passed through a 3- 
m-tall incandescent coke layer into a tower re- 
actor in which it was reduced to gaseous ar- 
senic. The metal was separated in large 
condensers arranged in series. 

Carbon monoxide [12] or ammonia [13] 
may also be used as reducing agents. Metallic 
arsenic may be obtained from arsenopyrite or 
lollingite by thermal dissociation: — 
4FeAsS — 4FeS + As, 
4ЕеАѕ,  4FeAs + As, 


V. G. Rennan [14] described the theory 
of this process in detail and suggested how it 
may be carried out in practice. Arsenopyrite is 
placed in steel retorts lined with diabase or ba- 
salt and heated electrically in two stages to 
700—900 °C. This causes the arsenic and a 
small quantity of sulfur compounds to volatil- 
ize. The metal vapor is condensed at 450- 
500 °C in an electrically heated steel con- 
denser. The metal is scraped off the condenser 
walls and cooled in a closed system. The vola- 
tile sulfur compounds are separated from the 
off-gas at a lower temperature. The purity of 
the metal depends on the ore, specifically on 
the content of volatile impurities that con- 
dense under the same conditions as the ar- 
senic. Some sulfur content is always present. 
In an experiment, metal containing more than 
99% As was obtained from arsenopyrite as- 
saying from 25 to 45% As. The principal im- 
purities were sulfur and bismuth. 

Practical experience in the production of 
metallic arsenic by reduction with carbon has 
shown that there are many difficulties. The 
danger to personnel and the risk of explosion 
are the two most important. In addition, As va- 
por is highly corrosive, so that the useful life 
of the plant is shortened significantly [15]. To 
overcome these problems, attempts are being 
made to produce metallic arsenic in other 
ways. Crystallized As can be obtained from 
AsCl,, Аѕ,5,, or As,O, by gas-phase reduction 
with hydrogen. The hydrogen required for re- 
duction is produced in situ by the thermal dis- 
sociation of ammonia. The reduction is highly 
exothermic. This process is said to give an ar- 
senic yield of 93-98%. The off-gas contains 
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70% N, and 30% hydrogen. An advantage lies 
in a certain degree of refining that takes place. 
Table 13.3 shows one example of how impuri- 
ties present in AsO, affect the purity of the 
metallic arsenic. Figure 13.1 shows a sche- 
matic diagram for one such plant. 

Table 13.3: Refining effect in the reduction of As,O, with 


ER 


As,O,, ppm As, ppm 
Ag <1 «01 
A] 7 1 
Bi 2 2 
Ca 9 3 
Cd <1 <1 
Co <1 «1 
Cu 5. 2 
Mg 3 <1 
Mn «1 «1 
Na 20 «10 
Ni «1 0.3 
Pb 10 0.5 
Sb- 1000 0.2 
Zn 3 3 
Cr ` <1 . <1 
Ее 20 8 
Si 50 10 
Sn «1 «0.3 
Te «30 «10 
Washing 
water 





Cooling 
water (10°С) 


{>1000°C) 


Product 


Figure 13.1: Plant for producing crystalline arsenic 
metal: a) Roots blower; b) Reservoir; c) Reactor, d) Con- 
densers in parallel; e) Washing tower; f) Decanter, р) 
Pump. 

Another way of obtaining metallic arsenic 
is to sublime a Pb-As-Sb alloy to give 99% 
pure arsenic metal. Flue dust containing anti- 
mony and arsenic and a lead-containing resi- 
due from the electrolytic refining of Pb are 
reduced with carbon to a lead alloy containing 
7-12% As and 18-30% Sb. A 90% As con- 
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taining 10% Sb and 0.05% Cd is produced in 
a first vacuum distillation stage carried out at 
480-590 °C (Figure 13.2). 


А 99% As suitable for the commercial mar- 
ket is obtained in a second vacuum distillation 
stage carried out after removal of the cadmium 
from the residue [16]. 


Commercial arsenic produced from Аѕ,О; 
contains > 9996 As and as its main impurities 
antimony and oxygen. This quality is used pri- 
marily for the production of alloys. 


High-Purity Arsenic. Arsenic is produced in 
various high-purity grades for special applica- 
tions. A limited refining effect can be obtained 
by resubliming commercial metal in a stream 
of hydrogen. In general, however, various pu- 
tification stages are combined in the produc- 
tion of high-purity metal. 


Commercial arsenic is sublimed, reacted 
with oxygen to produce As,O, which is re- 
crystallized from aqueous hydrochloric acid, 
sublimed in a stream of hydrogen, and then re- 
duced to the metal with hydrogen at 800— 
850 °C. The arsenic obtained has a purity > 
99.999% [17]. The process most often re- 
ported in the literature. uses white arsenic as its 
starting material. This is reacted with hydro- 
chloric acid to form arsenic trichlonde [18]. 
The arsenic trichloride is purified by fractional 
distillation, possibly in combination with 
chemical methods, and is reduced by reaction 
with hydrogen in a tube heated to 500—900 ?C. 
The metal vapor is condensed at 300—500 °C 
to crystalline form. After sublimation, the 
metal is packaged in glass ampules. An ar- 
senic content of > 99.999(9)% can be obtained 
by this method. The number in parenthesis in- 
dicates the limits of analytical accuracy. 
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Figure 13.3 shows the distribution of ar- 
senic in the production of semiconductor-pu- 
rity arsenic. The yield is 62%. Table 13.4 
shows the impurities present in the high-purity 
arsenic after the individual process steps [19]. 
As,03-Sb,0, fume 
Lead dross 
Coke breeze 


Reduction metal, 7*12%As, 18-30%Sb 
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Figure 13.2: Flow sheet of the Cominco recovery pro- 
cess. 


Table 13.4: Content of impurities (% by weight) in two samples of pure arsenic (Content of Ni, Bi, Pb, Cr, and Mn in all 


samples, < 5 x 10 $95; Sb, In, Sn, and Cd, < 5 x 10594). 
Sample no. Cu x 10° 
After reduction 


After distillation in hydrogen 


After vacuum distillation 


ve юк Ne 
к Fe mM Fe M Fe 


Alx10  Fexl10 81х10 Mgxi0®  Sx10 


1 0.5 10 4 7 
0.5 1 2 20 
0.5 1 1 1 5 

2 1 2 2 2 
0.5 1 2 1 2 

1 1 1 1 2 
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Table 13.5: Circulation of arsenic in lead and copper smelters (% of total arsenic in circulation). 
Lead processing Copper processing 
IN 2 3 4 5 6 7 8 9 
Arsenic in circulation 100.0 100.0 100.0 1000 100.0 100.0 100.0 100.0 100.0 
Dusts 33.0 24.5 32.8 19.4 12.3 68.6 77.2 34.7 — 
Slags 0.3 0.3 0.9 2.0 3.4 2.9 21.4 653 1000 
Dross 653 73.8 49.1 41.0 69.1 15.4 — — — 
Unconditioned matte 0.7 — 8.2 — 15.2 — — — — 
Melt — — — 31.8 — 8.2 — — — 
Others 0.7 14 , 9.0 5.8 — 4.9 1.4 — — 
Arsenic in circulation in 96, | ° 
based on the total used 52.1 5.8 14.0 11.1 3.3 2.9 3.6 43 2.9 





*The numbers 1 to 9 stand for different lead resp. copper producers. 
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Figure 13.3: Material flow in the production of semicon- 
ductor-purity arsenic by the chloride method. 
13.6 Treatment of Arsenic- 
Containing By-products 
Arsenic and products containing arsenic are 


under an increasing barrage of criticism, be- 
cause of their toxicity. This has produced a 


significant drop in demand. On the other hand, 
increasing quantities of arsenic-containing by- 
products are accumulating as the production 
of heavy metals increases. These products 
build up in the material circuits of the individ- 
ual factories [20]. Ultimately, arsenic-contain- 
ing materials have to be removed from those 
circuits. The processes involved are very cost 
intensive. In addition, if the demand for As is 
inadequate, special measures must be taken to 
dispose or store those materials [21]. In lead 
smelters, for example, considerable amounts 
of As forerun come from circulating materials. 

Table 13.5 shows the distribution in flue 
dusts, slags, dross, and matte in copper and 
lead smelters. Most of the arsenic in lead pro- 
cessing circulates in the form of flue dusts and 
copper dross. In copper processing the main 
arsenic carriers are flue dust and slags [3]. 

In recent years various methods of remov- 
ing the As have been examined. For example, 
a lead-copper matte containing 25.796 Cu, 
18.2% Ni, 1.65% Co, 27.2% Pb, and 4.14% 
As is leached with concentrated H,SO, at 85— 
100 °C in the presence of MnO,: 

MS + MnO, + 2H,SO, — MSO, + MnSO, + S +2H,O 
(M = Cu, Ni, Co, and Pb) 

The metals Ni, Co, Fe, and As dissolve, 
leaving a residue of elemental sulfur and 
PbSO,. The residue is separated. As is precipi- 
tated as FeAsO, by addition of NaOH or 
Ca(OH), at pH 4. The FeAsO, takes up 88— 
92% of the arsenic. It consists of 24% As, 
22% Fe, and 3-5% Cu and is in a suitable 
form for safe disposal [22, 23]. As shown in 
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Figure 13.4, the remaining solution is pro- 
cessed further to remove Co and Cu and re- 
cover MnO,. 


Matte Makeup Н,50, 


Solid-liquid [РЫ50,, S 
separation to lead 


smelter 


Fe, As FeAsO, 
Ca(OH), | precipitation: | to 


disposal 
Bleed 


HS CuS CuS 
precipit ation 
stream to 
CoS, NiS CoS, NiS| disposal 
precipit ation 





Mn0; 
recovery 


Figure 13.4: Flow diagram for recovery of cobalt, nickel, 
and copper from mattes [20]. 


Arsenic-containing lead flue dusts can be 
leached with a 20% Н,50, at 90 °С. More 
than 90% of the As, Zn, and Cd pass into solu- 
tion. The residue rich in lead is returned to the 
lead production process. After removal of the 
indium from the solution by solvent extrac- 
tion, the arsenic is precipitated with Fe,(SO,), 
and CaCO, as an iron-containing arsenic resi- 
due suitable for storage in containers or for 


Table 13.6: Assays of lead smelter flue dust samples. 
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further treatment. Table 13.6 shows the typical 
composition of three different lead smelter 
flue dusts. Figure 13.5 shows a flowsheet [24]. 
Arsenic also can be precipitated with calcined 
zinc concentrates [23], H,, Na,S, or even 
NaHS. Either Аѕ,5; or Аѕ,5; is obtained [25]. 


Another method of removing As from cop- 
per smelter flue dusts is based on an oxide 
leach at po, = 9 bar in copper sulfate electro- 
lyte. In the case of a material containing 
13.9% Cu, 2.05% Zn, 5.6% Fe, and 9.51% 
As, about 87% of the As stays in the iron-con- 
taining residue. All the valuable metals pass 
into solution. 
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Figure 13.5: Flow sheet for treatment of lead smelter cop- 
per dross flue dust. 


Assay, 96 





Sample Description s x 
1 Composite sample 100 41.0 
2 Dry sample 10.0 51.0 
3 High-zinc sample 70 45.0 





Zn Cd Sb In Cu Fe SO; 
103 0.79 3.5 0.26 0.10 0.28 7.0 
162 0.22 1.4 0.36 0.16 0.03 6.9 


210 0.20 2.4 0.55 0.21 0.40 9.8 
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Figure 13.6: Process for recovering metal values from 
materials containing arsenic. 

Figure 13.6 shows a multistage process in 
which Cu, Cd, and Zn are separated off in so- 
lution after a neutralization step. Arsenic is 
precipitated together with lead and the pre- 
cious metals. Lead and the precious metals are 
dissolved in a further chloride-sulfate leach- 
ing step. During a subsequent alkaline leach- 
ing step, the As is dissolved as Na,AsO, and 
then crystallized out. By adding iron(III) sul- 
fates, the soluble arsenic constituents are pre- 
cipitated. An iron arsenide residue suitable for 
disposal is obtained. Tests to determine the 
solubility of arsenic from such a residue in 
acidic solution revealed a content of « 0.4 ppm 
As after 5 d [26]. 

Wet metallurgical processes, in which the 
As 1s separated beforehand from the concen- 
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trates, are now fully operational. A silver-rich 
copper concentrate containing 1796 Cu, 7000 
g/t Ag, 19 g/t Au, 8% Sb, and 3% As is treated 
as illustrated in Figure 13.7. At the heart of the 
process are two autoclaves for the removal of 
Sb and As. The arsenic is converted by treat- 
ment with CaO into insoluble Ca,(AsO,). The 
production of calcium arsenate requires O, 
pressures of 1.5 MPa (15 bar) at temperatures 
of 190 °C. The calcium arsenate crystals are 
centrifuged off and dehydrated in a filter press 
to produce 600 t/a of calcium arsenates [27]. 

Arsenic is said to be removed from gold- 
containing flotation concentrates by a vac- 
uum-thermal method [28]. 

Sodium sulfate melts are said to remove 8496 
of the As from blast furnace flue dusts [20]. 

Another proposal for avoiding nondispos- 
able products: The atmosphere prevailing dur- 
ing the roasting of tin ore concentrates in a 
multiple-bed furnace is regulated so that As 
volatilizes as As, The oxygen and sulfur par- 
tial pressures can be adjusted so that the As, is 
converted by. two additional burners, for ex- 
ample in a tube reactor, at 600—900 ?C into 
disposable, water-insoluble As,S,, which is 
recovered in the sump of a washer. The prod- 
uct is suitable for disposal or, if desired, may 
be worked up to marketable products [29]. 


13.7 Compounds 


The most important use of arsenic com- 
pounds is the production of arsenic-containing 
pesticides, although even here consumption is 
very much on the decline because of environ- 
mental pollution and toxicity [30—33]. 


13.7.1 Arsenic Trioxide 


Аѕ.О, is also known as white arsenic. It oc- 
curs in two crystalline and one amorphous 
modification. The octahedral (or cubic) modi- 
fication, arsenolite, p 3.86 g/cm?, is stable at 
room temperature. It is formed on condensa- 


tion of As,O, vapor; Аѕ,О; molecules are the 


lattice units. At temperatures above 221 ?C, it 
changes into a monoclinic modification, clau- 
detite, p 4.15 g/em?. 
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Figure 13.7: Simplified schematic flow sheet of leach plant at Equity Silver Mines Ltd. 


This modification is directly formed when 
condensation is carried out at temperatures 
above 221 °C. Condensation above 250 °C re- 
sults generally in the formation of the amor- 
phous, glassy phase, p 3.70 g/cm?, which 
devitrifies into the octahedral modification at 
room temperature. 

Tn an open vessel, arsenic trioxide sublimes 
without melting above 135°C. The mono- 
clinic form melts at 312.3 °C under its own 
vapor pressure. Up to about 800 °C the vapor 
density corresponds to the formula As,O,; at 
1800 °C, dissociation into As,O, molecules is 
complete. The As,O, molecules were also de- 
tected in nitrobenzene solutions. 

Arsenic trioxide is moderately soluble in 
water. The glassy-amorphous As,O, dissolves 
much more easily than the crystalline form; its 
solubility is 12 g/L at 2 °C and 114.6 g/L at 
100 °C [34]. The solution has a sweetish taste 
with an unpleasant metallic tang. As little as 
0.1 g can be fatal, if Аѕ,О, enters the stomach. 


13.7.2 Arsenous Acid 


Arsenous acid cannot be obtained from 
aqueous solutions of Аз»О»; instead, As,O, is 


reprecipitated. However, in aqueous solution 
it exists in equilibrium with its dissociation 
products. It is still not clear what formula 
should be assigned to dissolved arsenous acid. 
In addition to the formulation as orthoacid, 
H,AsO, or As(OH),, which is used here, the 
dissolved acid may also be formulated as 
metaacid, HAsO, or AsO(OH), or as hexahy- 
droxoacid, H4[As(OH),]. Arsenous acid is am- 
photeric, dissociating in two ways: 


As(OH), = AsO(OH); + H* 
As(OH), = As(OH); + OH- 


The dissociation constants are 6 х 1071? and 
1 x 1074 respectively. Accordingly, arsenous 
acid is a very weak acid, approximately equal 
in strength to boric acid, but it is a much 
weaker base. The As” ions occur in signifi- 
cant quantities only in very strongly acidic so- 
lutions. 


Arsenates(III). The salts of arsenous acid are 
called arsenates(IIT. Formerly they were 
called arsenites. Some salts exist in the forms 
MH,AsO,, M;HAsO,, and M,AsO,, although 
most salts of arsenous acid are derived from 
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the metaacid, HAsO,, Le, have the formula 
MAsO,. 

The alkali-metal arsenates(III) dissolve 
easily in water, whereas the alkaline-earth ar- 
senates(IIT) are slightly soluble to insoluble. 
The compounds of arsenous acid with heavy 
metals are insoluble in water. Arsenous acid 
can be retained in considerable quantities by 
slimy metal oxide hydrates, such as iron oxide 
hydrate by adsorption. "A 

The arsenates(IIT) are decomposed by 
strong acids because they are salts of a very 
weak acid. 

Sodium arsenate(III), NaAsO,, does not 
exist in crystallized form. Solutions of the salt 
are obtained by dissolving arsenic trioxide in 
sodium hydroxide. For manufacture, arsenic 
trioxide is mixed with caustic soda. After the 
addition of a little water, a vigorous reaction 
begins, spreading quickly through the mix- 
ture. Soda may also be mixed with the oxide 
and a little water, and the resulting mixture 
dried at elevated temperature in a furnace. In 
both cases, a water-soluble product is obtained 
after grinding. It is used in the manufacture of 
insecticides, herbicides, etc. f 

Other arsenates(III): Many complex metal 
arsenates(IIT) are known. They include 
Scheele 5 green, formerly used as an artist's 
color. It is a mixture of copper arsenates(IIT) to 
which formulas such as Cu,(AsO,),, 
CuHAsO,, and Cu(AsO,), have been as- 
signed. The double salt of copper агѕепаіе(Ш) 
and copper acetate, ^ Cu(CH4COO), 
3Cu(AsO;), is Schweinfurth green, another 
artists color. This use has declined enor- 
mously because of the poisonousness. Cal- 
cium and copper arsenates(III) were formerly 
used as "copper-arsenic liquor", to control 
pests in viniculture. 


13.7.3 Arsenic Pentoxide 


Arsenic pentoxide, As;O,, is a white glassy 
mass (p 4.32 g/cm?), which deliquesces in air 
to form arsenic acid. On heating, arsenic pen- 
toxide begins to decompose near its melting 
point, ca. 300°C. The vapor consists of ar- 
senic trioxide and oxygen. The pentoxide can 
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be prepared by reaction of arsenic trioxide 
with oxygen under pressure or by dehydration 
of crystalline arsenic acid at temperatures 
above 200 °C [35]. The crystal structure was 
unknown until recently. The monocrystals 
were grown under oxygen excess pressure: 
space group P2,2,2, [36, 37]. 


13.7.4 Arsenic Acid 


Arsenic acid, H,AsO,, is known in the solid 
state only as the hemihydrate H,AsO,-0.5H,O 
in the form of rhombic, deliquescent crystals. 
Solutions in water behave as a tribasic acid 
with the dissociation constants К; = 5.6 x 10%, 
K, = 1.7 x 107, and К, = 3 x 10712, Arsenic 
acid loses water when heated to 120 *C with 
the formation of pyroarsenic acid, H,As,O,. 
At higher temperatures, more water is lost and 
metaarsenic acid, HAsO,, forms [35]. If the 
protons of the acids are completely or partly 
replaced by metals, the arsenates(V), which 
generally correspond to the phosphates, are 
formed. In acidic solution, arsenic acid and its 
salts are strong oxidizing agents. 


Production. Arsenic acid is produced solely 
by the oxidation of Аѕ,О,. Various processes 
for its production based mostly on oxidation 
with nitric acid, which gives a high yield, are 
described in the patent literature. Originally 
the apparatus used for those processes were 
usually made of stoneware but they are now 
made of alloys resistant to nitric acid. 


The plant usually consists of so-called de- 
velopers and a regenerator for nitric acid. The 
developers are ca. 4-m? vessels equipped with 
a high-speed stirrer, a steam coil, and a me- 
chanical feeder for oxide. About 2000 L of 
38% HNO; is introduced initially, and the ox- 
ide is run in with strong heating until the nitric 
acid has been consumed. The oxides of nitro- 
gen formed pass from the developer into the 
regenerator, where they are worked up to ni- 
tric acid in the presence of air and water. Up to 
90% of the NO and NO, formed are converted 
back into nitric acid. One developer can pro- 
cess 2000 kg of As, into arsenic acid in 
24 h. 
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Oxidation with sodium or calcium chlorate 
also enables a relatively large quantity of ox- 
ide to be oxidized in a short time. The oxide is 
suspended in water and a little arsenic acid is 
added to the resulting suspension. An aqueous 
solution of the chlorate is run in at boiling 
temperature. The reaction takes place 
smoothly while chlorate is uniformly run in. 
The input of chlorine must be reduced towards 
the end of the reaction because otherwise 
chlorine readily escapes. The arsenic acid ob- 
tained by the chlorate process always contains 
chloride. which causes problems in the pro- 
duction of lead arsenate. 

Arsenic acid is used as a defoliant and as a 
starting material for important inorganic and 
organic arsenic compounds. 


Arsenates(V). Arsenic acid gives three series 
of salts. They correspond generally to the 
phosphates in their compositions and solubili- 
ties. Many of them are also isomorphous with 
the phosphates, e.g., ammonium magnesium 
arsenate(V), MgNH,AsO,-6H,O, which 
changes on calcination into magnesium py- 
roarsenate(V), Mg.As,0,. a form suitable for 
the quantitative determination of arsenic acid. 
Unlike silver phosphate, which is yellow, the 
silver salt Ag,AsO, is brown. 

Of the numerous salts of arsenic acid, the 
salts of potassium, sodium, calcium, and lead 
are important commercially. Even today they 
are used on a wide scale in pest control, al- 
though modem synthetic organic composi- 
tions have reduced the use of arsenates. In 
some countries, the use of arsenic compounds 
in plant protection agents has been banned. 
The same applies to metal arsenates(V) as ac- 
tive constituents of arsenic-containing wood 
preservatives DS. 49]. 

Monopotassium arsenate(V), KH,AsO,, 
тр 288 °С, р 2.867 g/cm?, was used in the 
manufacture of insecticides and in the preser- 
vation of skins. It is prepared by calcining a 
mixture of equal parts of arsenic oxide and po- 
tassium nitrate in cast-iron cylinders, leaching 
the melt with water, and concentrating the so- 
lution with arsenic acid. It forms white crystal 
crusts. 
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Trisodium arsenate(V), p 1.759 g/cm?, mp 
86.3 °C, is obtained most easily by neutraliz- 
ing arsenic acid with sodium carbonate or so- 
dium hydroxide. ^ Concentration Бу 
evaporation gives a marketable product hav- 
ing the formula Na4AsO, 12H50. 


Disodium arsenate(V), Na HASO, p 1.72 
в/ст?, is obtained by roasting a mixture of ar- 
senic oxide with sodium carbonate and so- 
dium nitrate in the presence of air. In addition, 
this compound can be easily obtained by cal- 
cining sodium arsenate(III) in the presence of 
air. Sodium arsenate(V) is used in the produc- 
tion of other arsenates, such as calcium and 
lead arsenates. 


Calcium arsenates(V). There are three 
known calcium salts of arsenic acid, 
Ca(H,AsO4,-H4O, CaHAsO,°H,O, and 
Са;(Аѕ0,),:ЗН,О. In addition, there are basic 
salts, for example, Ca;OH(AsO,),, which cor- 
responds to apatite. Commercial preparations 
are based on the neutral salt. However, differ- 
ent manufacturers use different methods and 
do not always guarantee the production of a 
strictly neutral salt. Because of the risk of 
damage to plants that acid arsenic salts in- 
volve, a basic character is given to the com- 
mercial product during its production by using 
excess lime. Elevated temperature, abundant 
moisture, and atmospheric carbon dioxide 
cause calcium arsenate to convert into the 
plant-damaging acid arsenate: 


Ca,(AsO,), + СО, + H,O > 2CaHAsO, + CaCO, 


The reason the acid salt is harmful is its 
greater solubility in water, 0.31% AsO, vs. 
0.013% for the neutral salt. The neutral salt 
begins to turn acid only after the excess lime 
added has been converted completely into car- 
bonate. For the solubility in the presence of at- 
mospheric carbon dioxide, see [33]. 


Calcium arsenate(V) is generally prepared 
by reacting milk of lime with arsenic acid. 
Maintaining a certain temperature and an ex- 
perimentally determined feed rate and stirring 
speed, the arsenic acid can be run as a fine dis- 
tribution into the milk of lime. The precipitate 
obtained is filtered, washed, and dried. 
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Calcium arsenate(V) is also obtained by 
heating calcium arsenate(IIT) in a stream of 
dry air. 

Lead arsenate(V), PoHAsO,, is a white wa- 
ter-insoluble powder of density p 5.79 g/cm’. 
It was marketed as a plant protection agent in 
the form of powders and pastes. It is produced 
mainly from lead acetate, lead nitrate, and lead 
oxide and disodium arsenate. The direct reac- 
tion of arsenic acid with litharge in the pres- 
ence of nitric acid gives a dilead arsenate. 
Commercial lead arsenates contain mostly 
PbHAsO4 along with varying amounts of 
Pb,(AsO,),. Accordingly, their lead content is 
higher and their As,O, content lower than the 
levels calculated for PBHAsO,. 

Arsenic-containing plant protection agents 
have been banned in Europe. However, they 
are still used in East Asia [38, 49]. 


13.7.5 Arsenic Sulfides 


Table 13.7 shows some physical data of the 
arsenic sulfides [34, 39]. 
Table 13.7: Physical data of arsenic sulfides. 
Color тр, °С Bbp,"C 
Arsenic disulfide (re- As,S, red 307 565 
algar) 
Arsenic(IIT) sulfide As,S, yellow 320 707 
(orpiment) 


Arsenic(V) sulfide · As,S,, yellow > 95 — 
decomp. · 


Arsenic disulfide, As,S, (realgar, red ar- 
senic glass, red glass, ruby arsenic, arsenic 
blend), occurs in ruby-red crystals or as an 
amorphous reddish mass. Its commercial 
value is determined less by the chemical com- 
position than by its purity and fineness. Indus- 
trially produced red arsenic glass varies in its 
composition. Whereas the red glasses previ- 
ously contained 7096 As and 30% S, substan- 
tially corresponding to the formula AsS, they 
now contain around 61-64% As and 39-36% 
As. The red glass is marketed in finely divided 
form. 

Red glass has long been produced on a 
large scale from arsenic ores and sulfur ores or 
from arsenopyrite containing iron pyrites. An- 
other industrial process based on production 
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from arsenous acid and sulfur has recently 
been perfected. Prolonged development prob- 
lems were presented by discolored products 
that had to be converted into an attractive, 
marketable red glass. The red glass is pro- 
duced in two separate steps. A red glass that 
does not yet have the desired composition and 
that needs refining in appearance is obtained 
in the first step by melting and sublimation. 
The intermediate product is therefore refined 
and is given the required color. 

Production by melting a mixture of elemen- 
tal arsenic and sulfur gives a red glass particu- 
larly fine in appearance but too expensive on 
account of the high price of the elemental ar- 
senic. The processing of arsenopyrite and sul- 
fur, although possible, is not usual. 

Most red glass is used in tanneries as a de- 
pilatory in the manufacture of fine leather. 

Arsenic(III) sulfide, As,S,, occurs as a yel- 
low mineral known as orpiment. It can be pro- 
duced by precipitation of compounds of 
trivalent arsenic with hydrogen sulfide. The 
colloidal solution of the arsenic trisulfide can 
be flocculated by hydrochloric acid, in which 
it is insoluble. However, it dissolves readily in 
basic reagents, above all in alkali-metal sul- 
fide solutions, including ammonium sulfide, 
to form thioarsenites: 


As,S, + 3S? — 2[AsS,]" 


E yellow ammonium hydrogen sulfide is 
allowed to act on arsenic trisulfide, the dis- 
solved sulfur promotes oxidation to thioarsen- 
ate: 


A-B, +38? + 28 2 2[AsS,]- 


Arsenic trisulfide is a lemon-yellow com- 
pound, which begins to sublime before melt- 
ing, melts at 310 °C to form a red liquid, and 
boils at 707 °C without decomposing. It is 
used as an artist's color, marketed in pure form 
as king's yellow. The impure product obtained 
by fusing arsenic trioxide with sulfur is mar- 
keted as orpiment. Orpiment always contains 
unchanged arsenic trioxide and, unlike the 
pure sulfide, is poisonous. 

Orpiment was once used for cosmetic pur- 
poses. It is now used in the semiconductor in- 
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dustry, for the production of IR-permeable 
windows, and as a pigment. 

Arsenic(V) sulfide, As, Bo, is produced by 
fusing stoichiometric quantities of As and S 
powder or by precipitation from highly acidic 
arsenate(V) solution with Н,5. At relatively 
high temperatures As Be decomposes into ar- 
senic(IIT) sulfide and sulfur. 


13.7.6 Arsenic Halides 


The known arsenic halides are listed in Ta- 
ble 13.8 [34, 39, 40]. 


Table 13.8: Physical data of arsenic halides. 


Form mp,°C bp, °C 
Arsenic(V) fluoride colorless gas -88.7 -58.2 
Arsenic(V) chloride -50 (de- — 
comp.) 
Arsenic(V) colorless liquid — —78 — 
oxychloride 


Arsenic(IIT) fluoride colorless liquid — —8.5 60.4 
Arsenic(IIT) chloride colorless liquid ` —13 130.2 
Arsenic(III) bromide yellow liquid 31 221 
Arsenic(IIT) iodide red solid 140.7 ca. 400 


All arsenic halides can be produced by di- 
rect combination of the components. They can 
also be obtained by halogenation of the oxides 
or sulfides. The bonds are hydrolyzed by wa- 
ter. Only arsenic(III) chloride is commercially 
significant. 

Arsenic trichloride, AsCl,, is a colorless 
oily liquid that fumes in air, p 2.17 g/cm?. By 
virtue of its low boiling point, AsCl, is easy to 
separate from SbCl, and the chlorides of other 
metals. As(OH), forms during hydrolysis. The 
direct synthesis of AsCl, is uneconomical. An 
old commercial production method is the 
Glauber process using arsenic trioxide: 


Аз,О; + 6NaCI + 3H,SO, — 2AsCI, + 3Na,SO, + 3H,O 


However, AsC], is easier to produce by re- 


acting As,O, with gaseous hydrogen chloride 
at 180-200 °C. 

Arsenic(III) chloride is a starting material 
for numerous organoarsenic compounds and 
for the preparation of chlorine derivatives of 
the arsines. It is used as a dopant in the manu- 
facture of semiconductors and in the produc- 
tion of high-purity arsenic metal [41]. 
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13.7.7 Arsenic Hydride and 
Arsenides 


Arsenic hydride, AsH,, arsine, bp —55 °C, 
тр —116.3 °C, is the only known hydrogen 
compound of arsenic; it is a colorless gas with 
an unpleasant, garlic-like odor. It is extremely 
toxic: in many cases the inhalation of small 
amounts has caused death. Arsine does not ig- 
nite spontaneously but burns with a grayish- 
blue flame to form arsenic trioxide. If the 
flame is extinguished, for example, by holding 
a cold porcelain dish in it, arsenic is deposited 


: as a black patch. The pure gas is stable at nor- 


mal temperature. If arsenic hydride is passed 
through a red-hot glass tube, it decomposes 
into hydrogen and arsenic (arsenic mirror), 
185.1 kJ being released per mole of arsenic. 
The arsenic 1s deposited just behind the heated 
area as a bright, metallic black mirror (Marsh 
test). When treated with hypochlorite solution 
or with alkaline hydrogen peroxide solution, 
the patch changes into soluble arsenate. Ar- 
senic hydride has a strong reducing action. It 
precipitates metallic silver from silver nitrate 
solution. It reacts with solid silver nitrate to 
form the yellow compound AsAg,-3AgNO, 
(Gutzeit arsenic test). 


Arsine cannot be prepared by direct synthe- 
sis. The most convenient method of produc- 
tion is the reaction between sodium arsenide 
and water or zinc arsenide and dilute hydro- 
chloric acid: 


As,Zn, + 6HCI э 2AsH, +3ZnCl, 


These reactions are fast and complete and 
have the advantage that the product is not con- 
taminated with hydrogen. Arsenic hydride can 
also be produced by cathodic reduction or by 
reduction of arsenic compounds in acidic solu- 
tion with zinc or magnesium. The last reaction 
is not quantitative because elemental arsenic, 
which does not react, precipitates. The product 
also has a high hydrogen content. Because ar- 
senic is present as a common impurity in nu- 
merous metals suitable for the production of 
hydrogen, hydrogen produced by acid—metal 
reduction must be passed through a potassium 
permanganate solution to destroy any arsenic 
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hydride present. Particular practical signifi- 
cance is attributed to the formation of arsenic 


hydride in the pickling of metals when ar- 


senic-containing sulfuric acid is used. 


Arsenic hydride is so poisonous that a few 
inhalations of air containing arsenic hydride 
can result in death. The MAK is 0.2 mg/m’. 


Arsenic hydride is used as a dopant in the 
semiconductor industry [41]. 


a 


Arsenides. A number of arsenides occur in 
nature. Some have a defined composition, oth- 
ers are probably mixtures. Naturally occurring 
arsenides include Cu4As (domeykite), FeAs, 
(lóllingite), NiAs, (chloanthite), NiAs (nicco- 
lite), and CoAs, (smaltite). There are many 
minerals in which sulfur is partially replaced 
by arsenic. 

The arsenides themselves have little com- 
mercial significance. Those produced are ob- 
tained by direct synthesis. The alkali-metal 
arsenides are also obtained by reaction in liq- 
uid ammonia. However, in this case polyars- 
enides can form in addition to the simple 
arsenides The arsenides of the alkali metals, 
alkaline-earth metals, zinc, etc., are rapidly 
decomposed by water and acids with the for- 
mation of arsine. They may be regarded as de- 
rivatives of arsenic hydride. Most of the heavy 
metal arsenides, whose composition often 
does not reflect any simple relationship to ar- 
senic hydride, are intermetallic phases and are 
highly resistant to acids. Gallium and indium 
arsenides are important in the semiconductor 
industry. 


13.8 Uses and Economic 
Aspects 


The demand for metallic arsenic is limited. 
It is used in nonferrous alloys, and high-purity 
arsenic is used in electronic and semiconduc- 
tor devices. The addition of ca. 0.5% As to the 
lead grid in lead-acid storage batteries in- 
creases endurance and corrosion resistance. 
Additions of the same order to copper alloys 
improve high-temperature stability, recrystal- 
lization temperature, and corrosion resis- 
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tance. The addition of up to 2% As to lead 
used in shot improves its sphericity. 
High-purity arsenic (at least 99.999%) is 
used in electronics in conjunction with gal- 
lium or indium for the production of diodes 
(LED), infrared detectors, and lasers. Solar 
cells based on gallium arsenide have an effi- 
ciency of 20% [42]. Commercial arsenic 
metal has a punty of 99%. Most arsenic is 
used in the form of compounds, arsenic triox- 
ide being the sole starting material. Arsenic 
compounds are used in the following fields: 


e Agriculture and forestry: herbicides and in- 
secticides in cotton, coffee, and rice grow- 
ing; wood preservatives; feed additives to 
aid in fattening and prevent infection 


e Industrial chemicals: electrolyte purifica- 
tion in the electrolysis of zinc; metal pickles 
containing phosphoric acid 


e Glass industry: fining agents and decoloriz- 

ers [43] 

Internationally, these fields of applications 
are all of importance; the regional differences 
are shown in Table 13.9 [44, 45], which also 
shows consumption figures for 1979. 

The major producing countries for arsenic 
trioxide in order of capacity are Sweden, Mex- 
ico, France, the United States, the former So- 
viet Union, South-West Africa, and Peru. The 
principal manufacturers are: 


Country Manufacturer 
France Société miniére et métallurgique de Pe- 
narroya; Mines et Produits chimiques 
de Salsigne 
Mexico Industrial Minera Mexico SA (IMM) 
Peru Centromin-Peru (Empresa minera del 


centro de Perú) 


South-West Tsumeb Corporation Ltd. 
Tica 

Sweden Boliden Metall AB 

USA ASARCO Inc. 


Former USSR ` State-run companies 


Production information is limited. The re- 
port of the Bundesumweltamt (Federal De- 
partment of the Environment, Germany) [45] 
based on a Bureau of Mines report [46] quotes 
a world production of 60000 t for 1974. 
FRIEDENSBURG [47], in a world production 
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analysis (Table 13.10), arrives at only half that 
figure; however, that table only covers the 
ores smelted in the producing country. 


Table 13.9: Arsenic consumption in tons of Аѕ,О; content 
per year in 1979. 


- Former 
United 
States Fed. Rep. of 
Germany 

ta 96 ta 96 
Agriculture and forestry 13500 70 0 0 
Industrial chemicals 4000 20 290 37 
Glass industry 960 5 300 38 
Alloys and electronics 600 3 171 22 
Others (pharmaceuticals, 

catalysts, feed additives) 360 2 30 4 

Total 19 420 791 


The world production of arsenic trioxide 
has been falling steadily since 1974. Produc- 
tion in Sweden and South-West Africa has de- 
clmed to less than half. Because arsenic 
trioxide is a by-product, production is deter- 
mined not by the demand for arsenic but by 
the demand for copper, lead, etc. 


The biggest consumers of arsenic trioxide 
are the United States, Malaysia, and the 


United Kingdom, in that order. Malaysia uses 


arsenic-based herbicides in its rubber planta- 
tions; the United Kingdom imports As,O, and 
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exports arsenic-containing pesticides and 
wood preservatives [44]. 

Storage. Arsenic trioxide is marketed as a 
bulk product packed in casks. Since arsenic 
compounds are classified as dangerous goods, 
all containers and shipments must be identi- 
fied [48]. 


13.9 Safety Measures 


Although pure metallic arsenic is not poi- 
sonous, the occurrence of toxic arsenic oxides 
formed by oxidation in air is unavoidable. In 
handling or manufacture of arsenical materi- 
als, inhalation of dust and skin contact with ar- 
senic-containing gases must be prevented. In 
the absence of adequate safety measures the 
following jobs involve a risk: 


e Metal recovery/contamination by arsenic 
e Roasting of iron pyrites 


e Cleaning of lead chambers in the manufac- 
ture of sulfuric acid 


e Processing of arsenical minerals 


e Production of arsenic-containing pharma- 
ceuticals 


e Use in pyrotechnics 


e Burnishing of metal surfaces 


Table 13.10: Arsenic production in tons of As,O, content per year. 
1968 1969 1970 1971 1972 1973 1974 1975 1976 1977 19787 1979 








Europe 42 780 38 127 19 868 16344 16 659 16 790 16 770 22 189 
Germany 800 588 370 36 445 470 450 563 
France 13600 13600 10191 8022 9000 9000 9000 7 280 
Portugal 200 247 190 186 14 20 20 — 
Sweden 21050 16500 2000 1000 — 16525 — 6 706 
Spain 130 92 17 — 
USSR? 7000 7100 7100 7100 7200 7300 7300 7 640 

Asia (Japan) 686 580 883 956 427 500 500 551 

SW Africa 484 2217 4062 3700 2370 8140 8000 2 407 

America (except USA) 15380 8934 10272 12330 6306 5548 5050 — 
Brazil 312 300 298 148 164 69 50 — 
Canada 314 154 64 45 27 — = 72 
Mexico 13528 8000 9138 11481 5096 4379 4000 . 6 263 
Peru 1226 480 772 656 1019 1100 1000 1257 

Total 59 330 49 858 35 085 33 330 25 762 30978 30 320 — — — 32 739 

World (Bureau of Ў 
Міпеѕ, [44]) 63 945 65 263 62 029 58 557 59 994 59 395 51 971 42 989 38 918 40 283 40 475 

*From [44]. | 

Estimated. 
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e Use of arsenic-containing raw materials in 
the glass industry 


e Repair or cleaning of flue-dust plants, fil- 
ters, etc. 


e Use in wood preservatives. 

All working involving arsenic or its com- 
pounds should be carried out in sealed con- 
tainers. In filling and emptying of apparatus, 
adequate measures must be taken to .ensure 
that the maximum allowable concentrations 
(MAK values) are not exceeded. A dust-free 
working environment should be ensured by 
maintaining reduced pressure in the apparatus 
or by an adequate exhaust system. 

Sampling must be carried out only with the 
aid of suitable equipment, e.g., air locks, vac- 
uum injectors, and sealed sampling vessels. 
Rooms used for work involving arsenical ma- 
terials should be adequately ventilated and 
dust free. If there is a general danger of inhal- 
ing arsenical materials, e.g., during open sam- 
pling, respirators must be worn. In relatively 
heavily dust-laden atmospheres, special pro- 
tective clothing should be worn to prevent any 
skin contact with arsenic. The arsenic content 
in the air of the working environment should 
be monitored continuously. 

The MAK for AsH, in air is 0.2 mg/m? 
[50]. In. Germany, arsenic trioxide, arsenic 
pentoxide, arsenous acid, arsenic acid, and 
their salts are included in the list of carcino- 
genic working materials. As a result a standard 
concentration of 0.2 mg/m? is stipulated for all 
arsenical compounds in Germany [49]. 

In Germany, all work involving arsenic and 
its compounds is governed by the regulations 
for dangerous materials (TRgA) [49]. Empha- 
sis should be placed on personal hygiene, e.g., 
on the banning of eating and smoking in work- 
rooms, on the need to wash before eating, and 
on the need to shower after finishing work. 


Adopting these measures can ensure a high: 


level of occupational hygiene, even where 
work involving arsenic is carried out on an in- 
dustrial scale. 

In every country there are special provi- 
sions for packaging, identification, storage, 
and transportation of arsenical products. The 
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dangers involved in the use of arsenical prepa- 
rations are not treated as seriously in the 
United States as in the EEC, where generally 
speaking such preparations are completely 
banned. 


13.10 Toxicology 


Nearly all arsenic compounds are consider- 
ably toxic, especially the inorganic ones. 

The trivalent arsenic compounds, such as 
arsenic trioxide, As,O,, arsenic trifluoride, 
AsF, arsenic trichloride, AsCl,, and arsine, 
AsH,, are markedly more toxic than the pen- 
tavalent compounds. Elemental arsenic itself 
is not appreciably toxic, but it is converted 
readily to toxic compounds in the organism. 
Pure arsenic(III) sulfide, As,S,, also seems to 
have a comparatively low toxicity, but often 
the crude sulfide is contaminated by arsenic 
trioxide. In contrast, some pentavalent organic 
compounds have been used as therapeutics; 
these benzenearsonic derivatives contain a 
stable carbon-arsenic bond and are practically 
not converted to inorganic arsenicals [51]. 


Absorption. Arsenicals can be absorbed 
mainly by ingestion and inhalation, and also 
through the skin. They are widely distributed 
within 24 h into different tissues, mainly the 
liver, kidney, lung, spleen, bone marrow, skin, 
and, to a lesser extent, brain, heart, and uterus. 
Small quantities can be detected in hair and 
nails several months after the main portion of 
the arsenic has been eliminated from the body 
[52]. Inorganic arsenicals do not cross the 
blood-brain barrier but can pass across the 
mammalian placental membrane [53]. 


Excrefion of arsenicals occurs mainly via 
urine, to a smaller extent via the feces [54], 
and by loss of hair and skin shedding. After 
the administration of a single dose, the con- 
centration of arsenic in liver and kidney starts 
to decrease only after 24 h [54]. The concen- 
tration of arsenic in urine of unexposed per- 
sons is between zero and 0.22 mg/L, after 
industrial exposure between 0.04 and 0.9 
mg/L [55]. After inhalation of arsenic dust, the 
excretion of methylated arsenic could be ob- 
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served [56]; traces of arsenic can be exhaled as 
trimethylarsine [57]. 


Metabolism. Most arsenic compounds — 
trivalent or pentavalent, inorganic or organic — 
are transformed to an arsenic oxide form, 
which can react readily with proteins, espe- 


cially with those containing two vicinal mer. 


capto groups, thus forming stable cyclic 
structures. The inhibition of essential enzymes 
is considered to be the first step of cell damage 
[51]. The high affinity of the arsenoxide moi- 
ety to the vicinal mercapto groups of 2,3- 
dimercapto-1-propanol (BAL, British Anti 
Lewisite) and of 2,3-dimercapto-l-propane- 
sulfonic acid is used successfully in arsenic 
poisoning therapy. 

Arsenicals can cause acute, subacute, and 
chronic poisoning. However, acute poisoning 
is currently rare in comparison to subacute or 
chronic poisoning. 


Acute Toxicity. Arsenic poisoning mostly oc- 
curs by ingestion of inorganic trivalent com- 
pounds such as arsenic trioxide. The smallest 
doses of As,O, reported to be fatal after inges- 
tion are 70-180 mg [52]. Symptoms which 
can occur within a few minutes or after a delay 
of several hours are vomiting, diarrhea, dam- 
age of the intestinal tract, muscular cramps, 
facial edema, cardiac abnormalities, dehydra- 
tion, and — as a consequence — shock. The in- 
halation of irritant arsenic compounds, such as 
arsenic trichloride or arsenical war gases, 
causes cough, dyspnea, pain in the chest, se- 
vere damage to the respiratory tract, headache, 
general weakness, nausea, vomiting, and 
colic diarrhea. Airbome dusts often result in 
irritation of exposed skin and mucous mem- 
branes such as bronchitis, conjunctivitis, lar- 
yngitis, and dermatitis [58]. Arsenic 
trichloride may be absorbed through the skin 
with fatal consequences [59]. 


Chronic Toxicity. Chronic arsenic poisoning 
can be caused by intake of food and water con- 
taminated with arsenicals or by inhalation of 
air-borne dusts during long-term occupational 
exposure, mainly in smelting plants of ores 
containing arsenic, insecticide factories, and 
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among vineyard workers, even many years af- 
ter termination of exposure. Symptoms of 
these chronic poisonings were symmetrical 
palmar and plantar hyperkeratosis, white 
striz of the finger nails, cardiovascular mani- 
festations, myocardial ischemia, hypertension, 
liver dysfunctions, hematological changes, 
and vascular disorders resulting in gangrenes 
of the lower extremities (blackfoot disease). A 
variety of severe symptoms is treated below. 

Skin lesions are frequently observed, e.g., 
in the production of insecticides [60] and in 
copper ore smelting plants [61]. Typical symp- 
toms are hyperkeratosis, warts, melanosis, 
contact dermatitis, eczematoid features of 
varying degrees of severity, and vascular le- 
sions. Hyperkeratosis often is characterized by 
thickening, drying, and cracking of the skin 
[62]. Arsenical melanosis is also a common 
sign after long-term exposure and can occur 
on the chest, abdomen, scrotum, and back. 
Further characteristic symptoms are depig- 
mentation (leukodermia) of pigmented areas 
and white stria of the fingernails [63]. 

Effects on mucous membranes ate conjunc- 
tivitis with swelling and pain, keratoconjunc- 
tivitis (resulting from exposure to the 
insecticide calcium arsenate, Ca,(AsO,),), ir- 
ritation of the pharynx and bronchial passages, 
and irritation of the nose resulting in acute and 
chronic rhinitis. Among copper smelter work- 
ers, perforation of the nasal septum has been 
commonly observed [64]. | 

Peripheral neuritis, with such symptoms as 
pain, difficulties in walking, burning and ten- 
derness in the affected limbs, and later on se- 
vere weakness in both legs and feet, has been 
described after long-term exposure to arsenate 
dusts [62]. In contrast to the peripheral neuritis 
caused by lead, the arsenic-caused neuritis is 
painful; the nerves of these patients show neu- 
ronal degeneration [52]. Further symptoms, 
observed especially in cases of severe chronic 
intoxications, are headache, aphasia, drowsi- 
ness, disorientation, and changes in the per- 
sonality. 

Liver damages, especially liver cirrhosis, 
have been observed, e.g., in vintagers who 
used arsenical herbicides [65] and after long- 
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term consumption of arsenic-contaminated 
homemade wine [66]. These liver distur- 
bances, which often are complicated by the 
additional occurrence of chronic hepatitis, as- 
cites, and enlarged liver, are probably not due 
to skin contact with or inhalation of arsenicals, 
but to ingestion of contaminated wine. The oc- 
currence of liver damage among industrial 
workers is reported to be less frequent [58]. 

Circulatory system symptoms after chronic 
arsenical poisoning are abnormalities in the 
electrocardiogram [67] indicating a toxic my- 
ocardial effect, peripheral vascular distur- 
bances, gangrene of the extremities, atrophic 
acrodermatitis, endoangitis [68], and the so- 
called blackfoot disease [69]. 


Gastrointestinal disturbances are less com- 
mon among workers with long-term exposure 
to arsenicals [70]. During chronic intoxica- 
tion by ingestion, digestive disturbances, nau- 
sea, vomiting, and loss of appetite are 
occasionally reported. 

Hematological changes are also less com- 
mon in chronic poisoning after industrial air- 
borne exposure. Symptoms like moderate 
anemia, leucopenia, and thrombocytopenia 
have been observed after long-term ingestion 
of inorganic arsenicals. However, these symp- 
toms disappeared 2—3 weeks after termination 
of the arsenic ingestion [71]. 


Cancer. Workers in smelters or in insecticide 
factories exposed to arsenic trioxide have a 
significantly higher risk of lung cancer in 
comparison to persons not exposed [72, 73]. A 
significant excess of oral and pharyngeal can- 
cer could be noticed among male textile work- 
ers in England and Wales engaged in fiber 
preparation [74]; this excess could be traced to 
arsenic-containing  disinfectants used on 
sheep. Skin cancer as a result of ingesting of 
contaminated water, with multifocal lesions 
over the entire body, occurred in Cordoba, Ar- 
gentina [75], Antofagasta, Chile [76], and in 
Taiwan [77]. The development of other types 
of tumors related to long-term exposure by in- 
gestion, inhalation, or dermal contact has been 
observed frequently; however, in these cases 
the relationship between arsenic exposure and 
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development of tumors could not be con- 
firmed as yet unequivocally [55]. 


Mutagenicity. The mutagenic action of inor- 
ganic and organic arsenicals has been tested 
on microorganisms (DNA damage in Bacillus 
subtilis) [78], Drosophila (increase in cross- 
ing-over frequencies) [79], and mammalian 
cells in vivo and in vitro. A significant in- 
crease of chromosomal aberrations could be 
demonstrated as a result of contact with ar- 
senicals in lymphocytes from peripheral blood . 
[80] and in fibroblast cultures of humans [81]. 


Teratogenicity. Teratogenic effects of diso- 
dium arsenate, such as exencephaly [82], cleft 
palate and lip, microanophthalmia, genitouri- 
nary abnormalities, ear deformities, and renal 
agenesis, were observed in hamster fetuses 
[83—85]. In the case of a 17-year-old girl, the 
ingestion of arsenic during the third trimester 
of her pregnancy caused the death of her baby 
(1100 g!) 11 h after birth; liver, kidney, and 
brain of the baby contained high concentra- 
tions of arsenic [86]. Among employees and 
persons living near a smelter, a significant de- 
crease of the birth weight of the offspring, an 
increased frequency of spontaneous abortions, 
and a higher rate of malformations of the chil- 
dren born were observed [87, 88]. 


Arsine. Acute poisoning with arsine, AsH}, 
which is rather frequent among industrial 
Workers as compared to poisoning with other 
arsenicals, results in general malaise, nausea, 
vomiting, abdominal cramps, coppery skin 
pigmentation, red staining of the conjunctiva 
[89], and leucocytosis [90]. A most character- 
istic symptom of acute arsine poisoning is 
rapid hemolytic anemia, which results in he- 
moglobinuria, decreased hemoglobin level, 
jaundice, and after 2—24 h, shock, oliguria, 
and anuria due to blockade of renal tubuli [91] 
by membrane residues of red blood cells. 
Other symptoms are pyrexia, edema of the 
lungs, delirium, and coma. Death after few 
days is mostly due to myocardial failure. In ali 
cases of arsine poisoning an elevation of the 
T-wave in the electrocardiogram can be no- 
ticed. Depending on the severity of the intoxi- 
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cation, the time of the appearance of 
symptoms may vary between a few minutes 
and 24 h. 


Chronic arsine poisoning shows a delayed 
onset of symptoms mentioned above, and in 
some cases peripheral neuritis [92], hemoglo- 
bin levels as low as 32 g/L, and basophilic 
stippling of red blood cells [93] have been ob- 
served. 


Toxicological Data and Exposure Limits. 
Toxicological data of commonly used arseni- 
cals are summarized in Table 13.11. The MAK 
values for arsenicals such as oxides, arsenic 
acids, and their salts are not established be- 
cause these compounds have been proved to 
cause malignant tumors in humans [107]. The 
MAK value of arsine is 0.2 mg/m? (0.05 ppm) 
[107]. The TRK values (Technical Guideline 
in Germany) for all compounds with the ex- 
ception of arsine is 0.2 mg/m? (as As) [108]. In 
the USA, the permissible exposure limit at 
work for calcium arsenate is 1 mg/m’, for ars- 
ine 0.2 mg/m’, for all other inorganic arsenic 
compounds 0.01 mg/m?, and for organic ar- 
senicals 0.5 mg/m? (as As) [109]. In Japan, the 
maximum allowable workplace air concentra- 
tion for arsenic trioxide is 0.5 mg/m?, and for 
arsine 0.2 mg/m? [110]. In Sweden, this value 
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is 0.05 mg/m? (as As) for all arsenic com- 
pounds [111]. 
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14.1 Introduction 


Antimony is an element of main group V 
having atomic number 51 and atomic mass M, 
121.75. Two isotopes occur in nature, mass 
numbers 12] and 123. The configuration in 
the outer electron shell is 55?5p?. If these elec- 
trons are donated, antimony is electropositive 
and trivalent, as in SbCL, or pentavalent, as in 
SbCL if three electrons are added to the outer 
shell the antimony is electronegative and 
trivalent, as in SbH,. 

Usually antimony is a white lustrous metal 
of average hardness, 3.0 on the Mohs scale. It 
is brittle and easy to pulverize. If it solidifies 
slowly, pure antimony has a foliated structure; 
if rapidly, a granular structure. It forms rhom- 
bohedral crystals. 

Metallic antimony 1s the only stable allo- 
trope. There are unstable forms: yellow anti- 
mony, black amorphous antimony, and what is 
known as explosive antimony. Yellow anti- 
mony is formed when air or oxygen is passed 
through liquid stibine. Black amorphous anti- 
mony is obtained by rapidly cooling antimony 


vapors and is also formed from yellow anti- 
mony at —90 °С. At room temperature black 
antimony slowly reverts to metallic antimony, 
and at 400 °C reversion is spontaneous. Black 
amorphous antimony ignites spontaneously in 
air. Explosive antimony is obtained by elec- 
trolysis of antimony(III) chloride solution in 
hydrochloric acid at a high current density 
with an antimony anode and a platinum cath- 
ode. It consists of black amorphous antimony 
contaminated with antimony trichloride. 


14.2 History 


Antimony was known to the Chinese 5000 
years ago. The ancient Egyptians were also ac- 
quainted with it, but they considered it to be a 
variety of lead, a belief that persisted until the 
16th century. The first instructions on process- 
ing the Latin stibium or the Egyptian stim (an- 
timony glance or stibnite) appeared at the 
beginning of our era. PEDANIos DIOSKURIDES 
and PLINY THE Exper referred to antimony 
glance as platyophthalmon (eye dilator), calli- 
blephary (eyelid cosmetic), and gynaikeios 
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(feminine), because antimony(IIT) sulfide 
powder was then an ophthalmic ointment and 
a coveted cosmetic. 

The word Antimonium seems to have been 
first used for antimony(IIT) sulfide in 1050 by 
CONSTANTINUS AFRICANUS. Light was gradually 
shed on the chemistry of antimony and on an- 
timony therapy by PaRAcELsus (1526-1541), 

‘ANDREAS Lipavius (Alchemia, 1597, and the 
Syntagmatis Arcanorum volumes, 1613— 
1615), the Benedictine monk Basmwus VaL- 
ENTINUS (Triumplmwagen Antimonii, 1604), N. 
LEMERY (Traité de l'antimoine, 1707), and 
other works of the iatrochemical epoch. At an 
early stage, alchemists understood the signifi- 
cance of antimony for separating gold from 
silver. The recovery of antimonium crudum 
from its ores was described in detail by Laz- 
ARUS ERCKER (1574) and GEORGIUS AGRICOLA 
(De re metallica, 1556). 


14.3 Properties 


Density 

solid at 20 °C 6.688 g/cm? 

liquid at 630.5 °C 6.55 g/cm? 
Melting point 630.5 °C 
Heat of fusion 10.49 kJ/mol 
Boiling point at 101.3 kPa 1325 °C 
Tensile strength 10.8 N/mm? 
Modulus of elasticity 566 N/mm? 
Surface tension 

solid at 432 °C 317.2 mN/m 

liquid at 630 °C 349 mN/m 

liquid at 1200 °C 255 mN/m 


The surface tension of the solid decreases 
nearly linearly with temperature. The slope at 
the melting point is -0.07 mNm'^K^! 

Molar heat capacity at 630.5 °C 
solid 30.446 Jmol K“ 
liquid 31.401 
Coefficient of linear expansion 
between 0 and 100 °C 
Thermal conductivity 
at0 °C 18.51 Wm" K^ 
at 100 *C 16.58 

Roughly 1/20th of the thermal conductiv- 
ity of copper. The thermal conductivity of an- 
timony depends on the grain size and the 
direction in the crystal. 

Electrical resistivity at 0 °C 30.0 x 10% Ост 
Molar susceptibility at 20 °C —99.0 x 10% 
Polycrystalline antimony is diamagnetic. 


10.8 x 10 °С! 
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Pure antimony does not change in air at 
room temperature, and it 1s not tarnished in 
humid air or pure water. If antimony is heated 
to redness in air, the molten metal ignites. 
Above 750°C, steam oxidizes liquid anti- 
mony to antimony trioxide, and hydrogen is 
evolved. Antimony can be removed from 
lead-antimony alloys with steam. Antimony 
cannot be ignited in a current of hydrogen. If it 
is heated to redness in a current of nitrogen, 
gray vapors are given off, which condense to 
amorphous antimony. 


Neither solid nor liquid antimony dissolves 
nitrogen. Fluorine, chlorine, bromine, and io- 
dine react violently with antimony, even at 
room temperature, to form trihalides. The re- 
action with chlorine yields either SbCl, or a 
mixture of SbCl, and SbCl, Antimony(IIT) 
sulfide is the product of the reaction with sul- 
fur, hydrogen sulfide, or dry sulfur dioxide. In 
the presence of an oxidizing agent or sulfur, 
aqueous sodium sulfide dissolves antimony to 
yield sodium thioantimonite. Yellow ammo- 
nium sulfide and sulfur-containing potassium 
sulfide solutions also readily dissolve anti- 
mony. 

Molten antimony reacts with phosphorus, 
arsenic, selenium, and tellurium but not with 
boron, carbon, and silicon. The eutectic with 
lead contains 1396 antimony and melts at 
246 °C. 


Antimony is resistant to concentrated hy- 
drofluoric, dilute hydrochloric, and dilute ni- 
tric acids. It is readily soluble in a mixture of 
nitric and tartaric acids and in aqua regia. 
Phosphoric acid and a few organic acids also 
dissolve the metal, although acetic acid hardly 
belongs to this category. At room temperature 
itis not attacked by dilute or concentrated sul- 
furic acid. It is attacked at 90-95 °C by con- 
centrated sulfuric acid, and sulfur dioxide is 
evolved. 


Pure antimony is resistant to solutions of 
ammonium and alkali-metal hydroxides and 
to molten sodium carbonate. If heated to red- 
ness, it reacts with molten sodium or potas- 
sium hydroxide to form hydrogen gas and 
antimonites. 


Antimony 


In the electrochemical series antimony falls 
between hydrogen and bismuth: H, Sb, Bi, As, 
Cu. 


14.4 Occurrence 


The average antimony content of the 
earth’s crust has been estimated at 3 x 10°%. 
Most antimony lodes occur in areas of, volca- 
nic activity and frequently in volcanic rocks 
themselves. They are found predominantly in 
ancient formations ranging up to the Carboni- 
ferous. Antimony deposits are seldom of sedi- 
mentary or epigenetic origin. 

The most important antimony ore is rhom- 
bic antimony glance (gray antimony, antimo- 
nite, or stibnite), Sb,S,. It contains 71.7% 
antimony and occurs as characteristic black 
acicular crystals. Other ores include antimony 
oxides (valentinite, Sb,O4, rhombohedral; se- 
narmontite, Sb4O,, cubic; cervantite, Sb,O,, 
orthorhombic), antimony hydroxides (stibico- 
nite, Sb,0,-H,O), antimony oxide sulfides 
(Kermesite, pyrostibite, red antimony, 2Sb,S,- 
50,0,), native antimony, and double sulfides 
(jamesonite, Sb,S,-2PbS, which may contain 
silver; tetrahedrite, Sb,S,-4Cu,S.; and living- 
stonite, 2Sb,S,-HgS). More than 100 minerals 
containing antimony are known: there are 
eight antimonides, one sulfide (stibnite), 59 
mixed antimonides and sulfides, and 46 oxide 
minerals. 

Other sources of antimony besides ores are 
the intermediates in the processing of lead 
ores and the copper ore tetrahedrite, including 
the dross and slags from lead refining (particu- 
larly in the Harris process), speiss, flue dust, 
and anode slime. 

Until about 1930, deposits in China sup- 
plied 70% of the world production of anti- 
mony ores. These were mined in 
Ksikwangschan (Hunan) and the provinces of 
Kwangsi Chuang, Kwangtung, and Yunnan. 
Now China’s contribution has dropped to 
16%, and China is only the third largest pro- 
ducer. Since the mid-1970s, Bolivia has been 
the largest producer of antimony ores, ac- 
counting for about 25% of the world total. The 
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production figures were 13 019 t in 1979, 
17 092 tin 1980, and 15 296 t in 1981. The re- 
gions in which the ores are mined are San 
Juan, Tubiza (near Atocha), Huari, and Uncia. 
The second largest producer is South Africa 
(Murchison Range), accounting for an average 
of 18% of the total. 

The fourth largest is the former USSR 
(Chajdarkan and Kadam-Dzai in Central Asia 
and the Ural and Caucasus Mountains), ac- 
counting for about 1096 of the world produc- 
tion. Significant amounts are produced in 
Mexico, Thailand, Canada, Yugoslavia, Aus- 
tralia, Turkey, Greece, Italy, Spain, Austria, 
the United States, Morocco, Guatemala, 
former Czechoslovakia, and Brazil Today, 
about two thirds of the world production of an- 
timony ores is mined in Western countries, the 
American continents alone accounting for 30— 
40%. Frequently, the recovery of lead, silver, 
and gold 1s the primary mining goal, with the 
antimony only a by-product. An exception is 
the Murchison Mine in South Africa. 


14.5 Beneficiation 


The beneficiation process used’ depends 
chiefly on the content of antimony and other 
substances in the ore. Another important fac- 
tor is how the ores are dispersed in the rock. If 
an antimony ore is not closely interlaced with 
the gangue, hand-picking techniques or jigs 
suffice for separation. 

If stibnite (Sb,S,) ore contains more than 
90% stibnite, it can be sold directly as 8,5; 
(crude antimony). Stibnite has a low melting 
point, and it can be extracted by melting if the 
ore contains 45-60% antimony and is free 
from lead and arsenic. This technique 1s called 
liquation. If the antimony content lies between 
5 and 25%, the antimony is concentrated in a 
flue dust by volatilizing roasting. Antimony 
ores may contain auriferous antimony sulfides 
and arsenopyrites. Beneficiating such ores 
may become profitable again because of their 
precious metal content. 

As a rule, low-grade and complex ores or 
ores in which the minerals are finely dispersed 
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throughout the gangue are beneficiated by flo- 
tation, particularly if they contain precious 
metals [15—18]. 


Flotation. A run-of-mine ore containing about 
0.5% arsenic in the form of auriferous arse- 
nopyrites апа 5-20% antimony іп the form of 
antimonite can be floated in a pulp made 
strongly alkaline by potassium hydroxide or 
water glass. The flotation agent is often potas- 
sium xanthate, and a high selectivity is en- 
sured by frothing agents, such as the synthetic 
foaming agent Flotol for arsenopyrites and di- 
cresyl dithiophosphoric acid (Phosokreslo and 
Aerofloat) for antimonite [15]. 


Liquation. Ores: with more than 40-6096 
5,5; and free from lead and arsenic often are 
beneficiated by heating. Because stibnite, 
Sb,S, has an unusually low melting point, 
546-548 °C, it can be separated from the 
gangue by melting (liquation). Stibnite more 
than 90% pure is obtained and is referred to as 
crude antimony. It can be sold as such for pro- 
ducing antimony compounds, or it can be con- 
verted to antimony metal. 

The commercial product should have a stri- 
ated crystalline structure and a metallic gloss, 
and its color should be that of graphite. These 
properties are attained only if the molten anti- 
mony(III) sulfide is cooled very slowly. Ores 
with less than 40-45% Sb,S, are unsuitable 
for liquation because the large amount of 
gangue interferes and too much antimony is 
retained in the residue. The ore is best fed in 
the form of walnut-sized lumps (1-4 cm). If 
the ore is too fine, the molten 50,5; does not 
flow. The most suitable temperature range is 
550-660 °C because the volatilization of the 
Sb.S, (bp 1000 °C) is prevented, and liquation 
is successful. Liquation is carried out in a re- 
ducing atmosphere in crucibles or in reverber- 
atory furnaces. The main impurities in crude 
antimony are arsenic, lead, and iron sulfide. 


14.6 Recovery of the Metal 


Antimony metal is recovered from ore pri- 
marily by pyrometallurgical techniques. Ei- 
ther antimony (II) sulfide is converted into the 
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oxide, which is then reduced, or the ore is par- 
tially roasted and allowed to react with sulfide 
to form the metal and sulfur dioxide. 


Sulfide ores with antimony contents be- 
tween 5 and 25% are roasted to give volatile 
Sb,0,, which is reduced directly to the metal. 
Inmany smelters mixed oxide-sulfide ores are 
processed in water-jacketed furnaces together 
with recycled material and by-products con- 
taining antimony. Reverberatory furnaces are 
used mostly for reducing rich oxide materials. 
The most suitable processes are listed in Table 
14.1 for the various oxide and sulfide ores. 


Table 14.1: Suitable processes for various antimony ores · 


or concentrates. 
Nature ofthe Antimony 


ore content, % Process 

Sulfide <20  volatilizing roasting 

Sulfide <35 smelting in shaft furnaces 

Sulfide >60 liquation and cyclone vola- 
tilizing 

Oxide «30 smelting in reverberatory 
furnaces and shaft furnaces 

Oxide «50 direct reduction 

Mixed sulfide 

and oxide — smelting in shaft furnaces 


Special processes are used if the ore is rich 
in precious metals. Hydrometallurgical tech- 
niques can be used to minimize losses of pre- 
cious metals. For example, crude metal is 
obtained at the cathode in a hydrometallurgi- 
cal process used by the Sunshine Mining Co. 
(Cceur d’ Alene district). Because rich ores are 
becoming rare, greater recourse is being taken 
to intermediates in processing and metal in- 
dustries. Also, more and more complex ores 
are being processed. 


14.6.1 Roasting 


The sulfide can be oxidized to anti- 
mony(III) oxide (volatilizing roasting) or to 
antimony(IV) oxide (nonvolatilizing or dead 
roasting). Furnace control in the production of 
the nonvolatile antimony(IV) oxide is com- 
paratively simple, but the oxide is not sepa- 
rated from the residue. If the ore contains a 
high proportion of gangue, difficulties are en- 
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countered in reduction. As a result this process 
is used rarely today. 

Volatilizing roasting has the advantage that 
volatile 50,0; is produced selectively in a 
9896 yield and is separated from the residue, 
which contains the precious metals in a recov- 
erable form. However, temperature and draft 
control in the furnace is difficult. The oxide 
forms between 290 and 340 °C in an oxidizing 
atmosphere, and the rate of reaction attains its 
maximum at 500 °C, where antimony(IV) ox- 
ide begins to form. The basic reaction is 


28b,S, + 90, — 25,0, +650, 


If too much oxygen is available, anti- 
mony(IV) oxide is formed: 


Sb,S, + 50, 2 Sb,O, +350, 


Above 560 °C the rate of reaction drops 
considerably. During roasting, antimony(IV) 
oxide can react with antimony(III) sulfide to 
give antimony (III) oxide: ` 
Sb,S, + 98Ь,0, — 10Sb,0, +380, 


Therefore, the process must be engineered 
so that 50,0, is formed rapidly and preferen- 
tially. The temperature must be high enough to 
ensure adequate volatilization, and the oxygen 
supply must be kept low to inhibit the forma- 
tion of antimony(IV) oxide. However, if the 
temperature is too high, part of the charge will 
melt, envelope the sulfide grains, and prevent 
their oxidation. During condensation of anti- 
mony(III) oxide, the oxygen content in the gas 
phase must be kept low enough to prevent oxi- 
dation to antimony(IV) oxide. í 

The temperature level is governed by the 
sulfide content of the ore. Low-grade ores can 
be roasted between 850 and 1000 °C. If rich 
ores are roasted, the upper limit is the melting 
point of the sulfide (546 °C). In practice, the 
temperature should not exceed 400 °C. The 
oxygen supply is controlled by mixing wood 
charcoal or coke breeze with the charge and by 
admitting only the amount of air required to 
form carbon monoxide and antimony(IlT) ox- 
ide. The carbon monoxide suppresses oxida- 
tion to  antimony(IV) oxide. Despite 
everything, however, formation of anti- 
mony(IV) oxide cannot be entirely sup- 
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pressed. Antimony(IV) oxide, lead(IT) oxide, 
and flue dust are obtained in the first con- 
denser. The antimony (IIT) oxide condenses in 
the second, and the very volatile arsenic(IIT) 
oxide condenses in the last. If the oxygen con- 
centration in the roaster is too low, partial oxi- 
dation can occur and give a mixture of oxide 
and sulfide melting at 485 °C. If the concen- 
tration of oxygen is too high, arsenates and an- 
timonates of lead, copper, and other metals 
can form and pass into the slag. 

A grain size of 5-10 cm suffices in conven- 
tional processes because fresh surface is al- 
ways exposed for reaction owing to 
volatilization of the trioxide. Very low grade 
ores must be ground more finely to separate 
the sulfide from the gangue. The yield de- 
pends on the process and the sulfide content of 
the ore, varying between 60 and 90% or more. 

Commercial antimony (II) oxide should be 
at least 99.5% 50,0, If it is finely crystalline, 
adheres firmly to the fingers, and does not 
cake, it is considered of good quality. The ox- 
ide must be white; a reddish tinge indicates the 
presence of antimony(IIT) sulfide. The yellow- 
ish shade of selenium and lead(IT) oxide is also 
undesirable. The arsenic content should be on 
the order of 0.1%. Typical specifications and 
grain size distribution [19] are listed below (in 
96). 


Assay 99.5 
$b,0, 0.209 
AS 0.11 
PbO 0.15 
Ee 0.03 
SeO 0.001 
S 0.18 
Solubility in tartaric acid > 99.5 
Solubility in water «0.4 


Whiteness measured by reflectometry >90 
Size distribution 


0-1.5 шп 60 

1.5-3 ym 38 

>3 pm ` А 2 

> 44 um 0.1 
Apparent density 0.8 kg/L 


The roasting furnaces most commonly en- 
countered today are rotary kilns. If the 
throughput is high, antimony(III) oxide yields 
of 95-98% are attainable. The yield does not 
depend on the nature of the ore. The antimony 
content of sulfide ores does not affect the 
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kiln’s efficiency; therefore, sorting and flota- 
tion of low-grade sulfide ores are unnecessary. 
Rotary kilns are also suitable for oxide sulfide 
ores, reducing the antimony initially to the 
metal. The metal volatilizes and is oxidized to 
antimony (IIL) oxide that is free of nonvolatile 
impurities and the off-gases produced on re- 
duction. Some rotary kilns are heated not by 
burners but by hot air blown into them. The 
gas flow rate is significantly less than that in 
the old bumer-heated furnaces, and less 
gangue is entrained in the gas stream. Never- 
theless, hot-air heating does not entirely avoid 


temperature peaks, with melting of the charge. ` 


Cyclone smelting entirely eliminates melt- 
ing of the charge. The antimony smelter at 
Vinto, Bolivia, was the first in the Westem 
Hemisphere to use the cyclone furnace smelt- 
ing process. Conventional antimony roasting 
consumes large amounts of coal, and the lack 
of domestic coal has favored the cyclone fur- 
nace. The feed contains at least 60% antimony 
and less than 0.5% lead plus arsenic. Anti- 
mony is volatilized as antimony sulfide, 
burned, and separated in a baghouse as anti- 
mony(III) oxide. The impure oxide is pellet- 
ized and melted in a rotary furnace. The 
cyclone slag contains about 1% antimony 
[20]. 


14.6.2 Reduction of Oxide to the 
Metal 


The oxides from volatilizing roasting, as 
well as other oxidized antimony materials, are 
reduced to the metal with carbonaceous mate- 
rials. Occasionally oxide ores containing more 
than 50% antimony are finely ground and also 
reduced. Sometimes the oxide must be treated 
beforehand to remove arsenic, but improved 
roasting techniques frequently make this un- 
necessary. The amount of carbon required for 
reduction depends on the composition of the 
oxide, ranging between 8 and 1296. Pulver- 
ized charcoal, anthracite dust, or lean coal dust 
are used. To prevent the loss of volatile Sb,03, 
a sodium salt, such as soda (Na;,CO,) or 
Glauber's salt (Na,SQ,), is added to give a 
slag of low viscosity. Impurities such as cop- 
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per and iron are converted to matte by adding 
sulfur, usually in the form of crude antimony. 
The slags can contain 5-20% antimony, which 
must be recovered. The oxides are reduced in 
shaft, reverberatory, or short rotary furnaces. 
All types of furnaces require efficient precipi- 
tators and off-gas filters to remove volatilized 
antimony (III) oxide. 


The pronounced reducing action in shaft 
furnaces does not produce pure metal but does 
yield slags containing a maximum of only 
2.5% antimony and usually less than 1%. 


These slags can be used in glass manufacture. 


The furnaces have large height to diameter ra- 


tios, e.g., 6:1. The charge must be in the form ` 


of lumps or briquets. The yield is between 95 
and 9896; the impure product contains 90— 
92% antimony, 5-7% iron, and arsenic and 
lead. 


Reverberatory furnaces produce metal of 
comparatively high purity, but the slag is rich 
in antimony and requires further treatment. 
These furnaces are fed with high-grade ores 
that yield fairly small quantities of slag and 
with antimony-laden flue dust. 


Stationary reverberatory furnaces have 
been largely replaced by short rotary furnaces 
in which the charge is very thoroughly mixed 
and rapidly melted. The rotary movement effi- 
ciently transfers heat to the charge. Tapholes 
are arranged at various heights in the furnace 
to allow molten metal, liquefied slag, and 
solid residues to be withdrawn. The great ad- 
vantage of this process is that reduction in the 
furnace can be controlled so that the accompa- 
nying metals, such as lead, iron, and arsenic, 
are not reduced or are volatilized. This makes 
the refining simpler. At the antimony smelter 
at Vinto, Bolivia, the oxide melt passes from 
the rotary furnace to reverberatory furnaces 
for reduction and final refining at 800 °C. 
Coal and sodium hydroxide are added. The fi- 
nal product contains 99.6% antimony. If less 
pure, it can be alloyed with copper, nickel, or 
lead. The total antimony recovery rate for the 
smelter is 92% [20]. 


The complete flowsheet is shown in Figure 
14.1. 
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Figure 14.1: Antimony flowsheet for the smelter at Vinto, Bolivia [20]. 


14.6.3 Direct Reduction to the. 
Metal 


In blast furnace smelting the charge is anti- 
mony(III) sulfide, either alone or mixed with 
antimony oxides. The molten sulfide is first 
oxidized by the air blast. The oxide formed re- 
acts with unconverted sulfide to yield metallic 
antimony. 
2Sb,0, + Sb,S, — 6Sb + 380, 


In view of the many oxidation states 
through which the antimony must pass, this 
process is undoubtedly more complex than the 
equivalent lead and copper processes. It has 
been successfully practiced for many years in 
Mexico, Belgium, Great Britain, and former 
Czechoslovakia. Best results are obtained with 
sulfide ores containing 25-30% antimony. 
The main disadvantage of the direct process is 


that antimony compounds are volatilized; this 
has been offset by using high, slender smelting 
columns. 


Standard practice favors low air pressures, 
e.g., 5.5 kPa at a flow rate of 1200 m?/s. The 
antimony content of the mixed charge should 
be less than 20%. Suitable fluxes are lime- 
stone, pyrite cinders, and ferrous slags. The re- 
quired proportion of coke is about 15%. The 
slag and the metal usually are separated in a 
heated forehearth. 

The yield of antimony can be as high as 
98%, but not all of this is metal. Some leaves 
the shaft furnace as oxide, which must be 
trapped in filters. The metal is contaminated 
by iron, lead, and some copper and arsenic and 
must be refined. 


$30 


14.6.4 Other Direct Processes 


Reduction smelting of sulfidic antimony 
ores together with alkaline slags is a standard, 
long-established practice. A charge containing 
8% sodium carbonate, 4% sodium sulfate, and 
8-12% coal, for example, is smelted in a short 
rotary kiln. The alkaline melt absorbs the sul- 
fur, so the metallic antimony produced must 
be refined. 

Smelting antimony oxide flue dust contain- 
ing arsenic, such as is obtained in roasting 
ores, with sodium hydroxide produces metal- 
lic antimony. 

285,0, + 3As,O, + 18NaOH — 4Sb + 6Na,AsO, + 9H,O 


‘The arsenic dissolves in the alkaline slag 
[21-23]. 


14.6.5 Hydrometallurgical and 
Electrolytic Methods 


Hydrometallurgical processing is suitable 
for some ores, particularly those containing 
gold, silver,.and copper, and especially tetra- 
hedrite, 56,5;:4Си,5 [24-27]. The high anti- 
mony content makes extracting the precious 
metals with cyanide difficult. 

A number of methods have been proposed; 
however, most are plagued by unresolved 
problems. If sulfidic antimony ores are di- 
gested with acids, hydrogen sulfide 1s given 
off. Sulfuric acid does not digest the ores com- 
pletely at 300 °C. Although hydrochloric acid 
is a better solvent and the antimony(1IT) chlo- 
ride is adequately soluble, the problems in- 
volved in further processing have not been 
resolved. Cementation with iron, precipita- 
tion as the sulfide, and electrolysis have been 
investigated as means of separating the anti- 
mony. Explosive antimony is likely to form if 
electrolysis is used on antimony chlondes. 

Antimony ores can be digested by alkalies. 
The antimony then can be reduced from the 
solutions electrolytically or by cementation 
with aluminum or zinc. Very pure rhombohe- 
dral antimony is obtained by electrolysis. 

Any raw materials that are soluble in so- 
dium sulfide, e.g., antimony glance or foundry 
products containing antimony sulfide, are suit- 
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able starting materials for antimony recovery 
by electrolysis. The solution is purified and 
then electrolyzed in diaphragm cells with iron 
or lead anodes and iron cathodes. The purity 
of the antimony is 96-99%. 

The source of all the valuable metals in the 
Sunshine Mine ore is an argentiferous tetrahe- 
drite` (a silver copper-antimony sulfide), 
which cannot be broken down physically into 
its constituents. The tetrahedrite occurs rea- 
sonably free, and about 85% can be floated 
into a high-grade concentrate after grinding to 
a relatively coarse size. 

The high antimony content precludes adop- 
tion of large-scale copper smelting for the con- 
centrate, and lead smelting is just as 
unsuccessful because of the high antimony 
and copper contents and the presence of bis- 
muth. Instead, the antimony is extracted from 
the argentiferous tetrahedrite by an alkaline 
sulfide solution. The residue consists of insol- 
uble silver and copper sulfides. The antimony 
is recovered from the alkaline solution by 
electrolysis. 

The steps are as follows: 


e The antimony is batch leached with hot con- 
centrated sodium sulfide solution from 
milled tetrahedrite concentrate to give a so- 
lution containing about 250 g Na,S and 50 g 
Sb per liter. The leaching time is 8-10 h at 
100—103 ?C. 


e After the residue settles, the supernatant so- 
lution is decanted. The residue is recovered 
by two-stage filtration with a repulping step 
between the stages. The pregnant solution is 
fed to the electrolytic section through two 
anolyte and two catholyte tanks. 


The solution is batch electrolyzed in banks 
of diaphragm cells. The antimony is depos- 
ited at mild-steel cathodes. The electrolytic 
section consists of 96 cells in series, ar- 
ranged in cascades of six. 

During electrolysis, the antimony is depos- 
ited at the cathodes, and sulfur is concentrated 
in the anolyte, with the result that sodium 
polysulfide (Na454), sodium sulfite (Na,SO,), 
sodium thiosulfate (3а,5,0,), and sodium sul- 
fate (Na,SO,) form. The alkalinity of the 
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anolyte decreases, whereas that of the 
catholyte increases. І 

Fresh anolyte is made up from a mixture of 
caustic soda solution and barren catholyte to 
be equivalent to 225 g NaOH per liter. It is dis- 
charged into the anolyte feed tanks in 7.5-t 
batches, and the same volume, having an alka- 
linity of about 175 g/L, is withdrawn to the re- 
generation section. 

The fresh catholyte, also handled in 
batches, carries about 50 g of antimony and 
the equivalent of 250 g of NaOH per liter. 

"Catholyte is introduced near the bottom of 
each cell and withdrawn at the top. Because 
antimony depletion lowers the specific grav- 
ity, the weakest solution is drawn off and fed 
to the following cascade. The solution leaving 
the final cell in a cascade is pumped back to 
the catholyte feed tank, unless its antimony 
content has been reduced to the barren solu- 
tion level of 8—10 g/L. The barren solution has 
an alkalinity equivalent of = 250 g NaOH per 


Coal Barite 





Black 
Water ash 





Final residue 


Hot leaching 


Electrolysis 


831 


liter. About 30 t of barren solution is with- 
drawn during each cycle, and the same amount 
of fresh pregnant solution is added to the feed 
tank. 

The busher current is 1500 A, producing a 
current density of 300 A/m?. There is no gas- 
sing at the cathodes until the antimony content 
of the solution falls below 8 g/L. The voltage 
drop varies slowly between 2.5 and 3 V per 
cell, depending on the alkalinity of the 
anolyte, averaging about 2.65 V. The cathodes 
are stripped every three days. 


The spent solution from both the catholyte 
and anolyte cell banks are led to the regenera- 
tion circuit for treatment with barium sulfide 
solution. After the precipitated barium salts 
have been separated, the solutions are returned 
to the leaching circuit. The precipitated bar- 
ium salts are mixed with coal and passed 
through a rotary kiln for reduction to a black 
ash containing barium sulfide. 


Antimony 
concentrate 







Antimony ` 
soln. 





Antimony Residue fo 
metal copper smelter 


Figure 14.2: Flowsheet for the Sunshine electrolytic antimony plant. 
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The process is cyclic and regenerative, ex- 
cept that some barite must be supplied, and 
some caustic soda must be added to the 
anolyte to replace sodium lost with the copper 
residue. The antimony is sold as unrefined 
granular cathode antimony containing 96— 
97% antimony and 2-3% arsenic. Copper, 
lead, iron, bismuth, and other elements make 
up less than 0.4%. The small remainder is 
probably sodium sulfate. The flowsheet for 
the Sunshine Mining Co. electrolytic process 
is shown in Figure 14.2 [28]. 

In a method devised by the U.S. Bureau of 
Mines [29], the concentrate containing pre- 
cious metals is smelted together with some 
iron. The metal obtained is deposited electro- 
lytically at the cathode and refined. As much 
as 80-90% of the antimony is recovered as 
metal; 80-94% of the gold and 30-48% of the 
silver pass into the anode mud (Figure 14.3). 

Concentrate 
Sb 15.6%, AuSOg/t, Ag 200g/t 


Metal 
Sb 60.7%, Au 240g/t, Ag 450g/t 


Electrolysis 


. Cathode metal Anode mud 
Sb 91-96%, As 3.7% Au 3000g/t, Ag 6000g/t 








Removal of arsenic 


Antimony metal, 
commercial grade 


Sb 99.7%, As 0.19% 
Fe0.06%, 5 0.02% 


Figure 14.3: Beneficiation of a concentrate containing 
precious metals [29]. 

In another process the ore is smelted with 
soda and tetrahedrite and leached with lime. 
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The antimony passes into solution as sodium 
thioantimonate, Na,SbS,. The arsenic is pre- 
cipitated. If the ratio of sodium to sulfur in the 
electrolyte is 2:1 and the current density on 
the order of 1000 Ab", no diaphragms are 
needed; the current efficiency is 6096 [30]. 


14.6.6 Recovery from By- 
products, Complex Ores, and 
Recycled Material 


Lead and copper ores often contain anti- 
mony, which is concentrated and removed 
during the recovery of the main metal. 

In the pyrometallurgical processing of anti- 
mony-containing lead ores about 90% of the 
antimony 1s recovered in the lead. During re- 
fining, the antimony is oxidized, usually in re- 
verberatory furnaces, into an oxide slag, called 
antimony skimmings. After the entrained lead 
has been liquated, skimmings are smelted to- 
gether with coal and fluxes, frequently in short 
rotary kilns, to yield a crude antimonial lead. 

In the Harris process, lead bullion is treated 
at 400 *C with a melt of sodium chloride, so- 
dium monoxide, and sodium nitrate. Arsenic, 
tin, and antimony are converted into a slag 
containing the antimony as sodium anti- 
monate. Hydrometallurgical processing of the 
slag separates arsenic, tin, and antimony. The 
residue contains 45-50% antimony and can be 
reduced to antimony metal or used to produce 
antimony compounds. 

In some cases electrolytic refining is used, 
particularly for lead rich in bismuth. The anti- 
mony is retained in the anode mud, together 
with the other undissolved metals — copper, ar- 
senic, bismuth, and precious metals [31, 32]. 
The anode mud is smelted under reducing 
conditions to give a lead alloy. The arsenic and 
antimony are removed by selective oxidation 
at 900-1000 °C and converted into a slag in a 
procedure similar to that used in lead refining. 
The slag is smelted under reducing conditions 
to yield antimony containing arsenic. 

About 85-95% of the antimony in lead ores 
is recovered in the form of antimony-lead al- 
loys, which are usually diluted with refined 


Antimony 


lead and sold as is. These alloys are used 
mainly in lead-acid storage batteries. 


In smelting antimonial copper ores, about 
859^ of the antimony enters the flue dust. The 
dust from the converter stage contains about 
50% of the antimony, the arsenic, and fre- 
quently lead as well. The particular composi- 
tion determines how these flue dusts are 
processed; there are no standard procedures. If 
iron, nickel, cobalt, arsenic, and antimony are 
present in sufficient amounts, they accumu- 
late, together with the precious metals, in the 
copper matte during smelting. This speiss is 
difficult to process, and there is no satisfactory 
method that can be adopted generally. 

Before mercury-containing antimony ores 
are processed, they generally must be roasted 
below 400 °C to volatilize the mercury. The 
temperature must be controlled accurately by 
regulating the admission of air to avoid over- 
heating the charge and thus volatilizing anti- 
mony compounds. The roasted ore still 
contains antimony sulfide. The ore is removed 
from the furnace special bunkers. The anti- 
mony is recovered by reduction or iron precip- 
itation in open-hearth furnaces. i 

Another way to process complex antimony 
sulfide ores is reaction with calcium chloride. 
The reaction takes place in an oxidizing atmo- 
sphere at about 500 °C: 


Sb,S, + 3CaCl, +60, — 2SbCI, + 3CaSO, 


More than 90% of the antimony volatilizes as 
SbCl, which can be purified by distillation 
and hydrolyzed іо Sb,O,. The flow sheet is 
shown in Figure 14.4 [19]. 


The main forms of antimony scrap are type 
metal, Babbitt metal, lead and tin waste, anti- 
monial lead, and especially waste lead—acid 
batteries: the recycling of antimony is closely 
connected to lead recycling. The extent to 
which antimony is recycled has increased 
steadily over the last few decades, in propor- 
tion to the worldwide production of automo- 
biles. 


Antimony accounts for about 1.8-2% of 
the total weight of an automobile battery, al- 
though the trend is towards using less. Today, 
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waste batteries are separated mechanically 
into a plastics fraction, a metal fraction, and an 
oxide~sulfate sludge. The grid metal contains 
87-88% lead and 3-3.5% antimony; the 
sludge, 70-76% lead and 0.5-1% antimony. 
Most refineries process these materials sepa- 
rately from ore or concentrate. The waste grid 
metal can be smelted in rotating reverberatory 
or rotary kilns to yield antimony-lead alloy. 
The sludge is treated with reagents that bind 
sulfur, e.g., iron filings and soda, and smelted 
under reducing conditions to antimonial lead 
in rotating reverberatory furnaces, short rotat- 
ing furnaces, or in some cases rotating tube 
furnaces. The antimonial lead produced can be 
remelted together with lead containing a 
higher proportion of antimony to produce 
commercial alloy. Frequently, the antimony in 
the crude antimonial lead is converted by oxi- 
dation into an antimonial slag or skimmings, 
as in the refining of lead bullion. These oxi- 
dized products, essentially lead and antimony, 
are treated with fluxes and coal and smelted in 
short rotating or rotating reverberatory fur- 
naces to yield lead containing a high propor- 
tion of antimony. Because battery alloys now 
contain less antimony, the proportion of anti- 
mony in recycled lead will be lower in the 
years to come. 


14.7 Refining 


Antimony from the smelter usually con- 
tains iron, arsenic, tin, zinc, copper, lead, and 
bismuth. Several processes are used to pro- 
duce a commercial grade containing 2 99% 
antimony and < 0.3% arsenic. Iron, arsenic, 
and tin are removed by melting with caustic 
soda. A slow current of air is passed over the 
metal-caustic soda bath. Generally the caus- 
tic soda is renewed once during purification. 
At a bath temperature of 950 °C and a total air 
flow of 500 m?/kg arsenic is reduced in two 
hours to a residual 0.0596 and iron is reduced 
to a residual 0.005%. Sodium nitrate can be 
used instead of the combination of caustic 
soda and air. 
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Figure 14.4: Chloridization ргосеѕѕ. 


Although the maximum permissible arsenic 
content is 0.396, a maximum of 0.196 is often 
specified. The measures taken to ensure such a 
low content must begin in the earliest benefi- 
ciation stages. The methods are well known, 
and some of them are standard practice [4, pp. 
38-45]. 
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To a great extent arsenic can be prevented 
by selective flotation from entering the con- 
centrate [15, 33, 34]. About 8894 of the ar- 
senic can be volatilized from concentrates and 
antimony oxide flue dust by roasting in the 
presence of steam at 475—500 ?C. The associ- 
ated antimony losses are limited to 10-45%. If 
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arsenic antimony oxides are treated with hot 
caustic soda, the arsenic trioxide passes into 
solution as arsenite, whereas the antimony ox- 
ide is not changed. One to six kilograms of 
caustic soda is required for each kilogram of 
arsenic. The arsenic is completely separated 
from the antimony [4, p. 44]. 

Electrostatic precipitators offer means of 
separating arsenic from antimony at elevated 
temperature because gaseous arsenic trioxide 
can pass through them, whereas solid anti- 
mony trioxide precipitates. The best results, 
only 0.66-0.79% arsenic in the antimony tri- 
oxide, are obtained for a gas-inlet temperature 
of 620-650 °C and an outlet temperature of 
430-470 °C. | | 

The removal of lead from crude antimony 
is of less importance because most antimony 
produced is used in lead alloys. In any case, 
separation is difficult owing to the affinity be- 
tween the two metals. Suitable methods are 
electrolysis, chloridization, and sulfidization. 

A number of methods have been proposed, 
and occasionally used, for electrolytic separa- 
tion of lead from antimony on an industrial 
scale [4, 24]. Although pure antimony is ob- 
tained from alkaline thioantimonite solutions, 
the current efficiency is low, and there are dif- 
ficulties, including the formation of an insolu- 
ble film at the anode. Under some 
circumstances, electrolysis of: antimony chlo- 
ride gives rise to explosive antimony. 

However, the only electrolysis that gives 
better results involves antimony trifluoride. 
The crude metal can be refined in a sulfate— 
fluoride solution. Even if the percentage of 
lead is quite high, lead-free antimony is ob- 
tained at the cathode. The excess sulfuric acid 
in the electrolyte precipitates the lead as lead 
sulfate, which passes into the anode mud. The 
energy consumed is 320 kWh/t. Arsenic must 
be removed beforehand; otherwise, it also de- 
posits on the cathode. Operational details are 
given in [25]. 

It is claimed (4, pp. 46, 47; 35] that anti- 
mony of 99.2% purity is produced if 96.5% 
antimony with lead as the main impurity is 
treated with chloride at 1100 °C. If antimony 
rich in lead is fused with a sulfur flux, the lead, 
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as well as zinc, copper, and bismuth, is re- 
moved almost completely [4, p. 48]. This 
method is simpler and cheaper than electroly- 
sis. 


Electrolytic refining in molten sodium and 
potassium chloride at 750—800 °C is said to 
yield pure antimony. Iron can be reduced rap- 
idly to a residual 50—90 ppm. Lead and copper 
are difficult to remove; therefore, the anti- 
mony should be purified pyrometallürgically 
beforehand. 


14.8 Fine Purification 


The antimony used as a solvent for ex- 
tremely pure silicon must also be extremely 
pure. Silver, aluminum, chromium, copper, 
iron, magnesium, manganese, and nickel can 
be removed almost completely by subliming 
commercial antimony (99.5-99.9% Sb). 
However, almost all of the arsenic, lead, tin, 
and sulfur enters the sublimate, and the prod- 
uct is often contaminated with carbon and sili- 
con. If commercial antimony is alloyed with 
0.5—4% manganese, the sublimate is free from 
tin and largely free from sulfur. If 2% alumi- 
num is used in addition to the manganese, the 
lead and arsenic contents are also reduced sub- 
stantially. However, this procedure is not ef- 
fective unless the rate of sublimation is 
reduced, to one third in the first case or one 
tenth in the second. This refining by sublima- 
tion is shown schematically in Figure 14.5. 


There is growing demand for extremely 
pure antimony. It is derived from previously 
purified metal or from antimony(III) oxide. 
(Table 14.2 shows typical compositions of the 
starting materials.) The impurities remaining 
are removed by physical, chemical, and metal- 
lurgical methods, including distillation [37], 
ion exchange [38], liquid-liquid extraction 
[39], precipitation of intermetallic com- 
pounds [9], and zone melting [40-46]. 

A method described by M. TANENBAUM in- 
volves dissolving antimony of 99.8% purity in 
hydrochloric acid, repeatedly distilling the an- 
timony trichloride obtained to remove the ar- 
senic, and reducing the purified antimony 
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trichloride with iron pentacarbonyl. Zone 
melting then gives a product of 99.999% pu- 
rity [45]. 
Commercial antimony 
99.5 to 99.95% | 


РЬ and As content 


Filter antimony 
99.5 to 99.90% 


Pb and As content 


Low High Low High 


Formation of 
Sb-Al-Mn alloy 


Formation of 
Sb-Mn alloy 


РИС Sublimatian or 
Sublimation distillation 


Pure antimony 
99.99% 


Figure 14.5: Sublimation refining. 





Table 14.2: Spectrographic analysis of antimony regulus 
and of the antimony trioxide obtained by oxidation [36]. 


Contents, ppm unless otherwise indicated 


ГРЕК Antimony regulus Antimony trioxide 
As 210 192 
Pb 3600 380 
Fe 206 158 
Ni 85 15 
Cu 50 10 
Sn 22 12 
Bi 17 7 
Ag 12 <1 
S 230 106 
Sb 99.596 » 83.3896 
Sb as 5,0, = > 99.896 


A process patented by M. WILHELM uses hy- 
drogen to reduce antimony pentachloride that 
has been purified by repeated distillation at 
700—900 °C in an atmosphere of argon. The 
yield is € 70% [46]. 

Antimony can be separated from numerous 
impurities by fractional distillation of the an- 
hydrous trichloride or pentachloride [37]. 
Platinum, gold, silver, manganese, nickel, co- 
balt, and copper remain behind in the residue. 
If the heating is carried out carefully, the lead, 
bismuth, zinc, thallium, and cadmium also re- 
main in the residue. Aluminum chloride, ar- 
senic trichloride, and tin(IV) chloride pass 
completely into the first fractions, whereas 
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tini!) chloride remains behind. Currently only 
hydrochloric acid solutions are distilled. Un- 
der these circumstances, arsenic trichloride 
distills at temperatures below 110 °C. Because 
distillation above 110 °C results in consider- 
able loss of antimony, the temperature must be 
kept slightly under 110 °C. 

ILEvA and ViaponovicH stressed the effec- 
tiveness of chemical methods in separating ar- 
senic from antimony and in lowering 
antimony's heavy metal content. Antimony 
trichloride is prepared by dissolving technical- 
grade antimony in hydrochloric acid and is hy- 
drolyzed to give antimony trioxide, which is 
reduced with pure sucrose. The metal is then 
purified by zone melting to give a product 
with 99.99596 antimony in 51-53% yield 

47]. 

| m rather complex procedure consists of 
the following: (1) dissolving technical-grade 
antimony in hydrochloric acid, (2) purifying 
the antimony trichloride obtained by frac- 
tional distillation, (3) converting the purified 
antimony trichloride into antimony trisulfide, 
(4) dissolving the sulfide in pure hydrochloric 
acid, (5) distilling the antimony trichloride, (6) 
hydrolyzing the trichloride into antimony tri- 
oxide, and (7) reducing the oxide with hydro- 
gen. The purity of the antimony exceeds 
99.99894, but the yield is low because of the 
large number of operations. 

Very pure antimony trichloride can be puri- 
fied further by hydrolysis to antimony trioxide 
with extremely pure water. The trioxide is re- 
duced with purified hydrogen, first at about 
600 °C and then at a somewhat higher temper- 
ature [9]. 

The recrystallization of chloroantimonic 
acid (H,SbCI,) efficiently removes final traces 
of iron [37]. 

Ion exchange removes cobalt, nickel, zinc, 
and lead [48, 49]. However, hydrolysis can re- 
sult in less than quantitative elution. 

Liquid-liquid extraction offers a means for 
refining antimony [39], e.g. by purifying 
acidic solutions of antimony with alkylphos- 
phoric acid or separating copper, iron, and 
lead from hydrochloric acid solutions by ex- 
traction with ethyl acetate. Pentavalent anti- 
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mony dissolved in hydrochloric acid can be 
extracted by dibutyl ether, amyl alcohol, hexyl 
alcohol, 7-octyl alcohol, and diisoamyl ether. 
However, liquid-liquid extraction is seldom 
used in practice. 

The effectiveness of zone melting, usually 
the last stage in fine purification, depends on 
the impurities present. Arsenic, tin, and bis- 
muth have unfavorable distribution coeffi- 
cients (Table 14.3) and are difficult to remove 
by zone melting. Arsenic must he removed 
completely in the preceding purification steps. 
Lead and germanium are easier to remove. In 
one case, seven passages of the melted zone 
dropped the nickel, lead, silver, and copper 
contents to one tenth their original values [44, 
45]. The impurity levels, in ppm, are reduced 
to «0.5 Ag, < 5 As, <1 Bi, 0.5 Cu, < 1 Fe, < 5 
Ni, 2 Pb, and < 28n [36]. 

Very pure antimony is produced in three 
grades: > 99.99% (four 9s), > 99.999% (five 
9s), and > 99.9999% (six 9s). 

Table 14.3: Distribution coefficients in antimony [36]. 


As 0.64 Pb 0.06 
Sn 0.3 Ge < 0.06 
Bi 0.2 


14.9 Alloys and 
Intermetallic Compounds 


Antimony is a component of many lead and 
tin alloys. These alloys are important materi- 
als for making bearings and solders. 

The intermetallic compounds AlSb, GaSb, 
and InSb are important. Zinc antimonide, 
ZnSb, has interesting semiconductor and ther- 
moelectric properties; cadmium antimonide, 
CdSb, has interesting semiconductor proper- 
ties. Antimony is used to dope very pure ger- 
manium, silicon, and gallium arsenide to 
produce 7-type semiconductors. 


14.10 Compounds 


Antimony can be trivalent or pentavalent in 
compounds. Both exist in antimony(IV) ox- 
ide, Sb,O,, and presumably in the deep violet 
haloantimonates(IV), such as Cs (SbCl). The 
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pentavalent compounds, as well as most of the 
trivalent ones, are hydrolyzed by water to 
form antimony salts, e.g., SbOCI, and hy- 
drated oxides. The only halides of antimony 
that have any industrial significance are the 
chlorides and fluorides, 

Mixed antimony(V) chloride fluorides and 
bromide fluorides exist, but antimony pent- 
abromide does not. The tribromide, SbBr;, is 
chemically similar to the trichloride’ Stable 
complex halides are known, mainly hexaha- 
loantimony anions of the types [SbX,]* and 
EI Kë 


14.10.1 Antimony Chlorides 


Antimony trichlonde (antimony chloride, 
butter of antimony, caustic antimony), SbC1,, 
mp 73 °C, bp 223 °C, p 3.064 g/cm? at 26 °C, 
is soft, crystalline, colorless, and very hygro- 
scopic. It is soluble in the usual organic sol- 
vents, including benzene, carbon disulfide, 
carbon tetrachloride, acetone, and ethanol. 
Only highly concentrated aqueous solutions 
are stable. Dilution causes antimony(II]) chlo- 
ride oxide, SbOCI, to precipitate. The addition 
of more water causes further hydrolysis to 
take place, forming hydrated antimony(IIT) 
oxide. Antimony trichloride forms complexes 
with numerous compounds, some having a 
striking deep color. 

Antimony trichloride is an intermediate in 
the production of other antimony compounds, 
a catalyst in organic chlorination and polymer- 
ization reactions. and a vitamin A reagent. 
Large quantities are consumed in rendering 
textiles, plastics, and other combustible sub- 
stances flame retardant or self-extinguishing. 

Although manufacture from antimony 
metal and chlorine is expensive, it is feasible 
on a small scale. The best procedure is to react 
chlorine with antimony metal in liquid anti- 
mony tnchloride or concentrated hydrochloric 
acid. In the first case the temperature can be as 
high as 200 °C. Equally good results are ob- 
tained by dissolving antimony oxides in hot, 
concentrated hydrochloric acid. Distillation 
of the crude product or its solution in strong 
hydrochloric acid in the presence of some me- 
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tallic antimony or iron (to reduce antimony(V) 
and iron(III) compounds) then yields pure an- 
timony trichloride. 

Stibnite is usually digested in concentrated 
hydrochloric acid. The antimony passes into 
solution, whereas the arsenic largely remains 
in the residue. Disadvantages are the noxious 

-hydrogen sulfide given off and difficulties in 
heating the strongly acidic solutions. 

Antimony chloride oxide (охусШопае), 
SbOCI, is a white crystalline powder. It is pre- 
cipitated by hydrolysis when concentrated so- 
lutions of antimony trichloride in water or 
hydrochloric acid are diluted. Because other 
chloride oxides, e.g., Sb4O;CL, also form, re- 
action conditions must be controlled carefully. 
Antimony chloride oxide is an intermediate in 
the production of antimony salts and is used in 
smoke-producing agents. 

Antimony pentachloride, SbCl, mp 4 °C, 
bp 140 °C, p 2.34 g/cm? at 20 °C, is a pale yel- 
low fuming liquid of unpleasant odor. It can be 
produced by saturating molten antimony 
trichloride with chlorine, followed by vacuum 
distillation. Other methods are the direct chlo- 
rination of antimony and the chlorination of 
antimony oxides or sulfides. 

Antimony pentachlonde, which easily dis- 
sociates and tends to chelate, acts as a chlorine 
donor in the chlorination of organic com- 
pounds. It is also used as a polymerization cat- 
alyst. 


14.10.2 Antimony Fluorides 


Antimony trifluoride, SbF, mp 292 °C, bp 
319 °C, p 4.39 р/ста?, is a colorless compound 
that cry 'stallizes readily and volatilizes at room 
temperature. If it is exposed to atmospheric 
moisture, hydrogen fluoride is given off. In or- 
ganic solvents it is less soluble than the chlo- 
ride, but both dilute and concentrated aqueous 
solutions are stable. Antimony trifluoride 
forms complexes with inorganic compounds. 
Itis an important fluorinating agent, replacing 
chlorine or bromine by fluorine in both inor- 
ganic and organic compounds. It is especially 
useful for converting acid chlorides to the flu- 
orides. However, if the halogen group in or- 
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ganic compounds is not very reactive, 
fluonnation is quite sluggish. The rate of reac- 
tion can be increased considerably by adding 
some antimony pentachloride or bromine, in 
order to form antimony(V) bromide fluorides. 
Antimony trifluoride is used in the production 
of pottery and porcelain, and potassium fluo-. 
roantimonate(lII) is a mordant in dyeing. 

Antimony pentafluoride, SbF, p 2.99 
g/cm?, is a colorless oily liquid at room tem- 
perature. ‘Under atmospheric pressure at 7 °C 
it solidifies to a crystalline mass; it boils at 
150 °C. The solid dissolves in water with a vi- 
olent reaction. The pentafluoride carbonizes 
and fluorinates organic substances. The chlo- 
rine in chlorinated hydrocarbons is replaced 
by fluorine. Many inorganic substances form 
complexes with antimony pentafluoride. 

Antimony pentafluonde is prepared by 
treating antimony pentachloride with excess 
anhydrous hydrogen fluoride. The antimony 
pentafluoride is separated from the volatile 
by-products by fractional distillation. It can 
also be prepared by allowing fluorine to react 
with antimony powder or molten antimony tri- 
fluoride. 

The main use of antimony pentafluoride is 
as a fluorinating agent. 


14.10.3 Antimony Tribromide 


Antimony tnbromide, SbBr,, mp 96.6 °C, 
bp 280 °С, p 4.15 g/cm’, is a white solid. It is 
used as a mordant. 


14.10.4 Antimony Triiodide 


Antimony triodide, SbI,, mp 167 °C, bp 
401 °C, p 4.78 р/ст?, is a red solid that hydro- 
lyzes readily and forms complex ions. It adds 
to ethers, aldehydes, and thiols. Antimony tri- 
iodide is prepared by reacting iodine with anti- 
mony or antimony sulfide in an organic 
solvent. The triiodide is used in medicine. 


14.10.5 Antimony Oxides 


Antimony trioxide, Sb,0,, has two modifi- 
cations: senarmontite below 570 °C, p 5.25 
g/cm?, and valentinite (white antimony, anti- 
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mony bloom) above 570 °C, p 5.7 g/cm?. The 
melting point is 656°C. The commercial 
product is a white crystalline powder with a 
density of 5.2-5.8 g/cm?. On heating, it be- 
comes yellow but tums white again on cool- 
ing. Antimony trioxide dissolves in acids and 
alkalies. 

Antimony trioxide can be produced by 
roasting antimony trisulfide, by burning anti- 
mony in air or oxygen, by alkaline hydrolysis 
of antimony halides (trichloride, tribromide, 
or trijodide), and by hydrolysis of antimony 
trisulfide with superheated steam. The produc- 
tion of antimony trioxide from antimony 
trisulfide during ore processing is described in 
Section 14.6.1. 

Antimony tetraoxide, Sb.O, is a white 
nonvolatile powder that is soluble in alkalies 
but not in acids. Its density can differ consid- 
erably according to the duration. of heating 
during preparation: 4.07-7.5 g/cm?. Cervan- 
tite has a density of 4.07 g/cm?. Antimony tet- 
raoxide is obtained by roasting antimony 
trisulfide in a current of air or by heating anti- 
mony trioxide at 300-400 °C in air. The е6 
raoxide is used in ceramics. 

Antimony pentoxide, Sb,O,, is a whitish 
yellow powder. On heating, it first turns deep 
yellow; above 300 °C it tums from brownish 
yellow to brown but becomes paler above 
380 °C. Its density ranges from 3.78 to 7.86 
g/cm?. Antimony pentoxide is sparingly solu- 
ble in water but readily soluble in alkalies. 

The pentoxide can be produced by the ac- 
tion of strong oxidizing agents on mechanic 
antimony or antimony trioxide. Hydrated anti- 
mony pentoxide can be produced by the hy- 
drolysis of antimony pentachloride. The 
hydrate can be dried without difficulty. 


14.10.6 Antimonic Acid and 
Antimonates 


Many years ago antimonic acid was 
thought to have ortho, pyro, and meta forms, 
but these have all turned out to be only hy- 
drated antimony oxide, primarily colloidal and 
differing in water content and solubility in ac- 
ids and bases. 
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Potassium antimonate, K[Sb(OH),]. Heat- 
ing antimony pentoxide with excess potas- 
sium hydroxide produces rubbery, granular, or 
crystalline products. If the substance is recrys- 
tallized from a little water, deliquescent mam- 
milated crystals form. Treated with copious 
cold water or boiled together with a small 
quantity of water, they are converted into po- 
tassium hexahydroxyantimonate, 
K[Sb(OH)g, which is sparingly soluble in 
cold water but somewhat more soluble in 
warm water. Solutions precipitate sodium as 
the sparingly soluble sodium hexahydroxy an- 
timonate, Na[Sb(OH),]. This reaction is used 
for the detection of sodium. 

Sodium hexahydroxyantimonate was for- 
merly thought to be sodium pyroantimonate, 
Na,H,Sb,0,-5H,O. The hexahydroxyanti- 
monate is prepared by melting antimony or 
antimony oxides with excess sodium nitrate. It 
is used as an opacifier for glass and enamel. 

According to X-ray diffraction analysis, the 
hydrated antimonates(V) of magnesium, co- 
balt, and nickel are hexahydroxyantimonates, 
[M(H,0),][Sb(OH),],, M = Mg, Co, or Ni. 


14.10.7 Antimony Sulfides 


Antimony trisulfide (stibnite). Sb,S3, тр 
550 °C, p 4.64 g/cm’, has a black crystalline 
modification and an unstable red-orange mod- 
ification. If both occur together, the mixture 
can be carmine or brownish red. 

Antimony trisulfide is soluble in alkalies 
and in concentrated, but not dilute, hydrochlo- 
ric acid. It also goes into solution if it is boiled 
in alkali carbonate solutions. However, it pre- 
cipitates as a reddish-brown powder, of non- 
definite oxygen content (kermesite), when the 
solution is cooled. It forms thioantimonates if 
it is dissolved in alkali-metal sulfides. Anti- 
mony trisulfide is a starting material for the 
production of antimony and antimony com- 
pounds. 

Antimony pentasulfide, Sb,S,, is an orange 
to dark red powder. It is doubtful whether stoi- 
chiometric Sb,S, exists, because the prepara- 
tions contain free sulfur and have variable 
composition. Antimony pentasulfide is insolu- 
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ble in water but soluble in alkalies and alkali- 
metal carbonates. Thioantimonates are formed 
if the pentasulfide is dissolved in alkali sul- 
fides; the most important of these is Schlippe's 
salt, sodium tetrathioantimonate, 
Na,SbS,-9H.,O, which is produced on a com- 
mercial scale by melting stibnite, sodium sul- 
fide, and sulfur together Antimony 
pentasulfide can be obtained from Schlippe’s 
salt by reaction with hydrochloric acid. 


14.10.8 Antimony Sulfate 


Antimony sulfate, Sb,(SO,);, p 3.62 g/cm}, 
is a hygroscopic compound in the form of nee- 
dles with a silken sheen. When antimony or 
antimony trioxide, trisulfide, or oxychloride is 
dissolved in hot sulfuric acid, antimony sul- 
fate or antimony] salts are recovered. Anti- 
mony sulfate is used in the manufacture of 
explosives and in fireworks. 


14.10.9 Stibine 


Stibine, antimony hydride, SbH,, is a poi- 
sonous, foul-smelling gas of density 5.685 g/L 
(STP). The liquid boils at —88.5 °C. The gas is 
slightly soluble in water, soluble in alcohol, 
and very soluble in CS,. Its formation is en- 
dothermic, АН, = 140 kJ/mol, and it easily de- 
composes to hydrogen gas and antimony 
metal. Stibine is used to prepare n-type silicon 
semiconductors. 


14.11 Chemical Analysis 


The presence of antimony can be demon- 
strated by the Marsh test. There are a number 
of classical gravimetric and volumetric meth- 
ods for determining antimony. A popular colo- 
rimetric method is based on a complex 
between rhodamine B and antimony. Instru- 
mental methods for traces of antimony include 
polarography, emission spectrography, neu- 
tron activation, and atomic absorption [50]. 
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14.12 Uses 


Antimony metal is used mainly in alloys 
with lead or other metals. Nearly 5096 of the 
total demand is accounted for by storage bat- 
teries, power transmission devices, communi- 
cations equipment, type metal, solder, and 
ammunition. The compounds of antimony 
have a wide range of industrial uses, including 
uses in flame retardants, industrial chemicals, 
rubber, plastics, ceramics, and glass. The uses 
of antimony alloys, oxides, and sulfides are 
given in this section, whereas the special uses 
of the less important compounds are described 
with the compounds themselves in Section 
14.10. 

Secondary antimony is consumed chiefly 
as antimonial lead. These antimony-lead al- 
loys find use in battery grids, pumps and pipes 
for chemicals, tank linings, roofing, and cable 
sheaths. The  antimony increases their 
strength and inhibits chemical corrosion. Hard 
tin-antimony crystals lengthen the life of anti- 
friction bearings. Antimony increases hard- 
ness, minimizes shrinkage, gives sharp 
definition, and lowers the melting point of 
type metal. Precision in duplication, durabil- 
ity, the metallic luster, and economy are char- 
acteristics of antimonial alloys such as pewter. 
The amount of antimony used to harden the 
lead alloys for car battery grids has been re- 
duced over the years. Antimony has been re- 
placed by other metals in batteries for starting, 
lighting, and ignition, although it is still used 
in some replacement batteries. 

High-purity antimony metal is being used 
in increasing amounts in intermetallic com- 
pounds for electronic semiconductors and 
thermoelectric devices. | 

The decline in the use for batteries is being 
offset by increased consumption of antimony 
oxide as a flame retardant, now the dominant 
market for primary antimony. In fact at present 
the main use for antimony (IlI) oxide is as a 
flame retardant in plastics. Large quantities of 
both antimony trioxide and trichloride are 
consumed in rendering textiles, plastics, and 
other combustible substances flame retardant 
or self-extinguishing. Textile finishes consist- 
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ing of antimony trioxide, chlorinated paraffin 
wax, and lime protect the fibers from damage 
by ultraviolet radiation. Further, antimony tri- 
oxide is used extensively in plastics, metal- 
ware, and ceramic enamels. It is used as a 
white pigment in paints. Its unusual light- 
transmission characteristics make it useful in 
glass manufacture. 

The crude commercial antimony sulfide can 
be used directly in the manufacture of matches 
or Bengal lights. For the production of high- 
quality pyrotechnics, e.g., electrically ignited 
detonators, the crude antimony must be re- 
melted in a reducing atmosphere at as low a 
temperature as possible. Under these circum- 
stances, a well-crystallized, readily ground 
product is obtained. For several years, syn- 
thetic antimony(IIT) sulfide that satisfies the 
severe requirements imposed in pyrotechnics 
has been prepared from sulfur and antimony. 

Antimony compounds yield black, vermil- 
lion, yellow, and orange pigments. Antimony 
trisulfide, which reflects infrared radiation 
much like vegetation, is a constituent of cam- 
ouflage paints. Antimony pentasulfide is used 
as a vulcanizing agent in rubber. uide 

Antimony finds a number of uses in ammu- 
nition. In alloys it hardens lead small-arms 
bullets and shot. Tracer bullets have a basal re- 
cess containing a light-emitting antimony sul- 
fide mixture. A small annual tonnage of 
antimony trisulfide goes into the production of 
percussion primers, in which it acts as a fric- 
tion composition and heat-transfer medium. 

Burning antimony trisulfide emits a dense 
white smoke, which is used in visual fire con- 
trol, marine markers, and visual signaling. 


14.13 Economic Aspects 


Antimony is produced from its ores and as 
a smelter by-product in about 20 countries, on 
all continents. Most of the 1979 production is 
attributed to Bolivia, South Africa, China, and 
the former Soviet Union, which together con- 
tributed 67 of the estimated total (also see 
Section 14.4). Table 14.4 shows the mine and 
smelter production by country in 1978. 
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The total 1978 world production of primary 
and secondary antimony was approximately 
145 600 short tons; therefore, 5096 is pro- 
duced from scrap. 

The U.S. consumption by end use is shown 
in Table 14.5. 


Table 14.4: World production of primary antimony in 
1978, tons of metal. 


Country Mine Smelter 
North America 
United States 1213 12 800 
Others 5780 1270 
Total 6 993 14 070 
South America 
Bolivia 12671 2 903 
Others 1148 453 
Total 13 819 3356 
Europe 
Belgium — 7711 
France — 7 983 
Germany — 2 268 
Former USSR 7 892 6 350 
Yugoslavia 2 758 544 
Others : 2210 5217 
Total 12 860 30 073 
Africa 
South Africa 9 093 — 
Others 2 465 — 
Total 11 558 — 
Asia and Australia 
Japan | — 7257 
China 12 700 10 433 
Thailand 2873 272 
Other Asian countries 3.597 453 
Australia 1514 == 
Total . 20 684 18 415 
World total 65 914 65 914 


Table 14.5: U.S. antimony consumption, tons. 


1970 1974 1979 ° 
Transportation, including 


batteries 18757 17782 18506 
Flame retardants 2358 6063 8890 
Chemicals 5652 6871 5806 
Miscellaneous 2377 1077 3068 
Rubber products 2540 3638 2721 
Machinery 1451 2020 2268 
Ceramics and glass 1633 2425 2086 


14.14 ‘Toxicology 


Antimony, which is considered a nonessen- 
tial element, is comparable in its toxicological 
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behavior to arsenic and bismuth [51]. In anal- 
ogy to arsenic, trivalent antimony compounds 
generally are more toxic than the pentavalent 
compounds [52]. Poisoning with antimony 
and its compounds can result from acute and 
chronic exposure, especially from exposure to 
airborne particles in the workplace; to a minor 
extent, exposure occurs through treatment of 
tropical diseases with antimony compounds. 


Most antimony compounds, mainly those 
with poor water solubility, are absorbed only 
slowly from the gastrointestinal tract. Triva- 
lent compounds especially tend to accumulate 
in the human body, because they are excreted 
very slowly via urine and feces [52]. Anti- 
mony and its compounds react readily with 
mercapto groups in various cellular constitu- 
ents, especially in enzymes, blocking their ac- 
tivity. After acute and chronic exposure 
highest concentrations are found in liver, kid- 
ney, adrenals, and thyroid. 


Acute Toxicity. Acute oral poisoning by anti- 
mony compounds after ingestion of contami- 
nated drinks was observed in 150 children; the 
symptoms were nausea, diarrhea, and vomit- 
ing [53]. Acute respiratory exposure of seven 
workers to 70-80 mg/m? of antimony trichlo- 
ride, SbCl,, resulted in irritation of the upper 
respiratory tract [54]. Antimony pentachlo- 
ride, SbCl., caused severe pulmonary edema 
in three cases, two of them being lethal [55]. 
Stibine, SbH,, a highly toxic, relatively unsta- 
ble gas with an unpleasant odor, causes symp- 
toms of the central nervous and circulatory 
systems, such as nausea, vomiting, headache, 
slow breathing, weak pulse, hemolysis, hema- 
turia, abdominal pain, and death [56, 57]. Stib- 
ine is generated if nascent hydrogen can react 
with antimony in acid, e.g., in lead acid batter- 
ies, where antimony may be a component of 
the battery plates [58]. 

. A People who are exposed to antimony and its 
compounds often show transient pustular skin 
eruption [59]. These “antimony spots" mainly 
occur in those regions of the skin that are ex- 
posed to heat and sweat. 


Antimony trifluoride and pentafluoride are 
highly toxic and irritant to the skin; they cause 
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eczematous eruptions and inflammation of 
mucous membranes of nose and throat. 


Chronic Toxicity. Chronic poisoning after 
oral ingestion of antimony compounds has 
been observed in many cases of clinical treat- 
ment with antimony compounds. These 
chronic intoxications resulted in nausea and 
vomiting [60]; liver damage, with increased 
plasma values of aspartate-aminotransferase 
and alanine-aminotransferase [61]; changes 
in the electrocardiogram, indicating a car- 
diotoxic effect of these compounds [62]; and 
even sudden death [63]. 

Most cases of chronic respiratory intoxica- 
tions result from exposure to airborne particles 
in the workplace. In a study involving 78 
workers in antimony smelters, symptoms such 
as soreness, nosebleeds, rhinitis, pharyngitis, 
pneumonitis, and tracheitis could be observed 
after exposure times of up to five months, the 
air containing antimony trioxide, Sb 203, in a 
concentration of 4.7-11.8 mg/m? [59]. Long- 
term exposures often result in lung X-rays that 
are similar to those seen in pneumoconiosis 
[64]. Workers who had been exposed to Sb,0, 
for up to 28 years had pneumoconiosis (21%) 
and symptoms of emphysema (42%) [65]. 
Bneger et al. [66] extensively examined 125 
workers who had inhaled antimony trisulfide, 
Sb,S, in air at concentrations of 0.6—5.5 
mg/m? for 8—24 months. An increased mor- 
bidity and mortality were observed among 
these workers. Changes in the electrocardio- 
gram were seen in 37 cases out of 75. In addi- 
tion, a significantly higher incidence (696) of 
peptic ulcers occurred within the group of 
workers exposed to antimony compared to the 
incidence within the total plant population 
(1.5%). During the period of this study, six 
workmen died suddenly, and two others died 
from chronic heart diseases. After extensive 
exposure to antimony fumes, workers showed 
gastrointestinal symptoms, such as diarrhea, 
vomiting, and abdominal convulsions [59]. 


Mutagenicity, Carcinogenicity. Antimony 
has been demonstrated to be mutagenic in bac- 
teria and phages, and to induce chromosomal 
aberrations and abnormal cell divisions in ani- 
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mal and plant cells [67]. Antimony trioxide is 
a suspected carcinogen in humans [68]. 


Toxicological Data. Antimony, Sb, MAK 0.5 
mg/m*, LDLo 100 mg/kg (rat, intraperit.) [69]. 

Antimony hydride, stibine, SbH,, MAK 0.1 
ppm (0.5 mg/m), LCLo 92 ppm (guinea Pig, 
inhalation, 1 h) [70]. 

Antimony trifluoride, SbF, MAK 0.5 
mg/m? (as Sb), TLV 0.5 mg/m? (as Sb), LDLo 
100 mg/kg (guinea pig, oral) [71]. 

Antimony pentafluoride, SbF;, MAK 0.5 
mg/m? (as Sb). 

“Antimony trichloride, SbCl,, MAK 0.5 
mg/m? (as Sb), TLV 0.5 mg/m? (as Sb), TDLo 
73 mg/m? (human, inhalation) [54]. 

Antimony pentachloride, ZC, MAK 0.5 
mg/m? (as Sb), TLV 0.5 mg/m? (as Sb), 1р, 
1115 mg/kg (rat, oral) [72], causes mutation in 
Bacillus subtilis at 30 uL/disk [73]. 

Antimony trioxide, Sb,O,, carcinogenic po- 
tential suspected for humans, TLV 0.5 mg/m? 
(as Sb), TCLo 4.2 mg/m? during 52 weeks, 
carcinogenic (rat, inhalation) [74]. 

Antimony pentoxide, Sb,0;,, LDLo 4000 
mg/kg (rat, intraperit.) [69]. 

Antimony trisulfide, Sb;S;, TLV 0.5 mg/m? 
(as Sb), TCLo 580 ug/m* during 35 weeks 
(humans, inhalation) [66], LDLo 1000 mg/kg 
(rat, intraperit.) [69]. 

Antimony pentasulfide, Sb,S4, TLV 0.5 
mg/m? (as Sb), LD,, 1500 mg/kg (rat, intra- 
perit.) [69]. 
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15.1 Introduction 


Bismuth belongs to the fifth main group of 
the periodic table. Its chemical behavior is 
similar to that of the other group VB elements 
arsenic and antimony. 

The electron configuration is [Xe] 4/4 5d!° 
6526р?. Only one stable isotope, *”Bi, is 
known, but there are several unstable isotopes 
(Bi— Bi). Isotopes with mass number > 
210 are found in the natural decay chains of 
radioactive elements. Isotopes with mass 
number < 208 have been formed in nuclear 
transformations. 


Bismuth is used as an alloying component 
in fusible alloys, but no commercial use of 
pure bismuth metal is known. Consumption 
seems to be declining: the current world pro- 
duction is only about 4000 t/a. 


Li 


15.2 History 


The name of the metalloid 1s to be found in 
all western languages. It 1s probably of Ger- 


manic origin and was mentioned first by AL- 
BERTUS MagNus (1193—1250). Around 1450 
Basirus VaLENTNUS calls it bismutum and 
PaRaAcELsUS (1493—1541) named the metal 
wismut. GEORGIUS AGRICOLA thought it to be a 
special kind of lead and describes the winning 
of plumbum cinerum. In 1739, Porr finally . 
distinguished pure bismuth from other metals. 
Bismuth was known as a low-melting alloying 
element in the 16th and 17th centuries, and it 
was also used in the form of the subnitrate — in 
cosmetics and medicine. Industrial produc- 
tion began around 1830 in Saxony and in- 
creased after the first bismuth ores were 
shipped to Europe in 1867. The discovery of 
fusible alloys caused production to increase in 
the 1930s [1-4]. 


15.3 Properties [1-5] 


Physical Properties. Bismuth is a heavy, lus- 
trous, silver-white metal with a slight pink 
cast. If solidification is slow, large brittle crys- 
tals form. For a metal, bismuth has some un- 
usual properties: 
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e Like germanium and gallium, its volume in- 
creases on solidification. The increase is 
3.32%. 


e Bismuth is the most diamagnetic metal. Its 
specific susceptibility is -16 x 10? m?/kg at 
293 K. 

e Only liquid mercury has a lower thermal 
conductivity. 


e The electrical resistance of solid bismuth is 
greater than that of liquid bismuth. Super- 
conductivity has not been detected. The in- 
crease in resistivity in a magnetic field (the 


Hall effect) is the largest of all metals. 


e Bismuth alloys show large thermoelectric 


effects. 


e With the exception of beryllium, bismuth 
has the lowest absorption cross section for 


thermal neutrons. 


Atomic radius 0.18 nm 
Melting point 271.40 °C 
Boiling point 1564 °C 
Crystal system rhombohedral 
Lattice constant a=0.47457 nm 
о = 57.24? 
Latent heat of fusion 11 280 J/mol 
Latent heat of vaporization 178 632 J/mol 


Volume expansion on solidification3.3296 


Coefficient of linear expansion 13.5 x 10$ K7! 
Density at 20 °C 9790 kg/m? 
Electrical resistivity 
at 0 °C 106.8 рОст 
at 1000 °C 160.2 
Specific heat at 25 °C 25.5 Jmol `K” 
Thermal conductivity 
at 0 °C 82Js m^ K" 
at 300 *C 11.3 
at 400 °C 12.3 
Vapor pressure 
at 893 °C 1.013 x 10? bar 
at 1053 °C 1.013 x 10? 
at 1266 °C 1.013 x 107 
Surface tension 
at 300 °C 376 mN/m ` 
at 400 °C 370 
at 500 °C 363 
Absorption cross section for (3.4 + 0.2)x 
thermal neutrons 10° m?/atom 
Hardness, Brinell 184 N/mm? 
Hardness, Mohs 2.5 
Poisson’s ratio 0.33 
Shear modulus 12 400 MPa 
Modulus of elasticity 338 GPa 
Tensile strength at 20 °C 
soft 5 MPa 
hard 20 
Diffusion coefficient of Bi in 
dilute Bi-Sn alloys [7] (2.33 + 0.18 cm?/s) x 
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10 e 97 where 
О = 10.6719 + 0.365 


kJ/mol 
Viscosity [8] 
at 300 °C 1.65 MPa:s 
at 350 °C 1.49 
at 400 °C 1.37 
at 500 °C 1.19 
at 600 °C 1.06 
Hall coefficient at 18 °C —6.33 x 107 mAs 


Magnetic induction 0.393 T 

Thermal expansion, compressibility, heat 
conduction, self-diffusion, electrical resistiv- 
ity, and mass susceptibility depend on crystal 
onentation [8]. 


Chemical Properties. Bismuth is not very re- 
active; generally, it is less reactive than lead 
and more reactive than silver. It shows anneal- 
ing colors when heated but otherwise does not 
oxidize in dry air. Liquid bismuth is covered 
by an oxide film of Bi,O, that protects it from 
further oxidation. At 817-821 °C the oxide 
melis, and then the metal oxidizes rapidly. 
Therefore it is possible to separate bismuth 
from the noble metals by cupellation. Mois- 
ture is slightly oxidizing at high temperatures. 
Other possible oxides are Bi,O, and Bi,O,. In 
most compounds, bismuth has a 3+ oxidation 
state, although in some compounds, such as 
Bi4O,, bismuth pentahalides, and a number of 
organobismuth compounds, it has oxidation 
state 5+. Stable compounds with selenium and 
tellurium have interesting semiconductivity 
and thermoelectric properties. Bismuth has a 
standard electrode potential of +0.28 V, plac- 
ing it between antimony and copper in the 
electrochemical seres. It can be separated 
from lead by electrolysis [2]. 


15.4 Occurrence [2.3] 


Bismuth ranks 64th in abundance in the 
earth’s crust; like antimony and cadmium, its 
abundance is estimated to be 0.17 to 0.2 ppm. 
Most bismuth sulfides occur associated with 
lead, copper, and silver. A few deposits in 
which bismuth is a major mineral are also 
known. The most important pure bismuth 
minerals are native bismuth and bismuth 
glance, Bi,S3. Other bismuth minerals are bis- 


Bismuth 


mite, Bi,O,; bismuth ocher, Bi,O,-3H,O; and 
bismutite and bismutosphzrite, Bi,(O,/CO,). 
Deposits from magmatic granite nearly al- 
ways contain bismuth in low concentration. 
Bismuth is mainly found surrounding intru- 
sive rocks, thus it is perimagmatic. Together 
with complex minerals of silver, copper, and 
lead, it can end up in deposits far from inge- 
neous bodies. If the other elements are carried 
further, the bismuth ocher left may bé worth 
working. 
Significant European deposits are situated 
in Spain and Saxony (Germany). In China bis- 
muth occurs together with tungsten, molybde- 
num, and tin ores, which may be dressed up to 
60-63% Bi. Bismuth minerals are found to- 
gether with tungsten ores in South Korea. Im- 
portant ex-USSR deposits are in Adrasman, 
Tajikistan. The most important bismuth de- 
posits are in South America. The Cu, Pb, and 
Zn concentrates from Peru (Junin and Oroya) 
contain bismuth; in Bolivia, bismuth is found 
together with tin and sometimes with tung- 
sten. Mines are found in Tasua and Chorolque, 
Department Potosi, and Caracoles, Cimsa 
Cruz Cordillere, where oxide and sulfide con- 
centrates with 35-45% Bi are produced. 


15.5 Production 


Bismuth is produced in small amounts from 
so-called bismuth ores or concentrates. The 
largest amounts are recovered as by-products 
from lead and copper production, mostly dur- 
ing processing complex copper concentrates. 
Bismuth is also won from molybdenum, tung- 
Sten, and tin concentrates. 


15.5.1 Crude Bismuth from 
Bismuth-Rich Mixed Concentrates 


Only in rare cases are as-mined ores rich 
enough to be treated directly to produce metal. 
Usually the ores have to be enriched before 
processing. Because of the large variety of ore 
compositions there is no standard procedure 
for upgrading. A special process has to be de- 
veloped for each deposit: mechanical enrich- 
ment and flotation are usually the preferred 
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methods. Often these methods do not produce 
the desired results, and the bismuth concen- 
trates must be enriched further, either. by 
leaching or by volatilization, or some combi- 
nation of both. 

For the selective separation of bismuth 
from complex nonferrous metal concentrates 
that contain up to several percent bismuth, 
leaching with hydrochloric acid has proved ef- 
fective: ? 


Bi,S, + 6HCI — 2BiCl, +3H,S 


If weak acid is used, the reaction must be 
supported with DO. The bismuth is precipi- 
tated by hydrolysis on dilution or partial neu- 
tralization, 

BiCl, + H,O > Bi(OH)CI, + НСІ 

Bi(OH)CL — BiOCI + НСІ 

or by cementation with iron turnings, 
2BiCl, + 3Fe — 3FeCl, + 2Bi 


Neither procedure leads to a pure precipi- 
tate. The hydrolysis precipitates slightly solu- 
ble chlorides along with the bismuth 
compound. These chlorides can be precipi- 
tated only partially in advance. The cementa- 
tion also precipitates the more noble metals. 
Such precipitates are usually smelted with 
soda or Na,S to separate bismuth metal from 
copper and lead, which go into a matte low in 
bismuth. 


Processing of Complex Molybdenum-Bis- 
muth Preconcentrates. The bismuth in a pre- 
concentrate containing 4.896 Bi, 14.596 Mo, 
17.9% Fe, 8.0% Pb, 2.5% Cu, and 7.4% SiO, 
can be dissolved with concentrated hydrochlo- 
ric acid; molybdenum does not dissolve. The 
dissolved bismuth is then cemented with iron 
turnings. 
Composition, % 

Mo Bi Cu 
Concentrates before leaching 14.5 48 2.5 
Concentrates after leaching 16.3 0.02 — 
Cementate «0. 86-95 «01 


* Not usually given. 


The enriched product is refined. The bis- 
muth-free: molybdenum preconcentrates may 
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be upgraded further by flotation [9]. The flow 
diagram of this process is shown in Figure 
15.1. The Molybdenite Corporation of Canada 
floats bismuth-containing molybdenum ores: 
70-80% of the Bi and 93-95% of the Mo are 
recovered. This process produces a highly en- 
riched Мо--Ві concentrate and an Mo concen- 
trate (Table 15.1). In the first stage the Mo-Bi 
concentrate is leached with hydrochloric acid 
at 90-100 °C and finally with nitric acid. 
ВІОСІ precipitates from the bismuth-contain- 
ing solution upon dilution to pH 2-3. Silver 
and lead chlorides also precipitate. Copper 
may be cemented afterwards with iron scrap. 
The BiOCI can be smelted with coal, caustic 
soda, and sodium sulfate at 820 °C. The cop- 
per and iron go mostly into the slag. The crude 
bismuth has to be refined further [10]. 
Mo-Bi preconcentrate 
Conc. HCl 










HCl teaching 
12M НСІ,80-90°С,2һ 


Underflow H,0 


Countercurrent decantation 


Under flow 


Fittrate 








Overflow 





Filtration 






Filtrate 


Cementation 
80°C,2h 






Residue 










Iron turnings 


Filter cake 


Molybdenum 
flotation 


Cemented bismuth HCt-containing 


effluents 


Figure 15.1: Hydrometallurgical separation of bismuth — 


from Mo- Bi preconcentrate [9]. 


Processing of Sulfidic Copper-Bismuth 
Concentrates. The recovery of crude bis- 
muth from sulfidic Cu-Bi concentrates is best 
illustrated by two examples. 

The bismuth can be dissolved selectively 
with НСІ in the presence of an oxidizing agent 
and precipitated as ВІОСІ by hydrolysis on 
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neutralization of the solution. Figure 15.2 
shows the flow diagram, and Table 15.2 shows 
the distribution of elements in the intermediate 
products. The wash water is recycled, which 
increases the recovery of Cu, Bi, and Pb. Alto- 
gether 95% of the bismuth (and = 1% of the 
copper) is found in the BiOCI precipitate, and 
98% of the copper (and = 4% of the bismuth) 
is found with the copper concentrate and ce- 
ment copper. 


Cu-Bi concentrate 







HCl 
H0; 





HCl leaching 
15M НСІ,96°С,3һ 






Filtration 


Solution 










Copper concentrate 





Cooling to 20°C 
decantation 







Chloride precipitate 
Solution 






Neutralization 
Hydrolysis 





Na,0 
H,0 






Filtration 


Solution Bo) 


| precipitate 
Iron turnings 


Cemented copper  Effluents 


Figure 15.2: Hydrometallurgical separation of Bi from 
Cu-Bi concentrates [11]. 


Table 15.1: Bismuth separation from bismuth-containing 
molybdenum ores [10]. 





Concentration, 96 
MoS, Bi Cu Fe 
Ore, as mined 0.32 0.042 <0.1 0.5-2.0 
Mo-Biconcentrate 75-80 6-9 1P2 — 
DOC) — ‘75 0.3 Ар 4Pb 
Crude bismuth — 96  03Ag 3Pb 


Substance 


Bismuth 


Table 15.2: Distribution of elements (96) in various inter- 
mediates of the oxidizing leaching process for Cu-Bi con- 
centrates [11]. 


Substance* Bi Cu Pb Ag Au 
Cu concentrate 4 76 80 82 100 
Chloride precipitate ^ «1 — 9 8 — 
БОС! 74 «1 «2 «3 — 
Cemented copper — 4 «1 — — 
Wash water 21 8 3 — — 
Effluents — «l -=-= — — 


*Percentage of the initial concentrations in the Cu-Bi concentrate. 
These initial concentrations are 1.7% Bi, 10.8% Cu, 8.0% Pb, and 
0.34% Ag. Also present are 26.0% Fe, 29.4% S, 12.0% SiO}, and 
2.896 Zn. 


Table 15.3: Bismuth contents and distribution during con- 


ventional lead smelting [13]. 
Substance Bi content, % Bi distribution, 96 


Sinter roasting input 


Lead concentrates 0.03 66.3 

Lead flue dusts 0.06 13.9 

Copper flue dusts 0.07 15.1 
Sinter roasting output 

Sinter 0.04 97.5 

Flue dust 0.08 2.5 
Blast furnace input 

Sinter 0.04 75.0 

Drosses 0.07 14.4 

Pb—Ag residue 0.02 31 , 

Recycled slag 0.08 5.9 
Blast furnace output 

Pig lead 0.08 77.3 

Flue dust 0.04 12.8 

Slag 0.001 1.1 





The Cu-B concentrate is leached first with 
hydrochloric acid (90—100 °C) and then with 
nitric acid. В1ОС1 precipitates from the solu- 
tion after dilution to a pH of 2-3. Silver and 
lead chlorides coprecipitate. Copper may be 
cemented afterwards with iron scrap (11]. — 


Bismuth copper concentrates are smelted in 
Telamayu, Bolivia, under reducing conditions 
after addition of soda to produce crude bis- 
muth (> 92% Bi), a lean alkaline copper.matte 
(< 10% Cu, <0.3% Bi, < 20% Na), and a slag 
waste. The soda makes the slag low melting (« 
1000 °C) and keeps the Bi content of the cop- 
per matte as low as possible. The flow sheet is 
shown in Figure 15.3. The crude bismuth is re- 
fined by conventional pyrometallurgical 
methods, the prerefining in Bolivia, the final 
refining in Belgium [12]. 
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: Figure 15.3: Processing of Bi-Cu concentrates in Telam- 


ayu, Bolivia [12]. 


15.5.2 Crude Bismuth from Lead 
Concentrates 


Lead concentrates can contain significant 
quantities of bismuth. The average bismuth 
contents (g/t) are given below for several such 
concentrates [2]: | 


Kassandra, Greece 1800-2400 
La Oroya, Peru 2300 
Trepéa, Yugoslavia 1600 
Saxberget, Sweden 1100—1200 
Міро, Peru 1050 
Aouli, Morocco 900 
Atacocha, Peru 850 

Raura, Peru 300—500 


Bathurst, New Brunswick 450 
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Kimberley, British Columbia 350 


Renstróm, Sweden 350 
Garpenberg, Sweden 140—240 
Rammelsberg, Germany 130-150 


Lead production is usually carried out in 
two steps: (1) sintering and (2) reduction in a 
blast furnace. During this process the bismuth 
follows the lead without major losses, despite 
the volatility of bismuth (Table 15.3). In any 
case, the flue dusts are usually recycled. The 
loss of bismuth in the slag is low, since bis- 
muth is reduced before lead [14]. 


Usually, bismuth is only a trace element 
throughout lead processing: only during lead 
refining 1s it enriched up to a few percent. The 
clean separation of bismuth from lead and the 
other elements present cannot be done by py- 
rometallurgical or electrolytic refining. Bis- 
muth has less tendency than lead to form 
oxides, sulfides, or halides. Therefore, normal 
pyrometallurgical refining is not possible. 
Also, itis less electropositive: 


S™ + 2е7 ә Sn -0.14 V 
РЬ? + 2e7 — Phe -0.13 V 
ЗЬ? + Зе” — Sb, +0.2 V 
DÉI + Зе” 2 Big +0.28 V 
Аз?* + Зе” ә Aën 30.3 V 
Cu* + 2e 2 Cu 40.345 V. 


Electrolytic refining can separate lead and 
bismuth, but Sb, As, Bi, and Cu remain to- 
gether. 


15.5.2.1  Pyrometallurgical 
Separation of Bismuth from 
Metallic Lead 


One method has been found to separate bis- 
muth from lead: precipitation of the interme- 
{айс compound CaMg.,Bi, The CaMg,Bi, 
forms after addition of calcium—magnesium 
alloy to bismuth-containing lead melt (Kroll- 
Betterton process) The calcium and magne- 
sium are added at 420 ?C to the lead bath. The 
temperature is allowed to fall at a rate of 20 
K/h until it is close to the melting point 
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(330 °C). Then the intermetallic compounds 
rich in bismuth solidify, and, having a lower 
density than lead, float to the top, where they 
can be removed in the dross by skimming. The 
simultaneous solubilities of Ca, Bi, and Mg in 
lead close to its melting point can be calcu- 
lated from the solubility product [15]. 


[Mg, %], x [Ca, %]p, x [Bi, %]2, = 4.3 x 10% 


Figure 15.4 shows these equilibrium solu- 
bilities of bismuth in the lead corner of the РЬ 
Ca-Mg system. In practice, the bismuth con- 
centrations in refined lead are slightly higher 
than the calculated values: usually = 0.01%. 
This is shown in Table 15.4 for two reported 
cases. The final bismuth concentration can be 
reduced below 0.01% if antimony is added to 
a melt already treated with Ca and Mg [18]. 


The Ca-Mg consumption can be calcu- 
lated. Because the residual concentrations of 
Ca and Mg are greater for lower bismuth con- 
tents, the specific consumption is much 
greater for low Bi contents, as can be seen in 
Table 15.5 [16, 17]. 


Earlier, a mixture of K and Mg was used to 
separate the bismuth (Jollivet-Penarroya pro- 
cess), but the process is no longer in use. The 
reactions are analogous [15]. 


Table 15.4: Concentrations (96) in molten lead after bis- 
muth separation and calculated solubility product. 


2 
Smelter Ві Mg Ca [MEX Bet 
He ee Меке EE Е 
Chimkent 0.009 0.145 0.066 11х10" [16] 


Norddeutsche 
Affinerie 0.014 01 0.03 0.6х107 [7] 





Table 15.5: Specific Ca and Mg consumptions for Bi re- 
moval from lead melts. 





[Bi]Pb, % ae ka Bi conicit 
before after Ca Mg 
0.05 0.009 1.06 3.5 calculated 
0.09 0.009 0.62 2.05 calculated [16] 
0.18 0.009 0.36 — 1.06 calculated [16] 
0.2 0.020 0.25  0.60* 
0.68 0.014 0.15 0.39 [17] 





* Calculated from data in Ullmann, 3rd ed. vol. 18, p. 635. 
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Figure 15.4: The Pb-Bi-Ca-Mg system, the liquidus surface in the lead corner [15]. 
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Figure 15.5: Conventional treatment of bismuth dross 
[19]. 


15.5.2.2 Processing of Bismuth- 
Containing Drosses 
The dross resulting from the Kroll-Better- 


ton process contains only a few percent bis- 
muth. A typical composition is 6% Bi, 0.8% 


Ca, and 1.3% Mg. The rest is Pb. If possible, 
the dross is enriched before bismuth recovery. 

Several methods are available: liquation, 
pressing with a Howard press, partial oxida- 
tion, or partial chlorination. Usually one-stage 
enrichment is insufficient, so a multistage pro- 
cedure is chosen. Often tar oil is mixed with 
the hot dross, which then burns immediately, 
oxidizing part of the Mg and Ca. At the same 
tme the lead melts and separates from the 
dross. The flow sheet is shown in Figure 15.5. 
The solid dross remaining can be smelted to a 
lead-bismuth alloy. Calcium and magnesium 
can be removed from the dross by adding lead 
chlonde. 


РЬСІ, + [Ca, Mg] — Pb + [Ca, Mg]Cl, 


The resulting Pb-Bi alloy containing 20— 
30% bismuth is chlorinated at 700-800 °C. 
The lead is converted to PbC1,. The crude bis- 
muth contains less than 0.5% lead. 

A process proposed by ASARCO (Figure 
15.6) minimizes the costs. Vacuum filtration at 
450 °C separates most of the lead without oxi- 
dation. The filter cake is heated slightly higher 
and burns, mostly by self-sustaining combus- 
tion. Washing with PbCl, separates the oxide 
residue into a Pb-Bi alloy and an oxide chlo- 
ride slag. The alloy is refined in the usual way 
[19]. | 


852 


Although chlorine can be used to separate 
lead and bismuth, chlorine consumption is 
high and PbCL, not Pb, is produced. Both the 
Norddeutsche Affinerie, Hamburg, and the 
Vieille Montagne, Belgium, have chosen an- 
other method. The Bi-Cu-Mg dross is soaked 
in a Pb-Bi melt. The Ca and Mg are oxidized 
in the presence of small amounts of NaOH, « 
20 kg per tonne dross. The bismuth-rich lead 


is cast into anodes and electrolyzed to pure - 


lead and anode slime, which can be melted to 
give crude bismuth. Only the lead remaining 
in the crude bismuth is chlorinated. In this way 
the largest portion of the lead is obtained di- 
rectly as metal [17, 20]. 


15.5.2.3 Electrolytic Separation of 
Lead and Bismuth. 
Bismuth Production 


Some lead producers use electrolytic lead 
refining, usually with PbSiF ,-H,SiF, electro- 
lyte, which allows an almost complete lead 
bismuth separation, independent of the bis- 
muth content. Final bismuth contents € 10 
ppm can be achieved [17, 19, 21]. Almost all 
the bismuth goes into the anode slimes, which 
can contain between 2 and 25% Bi, depending 
on the bismuth content of the anodes (Trail, 2- 
4%; Oroya, 18-22%; Kamioka, 22% [2]). 


At Centromin (formerly Cerro de Pasco 
Corp.) in La Oroya, Peru, dried anode slimes 
(35% Sb, 22% Bi, 14% Pb, 9% Ag, 0.03% 
Au) are smelted in a reverberatory furnace to 
partially evaporate the antimony. The metal 
then is 22.9% Sb, 30.8% Bi, 21% Pb, 19.6% 
Ag, and 0.069% Au. This metal is air-oxi- 
dized in a converter in two stages. In the first 
stage, at 900—1000 °C, a metal with = 45% Bi 
is produced. In the second stage, at 1100— 
1200 °C, a high-grade lead silver—bismuth al- 
loy, 50-55% Ag and 30% Bi, and a slag with 
40% Bi, 11% Pb, 496 Cu, and 2.5% Sb are ob- 
tained. This slag can be reduced at 1000— 
1100 ?C to crude bismuth (7396 Bi, 1796 Pb, 
3.6% Ag, 3% Cu) [2, 22]. The flow sheet is 
shown in Figure 15.7. 
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Figure 15.6: Bismuth treatment at ASARCO [19]. 


The anode slimes of the electrolytic lead re- 
finery of Consolidated Mining and Smelting 
Corp., Trail, Canada, contain only 2-496 Bi. 
These anode slimes are smelted in a reverbera- 
tory Furnace at 900—950 °C, and the resulting 
alloy is oxidized in two stages, at 800—850 *C 
for arsenic and antimolly oxidation and at 
1000-1100 °C for oxidation of bismuth, lead, 
and copper. The slag of the second stage is the 
raw material for bismuth recovery. It is re- 


duced to give a Pb-Bi alloy with 25-30% Bi, . 


which is desilvered and again electrolyzed. 
The secondary anode slime consists mostly of 
bismuth. It contains 2% Pb and only traces of 
other elements. The slime is reduced to crude 
bismuth. After treatment with chlorine to re- 
move lead, final treatment with caustic soda 
yields bismuth of 99.994 % purity (20 ppm Pb, 
14 ppm Cu, 33 ppm Ag). Figure 15.8 shows 
the flow sheet [2]. 


Bismuth 853 


Ory anode slimes from Pb 
and Cu electrolysis 


Residues from 
selenium plant 
and bismuth 
refining 











Waste gas 


Cottrell 
electrofilter 


Reverberafory furnace 





Alloy + slag 





















flue dust 
| Ag-Bi-Pb alloy 
from antimony plant 
plant 
Converter oxidation, 2 
Slag first stage Slag (lithar ge) 
Ag-rich metal 
from bismuth smelter 


refining” 


Converter oxidation, 
second sfage 


Ag-Bi-Pb alloy 


Cupellation 


Crude silver 





Waste gas 






Ag-rich bismuth 
litharge 


Bismuth slag 


Coal pyrite, 

copper dross 
from bismuth 
refining 









Ag-poor 
bismuth 
litharge 


Waste gas 
Reverberatory furnace 


Copper Copper 
matte smelter 
Crude bismuth 


Figure 15.7: Recovery of crude bismuth from anode slimes at La Oroya, Peru [23]. 


The lead anode slime in San Gavino Моп- which are rich in bismuth, are smelted directly 
reale is treated to produce antimonial lead and to crude bismuth [17]. The flow sheet is 
bismuth. 

Norddeutsche Affinerie has a special status 
among bismuth producers. The Kroll-Better- 









shown in Figure 15.9. The intermediate prod- 
ucts have the following compositions (96): 


ton procedure gives a Bi-Ca-Mg dross, which  — 1 D — Cu _ B ` 
is separated from lead (0.05-3.5% Bi) and Anodes 90-95* «0.01 4-8 
melted to a Pb-Bi alloy. This alloy is refined Cathodes 99.99 0.0003 0.001 
along with prerefined bismuth-rich lead in an Anode slimes 244 0.06 88-90 
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Figure 15.8: Bismuth recovery from lead anode slimes. 
Consolidated Mining and Smelting Co. of Canada [2]. 
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15.5.3 Crude Bismuth from 
Copper and Tin Concentrates 
Bismuth Separation from Copper Concen- 


trates. Copper concentrates contain various 
amounts of bismuth. In g/t, 


Gaspé, Québec 250 
Skelleftea district, Sweden 700 
Bathurst, New Brunswick [14] 200 
Adrasman, Turkestan several percent 
La Oroya, Peru 400 
Rokana, Sambia 200 
Mufulira, Sambia 300 
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Figure 15.9: Simplified flow sheet of lead refining and 
bismuth separation at Norddeutsche Affinerie, Hamburg 
[17]. 
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Most of the bismuth is volatilized during 
smelting of the concentrates, but the flue dusts 








Refined lead 





' are recycled to the smelting furnaces, at least 


in flash smelters, so that separation at this 
stage is not possible. In the following con- 
verter step the bismuth (more than 50%), 
along with Pb, Sb, and As, can be separated 
and enriched in the flue dust, which contains 
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several percent bismuth. After decopperiza- 
tion by leaching with sulfuric acid, these flue 
dusts are sent to lead smelters for further metal 
recovery. The bismuth distribution in various 
steps is shown in Table 15.6. 


Separate treatment of the converter flue 
dusts is also possible. After decopperization, 
bismuth can be leached out selectively with 
H,SO,-NaCl. It is precipitated as BiOC] [25]. 

The bismuth remaining in the blister copper 
is difficult to remove by distillation [26] or 
dunng copper electrolysis. The anode slimes 
contain considerable amounts of bismuth (Ta- 
ble 15.7), and treatment of these copper anode 
slimes enriches bismuth in the lead—bismuth 
litharge, which can be processed pyrometal- 
lurgically (Figures 15.7 and 15.8). 


Table 15.6: Bismuth distribution (%) during copper 
smelting and converting. 


Matte melting matte slag fluedust Ref. 
10 10 80 [24] 
35 15 50 [25] 
Converting blister slag flue dust 
copper 
5 0. 95-90-85 [24] 
10-15 0 [25] 
Electrolysis cathodes anode slimes electrolyte 
<5 30-60 65-35 [24] 





Bismuth Separation from Tin Concen- 
trates. Tin concentrates often contain bis- 
muth. The bismuth can be leached with HCl 
and then precipitated as ВІОСІ, a process sim- 
ilar to the treatment of molybdenum concen- 
trates [6]. 

In Vinto, Bolivia, the 0.5-5% bismuth is 
separated from the rich tin concentrates (55- 
63% Sn) by volatilization during a chloridiz- 


Table 15.7: Average content of copper anode slimes, % [19]. 


Se Te 
Rönnskär, Sweden 20 1 
Rokana NCCM, Sambia 13 1 
Kennecott Copper Corp., Garfield, UT 11-12 5 
Mufulira RCM, Sambia 5 0.3 
Port Kembla, New South Wales 3 25 
Centromin, La Oroya, Peru 2.5 3 


Anaconda Co., Great Falls, MT 1.5 6 
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ing roasting process in a multiple hearth fur- 
nace. Optimum volatilization occurs at 800— 
850 °C for an NaCl excess of only 25-5096. A 
retention time of = ] h leads to a volatilization 
exceeding 97%. The volatilized chlorides are 
absorbed in water and precipitated as ВІОСІ 
[27, 28]. 


If the bismuth is removed only partially or 
not at all from tin ores before reduction, it is 
reduced together with tin and can be séparated 
with lead by vacuum distillation at = 1150 °C 
and 10 Pa (0.1 mbar). The primary condensate 
is distilled again to give a secondary conden- 
sate. In this way the tin codistilled in the first 
distillation is recovered [29—32]. The rate-lim- 
iting step is evaporation at 1200 ?C and diffu- 
sion at 1000 °C [29]. The extent of bismuth 
separation is shown in the following, all quan- 
tities in 96 (31, 32]: 


Sn Pb Bi 
Cndetn 97 <2 «03 
Primary condensate 50-60 10-40 3-30 
Secondary condensate 2 80-90 «20 


Refined tin 299.97 «0.02 «0.01 


15.6 Refining 


Crude bismuth is always refined by pyro- 
metallurgical methods, even though electro- 
lytic refining is possible. The 
pyrometallurgical refining is almost identical 
with conventional lead refining consisting of 
the following steps: | 


e Decopperization by liquation and sulfuring 


e Te, As, and Sb removal by addition of 
NaOH-NaNO,, the Harris process 





Element 

Ag Cu Pb Sb As Bi 
10 40 5 1 2 0.5 
4.5 44 1 0.1 0.3 1.1 
14 26 8.6 0.5 1.4 0.14 
11-12 35—43 2-3 — — 0.3 
6 18 10-25 8 7 0.4 
26 — 26 12 1.5 0.9 


28 14—20 45 2-4 4—5 0.2 
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Figure 15.10: Refining of bismuth at Centromin, La Oroya, Peru [23]. 


e Removal of precious metals by Zn addition 
(Parkes process) 
e Lead and zinc removal by chlonnation 
e Final oxidation with air in the presence of 
NaOH | 
With this procedure Norddeutsche Affine- 
ne and Centromin produce 99.999% Bi. The 
residual impurities are 2 ppm Cu, 3 ppm Zn, 
and 2 ppm Fe. Figure 15.10 shows a typical 
flow sheet. 
Liquation slightly above the melting point 
of bismuth removes copper and other impuri- 
ties. Copper can be removed more effectively 


if sulfur, soda, and charcoal are added. At 
400—500 ?C metal sulfides form, reducing the 
copper concentration to 10 ppm. The elements 
Se, Te, As, Sb, Sn, and Zn can be oxidized 
with NaNO, at 400 °C and dissolved in NaOH 
melt. Precious metals are removed by the ad- 
dition of zinc, which forms an insoluble sil- 
ver-zinc alloy. Just as in lead refining, 
removal takes place in two stages: liquation of 
rich and poor silver crusts. Approximately 
12.5 kg Zn per tonne of Bi plus 2 kg Zn perkg 
of Ag are required, much greater amounts than 
in lead refining. The residual contents of Cu, 
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Ni, and Co are removed during desilvering, 
also by formation of insoluble alloys. After 
desilvering, bismuth contains more than 1% 
Zn and residual contents of lead, both of 
which can be reduced to a few ppm by chlori- 
nation at 400—500 °C. Excess chlorine can be 
blown out with air, or the bismuth can be 
washed with NaOH. Also copper, nickel, and 
cobalt can be removed from bismuth with 
chlorine [33]. The chlorination can be sup- 
ported electrochemically: the bismuth melt, 
which is covered with a chloride melt, is the 
anode. Generally NaCl-CaCl, or KCl-ZnCl, 
melt is used. Lead and copper are converted 
into chlorides. Current densities can reach 
0.4-0.8 A/cm? [34]. This multiple-step refin- 
ing can be shortened considerably if the start- 
ing material is crust and dross from bismuth 
separation or anode slime from electrolytic 
lead refining. The quality of refinery bismuth 
is shown in Table 15.8. 


Bismuth of very high purity is produced by 
vacuum distillation or zone melting. The start- 
ing material is always prerefined metal. High- 
est purities can be achieved by a combinatton 
of vacuum distillation and multiple zone melt- 
ing. Vacuum evaporation at 800—850 °C and 
condensation at 650—750 °C refine bismuth al- 
most completely. Al Au, Ba, Be, Ca, Co, Cr, 
Fe, Ga, In, Ir, Li, Mo, Ni, Pd, Pt, Rh, Sn, Sr, Ti, 
and V stay in the residue. Cd, K, Na, Sc, and 
Zn evaporate but do not condense. Only a few 
elements cannot be removed: Ag, As, Mg, Pb, 
and Sb are insufficiently separated. Ce, Mn, 
and T] follow the bismuth. At 800 °C the dis- 
tillation rate is only 3.5 kgm^?h" and at 
850 °C itis only 14 kgm ?h !; 75-80% of the 
feed bismuth can be evaporated [35, 36]. 


Table 15.8: Composition of refinery bismuth [4]. 
Contents, ppm 


19 
Bi% eG Zn Pb Fe 
Centromin, La Oroya 99.999 2 — 3 — 2 
Norddeutsche Affinerie, 
Hamburg 99.99 — — — — — 
Cominco, Trail, Canada 99.999 — —- — — — 
Mitsui, Kamioka 9999 6 9 — 10 — 


San Gavino, Sardinia 9999 10 15 — 10 — 
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Multiple zone melting of distilled bismuth 
produces very pure bismuth. Only 1 ppm of 
Ca, Pb, and Si and a total of 1.5 ppm of Al, Ca, 
Fe, and Mg are found. 


Smelting bismuth with NaOH at 400 *C 
completely removes As, Sb, Sn, and Zn and 
almost completely slags Te and Pb. Careful 
chlorination before distillation and zone melt. 
ing is recommended [37]. Treatment with 
chlorine removes Cu, Pb, Sn, and Zn com- 
pletely. Zone melting then enriches Ag, Cu, 
Ni, Pb, Se, Sn, ТІ, and Zn in the end piece of 
the rod. 


15.7 Alloys 


The binary systems of alkali metals or alka- 
line-earth metals with bismuth show interme- 
tallic compounds with high melting points. In 
the system Bi-Li, for example, the compound 
Li,Bi melts at 1145 °C. Some intermetallic 
compounds, especially those with K, Ca, and 
Mg, are or were used to separate bismuth from 
lead (see Section 15.5.2.1). The systems with 
Zn, Al, Ga, Co, or Si show limited solubility in 
the liquid phase. Bismuth and iron are insolu- 
ble in one another, therefore, iron equipment 
can be used for melting and refining the metal. 
The rare case of complete solubility in both 
the liquid phase and the solid phase appears in 
the system Bi-Sb. Some binary alloys, partic- 
ularly those with Cd, In, Pb, Sn, and Tl, as 
well as some multicomponent alloys, form 
low-melting eutectics (Table 15.9). The most 
common ones, called fusible alloys, are of- 
fered under the trade names Asarcolo, Cer- 
rolow, Cerrobend, Belmont, and Ostalloy. 


Some multicomponent and some noneutec- 
tic compositions have both low melting points 
and the unusual characteristic of not contract- 
ing or even expanding on solidification. The 
alloy with 56% Bi, 20% Sn, and 24% Pb is 
said to have the largest volume expansion of 
any alloy [6]. Some alloys show effectively no 
volume change: 50% Bi-50% Pb and 70% 
Bi-30% Pb, for example. 
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Table 15.9: Fusible alloys [6, 38]. 


Eutectic 


А zl. vig 
System Eutectic composition, % temperature, °C 


Cd-Bi Cd 40, Bi 60 144 


In-Bi In 66.3, Bi 33.7 72 
In 33 : 109 
Bi 67 ` 
Pb-Bi Pb 43.5, Bi 56.5 125 
Sn-Bi Sn 43, Bi 57 139 
Tl-Bi ТІ 23.5, Bi 76.5 198 
T152.5, Bi 47.5 188 
Pb-Cd-Bi Pb 40, Cd 8, Bi 52 92 
Sn-Cd-Bi Sn 26, Cd 20, Bi 54 102 
In-Sn-Bi In 16, Sn 26, Bi 58 79 
ТІ-РЬ-Ві ТІ 11.5, Pb 33.3, Ві 552 . 91 
Т1 48, Pb 9.8, Bi 42.2 - 186 
ТІ-5п-Ві 1114.3, Sn 35.7, Bi 50 124 
T1125, Sn 31, Bi 44 167 
` Pb-Sn-Cd— Pb 26.7, Sn 13.3, Cd 10, 
Bi Ві 50 70 
In-Cd-Pb- In 19.1, Cd 5.3, Pb 22.6, 
Sn-Bi .  Sn8.3, Bi 44.7 47 
In 4.0, Cd 9.6, Pb 25.6, Sn 
12.8, Bi 48.0 64 


Bismuth forms with alkali metals and alka- 
line-earth metals alloys that superconduct at 
low temperatures. Examples are LiBi, NaBi, 
CsBi, and BaBi, Their transition tempera- 
tures are 2.47 K, 2.22 K, 4.75 K, and 4.69 K, 
respectively. 

Bismuth alloys are usually prepared by 
melting the components together, but preal- 
loyed metals are used for the exact adjustment 
of the composition. 

Bismuth is used as an alloy addition in steel 
and aluminum. The fabrication of low-carbon 
steel and stainless steel is improved by addi- 
tion of 0.1596 Bi and 2.296 Pb. To aluminum 
alloys 0.2—0.796 each of bismuth and lead are 
added [6]. 


Uses. The versatility of bismuth alloys results 
from their extremely low melting points and 
their volume changes on solidification com- 
bined with low viscosity and low surface ten- 
sion. The composition can be chosen so that the 
alloy contracts, remains the same, or expands as 
a result of solidification. The last two cases, be- 
cause they are unusual, are the most important. 

The eutectic alloy Bi-Cd-In-Pb-Sn, melt- 
ing at 47 °C, and some alloys melting higher 
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are used for the automatic release of fire alarm 
systems, automatic sprinkler systems, electric 
fuses, and safety plugs for storage tanks. 

Thin-walled tubes and parts for the auto- 
mobile and aviation industries are covered or 
filled up with bismuth alloy melting below 
100 °C before bending or deforming to pre- 
vent collapse. After forming, the alloy can be 
melted out by dipping the part into boiling wa- 
ter. Especially suitable is the eutectic alloy Bi- 
Cd-Pb-Sn, which melts at 70 °C. It is very 
ductile and expands on solidification and dur- 
ing the first hour thereafter; therefore, it keeps 
the worked part under tension during bending 
or forming. 

The noneutectic alloy with 48% Bi, 28.5% 
Pb, 9% Sb, and 14.5% Sn, which melts over 
the range 103—227 °C, expands greatly during 
the first hours after casting, reaching its final 
volume after = 500 h. It can be used to grip 
tubes, tools, punches, and parts to be ma- 
chined. Because it is diamagnetic, it is suited 
for embedding magnets in equipment or filling 
the space between magnets. 

The noneutectic Bi-Sn alloy with 40% Bi 
and 60% Sn, which melts over the range 138- 
169 °C, contracts only 0.01% during solidifi- 
cation and aging. Such an alloy exactly repro- 
duces the shape and dimensions of the casting 
mold. In sprayed parts it reproduces the base 
in every detail. This alloy is used for test casts, 
copies of irregular parts, molds for thermo- 
plastic material in the rubber and plastic in- 
dustry, and for meltable casting cores. The 
eutectic Bi-Sn alloy with 57% Bi, melting at 
138 °C, expands 0.07% on solidification but 
contracts during the next 5 h. The final net ex- 
pansion is only 0.02%. This alloy is used in 
dentistry for the production of models and 
molds [39]. 

Some bismuth alloys wet glass, mica, and 


enamelled ceramics. They are used to seal. 


such substances to each other and to metals, as 
well as to produce high-vacuum seals for glass 
equipment. A so-called bismuth cement con- 
sists of 35% Bi, 37% Pb, and 25% Sn. Such 
alloys are used in holding devices for grinding 
and polishing glass and plastic lenses. Low- 
melting bismuth solders are used for the sol- 
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dering of temperature-sensitive electronic 
parts [40]. 

Cs-Bi alloys are used in photocathodes. 
The low conductivity of bismuth results in a 
good quantum yield. Bismuth tellurides and a 
bismuth-antimony alloy with 11% Sb are 
used in photoelectric infrared detectors. The 
compound Bi,Te,, especially its solid solu- 
tions with Bi,Se, and Sb,Te;, is a useful ther- 
moelectric material The system AgSbTe;- 
AgBiTe, also has interesting thermoelectric 
properties [41]. Mn-Bi alloys are permanent 
magnets [34]. 

In nuclear technology, bismuth and its al- 
loys may be useful for cooling and as heat-ex- 
change mediums because bismuth has an 
extremely low absorption cross section for 
thermal neutrons. However, nothing specific 
has been reported about use in modern reac- 
tors. 


15.8 Compounds 


In its inorganic compounds bismuth usually 
has 3+ or 5+ oxidation state. The 5+ oxidation 
state is a strong oxidation agent, e.g., NaBiO, 
or BiF,. Bismuth has an oxidation state of 3— 
in a few intermetallic compounds, c.g., Li4Bi 
and CaMg.;Bi,. In gases, such as ВІСІ or B1O, 
in Bi(AICl,), and іп alloy-like compounds; 
such as BiS or BiSe, bismuth can have 1+ or 
2+ oxidation state, and 1+, 0, and l- are 
present in polynuclear ionic species. However, 
the 1+ and 2+ states are rare, and compounds 
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with 4+ probably do exist also. On dissolution, 
bismuth compounds hydrolyze easily, yielding 
nearly insoluble basic salts of the type BiOX. 
In the presence of strong acids or in complex- 
ing agents, bismuth remains in solution. Table 
15.10 shows some physical properties of the 
most important inorganic bismuth com- 
pounds. 


Only a few inorganic bismuth compounds 
are produced commercially. Bismuth oxychlo- 
ride is used in cosmetics. It is the basic ingre- 
dient of a pearly pigment found in eye shadow, 
hair sprays, powders, nail polishes, and other 
cosmetic products. Bismuth oxide can substi- 
tute for lead oxide in glass or porcelain. 


Today the use of bismuth compounds in 
medicine is decreasing and the use of bismuth 
in pharmaceutical] products is being viewed 
more and more as a questionable practice [42]. 
France, which in 1972 consumed more than 
1000 t of bismuth, making it the largest bis- 
muth consumer, has restricted the use of bis- 
muth in pharmaceuticals, resulting in a sharp 
drop in bismuth consumption [43]. Bismuth 
compounds have been used because of their 
astringent, antiphlogistic, bacteriostatic, and 
disinfecting actions. In dermatology bismuth 
subgallate is still used in vulnerary salves and 
powders as well as in antimycotics. Medicines 
for depigmentation can no longer contain bis- 
muth. Even bismuth subcarbonate, bismuth 
subnitrate, or the recently developed complex 
bismuth citrates ought not be used for the 
treatment of gastric disturbances. 


Table 15.10: Physical properties of inorganic bismuth compounds. 


Compound Formula. Ee Density, g/cm? mp,°C bp, °C 
Bismuth tribromide BiBr; -263.8 5.72 219 461 
Bismuthyl carbonate (BiO),CO, — 8.15 decomp. — 
Bismuth trichloride ВІСІ, -379.3 4.76 233.5 440.1 
Bismuth chloride oxide ВІОСІ -374.3 772 232.5 447 
Bismuth trifluoride BiF, —883.4 7.90 227 405 
Bismuth pentafluoride BiF, — 5.40 151.4 230 
Bismuth triiodide Bil, -333.5 5.80 408.5 542 
Bismuth trinitrate pentahydrate ` Bi(NO,),: 5H,O — 2.80 75 decomp. 
Bismuth trioxide Bi,O, ~575.7 9.32 824 1890 
Bismuth trisulfide Bi$, —176.7 6.81 741 — 
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Bismuth Tribromide, BiBr,. Golden-yellow 
crystals, cubic, hygroscopic. Prepared by reac- 
tion of the elements at 250 °C [44] or in meth- 
anol [45], by reaction of bismuth with molten 
iodine bromide and extraction with ССІ, [46], 
or by dissolving ВО» in concentrated hydro- 
bromic acid, drying, and distillation in a 
stream of nitrogen. Bismuth tribromide is sol- 
uble in acetone, ether, acetic acetate, glacial 
acetic acid, and aqueous solutions of HCl, 
KCl, KBr, and KI. In water it hydrolyzes to 
BiOBr. It is insoluble in alcohol and carbon 
disulfide. 


Bismuthyl Carbonate, (BiO), CO,. Naturally 
occurring as bismutite. White powder, sensi- 
tive to light, decomposition during heating. 
Preparation by precipitation with sodium or 
ammonium carbonate from nitrate solutions 


[47, 48]. 


Bismuth Trichloride, ВІСІ,. White powder, 
cubic, very hygroscopic. Prepared by chlori- 
nation of the molten metal [44] or by dissolu- 
tion of the metal in aqua regia, boiling down, 
and distillation. Bismuth chloride oxide, bis- 
muth oxychloride, ВІОСІ, is formed by heat- 
ing BiCl, in air or by hydrolysis of BiCl,. The 
oxychloride is a white, lustrous, crystalline 
powder, p 7.72 g/cm’, that is practically insol- 
uble in water, ethanol, acids, and bases. Hot 
concentrated alkali solutions convert it into 
the trioxide. 


Bismuthine, BiH. Bismuthine is a colorless 
gas unstable at room temperature. Prepared by 
treating Mg,Bi, with dilute acids [49], decom- 
position of methylbismuthine or dimethylbis- 
muthine [50], or reaction of bismuth halides 
with LiAIH, in a vacuum [3]. 


Bismuth Trifluoride, BiF,. White, fine pow- 
der, rhombic. Prepared by dissolving Bi,O, in 
hydrofluoric acid [51] or by precipitation from 
an aqueous solution of bismuth trinitrate with 
aqueous KF or NaF [52]. Soluble only in ace- 
tone and liquid organic acids, insoluble in wa- 
ter. Bismuth fluoride oxides, BiO,F3_.,, form 
when ВІР, is heated in air at 670-850 °С. 


Bismuth Pentafluoride, BiF,. White needles, 
formed by fluorination of bismuth metal or 
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BiF, at 500 °С [53]; strong oxidant, violent re- 
action with water. 


Bismuth Triiodide, DL. Greenish-black 
crystalline powder. Prepared by heating stoi- 
chiometric quantities of the elements in a 
sealed vessel at 150—180 °C [54] or by reac- 
tion of concentrated hydriodic acid with a so- 
lution of ВІСІ, in hydrochloric acid [55]. 
Insoluble in cold water. Boiling Bil, with wa- 
ter produces BiOI. Bismuth triiodide is solu- 
ble in alcohol, natural gasoline, xylene, and 
toluene. Red triammine complexes are formed 
in aqueous ammonia. The yellowish-orange 
Dragendorff reagent, KBil,, for precipitating 
alkaloids, is formed by dissolving Bil, in po- 
tassium iodide solution. 


Bismuth Trinitrate Pentahydrate, 
Bi(NO,;),-5H,O. Colorless, columnal crys- 
tals. Prepared by dissolving bismuth metal, 
DO. or (BiO),CO, in nitric acid [56]. Hy- 
drolyzes in water to basic salts. The nitrate is 
soluble in strong inorganic acids, glacial acetic 
acid, and glycerol. It is the starting material for 
basic bismuth nitrates of composition 
xBi,O4:yN,O,:zH2O. Bismutum  subnitri- 
cum, approximate composition 6Bi,0,- 
5N,0,°9H,O, was commonly used for medi- 
cal purposes. 


Bismuth Oxides. Bismuth trioxide, Bi,O,, is 
the only bismuth oxide which has been iso- 
lated in a pure state. There is also a Bi,O,, but 
its characteristics are not yet well defined. In- 
formation about other oxides and related com- 
pounds is scarce. 

Bismuth trioxide, Bi,O,, is prepared by oxi- 
dation of bismuth metal at 750—800 °C, by 
thermal decomposition of carbonates, or by 
addition of alkali-metal hydroxides to a bis- 
muth salt solution. In the last case hydrated 
bismuth trioxide precipitates. This gelatinous 
compound is usually represented by the for- 
mula Bi(OH);; calcining it yields Bi,O3. 

Monoclinic &-BL,O, converts in an endo- 
thermic transition at 710—740 °C to the high- 
temperature cubic modification $-В1,0,, 
which is stable between 710 °C and the melt- 
ing point. The transition is reversible, and 6- 
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DO. is not stable at room temperature. 
Quenching thin layers of molten Bi,O, forms 
metastable tetragonal B-Bi,O,, which converts 
back to a-Bi O, when heated. This metastable 
В-В1,0, dissolves oxygen in its lattice without 
a structure change, the composition can range 
from BiO, 4 to BiO, 75. Heating В-В1О, za to 
750 °С and quenching at a moderate rate 
forms metastable cubic y-Bi;O,, which con- 
tains more oxygen than the stoichiometric for- 
mula Bi,O, expresses. The preparation of all 
these modifications is described in detail in 
[3]. Quenching molten mixtures of Bi,O, and 
other metal oxides from 800-1000 °C to 0 °C 
produces stabilized б- and B-modifications; 
tempering for 24 h at 600 °C yields a y-modi- 
fication contaminated with other oxides. - 

Bismuth trioxide is soluble in strong inor- 
ganic acids and concentrated alkaline solu- 
tions containing glycerol. Above 710 °C it 
attacks metal oxides; in fact, molten bismuth 
trioxide dissolves every metal oxide and even 
corrodes platinum. 

Bismuth trioxide monohydrate, DO. HO. 
is a white powder. Its composition and consti- 
tution are not completely elucidated. ВІКОН), 
and BiOOH probably do exist. A hydrated ox- 
ide precipitate is formed by reaction of an 
acidic bismuth nitrate solution with ammonia 
or caustic soda solution [57]. 

Bismuth pentoxide, Ві,О., is prepared by 
oxidizing suspended Bi,O, with CL, Br, or 
H,O, in an aqueous alkaline solution. Each of 
these reactions goes almost to completion. 
Molten mixtures of Bi,O, and alkali-metal ox- 
ides can be oxidized by air or oxygen. The re- 
action is favored by excess alkali. The excess 
alkali can be stripped with methanol at 0 °C to 
form yellowish-orange sodium metabismuth- 
ate, NaBiO,. Addition of nitric or perchloric 
acid leads to a compound whose composition 
varies from DO. xH,O to Bi,O,-xH,O. Both 
compounds are strong oxidants. 


Bismuth Trisulfide, Bi,S,. Naturally occur- 
ring as bismuth glance. Dark brown to grayish 
black, metallic luster, rhombic. Prepared by 
heating bismuth with sulfur or bismuth triox- 
ide with sulfur compounds or by precipitation 
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from aqueous bismuth(IIT) solutions with H,S. 
It is insoluble in water and alkaline solutions 
but soluble in hot aqueous salt solution or con- 
centrated nitric acid. Concentrated alkaline 
metal sulfide solutions or melts dissolve Bi,S, 
to form compounds of the type KBiS,. Similar 
compounds naturally occur with copper, sil- 
ver, and lead. : 


15.9 Chemical Analysis * 


For qualitative determination bismuth [58] 
is precipitated as Bi,S, from slightly acidic so- 
lution with H,S. The precipitate is brown 
black and soluble in strong acids and hot dilute 
nitric acid. Yellow-green Bi,S, precipitates 
from alkaline solution on addition of Na,S. 
Bismuth can be precipitated by hydrolysis 
from hot dilute hydrochloric acid as bismuth 
oxychloride, provided excess chloride ions are 
absent. Aqueous ammonia precipitates bis- 
muth as white bismuth oxide hydrate, which 
can be reduced to bismuth metal with alkaline 
stannate(IT) solution. 

Bismuth phosphate, BiPO,, can be precipi- 
tated quantitatively from very dilute nitric acid 
solution Bismuth in medicinal preparations is 
determined by precipitation as basic bismuth 
carbonate. Calcining at 550 °С yields ВО. 
A thiourea-bismuth mixture is of yellow color 
in nitric acid solution, and this is the basis for a 
photometric method. If ions such as Fe, Hg, 
Zr, etc., are absent, titration with EDTA 1s a 
selective, quantitative, and fast method of bis- 
muth analysis. This method has become very 
popular [59]. Emission, mass, of atomié ab- 
sorption spectrometry allow detection of less 
than 1 ppm Bi. 


15.10 Economic Aspects 


Bismuth concentrates are a by-product of 
nonferrous metal ore dressing. The metal 
available from concentrates has remained 
nearly the same, between 3600 and 4600 t/a 
since the 1960s. The world’s one and only bis- 
muth mine, Telamayu in Bolivia, which had 
produced about 15% of the worldwide supply, 
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stopped production in 1980 because of either 
declining demand or perhaps total exhaustion 
of the site. Also Australia and Peru are reduc- 
ing their production. Only a part of bismuth 
refining is carried out in the mining countries. 
Table 15.11 shows the metal content of bis- 
muth ores and concentrates, corresponding 
closely to the world production of 3795 t in 
1980. The main producer of bismuth metal is 
the United States, producing ~ 950 t/a [61]. 
Bismuth suppliers are listed in [63]. 

Bismuth (99.99%) is quoted in London and 
New York in $/lb (1 Ib = 0.454 kg). After ris- 
ing to $9ЛЬ in 1974 the price of bismuth fell 
steadily for years. The price was $1.67 per 
pound in December, 1983. However, since 
then the price has increased, to $6.60 in Febru- 
ary, 1985. The prices are much higher for 
high-purity bismuth (99.999946). Table 15.12 
shows actual U.S. bismuth consumption. No 
consumption data for the European market 
have been published for several years. Be- 
cause of substitution and regulatory restric- 
tions bismuth consumption has decreased 
more in Europe than in the United States. 


Table 15.11: Bismuth in ores and concentrates, t [60—62]. 
1970 1973 1977 1980 








Australia 363 500 912 907 
Bolivia 567 690 680 11 

Canada 272 300 165 171 

China 200" 250 249 259 

France 59 65 66 59 
Germany 18 20 10 9 
Italy 23 25 15 10" 
Јарап 68 75 80* 80" 
Мехісо 453 600 729 748 
Реги 816 690 590 522 
Romania 9 10 80 80" 
South Korea 136 150 134 90" 
Sweden 32 35 15 15* 
Former USSR 50° 50 66 73 

United States 363 400 400 400° 
Former Yugoslavia 108 120 74 73 

Others 204 320 399 215% 
Total 3741 4300 4664 3722 
"Estimated. 

* Calculated. 
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Table 15.12: Bismuth consumption in the United States, t 
[61]. 


1970 1973 1978 1980 


Chemical industry* 567 543 521 556 
Fusible alloys 292 423 379 291 
Metallurgical additions 236 376 210 21 
Other alloys 6 7 10 11 
Others 5 5 8 7 
Total 1106 1354 1128 1076 


*Including pharmaceutical products and cosmetics. 


15.11 Toxicology of Bismuth 
and Bismuth Compounds 


Poisoning by bismuth and bismuth com- 
pounds has occurred more frequently during 
medical therapy than by exposure at the work- 
place [64]. It resembles poisoning caused by 
lead and mercury and their compounds. After 
oral administration, water-insoluble bismuth 
compounds, such as bismuth nitrate oxide, 
BiO(NO,), are hardly absorbed, and acute poi- 
soning is seldom. Increased absorption was 
observed, however, when large quantities of 
such compounds were applied to skin lesions, 
resulting in serious poisoning, sometimes fa- 
tal. Water-soluble bismuth compounds are ab- 
sorbed quickly, and acute poisoning is likely 
to occur. However, the relatively high toxicity 
of bismuth nitrate oxide, which was observed 
especially in children, is most likely not 
caused by bismuth but by reduction of nitrate 
to nitrite and subsequent methemoglobin for- 
mation by intestinal bacteria. 

The main hazard of bismuth is the chronic 
exposure that took place during long-term 
therapy (up to 30 years in some cases) prac- 
ticed earlier. Such exposure can have serious 
consequences for humans and animals. First 
symptoms of chronic intoxication by bismuth 
are hypersalivation. stomatitis, and a grayish 
black seam surrounding the gums (symptoms 
similar to those caused by lead). 

According to many investigations, e.g., 
[65] and [66], long-term oral administration 
caused encephalopathies accompanied by dis- 
tractions, ataxia, myoclonic spasms, insomnia, 
and headache in many cases and less fre- 
quently epileptic attacks. Some cases ended in 
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death, the brains of the deceased containing 
large quantities of lipid-soluble bismuth com- 
pounds [67]. This crossing of the blood—brain 
barrier by bismuth compounds was demon- 
strated in other experiments, e.g., for trivinyl- 
bismuth in pigs [68]. In another 
epidemiological study, a group of patients 
with manifest bismuth poisoning was com- 
pared to a control group that had been exposed 
to the same amount of bismuth but that did not 
show any symptoms of poisoning [69]. The in- 
vestigators concluded that bismuth poisoning 
is caused by the transformation of bismuth 
compounds of low toxicity into those of high 
toxicity by intestinal bacteria. 

The occurrence of osteolytic and osteone- 
crotic arthropathies of the shoulder was 
pointed out in [70]. In over 59 cases of bis- 
muth poisoning, bone lesions accompanied by 
encephalopathies were described [71]. Caused 
by the elimination of bismuth compounds in 
the urine, albuminuria and nephritis were ob- 
served also [64]. Bismuth also causes eye de- 
fects [72], which was confirmed by 
experiments with mice [73]. Inhalation of tri- 
methylbismuth, Bi(CH,),, by humans causes 
irritations of the respiratory tract and conjunc- 
tivas. Cats and dogs that inhaled trimethylbis- 
muth for 10-20 min showed  ataxia, 
restlessness, and convulsions; after 24 h se- 
vere encephalitis was observed [74]. 

In a long-term carcinogenicity test bismuth 
chloride oxide, ВІОСІ, was fed to rats over a 
period of two years (1, 2, and 5% in the feed) 
[75]: neither carcinogenic nor other toxic ef- 
fects that were caused by bismuth chloride ox- 
ide could be found. So far there is no evidence 
for carcinogenicity, mutagenicity, and terato- 
genicity of bismuth compounds [76]. 

The following toxicological data are avail- 
able for bismuth and bismuth compounds: 
lowest published lethal dose for bismuth, 221 
mg/kg (humans, presumably oral) [77]; bis- 
muth chloride oxide, BiOCl, LD,, 22 g/kg 
(rat, oral); trimethylbismuth, DCH A. ТЮ 
484 mg/kg (rabbit, oral), LD,. 182 mg/kg 
(rabbit, subcutaneous), LDLo 11 mg/kg (rab- 
bit, intravenous) [74]. In the Swiss list of toxic 
substances bismuth nitrate oxide, BiONO,, 
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and triphenyl bismuth, Bi(C,H,),, are in class 
3; bismuth titanate, BL, (TIO), is in class 5. 


15.12 Pigments 


Bismuth-containing special effect pigments 
based on platelet-shaped crystals of bismuth 
oxide chloride (bismuth oxychloride, BiOCI) 
have been known for a long time (see Section 
15.12.5). More recently, greenish yellow pig- 
ments based on bismuth orthovanadate, 
BiVO, have attracted increasing interest. 
They represent a new class of pigments with 
interesting coloristic properties, extending the 
familiar range of yellow inorganic pigments 
(iron yellow, chrome yellow, cadmium yellow, 
nickel titanium yellow, and chromium titan 
yellow). In particular they are able to substi- 
tute the greenish yellow shades of the lead 
chromate and cadmium sulfide pigments. 


Historical Aspects. Bismuth vanadate occurs 
naturaly as the brown mineral pucherite 
(orthorhombic), as Clinobisvanite (mono- 
clinic) and as Deyerite (tetragonal). Its synthe- 
ses was first reported in 1924 in a patent for 
pharmaceutical uses [78]. The development of 
pigments based on BiVO, began in the mid 
1970s. In 1976, Du Pont described the prepa- 
ration and properties of "brilliant primrose 
yellow" monoclinic bismuth vanadate [79]. 
Montedison developed numerous pigment 
combinations based on BiVO, [80]. Pigments 
containing other phases besides BiVO,, e.g., 
Bi;XO, (X= Mo or W), have been reported by 
BASF [81] and became the first commercial 
product (trade name Sicopal? Yellow L 1110). 
Since then Bayer [82], Ciba-Geigy [83], 
BASF [84], and others have published further 
methods for the manufacture of pigments 
based on BiVO,. On the market are now pig- 
ments for the use in paints and plastics of the 
following suppliers BASF, Ciba-Geigy, 
Bayer, Capelle, Bruchsaler Farbenfabrik; and 
Heubach. 


Recently, BASF placed a new reddish yel- 
low bismuth vanadate pigment on the market 
(trade name Sicopal? Yellow L 1600). 
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Figure 15.11: Reflectance curves of yellow pigments: a) 
BiVO,: b) CdS; c) (Ti, Ni, Sb)O,; d) PbCrO,-PbSO;; e) 
FeOOH. 


15.12.1 Properties 


Most of the commercial bismuth vanadate 
pigments are now based on pure bismuth van- 
adate with monoclinic structure, though there 
are still pigments based on the two-phase sys- 
tem bismuth vanadate molybdate, 
4BiVO,:3Bi,MoO,. The pure bismuth vana- 
date pigments show a higher chroma than the 
two phase systems. In the following the physi- 
cal and coloristic properties of a pure bismuth 
vanadate pigment are given (Sicopal® Yellow 
L1100, BASF): 


Density 6.1 g/cm?. 
Refractive index n 2.45 
Specific surface area (BET) 13 mie 
Oil absorption 33 g/100 g of pigment 
Composition: Bi 64.5196 
V 15.7396 
О 19.76% 


Bismuth vanadate, C. I. Pigment Yellow 
184, is a pigment with a greenish yellow co- 
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lour having high tinting strength, high 
chroma, and very good hiding power. When 
compared with other yellow inorganic pig- 
ments, it most closely resembles cadmium 
yellow and chrome yellow in its colouristic 
properties (Figure 15.11).. Bismuth vanadate 
shows a sharp increase in reflection at 450 nm 
and considerably higher chroma than iron yel- 
low or nickel titanium yellow. It has very good 
weather resistance both in full shade and in 
combination with TiO,. Pigment properties 
follow: 


Hue angle H? 
(HGD, hue grade; CIELAB) 93.7 
Chroma C*ab (CIELAB) 95.5 
Hiding power at 42.596 by weight 
: in dry film about 70 
pm over black/white 
Weather resistance (DIN 54002) ` alkyd/melamine 
Full shade 4-5 
Mixed with TiO,, 1:10 4-5 
Chemical resistance in crosslinked paint films 
acid 5 (2% HCl) 
alkali 5 (2% NaOH) 
Heat stability > 200 °C 


15.12.2 Production 


The production process for bismuth vana- 
date pigments consists usually of a precipita- 
tion reaction followed by a calcination step. 
The calcination step is different from producer 
to producer and can be completely absent de- 
pending on the precipitation process and the 
desired product properties. 

1. H,PO 


2. NaOH 
Bi(NO,), +NaVO, ә БУО, 


1. Stabilization 
. 2. Calcination, 300-700 °C 
BiVO, > Pigment 


In this process first, a fine precipitate is 
formed by adding an alkaline solution of so- 
dium or ammonium vanadate to an acidic bis- 
muth nitrate solution im presence of a 
considerable amount of phosphate or, in the 
inverse process, by adding the bismuth nitrate 
solution to a sodium or ammonium vanadate 
solution. Thereafter, the pH is set between 5 
and 8 with sodium hydroxide and the precipi- 
tate crystallizes to monoclinic bismuth ortho- 
vanadate usually by heating to reflux. After 
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this crystallization, the pigment is often coated 
with calcium or zinc phosphate or aluminum 
oxide to improve the lightfastness and 


weather-resistance. The final process is usu- 


ally the calcination followed by wet milling 
and spray drying. The spray drying process 
produces a fine granulated dust-free pigment. 
For the use in plastics, the pigment is addi- 
tionally coated with silica and other compo- 
nents to increase the heat stability in certain 
polymers, like polyamide, up to 320 °C. 


o ` 





Figure 15.12: Particle size after precipitation (A) and 
subsequent heating (B) (magnification x 6000). e 


15.12.3 Uses 


Bismuth vanadate pigments are used in the 
manufacture of lead-free, weather-resistant, 
brilliant yellow colors for automobile finishes 
and industrial paints. They are suitable for the 
pigmentation of solvent-containing paints, 
water-based paints, powder coatings, and coil- 
coating systems. It can be mixed with other 
pigments especially to produce brilliant co- 
lours in the orange, red, and green regions like 
the german standard colors RAL 1021, 1028, 
2004, 3020, 6018, and 6029. 


Recently, different producers have devel- 
oped bismuth vanadate pigments for the use in 
plastics. These pigments are used in every 
type of polymer, especially in polyethylene 
and technical plastics. 

The annual production of bismuth vanadate 
pigments is now about 500 t. In the near future 
an increasing market of 1000 to 2000 t/a is ex- 
pected. 
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15.12.4 Toxicology 


Bismuth vanadate pigments are acute toxic 
neither on inhalative nor oral incorporation. 
They show chronic toxicity on inhalation due 
to the vanadium content. The “no-effect level” 
for rats is 0.1 mg/m? (exposure: 3 months, 6 
hours/day, 5 days/week). The critical factor 
for the inhalation toxicity is the real amount of 
pigment in the lungs, and not just the concen- 
tration in air. Because of the high density of 
the pigment and because the supply form is a 
fine granulate the risk of inhalation is very 
low. Therefore the dust-free pigments can be 
handled under usual hygienic working condi- 
tions [85]. 


15.12.5 Bismuth Oxychloride 
[86—96] 


Bismuth oxychloride, BiOCl, is, besides 
natural pearl essence and basic lead carbonate, 
one of the classic pearlescent pigments. 

Powders containing bismuth compounds 
have long been used for decorative purposes 
to generate a shiny luster or lustrous colors 
(e.g., facial cosmetic powders in ancient 
Egypt, imitation pearls made by coating glass 
and ceramic beads). Bismuth oxychloride was 
the first synthetic nontoxic nacreous pigment. 
It is produced by hydrolysis of acidic bismuth 
solutions in the presence of chloride ions. Pre- 
cipitation conditions may be varied (concen- 
tration, temperature, pH, pressure) or 
surfactants added to obtain the desired crystal 
quality. The virtually tetragonal bipyramidal 
structure is thereby “squashed” into a flat 
platelet. 

Pure BiOC] is available in three grades with 
different nacreous effects that depend on the 
aspect ratios and crystal size: 


e Low- or medium-luster powder (aspect ratio 
1:10 to 1:15), mainly used as a highly com- 
pressible, white, lustrous filler with excel- 
lent skin feel 


e Dispersion of high luster quality (aspect ra- 
tio 1:20 to 1:40) consisting of square or oc- 
tagonal platelets in nitrocellulose lacquers 
(nail polish) or castor oil (lipsticks) 
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Figure 15.13: Flow diagram for the production of bismuth vanadate pigment: a) Reaction vessel; b) Filter; c) Dryer; d) 


Furnace treatment. 


e Dispersion of very high luster quality (as- 
pect ratio > 1:50) consisting of lens-shaped 
platelets in nitrocellulose lacquer, castor oil, 
or butyl acetate 

Pigments consisting of BiOCl-coated mica 
or talc and blends of BiOCI with other organic 
or inorganic colorants are also available. 

The dominant market for ВІОСІ is still the 
cosmetic industry. Its low light stability (it 
turns from silver white to metallic grey in sun- 
light), relatively high price, fast settling (high 
density, 7.73 g/cm”), and mechanical sensitiv- 
ity limit its use in technical applications. Al- 
though the darkening reaction is not yet 
understood, low-luster grades with improved 
light stability are available. Some manufactur- 
ers promote the combination with UV stabiliz- 
ers for technical purposes. Uses are in the 
button industry, bijouterie, printing, and for X- 
ray contrast in catheters. The current world 
market is ca. 500 t/a. 
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16.1 Introduction А 


Cadmium, atomic number 48, belongs to 
the zinc subgroup of the periodic table along 
with mercury. In its compounds it has an oxi- 
dation state of 2+. There are eight natural iso- 
topes, with mass numbers ranging from 106- 
116. The most abundant are !!^Cd (29%) and 
1264 (2494). There are also a number of meta- 
stable isotopes. 

STROHMEYER discovered cadmium in 1817 
in the course of investigating zinc carbonate. 
He recognized that the yellow color of a sam- 
ple of zinc oxide produced by roasting was 
due to the presence of an unknown metal ox- 
ide. Because this new element also occurred in 


the zinc ore calamine, a name derived from the ` 


Latin word *cadmia", he named the new ele- 
ment cadmium. І 

Unlike some other heavy metals, such as 
lead or mercury, which have been used since 
ancient times, cadmium has been refined and 
utilized only relatively recently. After its dis- 
covery more than a century elapsed before the 
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metal or its compounds were employed to any 
significant extent. Only in the last 40—50 years 
have production and consumption risen dis- 
tinctly. The primary uses today are electro- 
plated cadmium coatings, nickel-cadmium 
storage batteries, pigments, and stabilizers for 
plastics. Publicity about the toxicity of cad- 
mium has affected the consumption. 


16.2 Properties 


Cadmium is a soft, ductile, silver-white 
metal. Like tin, it makes a grating sound when 
bent. The most important physical properties 
are given below. 


mp 320.9 °C 
bp 767 +2 °C 
Vapor pressure at 
218 °С 0.133 Ра 
302 °С 6.666 Ра 
392 °С 133.32 Ра 
485 °С 1333.2 Ра 
611 °C 13.332 КРа 
727 °С 66.660 КРа 
765 °С 101.33 КРа 
Density 8.64 g/cm? 


Specific heat at 20 *C 0.230 Ig ! K^? 
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Heat of fusion 55 Vg 

Heat of vaporization at 767 "C 890 J/g 
Thermal conductivity at 18 °C 92 Jnr's К^! 
Electrical resistivity at 18 °C 7.5х10 Qcm 
Brinell hardness 22-24 
Coefficient of linear expansion at 20 °C31 x 10 5 К”! 
Ionization potential 8.96 V 
Electrochemical potential 0.40 V 


Cross section for thermal neutrons 2450 x 10728 m? 

The crystal structure is distorted closest 
packed hexagonal. 

Cadmium is stable in air; only a slight loss 
in luster occurs after an extended period of 
time in air. When it is heated, initially yellow 
to brown colors develop as a thin oxide layer 
forms. If the metal is heated to volatilization, it 
burns with a red-yellow flame to form brown 
cadmium oxide, which is poisonous. Cad- 
mium dissolves readily in nitric acid but only 
slowly in hydrochloric or sulfuric acid and not 
at all in bases, Zinc displaces it from solution. 


16.3 Occurrence, Raw 
Materials 


Cadmium is widely distributed. It occurs in 
the earth’s crust with a content estimated to be 
between 0.08 and 0.5 ppm. In top soil cad- 
mium content usually lies between 0.1 and 1 
ppm. 

The best known cadmium mineral is 
greenockite, cadmium sulfide (77.6% Cd). 
One mineral form of cadmium carbonate 
(61.5% Cd) was named otavite after its dis- 
covery site, the Tsumeb Mine, in the Otavi de- 
posit of South-West Africa. Ín Sardinia, pure 
cadmium oxide (87.596 Cd) was found in a 
zinc deposit. However, none of these cadmium 
minerals is of industrial importance because 
the deposits are too small. 

Only zinc minerals in which cadmium is 
found as an isomorphic component, with con- 
centrations ranging from 0.05 to 0.8%, aver- 
aging about 0.2%, have economic 


significance for cadmium recovery [2]. In ad-. 


dition, lead and copper ores contain small 
amounts of cadmium, which can be separated 
during the roasting and smelting processes. 
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Figure 16.1: Processes for the production of cadmium 
metal. 
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16.4 Refining 


Figure 16.1 summarizes the individual pro- 
cess steps and their combination. Detailed de- 
scription, with emphasis on the distillation 
process, can be found in [3]. 


16.4.1 The Starting Materials 


The flue dust on which the volatile cad- 
mium collects when zinc, copper, and lead 


ores are heated in air are the primary starting. 


material for cadmium recovery and refining. 
In many cases it is necessary to recirculate this 
dust to obtain higher cadmium concentrations 
[4]. 

In the Outokumpu Zinc Works in Finland, 
roasting material contains 0.19-0.24% Cd. 
The cadmium content is extracted in the third 
step of the zinc process and results in a cake 
consisting of 90% cadmium and 10% zinc. 
This is the starting material for further pro- 
cessing [5]. 


Cadmium 


If the primary flue dust is reduced in a ro- 
tary oven, lead and zinc remain in the oven, 
while the cadmium is volatilized and enriched 
in the secondary flue dust. 


In the Berzelius Metal Works, Duisburg, 
Germany, complex lead-zinc ores are refined 
by the Imperial smelting process. When the 
concentrate is roasted in the sintering fur- 
naces, cadmium-containing flue dust is pro- 
duced. This is leached in an acid solution, and 


. the cadmium is subsequently precipitated as 


cadmium carbonate. The cadmium in second- 
ary raw materials, such as steel mill dust, 
leaching sediments, and sludge from water 
treatment, can be processed at the same time. 
However, before they are mixed with the con- 
centrates they are enriched in a rotating tube 
furnace (Waelz process). 


In hydrometallurgical zinc refining, the 
cadmium-containing zinc concentrate is 
leached with sulfuric acid. The cadmium is re- 
moved from the solution together with copper 
by reduction with zinc dust to give a metallic 
sludge. Similar cadmium sludges form in the 
purification of zinc solutions used in the pro- 
duction of zinc sulfide pigments or zinc car- 
bonate. These cadmium sludges are the most 
important starting materials for cadmium re- 
fining today. The secondary starting materials 
mentioned above can be added to the primary 
raw materials without causing large alterations 
in the refining process. 


Also of economic significance is the recy- 
cling of used nickel-cadmium storage batter- 
ies; cadmium-containing alloys, such as Sn- 
Cd metallizing alloys from the manufacture of 
rectifiers, defective industrial batches; resi- 
dues from the production of cadmium pig- 
ments; and cadmium-containing fluorescent 
materials. Special processes are usually neces- 
sary to convert the cadmium content into a 
form that can be processed normally. The most 
important processes of this type are discussed 
in Section 16.4.6. 
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16.4.2 Leaching of the Starting 
Materials and Cementation 


Cadmium is extracted from the enriched 
starting materials by oxidizing solutions. The 
extraction must be carried out in such a way 
that all the cadmium as well as the zinc dis- 
solves. The procedure of Ruhr Zinc, Datteln, 
Germany, is described here as an example. 
The liquid from electrolytic baths, whieh has a 
sulfuric acid concentration of 25-30 g/L, is 
conveyed into 50-m? tanks. In order to oxidize 
the cadmium, either air is blown in or manga- 
nese dioxide is added. Fresh cadmium sludge 
or cadmium carbonate is added to decrease the 
acidity of the solution, and a copper-contain- 
ing precipitate is removed with a filter press. 
Zinc, cadmium, and thallium are almost com- 
pletely dissolved in the solution along with al- 
most no copper, cobalt, nickel, and arsenic [6]. 

Copper chloride mixed with other metal 
chlorides or iron(IIT) chloride can be used as 
an oxidant instead of air [7, 8]. Dust from the 
sintering process can also be roasted to give 
sulfates and then be extracted in a similar fash- 
ion with water [9]. 

Independent of the further processing of the 
cadmium, it is precipitated from the solution 
as a metal sponge by reduction with zinc. It 
necessary the solution is purified first. 

The cadmium raw solution resulting from 
the leaching step at Ruhr Zinc contains about 
30 g/L of zinc and small amounts of cobalt, 
nickel, thallium, and copper in addition to the 
30-40 g/L of cadmium. The cadmium is pre- 
cipitated і in a 50-m? tank at a temperature of 
60 ? in order to avoid excess zinc in the cad- 
mium sponge, only 8096 of the stoichiometric 
amount of the zinc is added initially. The re- 
maining zinc dust is added in small portions 
until the cadmium concentration of the solu- 
tion is below 0.1 g/L. After decanting, the cad- 
mium sponge is left in the reaction container. 
The precipitation is carried out three times, 
principally to reduce the amount of zinc. After 
the final precipitation, the sponge is washed, 
and the wash water is recycled to the zinc 
plant. The precipitated sponge contains 90% 
cadmium and only 2—5% zinc [6]. 
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The procedure of the Outokumpu Zinc 
Works starts with a purified cadmium solution 
because of the nature of the succeeding metal 
recovery (see Section 16.4.5). Copper is re- 
moved with zinc powder, and lead is removed 
with barium carbonate. The separation of the 
cadmium sponge from the solution, however, 
scarcely deviates from the Ruhr Zinc pro- 
cesses. The greatest difference is that the ce- 
mentation is interrupted at cadmium 
concentrations of 3—5 g/L, and the solution re- 
circulated. Together with a very careful wash, 
this reduces the residual content of zinc in the 
compacted cadmium-sponge briquettes to 
0.5-2.0% [5]. 


16.4.3 Electrolytic Recovery 


Today, the largest amounts of cadmium are 
recovered electrolytically. It is customary to 
extract the cadmium sponge in the same tank 
with .the cadmium-containing electrolytic 
acid. Air is supplied at a temperature of 80 °C 
for 6-10 h. Concentrated sulfuric acid is added 
to keep the concentration of free sulfuric acid 
at 100 g/L. Manganese dioxide can also be 
used as oxidant [6]. 


The time required to dissolve the cadmium 
sponge at room temperature can be reduced by 
blowing air through special reactors. The rela- 
tionship between solid and liquid, the amount 
of air, and the pH are carefully controlled to 
reduce the time and temperature required for 
the dissolution [10]. 


The electrolytic deposition of cadmium re- 
quires that the impurities that cause problems 
during the electrolysis or that are deposited as 
impurity with cadmium be removed prior to 
electrolysis. Traces of copper can be removed 
by addition of small quantities of sodium sul- 
fide inthe form of copper sulfide or by cemen- 
tation with zinc dust. Thallium is removed as 
thallium dichromate by addition of potassium 
dichromate. Thallium can also be removed as 
thallium(III) hydroxide by addition of potas- 
sium permanganate. Any arsenic is elimi- 
nated as iron arsenate by oxidation with the 
potassium permanganate. The lead remaining 
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in solution is removed by adding strontium 
carbonate to occlude lead carbonate [6]. 

The anode consists of lead, which does not 
dissolve, and the cathode is sheet aluminum. 
Today rotating cathodes, which allowed high 
current density, have disappeared because cur- 
rent densities of 100 A/m?, permitting eco- 
nomic electrolysis, can also be attained with 
fixed cathodes. However, the cathode deposit 
must be stripped after 12-h intervals to avoid 
low yields caused by short circuits between 
cathode and anode. The current yield is = 
93%; the energy consumption is 1250 kWh 
per tonne of cadmium cathode sheet depos- 
ited. Careful operation and the use of hide glue 
and sodium silicate allow cadmium of high 
purity to be produced. Typical impurity levels 
in electrolytic cadmium sheet are 5-10 ppm 
Cu, 15—20 ppm Pb, 5-10 ppm ТІ, and 5 ppm 
Zn. | 

Some sheet is used as is. Otherwise, it is 
melted under a cover of sodium hydroxide to 
prevent oxidation and to reduce the amount of 
zinc. The molten metal is poured into molds to 
produce marketable shapes. 


16.4.4 Distillation 


After mixing with a reducing agent such as 
pulverized coke, the cadmium sponge can be 
briquetted. The briquettes can be distilled un- 
der atmospheric pressure to a raw metal still 
containing thallium and zinc. These impurities 
can be separated from the fused metal by addi- 
tion of ammonium chloride and caustic soda. 
Distillation under reduced pressure avoids a 
number of disadvantages of distillation at at- 
mospheric pressure. The differences between 
the vapor pressure of cadmium and those of 
the most important accompanying elements 
allows Preussag (Germany) to produce a 
99.9994 pure metal in a single step. The raw 
cadmium can contain up to 396 lead and thal- 
lium as well as 1% copper [11]. Every hour, 
100 kg of pure cadmium is produced at a dis- 
tillation pressure of 0.7—2.7 kPa and a temper- 
ature of 420-485°C. The presence of 
thallium, the most volatile impurity, at a con- 
centration exceeding 10 ppm in the distillate 
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indicates that the distillation is not functioning 
properly. 

The cadmium distillation process of Hobo- 
ken Overpelt, Belgium, allows the processing 
of cadmium-zinc alloys containing 15-20% 
Zn. In a two-step distillation procedure, both 
zinc and cadmium are obtained highly pure 
(99.995946) [12]. 


16.4.5 Other Processes 


The cadmium sponge of the Outokumpu 
Zinc Works contains 0.5-2% zinc, 13 ppm 
lead, and 15 ppm copper The briquettes 
pressed out of this material are smelted with 
sodium hydroxide. In seven hours 2.2 t of cad- 
mium is obtained using a 110-kW furnace. 
The refined metal is drawn in a continual cast- 
ing machine to a cadmium wire, which is then 
cut to rod. These cadmium rods have a purity 
Of at least 99.9594; the impurities (max.) con- 
sisting of 20 ppm Cu, 10 ppm Zn, 5 ppm TI, 5 
ppm Fe, and 15 ppm Pb [5]. 

The removal of cadmium from solution by 
ion exchange has been described [13]. After 
stripping, the cadmium is processed further by 
cementation and smelting. Complexation of 
the cations to give anionic cadmium species 
allows selective separation of the cadmium 
even from copper and iron [14]. Aliphatic car- 
boxylic acids [15] and o-aminomethylphenols 
[16] selectively extract cadmium from aque- 
ous solution. 


16.4.6 Recycling 


The purpose of the recycling procedures 
described here is the production of intermedi- 
ate products by special procedures that can 
then be fed into the normal cadmium produc- 
tion processes. 

The recovery of cadmium-tin alloys, about 
65% Sn and 35% Cd, usually begins by dis- 
solving the scrap in nitric acid. The tin stays in 
the residue as stannic acid. An impure carbon- 
ate is precipitated from the cadmium nitrate 
solution with soda. 

The residue and the rejected batches from 
the production of cadmium pigments contain- 
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ing cadmium sulfide and selenide are dis- 
solved in strongly oxidizing acid. The 
cadmium is recovered by cementation or as 
the carbonate. A variation of this process is 
described in [17]. 

In order to recycle the cadmium from 
nickel-cadmium batteries and similar produc- 
tion scrap, the parts are dissolved in agitated 
2% sulfuric acid. A reasonably good separa- 
tion from the dissolved nickel can be attained 
by taking advantage of the lower stability of 
the ammine complexes of cadmium: cadmium 
can be precipitated from ammonium hydrox- 
ide solution as carbonate, whereas nickel re- 
mains in solution [18]. Alternatively, nickel 
can be extracted from the ammonia solution 
with chelating reagents before cadmium car- 
bonate is precipitated [19]. 

Sludge from the treatment of cadmium- 
containing waste water can often be injected 
directly into the refinery process (Section 
16.4.1). Preliminary, conventional wet chemi- 
cal enrichment is possible but is usually omit- 
ted for economic reasons [20]. Several 
methods for conversion of electroplating 
waste water to sludge not requiring special 
handling can be found in [21]. 

A plant was constructed by Sab-Nife in 
Sweden for recycling used batteries and scrap 
at the same location where nickel-cadmium 
batteries are produced. Cadmium-containing 
waste and filter dust are leached with acid, and 
the cadmium is deposited by electrolysis. 
Used batteries are dismounted in a semiauto- 
matic process. From the iron- and cadmium- 
containing plates, the cadmium is distilled un- 
der a reducing atmosphere at 850 °C and re- 
tumed to the production department. Even 
sealed cells can be processed by distillation af- 
ter the plastic is destroyed by pyrolytic pre- 
treatment in a slightly oxidizing atmosphere 
[22]. 


16.5 Quality Specifications 
and Analysis 


The quality of the cadmium depends on the 
production process. However, for 99.9996 
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cadmium, the following maximum impurity 
levels are generally accepted [11]: 1 ppm Cu, 
5 ppm Pb, 5 ppm ТІ, and 2 ppm Zn. For spe- 
cial purposes 7 99.999896 cadmium is avail- 
able. 

The maximum amounts of impurities and 
the analysis procedures are given in ASTM C- 
752. Although the classical analytical methods 
for impurities are still used, today atomic ab- 
sorption spectroscopy is the most common 
method [23]. 


16.6 Uses 


Cadmium metal is used for cadmium coat- 
ings, nickel-cadmium batteries, and to a lim- 
ited extent for reactor construction. 


Electrodeposited Cadmium Coatings. Cad- 
mium coatings are superior to other metallic 
coatings because of their optimal combination 
of properties: corrosion protection, ductility, 
frictional behavior, and soldering potential. 
Cadmium coatings have considerable signifi- 
cance in automotive construction, where disk 
brake calipers, bearing races, screws, nuts, 
bolts, springs, tubing connectors, contacts, 
and steering parts are all cadmium plated. In 
machine construction and factory construc- 
tion, the surface of fastening elements, espe- 
cially screws, is coated. Although the 
corrosion protection is most important, the 
frictional properties are also important. For 
example, even screws that are extremely tight 
must last for years and then be removable 
without difficulty. Precision screws and other 
connecting elements are subject to similar re- 
quirements. In the machines of chemical 
plants they are subjected to corrosion in addi- 
tion. Aircraft parts not made from stainless 
steel are usually cadmium coated. 


For the often necessary attachment of different 
metals, such as copper alloys, stainless steel, 
and titanium alloys to aluminum or magne- 
sium alloys, cadmium coating is an absolute 
prerequisite to avoid corrosion. Cadmium 
plating is often required in military procure- 
ment contracts to ensure that the weapons and 
equipment function reliably over many years. 
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Nickel-Cadmium Accumulators. The sec- 
ond most widely used storage battery is based 
on cadmium and nickel. In the charged state 
the negative electrode consists of cadmium 
powder, and the positive electrode consists of 
nickel(IIT) hydroxide. As the battery dis- 
charges, cadmium hydroxide and nickel(I) 
hydroxide form. Charging reestablishes the 
original composition. The starting material for 
the production of the negative electrode is 
usually cadmium metal, which is dissolved in 
nitric acid and then precipitated as cadmium 
hydroxide. In another technique, cadmium hy- 
droxide is repeatedly precipitated into the 
pores of sintered bodies, which become the 
negative electrode. A further variation uses 
electrodeposited cadmium powder, which is 
mixed with an electrical conductor such as 
graphite. A properly designed accumulating 
system does not release gas, even when over- 
charged, and can be sealed gastight. This de- 
velopment opened the way for new 
applications, such as rechargeable accumula- 
tors not larger than a single primary cell for 
use in portable electronic products. 


In addition to the general advantages of ac- 
cumulators, nickel-cadmium cells have a long 
life and are insensitive to low temperature and 
storage in the uncharged condition. Nonsealed 
nickel-cadmium accumulators are used in air- 
planes; telephone, telegraph, and radar sta- 
tions; computer installations; and emergency 
power stations. Gastight cells are used in 
transportable pocket computers, razors. flash- 
lights, etc. 


Other Uses. Cadmium compounds, stabilizers 
for plastics, and pigments are generally pro- 
duced from cadmium metal. The metal is dis- 
solved in a mineral acid, usually sulfuric acid. 
Dissolution requires considerable time even at 
high temperatures. Increasingly, cadmium 
sheets from electrodeposition are used be- 
cause they, unlike metal blocks, have a larger 
surface area and dissolve more quickly. Be- 
cause they do not have to be melted, produc- 
tion costs are lower. In many cases, the high 
purity of the sheet allows direct use of the cad- 
mium solution without additional purification, 
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especially as the noble impurities remain as 
residue. S 


Today a small amount of cadmium is con- 
verted into cadmium sulfide-copper sulfide 
solar cells, which directly convert light into 
electrical energy. The yield at present is = 
10%. A yield of 15% is thought to be attain- 
able. It is expected that these cells can be pro- 
duced inexpensively. Other cadmium 
compounds — cadmium telluride, cadmium se- 
lenide, and the combination cadmium sulfide— 
indium phosphide — have also been tested suc- 
cessfully. The amounts of cadmium consumed 
for the most important uses are given in Table 
16.2. 


16.7 Alloys 


Numerous binary and tertiary cadmium al- 
loys, often with complicated phase diagrams, 
are known. For practical purposes, cadmium 
does not dissolve in molten iron or aluminum. 
A tabular summary of cadmium alloys is 
available [24], and there is special literature 
about cadmium alloys [25]. A number of cad- 
mium alloys, as a mle produced simply by 
melting, are used industrially. They can be di- 
vided by their principal use: solder, electrical 
conductors, and other. 


Solder. Cadmium forms alloys with silver, 
copper, and zinc that have low melting points 
and are widely applicable for the hard solder- 
ing of metals. The cadmium lowers the melt- 
ing point. More than 80% of the cadmium 
used in alloys is used for this purpose. 


Aluminum or aluminum alloys can be sol- 
dered to copper. brass, or stainless steel by 
lead alloys that contain antimony, tin, and 2.6— 
17%, cadmium [26, 27]. Similar alloys that 
contain between 0.6 and 60% cadmium join 
glass and ceramics at temperatures under 
180°C [28]. For soldered connections on 
gold-plated electrical conductors, cadmium- 
containing zinc-lead-indium alloys are rec- 
ommended [29, 30]. Occupational-medicine 
aspects of cadmium-containing soldering are 
treated in [31]. 
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Electrical Contacts and Conducting Wire. 
The addition of cadmium or cadmium oxide to 
silver, often the contact material in electrical 
switches, reduces the metal loss due to spark- 
ing. In addition, the welding tendency is de- 
creased. Cadmium (0.8-196) improves the 
mechanical properties of copper wire without 
reducing its electrical conductivity. This is es- 
pecially useful in the case of the overhead 
wires supplying power to electrically powered 
locomotives [32, 33]. 


Other Alloys. Cadmium is a component of a 
few bearing alloys based on tin, copper, and 
aluminum, usually in amounts under 1%. 
Wood's alloy and Lipowitz's alloy, which con- 
tain between 6 and 14% Cd, are used as fus- 
ible alloys in automatic fire-protection 
sprinklers and other devices. Cadmium in the 
form of a 5% alloy with silver and indium is 
put to use in the control rods of nuclear reac- 
tors because Cd has a particularly large neu- 
tron capture cross section. А cadmium- 
selenium-indium alloy is an important com- 
ponent of a white-light laser for optical data 
processing systems [25]. 


16.8 Compounds 


Generally water-soluble cadmium com- 
pounds are colorless. Aluminum and zinc can 
be used to precipitate cadmium metal from so- 
lutions of cadmium salts. From weakly acid or 
neutral solutions, cadmium sulfide is precipi- 
tated by hydrogen sulfide, sodium sulfide, and 
sodium hydrogensulfides. The temperature, 
concentration, and presence or absence of Cl” 
determine the color of the precipitate: lemon 
yellow, orange, or even red. Sodium selenide 
precipitates black cadmium selenide. Mixed 
precipitates of cadmium sulfide and cadmium 
selenide are brown. Sodium hydroxide gives 
white cadmium hydroxide, which is insoluble 
in excess hydroxide. The precipitate formed 
by ammonia redissolves in excess reagent to 
form the complex [Cd(NH,),]**. This complex 
also forms when ammonia is added to precipi- 
tates such as the hydroxide or oxalate. Sodium 
carbonate produces insoluble cadmium car- 
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bonate. Sodium cyanide reacts with aqueous 
cadmium solutions to give cadmium cyanide, 
which redissolves in excess reagent to form 
[Cd(CN),P- This complex is weak enough 
that the cadmium can be completely precipi- 
tated with hydrogen sulfide. Cadmium solu- 
tions react with hexacyanoferrate(IT) to give a 
white precipitate, whereas they react with 
hexacyanoferrate(TIT) to give a yellow precipi- 
tate. Cadmium sulfite is only slightly soluble 
and can be precipitated from cadmium solu- 
tion with sodium sulfite. All insoluble cad- 
mium compounds can be dissolved in mineral 
acids. A few cadmium compounds fluoresce 
or phosphoresce, the silicate yellow to rose, 
the borate rose. Silver- or copper-activated 
cadmium-zinc sulfide gives colors spread 
over the entire spectrum. 

The properties and uses of numerous cad- 
mium compounds are described in [24]. The 
following text is limited to the most important 
industrial cadmium compounds. 


Cadmium oxide, CdO. The amorphous form 
is yellow red, brown red, or brown black, the 
color depending on the particle size and the 
stoichiometry. It has a density of 6.95 g/cm’, 
The amorphous oxide is insoluble in water and 
bases but is readily soluble in dilute acids, am- 
monia, ammonium salt solutions, and sodium 
cyanide solutions. 

The lustrous black cubic crystals of cad- 
mium oxide have a density of 8.15 g/cm’. 
They sublime at = 700 °C. The low specific re- 
sistance at 0 °C, 5.5 x 10? Qem, is caused by 
an excess of Cd?" ions, which makes СаО a 
semiconductor. 

Cadmium oxide is produced by evaporation 
of cadmium metal and oxidation of the vapor. 
It can also be obtained by thermal decomposi- 
tion of cadmium nitrate or carbonate or by ox- 
idation of molten cadmium by an oxidizing 
agent. Commercial cadmium oxide should be 
completely soluble in sodium cyanide solution 


and contain no heavy-metal or sulfur impuri-- 


ties. 

Cadmium oxide is used as a catalyst in oxi- 
dation-reduction reactions, dehydrogenation, 
cleavage, polymerization, the production of 
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multiply unsaturated alcohols, hydrogenation 


of unsaturated fatty acids, and as a mixed cata- ` 


lyst component to produce methanol from car- 
bon monoxide and water. Further uses include 
resistant enamels, metal coatings for plastics, 
heat-resistant plastics, selenium ruby glass, 
starting material for other cadmium com- 
pounds, and stabilizers for poly(vinyl chlo- 
nde). Cadmium oxide cembined with an 
alkali-metal cyanide is the salt mixture used in 
the baths for cadmium electroplating. Cad- 
mium oxide is a component of batteries. It is 
temperature resistant and together with silver 
useful in heavy-duty electrical contacts. Cad- 
mium oxide improves the behavior of some 
high-temperature plastics. 


Cadmium hydroxide, Cd(OH),, is a colorless 
powder with a hexagonal, layered lattice. The 
precipitation of fine-grained cadmium hy- 
droxide is only possible from nitric acid solu- 
tion, basic salts often resulting from 
precipitation from other solutions. In the pres- 
ence of halogenide ions, X', the complex 
[Сах]? forms. In fact, precipitation of 
Cd(OH), can be prevented by a high concen- 
tration of alkali-metal chloride. Cadmium hy- 
droxide is a component of cadmium nickel 
accumulators and silver-cadmium batteries. 
Cadmium hydroxide often replaces the oxide 
as.the starting material for other cadmium 
compounds. 


Cadmium carbonate, CdCO,, has a density 
of 5.3 g/cm’. (The density of CdCO,-H,0 is 
4.3 g/cm?.) The white crystalline powder with 
an orthorhombic lattice of the calcite type de- 
composes above 360 ?C. Often precipitation 
with sodium carbonate produces hydroxy 
products, which contain water difficult to re- 
move. Cadmium carbonate is a starting mate- 
rial for the production of cadmium pigments 
and other cadmium salts. 


Cadmium chloride, CdCL, has a density of 
4.05 g/cm?. The colorless, lustrous orthorhom- 
bic crystals, which melt at 568 °C to a liquid 
that boils at 967 ?C, are slightly soluble in wa- 
ter. The hydrates are CdCL- ELO, CdCl, 
51H40, and CdCl,-4H,O. Cadmium chloride 
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is produced by reaction of molten cadmium 
and chlorine gas at 600 °C or by dissolving 
cadmium metal or the oxide in hydrochloric 
acid, subsequently vaporizing the solution. 
The salt is used in electroplating. An aqueous 
solution absorbs hydrogen sulfide. Molten 
cadmium chloride dissolves cadmium metal. 
Upon cooling, the metal precipitates. 

The significance of cadmium chloride as a 
commercial product is declining. It -occurs, 
however, as an intermediate in the production 
of cadmium-containing stabilizers and pig- 
ments, which are often obtained from a cad- 
mium chloride solution itself obtained from 
cadmium metal, oxide, hydroxide, or carbon- 
ate. 


Cadmium nitrate tetrahydrate, Cd(NO),: 
4H,0, has a density of 2.46 g/cm?. The small 
colorless deliquescing crystals readily dis- 
solve in water. They have a mp of 59.9 °C, and 
the liquid has a bp of 132 °C. There are three 
hydrates, including the tetrahydrate, and the 
anhydrous Salt (stability ranges): 

Cd(NO,),-9H,O (716 to 3.5 °C) 

Cd(NOj,-4H,O 
Cd(NO,),-2H,0 
Cd(NOj), (> 56.8 °C) 


(3.510 48.7 °C) t 
(48.7 to 56.8 °C) 


Cadmium nitrate is produced by dissolving 
cadmium metal in nitric acid, purifying if nec- 
essary, concentrating, and crystallizing. It is 
used for the production of red lusters in glass 
and porcelain and in cadmium-nickel sinter 
plates of storage batteries. 


Cadmium sulfate, CdSO,, 4.7 g/cm’. The 
melting point of the anhydrous salt is 1000 °C. 
Anhydrous cadmium sulfaté is produced by 
melting cadmium with ammonium or sodium 
peroxodisulfate. A saturated aqueous solution 
contains 76 g CdSO, per 100 g of water at 
0 °C, 77.2 g at 20 °C, 69.4 р at 74.5 °C, and 
58.0 g at 100 °C. 

CdSO 54H40, p 3.09 g/cm?. The colorless 
monoclinic crystals, which effloresce in air, 
are soluble in water (see above). This hydrate 
melts at 41.5 *C in its own water of crystalli- 
zation, converting to the monohydrate. 
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Calcium sulfate monohydrate, CdSO, 
HLO, p 3.79 g/cm?, which is the form usually 
marketed, is produced by evaporating a cad- 
mium sulfate solution above 41.5 °C. 


Cadmium sulfate is used in electroplating 
and as a starting material for pigments, stabi- 
lizers, and other cadmium compounds that can 
be precipitated from aqueous solution. It is 
used to produce fluorescent materials and in 
analysis. A cadmium sulfate solution is a com- 
ponent of the Weston cell, which has an almost 
constant voltage of 1.0186 V. 


Cadmium cyanide, Cd(CN),, p 2.226 g/cm’, 
is cubic and isostructural with Zn(CN),. The 
solubility in water is 17 g per liter at 15 °C. 
The solubility in sodium cyanide solution is 
greater because tricyanocadmium ions, 
Cd(CN); form. Cadmium cyanide is pro- 
duced from dilute cyanic acid and cadmium 
hydroxide by evaporation or by precipitation 
from a concentrated solution of cadmium salt 
and alkali-metal cyanide. Cadmium cyanide 
and its mixtures with an alkali-metal cyanide 
are used in electroplating. Cadmium cyanide 
baths for the electroplating of cadmium metal 
coatings have the advantage that they are easy 
to work with. Metal removed from the solu- 
tion as electroplate is replaced by dissolution 
of the cadmium anode. These cadmium an- 
odes should be at least 99.9596 pure. 


Storage and Transportation. The labeling 
for transport of cadmium compounds in Ger- 
many and the European Economic Commu- 
nity are similar [34, 35]. The rules specify the 
use of certain symbols and directions for 
safety precautions. The international provi- 
sions for sea and air transport have recently 
been made compatible (36, 37], although spe- 
cial regulations for individual lands are often 
still very different. Frequently there are even 
different provisions for the various types of 
transportation or routes. 
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Table 16.1: Cadmium emission in Germany. 


Emission, V. 
Source (Year) mission, t/a 


Production of Cd metal and 

recycling (1980) 5-7 — 62 69 
Pigments (1980) 017 — 12 14 
Stabilizers (1980) 005 — 0.18 0.23 
Electroplating (1981) — — 07 07 
Batteries (1982) 031 — 09 12 
Alloys (1982) 0.5 — — 0.5 
Glass (1982) 3 — — 3 
Fossile fuels (1982) «5 — = 5 
Iron and steel (1982) 5 — — 5 
Cement (1982) 0.3 — — 03 
Fertilizer (1982) — 35 05 35 
Waste-water sludge (1982) 01 3.6- — 14 

| 144? 

Man-made deposits (1982) — — — — 
Waste burning (1982) 29-38 — — 3.8 
Automobile exhaust (1982) «0.5 — «0.5 1.0 
Total, max. 26: 49 66 140 


* Maximum. 

* Forty percent of the 1.8 x 105 t of waste-water sludge produced 
each year, or 0.72 x 105 t, is used agriculturally. If the sludge con- 
tains, on the average, 5 ppm Cd, this corresponds to the minimum 
estimate, 3.6 t Cd. Twenty ppm corresponds to the maximum esti- 
mate, 14.41 Cd. 


16.9 Environmental 
Protection 

Cadmium has been ubiquitously distributed 
in the natural environment for millions of 


years, and information about this natural dis- 
tribution in soil and water can be found in gen- 


` eral literature, e.g., [24]. Industrial production 


of cadmium has affected the total distribution 
in soil and water only insignificantly, although 
in some restricted areas environmental prob- 
lems have developed. 

More than 90% of the total nonsmoker in- 
take of cadmium is reported to be through 
food (see Section 16.11). All sources of cad- 
mium that contaminate cultivated soil, 
whether by air, fertilizer, or water, should be 
reduced as much as possible. 


Cases of cadmium poisoning caused by the 
contamination of the environment are de- 
scribed in Section 16.11. 


Air Soil Water Total" 
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16.9.1 Emission 


Cadmium emission in Germany is given in 
Table 16.1. Summaries for the United King- 
dom [38], the European Economic Commu- 
nity [39], and the United States [40] are 
difficult to compare because different parame- 
ters have been selected. However, this litera- 
ture cites its sources, so comparison based on 
tabulations in these sources is possible. Data 
about industrial emission in the European 
Economic Community and extensive discus- 
sion of the technologies to reduce emissions 
have been collected [41]. 


16.9.2 Waste Water 


Cadmium ions are normally separated from 
sewage by precipitation with an alkali-metal 
hydroxide or carbonate, with subsequent sepa- 
ration of the sediment. The required limit of 1 
mg/L, however, is only attainable when the pH 
is adjusted to 9.5 or higher, and the precipitate 
is thoroughly separated from the solution. 
New regulations go even further and the *Cad- 
mium Guidelines" for the European Economic 
Community require concentration limits of 
0.3-0.5 mg/L after 1986 and « 0.2 mg/L after 
1989 [42]. These limits can only be met by 
manufacturers and consumers with special 
methods [41]. Especially useful for producers 
of cadmium and cadmium compounds are the 
coprecipitation of cadmium in so-called col- 
lectors and subsequent filtration or special 
treatment during production and before com- 
bination with cadmium-free waste water. In 
special cases, ion exchange, precipitation, for 
example, with a sulfide compound, or electro- 
lytic separation is used. Clearly the most im- 
portant factor is the reduction of the amount of 
cadmium carried into the waste water. Conse- 
quently the guidelines of the European Com- 
munity concentrate on reduction of the 
amount of cadmium in waste water. 


The constant tightening of the standards for 
waste water purification is intended to prevent 
excessive concentrations of cadmium in the 
sludge produced in biological waste-water 
treatment. When the concentration of heavy 


Cadmium 


metals is too high, the sludge can no longer be 
used in agriculture. In Germany, maximum 
cadmium content in sludge is restricted to 20 
mg per kilogram of dry waste, along with a 
limitation on the total amount of waste [43]. 
Similar requirements are in preparation for the 
European Economic Community. 


16.9.3 Air 


Practically all cadmium emission sources 
are in the form of the oxide because this com- 
peund is formed in pyrometallurgical produc- 
tion, high-temperature processing, and 
combustion, either directly or via the metal. 
Initially the oxide is finely divided, but these 
fine particles can be made to agglomerate into 
coarse grains in suitable apparatus. However, 
this specialized apparatus is often not practi- 
cal, and other methods, which also work well 
enough with fine particles, must be used. The 
laws vary from land to land. In TA-Luft (Tech- 
nical Regulations for Air), a new proposal, 
Germany requires that not more than 0.2 mg 
Cd per т? of air be released. 

Larger gas effluents are usually subject to 
an electrostatic purification, for example, the 
removal of particles from gas exhausts of 
power plants and garbage disposal plants. For 
low cadmium contents this separation suf- 
fices. For high cadmium concentrations filtra- 
tion is used. The filters can be made from 
metal screen, ceramic, or a variety of textiles. 
Regulations and gas release must be carefully 
adapted to conditions. Washing, especially 
with Demisters, has proved useful for removal 
of water-soluble aerosols [44]. | 


a 


16.9.4 Soil 


Cadmium reaches agricultural soil via air- 
borne particles; wastes, particularly sludge; 
and phosphate fertilizers. The importance of 
these three has been summarized and de- 
scribed for Germany [45]. 

The normal content of an agricultural field 
lies between 0.1 and 1 mg Cd per kilogram of 
soil (0.1—1 ppm). Maximum 3 ppm in a 30-cm 
layer of top soil is thought allowable, corre- 
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sponding to 13.5 kg/ha. The contribution to 
this reservoir per year is 7 g/ha from the air 
and 6 g/ha From phosphate fertilizer. The re- 
moval by harvest is about 4 g/ha. The annual. 
increase is then 9 g/ha. This means that a soil 
with a content of 4.5 kg/ha, corresponding to 1 
ppm, would reach the upper limit after 1000 
years. 


A number of studies deal with the disposal 
of sludge [46]. Even then there are &till 265 
years until the upper limit is reached; there- 
fore, there is time to solve the problem of cad- 
mium emissions. The national regulations for 
the production of waste-water sediment are 
tabulated in [47]. 


However, there are already problems asso- 
ciated with excessive cadmium contents in 
soil on the grounds of old mining and smelting 
plants. In the immediate vicinity of the sources 
of emission, the amount of cadmium in the 
soil exceeds that thought allowable. Here the 
use of the adjacent agricultural land must be 
limited, but there is no large-scale danger. Ap- 
parently man-made waste deposits do not cre- 
ate a cadmium source for plants since transfer 
of cadmium to the soil does not take place. 


In addition to concern about the amounts of 
cadmium [48], the complicated mechanism of 
transfer from the soil to the plant must be con- 
sidered. A transport model, from soil into the 
plant, has been proposed [39]. 


16.10 Economic Aspects 


Since 1970 the production of the non-Com- 
munist countries has remained rather constant, 
12-15 kt/a. The increase in European produc- 
tion was balanced by the decrease in North 
America. Consumption has remained in equi- 
librium with production. The amounts of cad- 
mium for various uses have varied since 1970, 
affected by technical, economic, and environ- 
mental factors [49]. The cadmium price from 
1970 to the beginning of the 1980s varied 
strongly, from $0.50 to $4 per pound. The con- 
sumption in the Western world between 1970 
and 1982 is tabulated in Table 16.2. The fig- 
ures are totals of the published statistics for 
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Germany, Japan, the United Kingdom, and the 
United States. which together account for 
about two thirds of non-Communist consump- 
tion. 


Table 16.2: Consumption of cadmium, t. . 
Use 1970 1973 1976. 1979 1982 


Plating 3096 3273 3578 ` 3326 2205 
Batteries 680 1580 2106 2202 2180 


Pigments 2021 3231 2466 2578 1819 
Stabilizers 1947 1892 1195 1184 947 
Alloys 642 877 519 400 488 


Total 8386 10853 9864 9690 7639 


16.11 Toxicology and 
Occupational Health 


For more than a century there have been 
many reports on acute poisoning caused by 
cadmium compounds. Cadmium uptake oc- 
curred either via inhalation during occupa- 
tional exposures or by oral poisoning due to 
ingestion of contaminated food or beverages 
[50]. About 35 years ago it was established 
[51] that long-term inhalation of cadmium ox- 
ide dust could cause a syndrome characterized 
by damage to the pulmonary and renal sys- 
tems. Since then many studies have been made 
in various countries, establishing that occupa- 
tional exposure to cadmium compounds can 
cause adverse effects, especially in the kid- 
neys. 

During the last decades it was also recog- 
nized that cadmium can cause renal effects in 
the general population. In Japan, a large popu- 
lation is exposed to cadmium via food, espe- 
cially псе; in one area this resulted in an 
epidemic of chronic cadmium poisoning with 
severe bone damage, called /tai-/tai disease. 

Whereas the exposure levels were reduced 
considerably in many industries, there is a 
growing concern about risks for the general 
population around the world. This is not only 
caused by emissions from industry. Waste dis- 
posal, especially by incineration, the increas- 
ing use of phosphate fertilizers, and pH 
changes in soil and water caused by acid rain 
are other factors of concern. For more detailed 
information on different aspects of occur- 
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rence. metabolism, and effects of cadmium, 
see [50, 52—56]. 


Exposure Levels. The average normal daily 
intake via food is 10—20 ug in most countries; 
considerably higher values, from 30 to above 
200 pg/d, have been reported from certain ar- 
eas in Japan [50, 52, 54, 55]. The highest cad- 
mium concentrations are found in some basic 
foodstuffs such as wheat and rice and in liver, 
kidney, and certain seafoods. Drinking water 
generally is a minor source. Atmospheric lev- 
els of cadmium in rural areas are less than 1 
ng/m?, in urban areas 1—10 ng/m?, and in cer- 
tain industrialized areas a yearly average of up 
to 50 ng/m? has been found [50]. Atmospheric 
exposure to cadmium therefore is of minor im- 
portance. 

Tobacco may contain 1—2 ир Cd per gram, 
and smoking twenty cigarettes a day has been 
estimated to result in an inhalation of about 3 
ug. Because a large part of that dose will be 
absorbed, exposure via cigarette smoking may 
contribute to the internal dose as much as that 
absorbed from food [50, 52, 55]. 


Metabolism. In order to understand the.toxic- 
ity of cadmium some basic facts about the me- 
tabolism of this metal must be known. 

The fate of inhaled cadmium compounds 
depends on particle size and solubility. Finely 
divided cadmium oxides, especially fumes, 
deposit in the lower respiratory tract, because 
of their relatively high solubility about 3096 of 
the inhaled amount is absorbed. Cadmium sul- 
fide and sulfoselenide are relatively slightly 
soluble, and they are not absorbed to the same 
extent. (Mucociliary transport to the gut oc- 
curs, but the absorption from the gut probably 
is only a few percent.) 

Ingested cadmium generally is absorbed to 
a few percent [50, 57]. Nutritional deficien- 
cies, e.g., in iron and calcium, will cause 
higher absorption. Women with severe iron 
depletion absorbed up to 20% of the cadmium 
ingested orally [57]. 

Cadmium absorbed from the lungs or the 
gut initially is stored mainly in the liver. Expo- 
sure to cadmium induces the synthesis of met- 
allothionein, a low molecular mass, cysteine- 
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rich protein, which strongly binds cadmium 
but also zinc and copper [58]. The liver has a 
high capacity to synthesize this protein, and 
even at very high exposures most of the cad- 
mium in the liver will be bound to metallothio- 
nein. The protein breaks down relatively fast, 
but continuous synthesis ensures that cad- 
mium does not escape to bind to other struc- 
tures. 

In the blood, cadmium is found in Ше cells 
and plasma, the concentrations being approxi- 
mately equal. However, with increasing cad- 
mium levels in the body more cadmium will 
be found in the cells. In the red blood cells 
cadmium is bound to several proteins, a major 
part to metallothionein. In plasma only a mi- 
nor part is bound to metallothionein. Plasma 
metallothionein easily passes the glomeruli, 
and as a protein it will be reabsorbed in the 
proximal tubules. In the kidneys the protein 
then breaks down, and cadmium is released. 
The kidney can also synthesize metallothion- 
ein, which ensures that cadmium is trapped in 
an inert form. However, when the synthesizing 
capacity is exceeded, cadmium ions will be re- 
leased and toxic effects may occur. r 

The cadmium excretion from the kidney is 
very small. Long retention times in liver and 
kidney, as well as in other tissue, lead to an ac- 
cumulation of cadmium in the kidneys from 
birth to middle age. The newborn is virtually 
free from cadmium because the placenta is an 
efficient barrier. The gross biological half-life 
of cadmium in the body has been estimated to 
be about twenty years [50]. 

The average cadmium concentration in the 
liver of adults is about 1 mg/kg wet weight; 
the concentration in the renal cortex is about 
20 mg/kg in most European countries and in 
North America [55, 56, 59]. In Belgium higher 
concentrations, on the average 40 mg/kg in re- 
nal cortex, have been reported [60]. The high- 
est concentrations in members of the general 
population have been found in Japan [55, 58, 
59,60. 

Smokers generally have about twice as 
high cadmium concentrations in the renal cor- 
tex (about 25 mg/kg wet weight) as compared 
with nonsmokers [59, 60]. 
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In the blood the cadmium concentrations in 
nonsmokers are generally less than 1 ug/L, 
whereas smokers have up to 5 pg/L [60]. The 
difference between smokers and nonsmokers 
is also obvious in the urine. Nonsmokers in 
Europe and North America excrete about 0.4 
ug/g creatinine, whereas smokers excrete 
about twice as much [59, 61]. This urinary ex- 
cretion is related to the level of cadmium in 
the.body and is useful for monitoring general 
populations as well as most persons that are 
occupationally exposed to cadmium. The total 
body burden in adult nonsmokers generally is 
less than 10 mg [59], whereas that of the new- 
bom is only a few micrograms. 


Acute Toxicity. Acute cadmium poisoning by 
inhalation has mainly been caused by acciden- 
tal exposure to cadmium fumes. The highest 
risk is in welding, cutting, or:soldering opera- 
tions when cadmium-containing materials are 
treated, especially if the worker is unaware 
cadmium is present. There may be a latent pe- 
nod of up to 24 h after exposure before symp- 
toms occur. Chemical pneumonitis occurs, 
which may lead to lung edema and general 
symptoms, in some cases with lethal outcome 


‚ [50, 55, 62,63]. 


The concentration of cadmium in the air 
has not been measured at the time of acci- 
dents. Based on cadmium analysis of lung tis- 
sue from people dying after acute exposure it 
has been estimated that the lethal dose corre- 
sponds to 1 mg/m? as cadmium fume for eight 
hours. Concentrations of 0.5-1 mg Cd/m? for 
a couple of hours may cause pneumonitis [53]. 
A short-term exposure limit for cadmium ox- 
ide fumes and respirable dust of 0.25 mg 
Cd/m? has been recommended to prevent 
acute lung reactions [53]. 

Single oral doses of about 10—15 mg may 
cause gastrointestinal disturbances, but the le- 
thal dose is probably several hundreds of mil- 
ligrams [53, 55]. 


Chronic Toxicity. The chronic effects after 
long-term inhalation are mainly seen in lungs 
and kidneys [50, 51, 55]. In earlier times ane- 
mia, anosmia, and yellow lines on the teeth 
were common among cadmium workers but 
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are uncommon today. Emphysema was a ma- 
jor finding in some earlier studies involving 
exposure to cadmium oxide fume and dust 
[50]. Because of the decrease in exposure, 
lung dysfunction is nowadays rare, and if it 
occurs the symptoms are mild. Figure 16.2 
shows how air concentrations of cadmium 
have decreased during the years in a Swedish 
factory, where emphysema was seen in the 
1940s [51, 64]. It has been concluded that to 
prevent any pulmonary effect of cadmium the 
time-weighted average concentration of respi- 
rable dust in air should not exceed 20 g/m? 
[53]. | 
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Figure 16.2: Concentration of cadmium in workroom air 
from 1946 to 1977. Arithmetic means of personal and sta- 
tionary samples were obtained within seven subperiods. 
Data covering period IV, 1961—1964, are not available. 


The critical effect of cadmium is renal tu- 
bular dysfunction. In 1950 it was discovered 
that workers exposed to cadmium oxide dust 
in an alkaline battery factory had an unusual 
type of proteinuria [51]. The majority of the 
proteins were of low molecular mass. Studies 
of renal function showed that the glomerular 
filtration rate and the concentrating capacity 
were decreased. The proteinuria in chronic 
cadmium poisoning is a tubular proteinuria, 
caused by a decrease in the reabsorption of fil- 
tered plasma proteins in the proximal tubules 
[50]. 
|. The urinary excretion of protein was found 
to be related to exposure time [65]. The criti- 
cal cadmium concentration in renal cortex was 
estimated to be 200 mg/kg wet weight [50]. 
This value was confirmed by further studies 
[66—68] and is to be compared with the normal 
concentrations reported in the previous sec- 
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tion. À critical urine concentration of about 10 
ug of cadmium per gram of creatinine has also 
been established, which generally is a good in- 
dicator of the body burden [50, 67—69]. 

The best dose-response relationship seems 
to be between cadmium concentration in the 
liver, determined by in vivo neutron activa- 
tion, and the degree of tubular dysfunction 
[67]. At liver concentrations above 30 mg/kg 
wet weight proteinuria appeared; this corre- 
sponds to a cadmium concentration in renal 
cortex of about 200 mg/kg. 

At present, the increased excretion of low 
molecular mass proteins is regarded as the 
first sign of renal tubular effects caused by 
cadmium. This is also consistent with the fact 
that cadmium primarily is deposited in the 
proximal tubules, because the cadmium-con- 
taining metallothionein is reabsorbed. 

At this early stage there are no measurable 
changes in the excretion of other substances. 
However, if exposure goes on and the renal 
levels increase, other functions may be dis- 
turbed. In advanced cases of chronic cadmium 
poisoning the excretion of glucose, amino ac- 
ids, and phosphate is increased (Fanconi syn- 
drome). Disturbances in mineral metabolism 
may cause the formation of renal stones. For 
detailed discussion, see [70, 71]. 

The diagnosis of chronic cadmium poison- 
ing must be based on occupational history, ex- 
posure levels in air, levels of cadmium in 
blood and urine, and protein analysis in urine. 

The tubular damage is irreversible, and pre- 
vention 15 thus more important than diagnosis. 
The determination of cadmium in whole blood 
gives information about recent exposure, but 
is not always a good indicator of the body bur- 
den or risk for renal dysfunction, especially in 
smokers. Cadmium in urine should be used to 
monitor this risk. As long as the urinary excre- 
tion of cadmium is below 5 ир per gram of 
creatinine there should be no risk for the kid- 
neys. At concentrations of 5-10 ug per gram 
of creatinine, exposure should be minimized 
to prevent further accumulation in the kid- 
neys. 

Monitoring is also necessary after exposure 
has ceased. Intensive exposure during rela- 
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tively short periods may lead to a high cad- 
mium concentration in the liver. Cadmium 
will then be released from the liver and trans- 
ported to the kidneys for a long time. The re- 
nal concentrations may reach a critical level 
many years after the last exposure. 
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Figure 16.3: Cadmium in blood vs. cadmium in air. Arith- 
metic means of 4—5 samples of blood cadmium and 9—11 
personal samples of airborne cadmium dust for 17 alka- 
line battery workers. Smokers are represented by the solid 
circles; nonsmokers, by open circles. 
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Figure 16.4: Cadmium in blood in relation to the personal 
hygiene score. Arithmetic means of five samples of cad- 
mium in blood from nine smokers (solid circles) and of 4— 
5 samples from nine nonsmokers (open circles). 

The concentration of cadmium in air is sel- 
dom of help in evaluating risks. The long bio- 
logical half-life of cadmium will lead to a 
continuous increase in renal levels over many 


' years, and past exposure often is more impor- 


tant than present exposure. Changes in work- 
place exposure during several decades are 
shown in Figure 16.2. Figure 16.3 demon- 
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strates that cadmium blood levels vary greatly 
even at the current low exposure levels. This is 
most obvious with smokers. The natural cad- 
mium content of cigarettes does not explain 
this finding, which is caused instead by con- 
tamination of cigarettes or pipe tobacco during 


: work and poor personal hygiene, as illustrated 


in Figure 16.4 [63]. 

Therefore, it is imperative to prevent smok- 
ing in the workshops and the carrying of to- 
bacco in work clothes; such measures will 
have much more impact than small reductions 
of cadmium concentrations in air. Dust accu- 
mulation must be prevented in the workshop 
to minimize exposure caused by contamina- 
tion of work clothes and hand-to-mouth trans- 
fer. The latter may lead to considerable 
gastrointestinal exposure [72]. 

The present threshold limits for cadmium 
in air differ among countries, varying from 10 
ug Салт? in Finland to 100 Hei? (total dust) 
in East European countries. The low values, 
10-20 g/m’, should prevent renal damage, 
but as indicated above, smoking and poor per- 
sonal hygiene may increase the internal expo- 
sure. 


Carcinogenicity. Cadmium has been impli- 
cated as a carcinogenic agent, especially with 
regard to cancer of the prostate. The evidence 
is weak and based on deaths from cancer of 
the prostate. However, this cancer is extremely 
common among elderly men, and it often does 
not give any symptoms [73, 74]. There is 
therefore no evidence that cadmium induces 
this cancer; diet and hormonal factors are 
more important determinants. However, it 
cannot be excluded that in heavily exposed 
workers cadmium might have affected zinc 
metabolism in the prostate or caused hormonal 
changes. It is extremely unlikely that low ex- 
posures will have any effect on the prostatic 
function. 

According to animal experiments long- 
term exposure to cadmium chloride aerosols 
causes lung cancer in rats [75]. The concentra- 
tions of cadmium in air were relatively low, 
12.5—50 ug/m?, but exposures were for 23 ha 
day. Humans are generally not exposed to cad- 
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mium chloride. In Germany cadmium chloride 
has been listed as a carcinogen. There have 
been a number of studies on the occurrence of 
lung cancer among workers exposed to cad- 
mium oxide dust, but there are no conclusive 
results indicating that cadmium oxide causes 
lung cancer in humans [73]. 


Poisoning from Contamination of the Gen- 
eral Environment. Contamination of the gen- 
eral environment has caused cadmium 
poisoning in certain areas of Japan [64]. Cad- 
mium levels in rice caused daily intakes of 
several hundreds of micrograms, which 
should be compared to the “normal” intake of 
10-20 це in most countries in Europe. and 
North America. The exposure in Japan has 
caused renal tubular dysfunction of the same 
type as described in the section on chronic tox- 
icity. In one area in the Toyama prefecture the 
cadmium exposure resulted in the develop- 
ment of severe bone damage, Itai-Itai disease. 
Mainly multiparous women above 40 years of 
age were affected. The males in the area had 
tubular dysfunction but generally did not de- 
velop the bone disease. The women had poor 
nutritional status with deficient intakes of cal- 
cium, vitamin D, and protein, probably also of 
iron. Cadmium alone can hardly cause such 
severe bone changes, but combined with se- 
vere calcium deficiency the result became di- 
sastrous. It is not likely that Itai-Itai disease 
will occur again, but as mentioned tubular 
dysfunction is common in several other areas 
of Japan. 


There are some contaminated areas in Eu- 
rope, where signs of renal disease have been 
sought [76, 77]. No definite conclusions can 
yet be drawn, but the investigated populations 
had higher cadmium levels than generally 
found in Europe [77, 78]. uu 

Most domestic animals are not at risk for 
cadmium poisoning. Àn exception is the 
horse. Adult horses generally have about five 
times higher cadmium concentrations in the 
renal cortex than adult humans in the same 
area [79]. 
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16.12 Cadmium Pigments 


Among the inorganic pigments, cadmium 
pigments have particularly brilliant red and 
yellow colors, as well as a high durability. All 
cadmium pigments are based on cadmium sul- 
fide and crystallize with a hexagonal wurtzite 
lattice (Figure 16.5). The sulfur atoms have a 
hexagonal, tightly packed arrangement, in 


which the cadmium atoms occupy half of the - 


tetrahedral holes. In this wurtzite lattice the 
cations and anions can be replaced within cer- 
tain limits by chemically similar elements; 
nevertheless, the only substitutions which are 
used in practice are zinc and mercury for the 
cations and selenium for the anions. 

The use of zinc yields greenish yellow pig- 
ments due to the lower lattice constants; mer- 
cury and selenium lead to expansion of the 
lattice. With an increasing content of sele- 
nium, or especially mercury, the shades of the 
pigments change to orange, red, and ulti- 
mately to deep red (bordeaux). The brilliant 
colors of cadmium pigments are primarily due 
to their almost ideal reflectance curves with a 
steep ascent (Figure 16.6). 

` а 





Figure 16.5: Crystal lattice of cadmium pigments (wurtz- 
ite structure): a) Sulfur (selenium); b) Cadmium (zinc, 
mercury). 


16.12.1 Cadmium Sulfide 


Cadmium sulfide, CdS, occurs as greenoc- 
kite or cadmiumblende in several natural de- 
posits, which are, however, of no importance 
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as pigments. The mineral crystallizes hexago- 
nally in the wurtzite lattice (a-form). — 

When hydrogen sulfide is passed into cad- 
mium salt solutions, cadmium sulfide is 
formed as a yellow precipitate with a zinc 
blende structure (cubic, B-form). The B-form 
can be converted into the o-form (e.g., by 
heating) o-Cadmium sulfide shows photo- 
conductivity due to defects in the crystal lat- 
tice (usage in photovoltaic cells) [80]. The 
solubility in water at 25 °С is 1.46 x 107° 
mol/L [81]. Cadmium sulfide forms the basis 
for all cadmium pigments. 
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Figure 16.6: Reflectance curves of cadmium pigments 
(pigment volume concentration 10%): a) Cadmium yel- 
low; b) Cadmium golden yellow; c) Cadmium red (bor- 
deaux). 


16.12.2 Cadmium Yellow 


Cadmium yellow consists of pure cadmium 
sulfide (golden yellow color) or mixed crys- 
tals of zinc and cadmium sulfide, (Cd, Zn)S, in 
which up to one-third of the cadmium can be 
replaced by zinc. The density of this pigment 
is 4.5-4.8 g/cm? and its refractive index is 
2.4—2.5. The prevalent particle size is ca. 0.2 
um with cubic to spheroidal habits. Cadmium 
yellow is practically insoluble in water and al- 
kali, and of low solubility in dilute mineral 
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acid. It dissolves in concentrated mineral acid 
with generation of hydrogen sulfide. 


Production. The raw material for the produc- 
tion of cadmium yellow pigments is high-pu- 
rity cadmium metal (99.99%), cadmium 
oxide, or cadmium carbonate. If the metal is 
used it is first dissolved in mineral acid. A zinc 
salt is then added to the solution; the amount 
added depends on the desired shade. The zinc 
salt is followed by addition of sodiuni sulfide 
solution. An extremely finely divided cad- 
mium sulfide or cadmium zinc sulfide precipi- 
tate is formed, which does not possess any 
pigment properties. This intermediate product 
can also be obtained by mixing the cadmium 
or cadmium-zinc salt solution with sodium 
carbonate solution. An alkaline cadmium car- 
bonate or cadmium zinc carbonate precipitate 
is formed which reacts in suspension with 
added sodium sulfide solution. 

The crude precipitated cadmium yellow is 
washed and then calcined at ca. 600 °C, at 
which temperature the cubic crystal form 
changes to the hexagonal form. This process 
determines the particle size distribution, 
which is essential for the pigment properties. 

If the starting material is cadmium oxide or 
cadmium carbonate, it is mixed with sulfur 
and calcined at ca. 600 °C. After calcination, 
the pigment product is washed with dilute 
mineral acid to remove any remaining soluble 
salts, dried, and ground. 


16.12.3 Cadmium Sulfoselenide 
(Cadmium Red) 


Pure cadmium selenide, CdSe, is brownish 
black and has no pigment properties. Like cad- 
mium sulfide, it is dimorphous and occurs in 
hexagonal and cubic modifications. Cadmium 
selenide is insoluble in dilute acid. It readily 
liberates hydrogen selenide in concentrated 
hydrochloric acid. It dissolves completely in 
fuming nitric acid, the Se^ ions being con- 
verted to SeO? ions. Cadmium selenide is an 
n-type semiconductor. 


Cadmium red consists of cadmium sulfose- 
lenide, Cd(S, Se), and its formed when sulfur 
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is replaced by selenium in the cadmium sul- 
fide lattice. With increasing selenium content, 
the color changes to orange, red, and finally 
dark red. The density of these pigments in- 
creases correspondingly from 4.6 to 5.6 g/cm? 
and the refractive index from 2.5 to 2.8. The 
crystals have cubic or spheroidal habits, the 
prevalent particle size is 0.3-0.4 um. 


Production. Cadmium red pigments are pro- 
duced in a similar way to the cadmium yellow 
pigments. The cadmium salt solution is pre- 
pared by dissolving the metal in mineral acid 
and then sodium sulfide is added. A certain 
amount of selenium powder is dissolved in the 
sodium sulfide solution to obtain the desired 
color shade. In an alternative procedure, the 
cadmium solution is mixed with sodium car- 
bonate solution to precipitate cadmium car- 
bonate which is reacted with the selenium- 
containing sodium sulfide solution. 

The cadmium red pigment intermediate is 
obtained as a precipitate which 1s filtered off, 
washed, and calcined at ca. 600 °C. As with 
cadmium yellow, calcination yields the red 
pigment and determines the particle size, par- 
ticle size distribution, and color shade. Analo- 
gously to the cadmium yellow process, 
cadmium red can be produced by direct reac- 
tion of cadmium oxide or cadmium carbonate 
with sulfur and the required amount of sele- 
nium at ca. 600 °C. 

Products in which selenium is totally or 
partially replaced by tellurium [82, 83] have 
not had any commercial application owing to 
their poor coloristic properties. 


16.12.4 Cadmium Mercury 
Sulfide 


The cadmium in the wurtzite lattice of cad- 
mium sulfide can be replaced by divalent mer- 
cury to give cadmium mercury sulfide 
(cadmium cinnabar). As the quantity of mer- 
cury increases, the lattice expands, and the 
color deepens, changing from yellow to or- 
ange and finally dark red. The coloring prop- 
erties of cadmium cinnabar resemble those of 
the selenium-containing cadmium red pig- 
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ments. Use of these mercury-containing pig- 
ments can be justified for economic reasons. 
However, their use is no longer justifiable 
from the ecological point of view because ade- 
quate nontoxic substitutes are available. 


16.12.5 Properties and Uses 


Cadmium pigments are mainly used to 
color plastics. They have brilliant, pure shades 
(yellow, orange, red, and bordeaux), good hid- 
ing power, and moderate tinting strength. 

Their process-relevant properties are deter- 
mined by their high thermal stability and 
chemical resistance to aggressive additives or 
to molten plastics that have a reducing action 
(e.g., polyamides). Other advantages for use in 
plasties are good lightfastness, weather resis- 
tance, and migration resistance. The cadmium 
pigments also protect polyalkenes against ag- 
ing because they absorb UV light. Premature 
embrittlement is prevented and the polymer 
can be recycled [84]. 

A very useful feature of plastics colored 
with cadmium pigments is the dimensional 
stability of injection-molded parts with a large 
surface area. The combination of these proper- 
ties 1s not matched by any other class of colo- 
rant. 

For economic reasons, cadmium pigments 
are no longer used for coloring plastics where 
the pigment property requirements are less 
stringent. In poly(vinyl chloride) and to a large 
extent in low-density polyethylene; they have 
been replaced by less expensive inorganic and 
organic pigments. 

For ecological reasons, cadmium pigments 
are increasingly being replaced in plastics 
where high demands are made on the colo- 
rants, sometimes with concessions as regards 
product quality. Plastics processed at high 
temperature are now colored with high-quality 
organic pigments (e.g. perylene, quinacri- 
done, and high-quality azo pigments). On ac- 
count of the color stability of the cadmium 
pigments at high temperatures, there are very 
few alternatives for the following applications 
in the plastic industry: 

e Processing temperatures above 300 °C 
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e Aggressive plastic melts 
e Outdoor uses 

A further use of cadmium pigments is in 
paints and coatings (powder paints, silicone 
resins, and automotive topcoats) but this is de- 
clining. | 

Cadmium pigments are irreplaceable for 
coloring enamels, ceramic glazes, and glass. 
Brilliant transparent glasses are obtained by 
adding a small amount of cadmium red, while 
1096 cadmium red with a cadmium oxide sta- 
bilizer produces dark decorative glasses. 
Other areas of application are ceramics (wall 
and floor tiles, household and decorative ce- 
ramic ware). Very small amounts of cadmium 
pigments are used for artists' colors. The 
terms cadmium yellow and cadmium red have 
become synonyms for very brilliant red and 
yellow shades. 

Cadmium pigments, especially cadmium 
red, are very sensitive to intensive grinding, 
which causes loss of brilliance due to an in- 
crease in the number of irregular lattice de- 
fects. A brilliant red shade may become a dirty 
brownish red. 

The cadmium pigments are lightfast Бш, 
like all sulfide pigments, are slowly oxidized 
to soluble sulfates by UV light, air, and water. 
This photooxidation is more pronounced with 
cadmium yellow than with cadmium red and 
can still be detected in the powder pigment 
which normally contains 0.1% moisture. 


16.12.6 Quality Specifications 


The quality requirements and conditions 
for the supply of cadmium pigments given in 
ISO 4620 have lost their significance in prac- 
tice. According to this standard, cadmium pig- 
ments must be free from organic colorants, 
inorganic colored pigments, and other addi- 
tives. The acid-soluble components (0.1 
mol/L HCT) should not exceed 0.296 Cd (de- 
termined according to ISO 4620 and ISO 
3856/4); in practice, they are usually < 0.01 96 
Cd 


Cadmium pigments are sold as homoge- 
neous powders and as preparations mixed with 
barium sulfate to give the required tinting 
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strength. To reduce the risk of inhalation, they 
are supplied as low-dust powders and fine 
granules. 

In dust-free and dispersed form, they are 
supplied as concentrated plastic granules 
(master-batch pellets), as concentrated pastes, 
and as liquid colors. These products are added 
at different stages in the processing of plastics. 


16.12.7 Economic Aspects 


The output of cadmium pigments in the in- 
dustrialized countries in 1990 was ca. 5800 t, 
of which 2800 t were produced in Europe and 
2000 t in the United States. Consumption is 
distributed approximately as follows: plastics 
90%, ceramics 5%, and others 5%. 

Manufacturers and trade names of cad- 
mium pigments include BASF Lacke + Far- 
ben, Stuttgart, Germany (Sicotherm 
Pigments); Degussa, Frankfurt, Germany; 
Orkem, Narbonne, France (Langdopec Pig- 
ments); Blythe Colours, Stoke on Trent, UK; 
Brown, London, UK; Reckitts, Hull, UK; 
Ferro Corporation, Color Division, Cleveland, 
USA; and Harshaw Chemical Co., Cleveland, 
USA. 


16.12.8 Toxicology and 
Environmental Protection 


Production. Since soluble cadmium com- 
pounds have a toxic effect on humans and the 
environment, all wastewater originating from 
the production of cadmium pigments must be 
treated to remove cadmium. This is carried out 
by methods outlined elsewhere. In the EC, the 
following limits for the pigment production 
must be observed: 0.2 mg Cd/L in wastewater 
and 0.3 kg Cd per tonne of used cadmium 
compounds calculated as metal [85]. 

The exhaust air from the production plants 
and the ventilation equipment must be 
cleaned. Tubular filters and, more recently, ab- 
solute filters have been used to remove cad- 


.mium compounds in dust form. With these 


high-performance filters, it is possible to com- 
ply with the limits specified 1n Germany (0.2 
mg Салт? air, 1 р Cd/h, emission limit; 5 pg 
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Cd/m? per day, immission limit). During pig- 
ment production, occupational hygiene and 
safety measures for toxic materials must be 
observed. Exposure to cadmiurn can be deter- 
mined by measurements of the workplace con- 
centration and by examination of the cadmium 
levels in blood and urine. In Germany, the fol- 
lowing maximum biological tolerance levels 
are allowed at the workplace (BAT values): 15 
ug Сал, urine and 1.5 ug Cd/100 mL blood. 
In the future, a TRK value will apply which is 
below the earlier MAK value of 50 ре Cd/m?. 
In the United States, the TLV value for cad- 
mium fumes and salts is 50 ре Cd/m?. Lower 
values have been recommended by OSHA, 
but they are still being discussed. 


Toxicity. The toxicity of soluble cadmium 
compounds is described elsewhere. Cadmium 
pigments are cadmium compounds with a low 
solubility, however, small quantities of cad- 
mium dissolve in dilute hydrochloric acid 
(concentration equivalent to stomach acid), 
and in cases of long-term oral intake of cad- 
mium pigments, they can accumulate in the 
human body. On inhalation of subchronic 
amounts of cadmium pigments, a small pro- 
portion of cadmium is biologically available 
[86, 87]. 

Cadmium pigments have no acute toxic ef- 
fect (oral LDs,, rat, > 10 g/kg). The pigments 
do not have any adverse effects on the skin 
and mucous membranes. 


Genotoxic Effects and Carcinogenicity. 
Tests for damages of the DNA [88] and cell 
transformation caused by crystalline cadmium 
sulfide were positive [89]. Cadmium sulfide 
also proved to be carcinogenic by intraperito- 
neal and after intratracheal administration 
[90]. The significance of such animal studies 
is being controversely discussed by toxicolo- 
gists. 

Long-term animal feeding studies with var- 
ious cadmium compounds show no carcino- 
genic risks. However inhalation studies with 
rats, mice, and hamsters (with cadmium chlo- 
ride, cadmium sulfate, cadmium chloride, and 
cadmium sulfide) showed that all four com- 
pounds produced a significant increase of lung 
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cancer in rats [91]. The results for mice were 
inconclusive and no carcinogenicity in ham- 
sters was observed [92]. Reinvestigation of 
the inhalation studies has shown that the test 
was not applicable to cadmium sulfide. The 
inhaled liquid cadmium sulfide suspension 
contained < 40% cadmium sulfate formed by 
light-induced oxidation. 

In 1989 the German Senate Commission 
for the Assessment of Dangerous Substances 
classified cadmium and its compounds (in- 
cluding cadmium sulfide) as substances that 
have carcinogenic properties as found in ani- 
mal studies. Cadmium pigments and prepara- 
tions which contain cadmium pigments in 
concentrations above 0.1%, must therefore be 
regarded as carcinogenic if they occur in an in- 
halable form. 

In the United States, the National Toxicol- 
ogy Program (NTP) has shown that cadmium 
and different cadmium compounds (including 
cadmium sulfide) have a carcinogenic effect 
in animal experiments. 

In 1991 the EC reported the above-men- 
tioned fault in the inhalation studies and clas- 
sified cadmium sulfide in the EC Cancer List 
in Category III (suspected carcinogen). 


Limitations of Use. In 1981 Sweden prohib- 
ited the use of cadmium pigments (with some 
exceptions) for ecological reasons. In 1987 
Switzerland prohibited the use of cadmium 
pigments in plastics. Exceptions are possible 
if valid reasons can be given. 

In 1991 the EC passed a directive to pro- 
hibit the use of cadmium pigments as colo- 
rants for certain plastics that can easily be 
colored with other pigments [93]. For further 
series of plastics, use of substitution pigments 
will be compulsory in 1996. Plastics that re- 
quire high processing temperatures or that are 
mainly for outdoor use are not affected by this 
prohibition owing to the poor performance of 
possible substitution pigments. 

In 1996 the use in coating media will be 
prohibited. Use in artists’ colors and ceramic 
products is still permitted. 


Regulations Affecting Foods. The cadmium 
pigments fulfill the legal requirements of the 
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EC countries for colorants used in plastics 
which come in contact with food. Except for 
polyamide 6, only microgram quantities of 
cadmium can be extracted from colored plas- 
tics into simulants [94, 95]. 

To prevent even minimal intake of cad- 
mium, the European Commission has passed a 
resolution which states that cadmium pig- 
ments should only be used for these purposes 
if adequate substitutes are not available [96]. 

The use of cadmium pigments in ceramics 
is controlled in the EC Guideline No. 
84/500/EC. International standards [Part I 
(Methods) and Part II (Limit Values)] are as 
follows: ceramic surfaces ISO 6486, enamel 
ISO 4531, and glass ISO 7086. 
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17.1 Introduction 


Mercury (also called quicksilver), symbol 
Hg from the Greek vépap = water and 
apyupoc = silver, was known as early as 1000 
B.C. because of its liquid state at room tem- 
perature (mp —38.89 °C). The discovery in 
1938 of 1 kg of the metal in 2500-year-old 
sand layers on the eastern coast of Greece in- 
dicates that mercury was used in the extraction 
of gold at an early date [1]. Mercury was men- 
tioned about 200 B.C. in India as well as in 
China (Han dynasty). 


As early as 1556, GEORGES BAUER, known 
as AGRICOLA, reported five different methods 
for extracting mercury from its ores [2]. He 
also realized that mercury vapors are heavier 
than air and that they could therefore conve- 
niently be trapped in condensers beneath the 
reaction vessel. 


Because of the considerable vapor pressure 
of mercury even at room temperature and the 
toxicity of its vapors, particularly safe and re- 
liable methods must be used in the extraction 
of mercury to avoid releasing even the slight- 
est trace of the metal into the environment. 
The problem of gas and water purification is 
therefore particularly important. 


17.2 Properties 


17.2.1 Physical Properties 


Mercury is a silvery-white, shiny metal, 
which is liquid at room temperature. The most 
important physical properties are listed below: 
Isotope masses (ordered according 202, 200, 199, 201 


to decreasing abundance) 198 204, 196 
mp —38.89 °C 
bp (101.3 kPa) 357.3 °C 
Density (0 °C) 13.5956 g/cm? 


Specific heat capacity с, (0 °С) 0.1397 Jg 'K^ 
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Heat of fusion 11.807 J/g 
Heat of evaporation (357.3 °C) 59.453 kJ/mol 
Thermal conductivity (17 °C) 0.082 Wcnr'K"! 


Thermal expansion coefficient B 
(0-100 °C) 1.826 x 107K" 


Electrical conductivity (0 °C) — 1.063 x 104 тп? 


Crystal structure rhombohedral 
Viscosity (0 °C) 1.685 mPa-s 
Surface tension 480.3 x 10? N/cm 
E 1450 °С 

Peri 105.5 MPa 
Critical density 5 g/cm? 


Evaporation number (25 °C) 0.085 mg K-'cm 

Mercury has a relatively high vapor pres- 
sure, even at room temperature. Saturation va- 
por pressures at 0—100 °C are listed in Table 
17.1 (corresponding to a specified mercury 
content in air). The temperature dependence 
of the density of mercury is given in Table 
17.2. 

Mercury vapor is excited to a state of lumi- 
nescence by electrical discharge (mercury va- 
por lamps). Ultraviolet radiation is released 
primarily, it can be used to start and to pro- 
mote chemical reactions. 


Table 17.1: Saturation vapor pressure of mercury at dif- 
ferent temperatures. 





LSC р, Ра Hg content in air, р/т? 
0 0.026 0.00238 
10 0.070 0.00604 
20 0.170 0.01406 
30 0.390 0.03144 
100 36.841 2.40400 





Table 17.2: Density of mercury as a function of tempera- 
ture, 








t,"C Density, g/cm? t,°C Density, g/cm? 
—38.89 13.6902 200 13.1139 
0 13.5956 250 12.9957 
50 13.4733 300 12.8778 
100 13.3524 350 12.7640 


150 13.2327 


Table 17.3: Temperature dependence of the dynamic vis- 
cosity of mercury. 








t,°C Density, g/cm? t,°C Density, g/cm? 





-20 1.855 60 1.367 
-10 1.764 80 1.298 
0 1.685 100 1.240 
10 1.615 200 1.052 
20 1.554 300 0.950 
30 1.499 340 0.921 
40 1.450 
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The surface tension of mercury is ca. six 
times greater than that of water, which is the 
reason for its poor wettability by water. 


The dynamic viscosity r| of mercury (Table 
17.3) is of the same order of magnitude as that 
of water [3]. 


Some other metals, such as gold, silver, and 
zinc, dissolve readily in mercury to form 
amalgams. The solubility of mercury in water 
is strongly temperature dependent [4]. At 
room temperature, the solubility is ca. 60 
pg/L; at 50 °C, ca. 250 ug/L; and at 90 °С, ca. 
1100 ug/L. At low temperature, the addition 
of sodium chloride reduces the water solubil- 


ity. 
17.2.2 Chemical Properties 


Mercury exists in the oxidation states 0, 14, 
and 2+; monovalent mercury is found only in 
Hg-Hg bonds. The redox potentials E? at 
298.15 K and 101.325 kPa relative to the stan- 
dard hydrogen electrode are as follows [3]: 


Hg?* + 2е- = Hg 40.851 V 
2Hg” + 2е- = Hein 40.920 V 
Нр2* + 2e° = 2Hg +0.797 V 


Hg,(CH,COO), + 2е7 = 2Hg+2CH,COO- 40.511 V 


The standard potentials show that mercury is a 
relatively noble metal. Metallic mercury dis- 
solves in nitric acid, aqua regia, warm concen- 
trated hydrochloric acid and sulfuric acid. It is 
sparingly soluble in dilute HCl, HBr, and HI 
as well as in cold sulfuric acid. Most of its 
chemical compounds have densities of 5—9 
g/cm". The oxide of mercury (HgO) decom- 
poses at 400—500 °C. This effect is utilized in 
the extraction of mercury from oxidic sources. 
Mercury forms monovalent and divalent com- 
pounds with the halogens fluorine, chlorine, 
bromine, and iodine. It also forms monovalent 
and divalent compounds with sulfur. 


Mercury 


17.3 Resources and Raw 
Materials 


17.3.1 Deposits 


All known mercury ores are relatively low- 
grade ores, the average mercury content being 
ca. 1%. Because mercury ores lie close to the 
earth’s surface, the mining depth is ca. 800 m 
at most. The overwhelming proportion of mer- 
cury has always been produced in Europe; 
some of the most important deposits are listed 
below. Over the last ten years, the former So- 
viet Union, Spain, China, Algeria, Turkey, and 
the United States have accounted for ca. 90% 
of world mining production. 


Spain. The deposits at Almadén have been 
mined for more than 2000 years. Almadén is 
situated in the southwest of the province of 
Ciudad Real in New Castile, about 200 km 
from Madrid, on the northern edge of the Sie- 
тта Morena. The ore-bearing deposits are po- 
rOus sedimentary rocks (sandstone, 
bituminous shale, Silurian quartzite) that cqn- 
tain mercury sulfide (cinnabar). Needles of 
coarsely crystalline cinnabar as well as metal- 
lic mercury in lenticular ore-bearing bodies 
are also found over a roughly 20-km stretch in 
the valley of the Valdeazogues river. The ore is 
extracted in several mines (San Pedro y San 
Diego, San Francisco, San Nicolas). The rich- 
est strata contained 12-14% mercury at a 
depth of 170—200 m. Mining is carried out to- 
day at a depth of 500 m; 1 t of ore yields about 
one flask of mercury (= 34.473 kg of mercury, 
corresponding to a 3.5% mercury content in 
the ore). ; 


This deposit was probably known to the 
Celts and Phænicians, and was mined by the 
Romans from 150 B.C. These mines were sub- 
sequently worked by the Moors, then by the 
orders of knights, by the Spanish royal house, 
and from 1525-1645 by the Fuggers. Since 
then the mines have been under state manage- 
ment. From 1449 (when production records 
start) to the present, ca. 300 000 t of mercury 
has been mined. 
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In 1988 Almadén produced ca. 1380 t of 
mercury. The ore-bearing body has an average 
mercury content of 5%. Because of the low 
price of mercury the plant operates for only a 
few months of the year. The operating com- 
pany, Minas de Almadén y Arrayanes SA, is 
state-owned [5, 6]. 


Italy. A roughly 25-km-wide, 50-km-long belt 
running from Monte Amiata to the çoast in 
southern Tuscany contains many closed mines 
as well as some that are still operating. Al- 
though these deposits had been mined by the 
Etruscans, they were not intensively worked 
by the Romans, to the benefit of the Spanish 
mines at Almadén. The Siele mine recom- 
menced operation only in 1846, and the Abba- 
dia San Salvatore mine, at present still the 
largest, in 1898. 


Mercury occurs as cinnabar and metacinna- 
barite in pyrites, marcasite, antimonite, and re- 
algar, mainly in Eocene sediments (shale, 
sandstone, marl, limestone) under a covering 
layer of trachyte. The gangue consists largely 
of clay or dolomite. The ores contain on aver- 
аре 0.2-0.8% mercury. Mercury extraction is 
organized by the Monte Amiata works, its la- 
tent production capacity being up to 2000 t/a. 
No mercury has been mined since 1983. 


Former Yugoslavia. The third largest mer- 
cury deposits in Europe are situated in Idrija in 
Slovenia, about 40 km west of Ljubljana. 
These deposits have been worked since 1497. 
The mines were under Austrian ownership 
from 1580 to 1918, then under Italian owner- 
ship, and finally reverted to Yugoslavia after 
World War II. 


The tectonics of this region are compli- 
cated. Shell marl and shale are impregnated 
with cinnabar and native mercury, and typi- 
cally contain admixtures of pyrites, gypsum, 
and bitumen. The ore contains ca. 0.5% mer- 
cury. Idrija has a capacity of about 600 t/a. 
About 60 t mercury was mined in 1986. Addi- 
tional deposits in Yugoslavia are located at 
Ma&skara in Croatia, Berg Avala to the south of 
Beograd in Serbia, Neumarkt in the Karavan- 
ken, and Montenegro. 
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Algeria. Algeria has become the second larg- 
est mercury producer in the western hemi- 
sphere after Spain, and in 1986 ca. 690 t of 
mercury was produced. 


Germany. In 1936 a modern mercury works 
was built at Landsberg near Obermoschel in 
the northern Pfalz (Palatinate), which had to 
be closed in 1942 because working the very 
low-grade ore, containing only 0.1% Hg, was 
uneconomical. 


Austria. Fahl ore containing 1.8% mercury is 
mined in small amounts at Schwaz in the Ty- 
rol. Other deposits at Dollach on the Drava are 
no longer mined. 


Finland. Outokumpu obtains about 100 t of 
mercury per year from the processing of zinc 
concentrates. 


Former Czechoslovakia. Three important de- 
posits exist: at Kotrbachy, mercury is obtained 
as a by-product of a fahl ore. Cinnabar is 
found southwest of Gelnica in a workable ore 
containing 0.25% mercury. Finally, mercury 
has been obtained in the region between 
Mernik and Vranov since the end of the 17th 
century. This production ceased in 1937. 


Romania. Romania has mercury ores at 
Zlatna and Baboja in Transylvania. 


Turkey. In Turkey about 220 t of mercury is 
obtained annually from mining operations. At 
present, because of its low price, mercury is 
extracted from only two mines, which belong 
to the state-owned Etibank. The deposits are at 
Izmir-Odemis-Halikéy (1 x 10° t of ore con- 
taining 0.25% mercury), Konya-Ladik, and 
Konya-Sizma (1.15 x 10° t of ore containing 
0.23% mercury) These deposits alone ac- 
count for ca. 40% of the Turkish reserves of 
mercury [7]. 


Former Soviet Union. The most important 
deposits in the former Soviet Union are at Ni- 
kotovka in the Ukraine. Per year about 400 t of 
mercury is produced there from an antimonite 
ore containing 0.4% mercury. Cinnabar de- 
posits have recently been discovered in the 
Crimea, although no further details are avail- 
able. Additional ore deposits are mined in the 
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Northern Caucasus, Urals, Altai Mountains, 
and in Turkestan and Dagestan. 


China. China has important deposits in the 
provinces of Yunnan, Hunan, and Kweitschan. 
The mines at Wanschantschang and Patschai 
are well known. Mined production was ca. 
760 t of mercury in 1987. 


Japan. In Japan, mercury is extracted on the 
island of Hokkaido. 


Canada. Mercury ore deposits are situated in 
the west of Canada in British Columbia at Pin- 
chi Lake and in the vicinity of Vancouver 
(Kamloops, Bridge River). 


United States. The number of mines in the 
United States has decreased considerably in 
the last 20 years. Whereas 149 mines were op- 
erating in 1965, only 3 mines were still operat- 
ing by 1981. The principal mining regions are 
California and Nevada. Placer, Inc., a subsid- 
iary of the Canadian company Placer Devel- 
opment, accounts for ca. 99% of production. 
The average mercury content in the ore is 0.3— 
0.5%. Mining production in 1986 was ca. 
400 t and falling. 


Mexico. The 200 known mercury ore deposits 
are distributed over 20 states. The most impor- 


tant mines are in the provinces of Zacatecas, 


Guerero, Durango, Chihuahua, Guanajuato, 
San Luis Potosi Aguascalientes, and Quere- 
taro; total mercury production is some 500 t/a. 


South America. South America is of only mi- 
nor importance as a mercury producer. Chile 
occupies first place among the mercury-pro- 
ducing countries. The Santa Barbara mine at 
Huancavelica in Peru is now exhausted, al- 
though it supplied substantial amounts of mer- 
cury in the 17th and 18th centuries: some 
50 000 t was used for precious-metal extrac- 
tion. Small amounts of mercury are mined in 
Venezuela and Bolivia. 

A U.S. estimate made in 1983 gave the fol- 
lowing amounts of mercury extracted by min- 
ing operations [8]: 


Spain 50000t 
China 17 200t 
Soviet Union 17 200t 


Yugoslavia 17200t 


Mercury 


Italy 12 1001 
United States 12 100t 
Other countries 29 000t 
World total 154 800t 


Mining activities and exploitation of depos- 
its are, as with most base metals, greatly de- 
pendent on current world market prices. Too 
low returns have led in recent years to a num- 
ber of mines being closed, which has resulted 
in a concentration of plants (less plants with 
increased production). i 


17.3.2 Secondary Sources 


Like primary ores, industrial waste contain- 
ing mercury also contributes to its production. 
The majority of plants used in chlor—alkali 
electrolysis employ liquid mercury cathodes, 
resulting in residues containing 10% mercury 
or more. In addition to this major secondary 
source, mercury batteries, mercury fluorescent 
tubes, electrical switches, thermometer break- 
age, and obsolete rectifiers should be regarded 
as mercury sources. 

Although the overall production of mercury 
has decreased over the last 20 years, sufficient 
potential uses and thus secondary sources re- 
main for the foreseeable future, thanks to the 
unique properties of this metal. 


17.4 Production 


17.4.1 Extraction from Primary 
Sources 


17.4.11  Beneficiation 


Preliminary concentration is desirable, es- 
pecially for working low-grade ores. This is 
often performed in the mine by classification. 
Because of the brittleness of cinnabar, pieces 
of ore break easily at the mercury sulfide 
veins. Crystalline mercury sulfide in brittle 
ore can be concentrated by using settling ta- 
bles. 

Another method of concentration is the use 
of a flotation stage to increase the mercury 
content. Separation of the antimony and ar- 
senic fractions is particularly important, and 
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the ores are comminuted to grain sizes of < 
0.075 mm (200 mesh) in the case of antimony 
and < 0.5 mm (25 mesh) in the case of arsenic. 
After ` comminution,  lead(IT) nitrate 
[Pb(NO,),], butyl xanthate, and pine oil are 
added to the first flotation stage. Flotation is 
performed at pH 7.1. After purification, mer- 
cury is selectively floated, and a concentrate 
of ca. 50% antimony is obtained. Potassium 
dichromate (К,Сг,О,) is added as reactant. 
The end concentrate has a mercury content of 
ca. 70% [9]. Another way of concentrating 
mercury by flotation is to add potassium ole- 
ate as collector [10]. 

Only a coarse preliminary grinding to ca. 
50-mm grain size is necessary for high-con- 
centration mercury sulfide ores. During subse- 
quent thermal treatment, the ore particles burst 
because of the high vapor pressure, resulting 
in further comminution. 


17.4.1.2 Processing to Metallic 
Mercury [11,12] 


The most important starting material for 
mercury extraction is mercury sulfide (cinna- 
bar, cinnabarite); it is nonpoisonous and can 
be stored and transported without any prob- 
lem. 

The coarsely ground ore is processed in di- 
rectly or indirectly heated furnaces, retorts, or 
muffles. Reaction with oxygen begins at 
300 °C, according to 


HgS + O, = SO, + Hg 


Quicklime can be added as flux to bind the 
sulfur in solid form. The overall reaction in the 
absence of oxygen is as follows: 


4HgS + 4CaO = 3CaS + CaSO, + 4Hg 
In the presence of oxygen, the reaction is 
HgS + СаО + 2/,0, = Hg + CaSO, 


Addition of metallic iron in the form of iron 
filings enables the following reaction to occur: 


HgS + Fe = FeS + Hg 


Instead of metallic iron, iron oxides can 
also be used: 
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7HgS + 2Ее,0, = 4FeS +350, + 7Hg 


For this reason, sulfur-resistant steel should be 
used as construction material. Processing is 
normally performed with the addition of air, 
and the sulfur dioxide formed can be con- 
verted in a downstream wet scrubber. 


17.4.1.3 Furnace Systems 


Mercury sulfide-containing ores are pro- 
cessed pyrometallurgically. Distinction is 
made between directly and indirectly heated 
furnaces. This is important because the forma- 
tion of stupp cannot be avoided in pyrometal- 
lurgical processing (the word stupp is an 
Austrian expression that simply means pow- 
der; in the case of mercury, a mercury-contain- 
ing powder). The greater the formation of dust 
in the furnace, the greater is the occurrence of 
stupp. Because of the presence of combustion 
air in the furnace, directly heated furnaces 
generally create more dust than indirectly 
heated ones. Mercury in vapor form con- 
denses to some extent on the small dust parti- 
cles which act as condensation nuclei. 

Another difference between directly and in- 
directly heated furnaces is that mercury vapor 
in indirectly heated systems is more highly 
concentrated because it is not diluted by com- 
bustion gases. 


Directly Heated Furnaces. Cylindrical Bus- 
tamente furnaces, multiple-hearth furnaces, 
and rotary kilns are used. 

The Bustamente furnace is still used in 
Spain (Almadén) [5]. The cylindrical vessel is 
heated outside the shaft, only the combustion 
gases come into contact with the ore. A histor- 
ical feature is that mercury vapors are con- 
densed in air-cooled terracotta pipes. 

The multiple-hearth furnace is advanta- 
geous for working up rich concentrates, mer- 
cury waste of a similar type, or stupp. This 
kind of furnace has been used for many de- 
cades in various mercury mines in North 
America, and in Almadén most of the ore ex- 
tracted since 1961 has been processed in mul- 
tiple-hearth furnaces. The hearths and outer 
walls of the furnaces are built of shaped fire- 
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clay bricks. The furnaces are lined with sheet 
steel. Cast steels with additions of titanium, 
chromium, and nickel have proved suitable for 
internal structural elements (stirrer shaft, rak- 


ing arm). A modern furnace is up to 10 т. 


high, has a diameter of ca. 5 m, and contains 
up to 16 hearths that are heated with wood, 
gas, or oil (mainly the upper and lower 
hearths). An attempt is made to keep the flow 
velocities for the reaction gas low (maximally 
3 m/s) by skillful feeding of the material (if 
possible by special sliding surfaces at the 
throats in the case of small hearth interspac- 
ings) and by separately installed gas passage- 
ways. The amount of flue dust is thereby 
lowered (0.2-3% of the feedstock), and the 
formation of stupp is minimized. Addition of 
combustion air through the insulated hollow 
shaft and raking arm and, if necessary, pre- 
heating of the fuel oil both reduce fuel con- 
sumption. By accurate metering of the inlet 
air, a lower amount of gas can be passed 
through the furnace, and the capacity of the 
subsequent condensation unit can be reduced. 
Table 17.4 shows some operational examples 
of multiple-hearth furnaces. 


With regard to environmental protection, 
multiple-hearth furnaces are relatively diffi- 
cult to make gastight and, in some cases, have 
had to be shut down. 


Rotary kilns have been used since 1913 to 
extract mercury. Rotary kilns and rotary drum 
furnaces provide a high mercury yield with a 
good throughput rate of the ore because the re- 
action temperature can be controlled accu- 
rately; the ore does not have to be specially 
preheated; and material throughput can be reg- 
ulated. 


Table 17.4: Operational data for multiple-hearth furnaces 
for mercury extraction. 





Ae on Petting Chem 
Furnace diameter, m 4.9 4.9 5.5 
Number of hearths 6 8 6 
Worked material ore ore ore 
Throughput, t/d 38 77 50 
Fuel consumption per 47Loil 21101 0.15 т 
tonne of material wood 
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The ore is ground to about 65-mm particle 
size before it is charged. Lime, charcoal, or 
low-temperature coke may be added as fluxes, 
and the furnaces are heated directly by oil or 
gas. The furnaces are operated at 320—400 °C 
at the charging head and 700-800 °C at the 
discharge end. For normal furnace sizes and 
ores, heat consumption is (1 to 1.25) x 10$ kJ 
per tonne of throughput. Without the addition 
of coal as flux, this corresponds to up to 30 L 
of oil or 250 m? (STP) of fuel gas per tonne of 
ore throughput. A disadvantage of rotary kilns 


is the dust formed by the intense material 


movement, which leads to increased stupp for- 
mation in subsequent condensation and can 
cause stoppage in the waste-gas line. Flue dust 
amounting to 0.75—6 96 of the ore feedstock by 
weight is observed. In many cases, dust for- 
mation can be reduced by fluxes having a sin- 
tering effect. Some operating examples of 
older rotary kilns are listed in Table 17.5. 


Indirectly Heated Furnaces. The basic ad- 
vantage of indirect heating is the lower gas ve- 
locity in the reactor and the higher mercury 
concentration of the process gas. The furnaces 
are heated by gas, coal, or by electricity and 
consist in some cases of clay muffles, vessels 
lined with fireclay or ceramics, or iron vessels 
lined with silicon carbide. 


Е Krupp-Grusonwerk AG has arranged 
several tubular individual muffles in a rotary 
kiln around a thermally insulated, centrally 
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aligned shaft. A rotary kiln constructed from 
two concentric tubes was developed several 
years later. The ore passes continuously 
through the inner tube; the outer tube is 
heated. A highly thermally conducting, 
gastight silicon carbide is used as cladding. 
Several proposals for processing mercury- 
containing material in indirectly heated fur- 
naces have been made, and patents have been 
issued [13—15]. ? 


The subsequent condensation of mercury 
from the furnace off-gas is treated later. 


17.4.2 Extraction from Secondary 
Sources 


Because of the relatively high toxicity of 
metallic mercury and some of its compounds, 
spent products must be reprocessed to a large 
extent. Storage of slurry-like residues is com- 
plicated and expensive, and is governed by the 
limited storage capacity of the closed mines. 
Active carbon slurries from the effluent con- 
centration resulting from chlor-alkali electrol- 
ysis constitute the major proportion of 
mercury residues that must be reprocessed. 


In addition to these residues, the processing 
of fluorescent bulbs, which contain about 15— 
50 mg of metallic mercury per lamp, is be- 
coming increasingly important. Several plants 
dealing specifically with the disposal of these 
lamps already exist in Germany [16]. 


Table 17.5: Operational data for rotary kilns for mercury extraction. 





Gelnica 


AbbadiaSan New Nevada, Quick- Pershing, Quick- Mercury Min- 
Indria silver Mines. silver Mines ing Company 





Salvatore 

Furnace length, m 14 16 
Internal diameter, m 1.5 1.25 
Thickness for lining, mm 250 200 
Gradient, % 4 5 
Time for one revolution, s 72 
Moisture content of ore, % 5-10 
Hg content of ore, % 0.2 0.6-0.8 
Grain size of ore, mm 50 5 
Ore throughput, t/d 40 100 
Fuel consumption per 100 т? (STP) gas 100 kg wood 

tonne of ore +0.3 m? wood 


17 122 18.3 21 
1.22 0.92 1.22 1.22 
150 

4 

42 45 50 

64 40 50 

125 40 45 45 
191. 26.5 L oil 30 L oil 29 L oil 
о 
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Figure 17.1: Reduction of mercury in primary batteries in 
Germany [17]: a) Mercury in sold primary batteries; b) 
Mercury in domestic refuse. 

The mercury content of normal zinc-man- 
ganese dioxide batteries has been reduced 
considerably over the last few years (addition 
of mercury inhibits the formation of gas by 
zinc). In Germany, the mercury content of bat- 
teries will be reduced to 0.15% by 1990 (Fig- 
ure 17.1), starting from a level of 146 [17]. 

In addition to zinc-manganese dioxide bat- 
teries, zinc-mercury(II) oxide batteries are 
also widely used as round cells. These contain 
ca. 30% mercury, which must be recovered. 
Mercury in concentrations of ca. 146 is also 
found in zinc-silver(II) oxide and zinc-oxy- 
gen batteries. A particular problem in repro- 
cessing batteries is grading and sorting the 
various types, which are inadequately identi- 
fied and, in some cases, have the same exter- 
nal dimensions for different electrochemical 
systems. Treatment processes have been de- 
veloped in Japan [18], Germany [19, 20], and 
other countries [21], which can remove mer- 
cury by treatment in rotary kilns or in a distil- 
lation chamber. The individual types of 
batteries do not have to be sorted beforehand, 
and a mixture of batteries can be processed. 

Because batteries also include a large num- 
ber of plastics (e.g., as sealants), waste gases 
must be treated and burned if necessary. 

Because a proportion of spent batteries end 
up in domestic refuse, high mercury concen- 
trations can be found in waste gas from do- 
mestic refuse combustion. Mercury- 
containing older printing inks are another 
source. Because mercury can be precipitated 
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from waste gas most efficiently by adsorption 
on activated carbon or similar substances, 
mercury-containing charcoal from waste gas 
purification will also require reprocessing in 
the future. 

The mercury-selenium residue formed in 
the primary smelting of mercury-containing 
sulfidic ores requires special reprocessing. 
This substance, which occurs as a slurry, has 
been reprocessed in a multiple-hearth furnace 
in which the mercury fraction is evaporated 
[22]. Another company converts the residue to 
metallic mercury in a rotary kiln by adding 
lime fluxes, with a relatively inert residue re- 
maining behind [23]. A hydrometallurgical re- 
processing treatment has been investigated on 
a pilot scale in a research project [24]. Mer- 
cury is extracted in the form of mercury(I) 
oxide and sulfide, and can be added to the con- 
ventional extraction processes. The method 
does not appear to be economically practical 


at present because of the relatively expensive - 


reactants involved. 


Additional secondary sources, such as ther- 
mometer breakage, electric switches, and 
amalgams, can generally be worked up by 
conventional distillation methods [25, 26]. A 
comprehensive monograph on the topic of 
evaporation and thermal dissociation of mer- 
cury sulfide is available [27]. Electrolysis has 
been proposed for the removal of mercury 
from gold-containing solutions: 90—95 % mer- 
сигу and < 10% gold are deposited at 1.0-1.5 
V [28]. 


17.4.3 Condensation of Mercury 
from Furnace Off-Gas 


The vapor pressure p (mbar of mercury) 
can be calculated according to a relationship 
given by Barn and KNACKE [29]: 


logp = ~ E — 0.795log T + 10.47893 


where Т is measured in kelvin. 

The degree of saturation s (kg of mercury 
per cubic meter) of the gas at / (°C) or T (К) 
and p = 101.3 kPa can be determined from the 


Mercury 


pressure and density of mercury vapor (3.9091 
kg/m? at 357 °C) (о = 1/273): 

= 39091143579 E — 4999,090 p. 

l+ar 1013 T 101.3 

The degree of saturation s of mercury vapor 
calculated according to this formula for differ- 
ent temperatures is summarized in Table 17.6. 
Figure 17.2 shows p and s plotted as a function 
of 1/T on a semilogarithmic scale. * 

Mercury losses during condensation can be 
calculated as follows: 1 m? of saturated vapor 
at 140 °C (413 K) enters the condensation unit 
laden with 14.464 g of mercury. There it is 
cooled to 20 °C (293 К) (s = 0.0141 g/m?), and 
a volume contraction to 293/413 — 0.71 m? oc- 
curs. The saturated vapor leaving the unit 
therefore contains 0.71 x 0.0141 = 0.01 g of 
mercury. The loss of uncondensed mercury re- 
moved with the waste gas is thus 0.07 % of the 
initial amount. With a condensation end tem- 
perature of 40 °C and otherwise identical con- 
ditions, the loss increases to 0.35 % Hg. 
Table 17.6: Saturation content of mercury vapor at vari- 
ous temperatures. 


Saturation content, s 








ps RR g/m g/m? (STP) 
703x105 283 000604 000626 
171x104 293 0.01406 0.01508 
3919x104 303 003144 003489 
8514x102 313 0.06612 007588 
1761x10? 323 01325 0.1568 
3486x102 333 02545 0.3104 
6625x102 343 04695 0.5893 
0.012138 353 08359 1.081 
0.02150 363 1.440 1.915 
0.03690 373 2.404 3.284 
0.06154 383 3.906 5.478 
0.100 393 6.187 8.906 
0.1585 403 9.558 14.110 
0.2457 413 14.464 21.385 
0.3727 43 21417 33.175 
2.2894 413 117.65 203.65 
3.8743 523 · 45897 879.25 
32.808 573 1391.5 2921.0 
101.3 630 39091 9021.1 


In practical operation the mercury content 
in the hot reaction waste gases is always far 
below the saturation limit because the theoret- 
ical vapor-liquid equilibrium is not reached. 
Directly heated mechanical roasting furnaces 
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require a heat input of ca. 1.2 x 10° kJ per 
tonne of ore. The following amounts of waste 
gas [in m? (STP)] are produced per 1000 kJ for 
the different fuels with 20% excess of air: 


Wood 0.387 
Generator gas 0.42 
Oil 0.32 


Per tonne of ore, this corresponds to about 470 
m? (STP) with wood or generator gas firing 
and 375 m? (STP) with oil firing. With 5 % wa- 
ter content in the ore, 70 m? (STP) of steam is 
produced in addition. If an ore containing 
0.3% Hg is worked up, the mercury content 
with wood or gas firing is 5.56 g/m? (STP), 
and with oil firing 6.75 g/m? (STP), at 140 °C. 

With a condensation end temperature of 
20 °C at which the gas still contains 0.0141 g 
of mercury per cubic meter corresponding to 
the saturation limit a loss of 0.21—0.25 % mer- 
cury occurs, and at a condensation end tem- 
perature of 40 °C, a loss of 1.1—1.3 76 mercury 
from the waste gas occurs. 

In general, the mercury residual content in 
waste gas, compared to the amount at 20 °C, 
increases with a temperature increase of 
10 °C by a factor of 2.2 
20 °C by a factor of 4.7 

<1 Tx10^. KI 


33.0 | 19.1 


A 268 236211 17. 
39094 283 310 268 236711 175 


1013+ 1000 


p, kPa ——» 
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Figure 17.2: Vapor pressure p and saturation content s 
(g/m?) as a function of temperature; 5, saturation content 
under standard conditions [g/m? (STP)]. 
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30 °C by a factor of 9.4 

40 °C by a factor of 18.1 

50 °C by a factor of 33.4 

Thus efficient cooling of the waste gas is nec- 
essary. In a plant that processes an ore with 
5% moisture content, as much as 50% of the 
cooler capacity is used for condensation of 
evaporated moisture alone, without the steam 
originating from fuel combustion being taken 
into account. 

Several practical requirements must be met 
for satisfactory operation: (1) The ore should 
be as dry as possible. (2) The amount of waste 
gas produced by the fuel should be low. (3) 
When the gas enters the condenser, its temper- 
ature should be only 10—20 ?C above the mer- 
cury dew point. (4) The outlet temperature 
should be as low as possible. (5) Before enter- 
ing the stack, the reaction gas should pass 
through an afterpurification section, if possi- 
ble. Stupp formation can be kept low by (1) in- 
direct heating, (2) separate processing of fine- 
grain classes of ore, (3) predrying of ore that is 
too wet, or (4) wetting of ore that is too dry. 
The flue dust should be separated as com- 
pletely as possible from the still hot reaction 
gas before it enters the mercury condensation 
unit. 

A conveniently arranged condensation sys- 
tem for a directly heated mercury smelting 
plant operating with mechanical roasting fur- 
naces consists of the following parts: 


e Dust separator in the form of a cyclone, an 
electrostatic precipitator, or a combination 
of both 

e Fan (e.g., of Monel Metal) 

e Cooling unit for mercury condensation 


e Afterpurification chamber for separating 
mercury residues 


e Injection chamber for separating traces of 
mercury 


e Fan (e.g., of Monel Metal) 

The cooling unit is itself in many cases also 
constructed of monel metal, and consists of tu- 
bular condensers (CERMAK type) formed 
from six to ten trains arranged in parallel, each 
with eight inverted U-tubes of elliptical cross 
section whose arms terminate in acutely taper- 
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ing, water-filled deflection boxes. The tubes 
are sprinkled with water. The mutually corre- 
sponding tubes of all the individual trains in 
each case end in a common box, and in this 
way the stupp can be classified. Gate valves in 
each train enable the draft to be regulated or 
even permit the train to be separately disen- 
gaged. 

The ratio of tube cross section to fan output 
must be matched so that the gas flow velocity 
is maximally 0.75 m/s in narrow parts of the 
tubular condenser. The overall unit must be 
designed so that half of the tube trains can be 
decommissioned for cleaning and repair, 
whereas the remaining tube trains ensure satis- 
factory cooling of the reaction gas while main- 
taining draft conditions in the furnace. 

Gases from indirectly heated furnaces that 
contain only a small amount of flue dust can 
be condensed by spraying water directly into 
the mercury-containing waste-gas stream. To 
ensure sufficient mercury condensation, the 
gas must pass through a succession of water 
curtains. Fewer parallel tubes of larger diame- 
ter are used in the cooling unit for directly 
heated furnaces. The last stage operates with 
fresh water; for the other cooling stages, water 
is circulated and recycled through suitably di- 
mensioned settling tanks. 

All setting tanks within the condensation 
unit have sloping floors and connecting pipes 
through which mercury metal flows to the 
lowest part of the system. The tanks stand on 
feet on a smooth cement floor, which slopes so 
that any leakage can be detected and escaping 
mercury collected. The material for these 
tanks is wood or cast iron; stupp-collecting 
tanks are also constructed of concrete. When 
the plant is operating continuously, all places 
prone to thick deposits must be mechanically 
cleaned once a week; the remaining areas can 
be cleaned at longer intervals. 


17.4.4 Treatment of the Stopp 


The amount of mercury contained in the 
stupp may represent a substantial proportion 
of production. In Idrija, when processing high- 
bituminous ore, for example, 78-91% of the 


Mercury 


mercury is extracted from the stupp and only 
9-22% is extracted directly. To extract mer- 
cury from the stupp, individual mercury drop- 
lets must be coagulated, which can generally 
be achieved by kneading and pressing the 
mass. Stirring the stupp with sievelike perfo- 
rated rakes in iron vessels also gives good re- 
sults. Addition of quicklime to the stupp 
neutralizes any acids contained in the conden- 
sate, saponifies any fats present, absÓrbs a 
large proportion of the water, and chemically 
reduces mercury sulfate. 

Mercury and dust can also be mechanically 
separated by simple wash treatment with wa- 
ter. A tenfold mercury enrichment from the 
stupp by flotation was described in 1929 [30]. 
This very effective method of separating mer- 
cury enables the waste material to be dumped 
directly onto the waste tip in certain cases. 
Generally, however, extraction of mercury 
from the stupp is not so effective, with the re- 
sult that the low-mercury fraction must be re- 
turned to the smelting process. For regularly 
occurring large amounts of stupp, a special 
furnace unit is worthwhile (retorts or multiple- 
hearth furnace). e 


17.5 Environmental 
Protection 


17.5.1 Natural Distribution of 
Mercury 


Because of its high vapor pressure, metallic 
mercury disperses relatively quickly into the 
atmosphere and, with suitable air movement, 
is taken up by plants and animals. The average 
concentration in the earth's crust is 0.08 ppm 
and in seawater 3 x 10? ppm. Mercury is thus 
one of earth's relatively rare elements. The 
natural mercury content of the atmosphere is 
0.005-0.06 ng/m? [31]; in plants, 0.001-0.3 
ug/g (generally < 0.01 ug/g); and in meat, 
0.001—0.05 ug/g [32]. A comprehensive list of 
mercury in the environment appears in [33]. 

A quantitative summary of the occurrence, 
distribution, and utilization of mercury is 
given in the following material [34]: 
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Mercury content of the oceans 70 000 000 t 
Mercury content of the earth's crust 
(1-m-thick layer) 100 000 000 t 


Natural atmospheric mercury emission 

(volcanoes, wind erosion, degassing) 25—100 000 t/a 
Natural mercury emission in water 

(weathering in rivers) 5000 t/a 
Use of fossil fuels (minerals, deposits) 8-10 000 t/a 
Use of mercury and its compounds 6000 t/a 

Natural air emissions from mechanical ac- 
tivity, wind erosion, and degassing constitute 
the largest proportion of emitted mereury. By 
contrast, the utilization of mercury is rela- 
tively small, although this should not mini- 
mize or obscure the danger of mercury at high 
concentration. 


17.5.1.1 Mercury in Soil, Plants, 
and Animals 


Relatively large amounts of mercury are 
circulated due to the constant exchange of 
mercury among water, soil, and the atmo- 
sphere. Some of this migrating mercury is re- 
tained in the soil in the form of humus 
compounds and, in certain cases, is also con- 
centrated [35]. The mercury content of various 
soils in Austria unless otherwise stated (mg 
per kilogram of soil) is as follows [36, 37]: 


Meadowland іп Niederösterreich 0.039 
Arable land in Niederösterreich 0.180 
Vineyards in the Burgenland 0.080 
Reed belt on the Neusiedlersee 0.340 
Arable land (3 % humus) in Kremsmiinster 0.065 
Meadowland (4.8 % humus) in 

Kremsmünster 0.070 


Woodland (10.2% humus) in Kremsmiinster0.170 
Garden soil in England 0.25-15.0 
Rice field slurry in Japan 0.40-1.8 
Fields for agricultural use in 
Niedersachsen, Germany 

Woodland in Niedersachsen, Germany 

Mean mercury value for Europe 
(10-cm-thick humus layer) 120 g/ha 

Organically bound mercury is also added to 

the soil with seeds as a seed treatment agent 

(fungicide). Amounts of mercury used for 

seed treatment or soil disinfection are as fol- 

lows: 

Grain (wheat) ca. 7 g/ha 
added as seed treatment agent to the soil 
per 150 kg of seed material/ha 

Sugar beet (seed material in pill form) 
added as seed treatment agent to the 
soil per 200 000 pills/ha 

Cotton (seed treatment and disinfection) са 20 g/ha 


0.055-0.104 
0.249-1.672 


са 1 g/ha 
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Figure 17.3: Microcirculation of mercury (in gha-1a-1) 
in the soil [36]. 

Lawns (disinfection) ca. 80 g/ha 
However, neither soils that have received mer- 
cury-treated seeds for many years, nor plants 
grown on such soils, exhibit a high mercury 
content [35]. As pot tests have shown, the 
mercury is partly retained in the humus and 
partly evaporates from the soil [38, 39]. The 
amount of residue passing into groundwater is 
insignificant [40] (Figure 17.3). 

According to investigations carried out in 
Norway, the mercury content of soil varies be- 
tween 0.022 and 0.55 ppm (mean value 0.19), 
without any “recognizable” effect due to hu- 
man activity [41]. The mercury content in soil 
is higher in geothermal or ore-containing re- 
gions and can be as high as several parts per 
million. Thus, mercury is often used as a tracer 
metal in geological exploration [42]. 

Mercury content has been investigated in 
soil and lichen in the mercury mining region 
around Monte Amiata (Italy). The mercury 
content in the soil and in the lichen decreases 
sharply with increasing distance from the 
mine. Mine waste gases and worked ore are 
the main sources of emission [43]. 


Mercury in Fungi and Mushrooms. The 
fleshy parts of fungi and mushrooms can con- 
tain unexpectedly high concentrations of mer- 
cury [44, 45]. Because of the affinity of 
mercury for the sulfur-containing constituents 
of fungi, the latter can absorb and concentrate 
mercury from the local soil. Mercury-rich 
fungi and mushrooms are found everywhere, 
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regardless of whether the soil has been anthro- 
pogenically contaminated [46]. With more se- 
rious contamination, especially atmospheric, 
the mercury content of fungi and mushrooms 
increases considerably [47]. 


Mercury in Fish and Seals. The mercury 
content in fish varies depending on type and 
habitat [48]. The assumption that fish concen- 
trate mercury to 2000 times its concentration 
in the ambient medium is neither valid nor sta- 
tistically relevant and has no significance as a 
rule of thumb [48]. Mercury uptake in warm, 
tropical waters is higher than in cold northern 
waters [49]. Because of the concentration of 
mercury in sediment, dabbling fish, which col- 
lect their food from the bottom of the water, 
absorb more mercury than nondabbling fish. 
Predatory fish (e.g., pike) contain higher than 
normal levels of mercury only if they prefer- 
entially feed on dabbling fish. 

The controversy surrounding canned tuna 
in the United States has revealed that tuna 
preparations in the Smithonian Institute from 
ca. 1880 have the same mercury concentration 
as present-day fish. Under the assumption that 
the values found in museum preparations con- 
stitute a lower limit—some of the mercury 
might well have evaporated over the course of 
time—the fact that present-day values are the 
same as previous values means that no con- 
centration has occurred. 

Data from the Danube upstream of large 
cities and industrial regions, where trout have 
been found with a mercury content of > 1 mg 
of mercury per kilogram of fish, point to fac- 
tors other than industrialization. The high 
mercury concentration in the liver of seals in 
the northern section of the east coast of North 
America (Labrador), where no large cities or 
industrial regions are to be found, is attributed 
to underwater volcanic emissions. 


17.5.1.2 Mercury in Food 


Many investigations were carried out on 
foods from the 1920s and 1930s onward [50]. 
In Germany, the Zentrale Erfassungs- und Be- 
wertungsstelle fiir Umweltchemikalien (cen- 
tral office for collecting and evaluating data on 
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environmental chemicals; ZEBS) of the Fed- 
eral Ministry of Health in Berlin in particular, 
has collected data from 1975, 1979, and 1982. 
According to these data, if average consump- 
tion patterns are assumed, mercury uptake in 
1979 was about 0.052 mg per week for the 
“average” inhabitant of Germany (i.e., only 
about one-sixth of the upper limit recom- 
mended by WHO). The major proportion of 
mercury is absorbed from animal foods [51]. 
The legal limits are given in Table 17.7. 

The most recent ZEBS investigations [52], 
covering 1978—1982, are presented in Tables 
17.8 and 17.9. The 1982 values essentially 
confirm the analytical data of 1979. The val- 
ues for milk, condensed milk, cheese, and 
eggs; veal, beef, pork, calves liver, calves kid- 
neys, poultry, sausages, and meat products; 
vegetable oils and fats; rice, rye, and potatoes; 


903 


leafy, sprouting, fruit, or root vegetables and 
canned vegetables; pomaceous, stone, berry, 
citrus, shell, or canned fruit; fruit and vegeta- 
ble juices; and beverages such as wine, beer, 
and chocolate are all « 0.020 mg of mercury 
per kilogram of fresh substance and, in most 
cases, « 0.010 mg/kg. 

The average amounts of mercury actually 
absorbed per week are compared in Table 17.9 
with the limiting values specified byf WHO. 
Foods contain the major proportion as fol- 
lows: drinking water (14.8%), wheat (12.9%), 
milk (10.2%), mineral water (8.1%), canned 
fish (8.0%), coffee (7.2%), potatoes (6.0%), 
and fish (5.6%). Another detailed investiga- 
tion carried out by ZEBS is concerned with the 
mercury magnesium, and zinc content of 
breast milk, blood serum, and the fatty tissue 
of nursing mothers [53]. 


Table 17.7: Legal limiting values for total uptake of mercury (1980). 





Fish, mg/kg Total uptake, mg/week 
Switzerland 0.5 
Japan 0.4 (Hg) 0.17 mg of Hg per 50 kg of body weight 
0.3 (Hg methyl) 
United States 1.0 e 0.005 mg/kg of body weight (Hg) 
0.0033 mg/kg of body weight (Hg methyl) 
Sweden no limit (lakes that contain fish with more than 


1 ppm Hg are placed on a blacklist); fish with a 
high Hg content may be legally rejected. 


Germany 1.0 
WHO recommendation 


0.3 (max.) 





Table 17.8: Mercury in food. 


Content, kg/kg of fresh substance 
Food ao UE ыы ыа 


1982 1979 
Cow's liver 0.021 0.015 
Pig's liver 0.047 0.058 
Cow's kidneys 0.077 0.066 
Pig's kidneys 0.246 0.260 
Freshwater fish 0271 0.257 
Saltwater fish, except 
Hg-susceptible fish 0.196 0.127 
Hg-susceptible fish* 1.070 0.859 
Fish products 0.208 
Canned fish 0.206 0.188 
Wheat 0.026 0.003 
Coffee 0.041 


* Hg-susceptible fish include: mackerel shark, dogfish, blue ling, 
halibut, black halibut, turbot, and Greenland shark. 


Table 17.9: Uptake amounts of mercury in absolute fig- 
ures and as a proportion of WHO values. 





Hg 

WHO value 

mg/week (70 kg) 0.35 

mg/week (58 kg) (0.290) 
Men (70 kg) 

mg/week* 0.1229 

Proportion of WHO figure, % 35.11 
Women (58 kg) 

mg/week* 0.0933 

Proportion of WGO figure, % 32.17 


* The median values of toxic substance levels were taken into ac- 
count. . 
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17.5.2 Mercury Emissions 


17.5.2.1 Gas Purification 


Inalarge number of combustion processes, 
mercury is transferred to the gaseous phase 
and must be removed again by subsequent 
treatment. The largest amounts of secondary 
mercury occur in the smelting of sulfidic ores. 
Mercury which is present as mercury sulfide is 
released during roasting. At present, two 
methods are primarily used for waste-gas puri- 
fication. 

In the first method, the gas is treated with 
sulfuric acid (90%) at 200 °C. The mercury(T) 
sulfate formed is deposited in wash towers. 
Fine purification is performed by afterpurifi- 
cation with sodium sulfide [54]. 


800°~1000°C 
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Figure 17.4: Specific mercury load distribution in the Bamberg refuse heating and power station with TMT-15 precipita- 


tion, with and without sludge combustion [63]. 
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In the second method, the cooled and 
dusted roast gas is treated with a mercury(I) 
chloride solution, and mercury precipitates as 
mercury(I) chloride (Hg,Cl,). Mercury is re- 
moved from the wash liquid by treatment with 
sodium sulfide. Part of the mercury(I) chloride 
produced is oxidized to mercury(I) chloride 
with gaseous chlorine and returned to the pro- 
cess. The final level of mercury in the waste 
gas is 0.05—0.1 mg/m? [55, 56]. 

In a third method, waste gas containing 
mercury and sulfur dioxide is treated with a 
wash solution containing Cu?* and Hg** ions 
in addition to H,SO, (200—300 g/L) and НСІ 
(5 g/L). Mercury in the vapor is thereby oxi- 
dized to Hg*, and the Hg^ values of the waste 
gas are 0.02—0.05 mg/m? [57]. 
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Another source of mercury emission is 
refuse combustion. Mercury occurs in the 
form of thermometer breakage, fluorescent 
tubes, switches, and batteries in domestic 
refuse. Investigations have shown that mer- 
сигу in flue gases is present as mercury(I) 
chloride [58]. Below ca. 150 ?C, the flue ash 
contained in flue gases adsorbs mercury(I) 
chloride and reduces it to mercury(I) chloride. 
Active carbon or active carbon impregnated 
with iodine compounds can also be used as a 
mercury adsorbent [59—62]. The mercury con- 
tent of domestic refuse is 3—5 g/t [63]. The 
percentage distribution of mercury in a typical 
refuse combustion plant is shown schemati- 
cally in Figure 17.4. Most of the mercury 
passes into the residue to be dumped. 


17.5.2.7 Water Purification 


The solubility of mercury in water depends 
strongly on the temperature. It decreases with 
decreasing temperature and can be reduced 
further by addition of salts (e.g., sodium chlo- 
ride). 

A whole range of equipment and devices 
can be used in purification methods to remove 
mercury from water. Examples are activated 
carbon filters, ion exchangers, and electrolysis 
systems. Mercury can also be removed from 
solution by addition of suitable reagents. 

The level of 10—30 mg of mercury per liter 
in wastewater from chlor-alkali electrolysis 
can be reduced to 0.1 mg/L by using activated 
carbon and graphite powder. The carbon has a 
grain size of 5—100 um [64, 65]. In principle, 
all types of activated carbon can be used for 
the fine purification of mercury-containing 
water. Carbon is dispersed in the water and 
then filtered. 

For ion exchangers, a distinction can be 
made between reusable and disposable ones 
[65—67]. In some cases, sulfur-containing sub- 
stances are used as active groups, which re- 
move mercury from the solution in the form of 
a mercury sulfide compound. 

Copper fluidized-bed electrolysis provides 
another method for mercury separation. The 
copper powder cathode 1s held in suspension 
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by the flowing solution, and mercury is depos- 
ited as an amalgam. The copper amalgam is 
purified by distillation [68]. 

By adding small amounts of oil which are 
dispersed in the aqueous solution, mercury 
can be concentrated in the oil phase. The mer- 
cury content of the purified aqueous solution 
is in some cases < 10 pg/L. The oil is sepa- 
rated by centrifugation, and line purification is 
carried out by using a conventional oil—-water 
emulsion splitting unit. The initial mercury 
concentration should be between 0.5 and 2.0 
mg/L [4]. Tin(II) chloride dissolved in dilute 
hydrochloric acid has been proposed for treat- 
ing mercury ion-containing wash water from 
combustion units. The reducing agent tin(IT) 
chloride is added in above-stoichiometric 
quantities. Reduced mercury is added together 
with the wash water to an evaporation device 
and is expelled by passage of stripping gas at 
elevated temperature. Condensation is ef- 
fected by cooling the gas stream. The mercury 
content is thus reduced from 5 mg/L to « 0.1 
mg/L, depending on the concentration of 
tin(ID) chloride [69]. 

To purify flue gas wash water from refuse 
combined heating and power stations, the ad- 
ditive TMT-15 developed by Degussa is used 
in some cases on an industrial scale (Figure 
17.4). The active substance of the additive 
consists of trimercapto-s-triazine in the form 
of a sodium salt. Mercury is bound as 
C&;N&,S;Hg,. The compound is stable up to 
210 °C and is only sparingly soluble in the 
elution test (a test to determine the soluble 
components of a solid material). The mercury 


. content is reduced from ca. 4 mg/L to « 0.05 


mg/L [70, 71]. The additional costs involved 
in TMT-15 precipitation amount to ca. 0.25 
DM per tonne of refuse. | 

Mercury can be removed from concen- 
trated sodium hydroxide solution by the use of 
ultrasound when the solution is filtered. The 
initial mercury content of ca. 20 mg/kg of 
agueous sodium hydroxide is reduced to ca. 
0.4 mg/kg after filtration [72]. 

The fine purification of crude phosphoric 
acid can be performed at pH 0.5—1.5 by using 
a diorganodithiophosphorus compound in 
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conjunction with activated carbon as adsor- 
bent. The final mercury concentration is « 
0.02 ug/g of solution [73]. At present, по stan- 
dard methods exist for removing mercury 
from sulfuric acid [74]. 


17.6 Quality Specifications 


Fine Purification of Metallic Mercury [75]. 
Most of the mercury on the market is 4N mate- 
rial (99.99% mercury). Higher purity is sel- 
dom required. Impurities in the form of gold 
(> 10 ppm) are manifested as dark particles af- 
ter dissolution in nitric acid. Only a few purifi- 
cation methods exist. 


e Dry Oxidation. In this method, readily oxi- 
dizable constituents such as magnesium, 
zinc, copper, aluminum, calcium, silicon, 
and sodium can be removed by passing air 
or oxygen through the liquid metal. The ox- 
ides formed have a lower density than mer- 
cury and float on its surface. They can be 
removed by filtration, scooping, or with- 
drawing the mercury through an opening in 
the bottom. 


Wet Oxidation. In an aqueous medium, mer- 
cury is dissolved by adding nitric, hydro- 
chloric, or sulfuric acid with dichromate, 
permanganate, or peroxide, to oxidize impu- 
rities. Good dispersion of the mercury is ex- 
tremely important in this method. The 
aqueous solution can be separated from the 
mercury by decanting, and traces of water 
can be removed with calcium oxide. A plant 
for the wet purification of mercury has been 
described [76]. 


Electrolytic Refining. Perchloric acid con- 
taining mercury oxide serves as the electro- 
lyte. 


Distillation, Mercury can be evaporated un- 
der atmospheric pressure or in vacuo. Distil- 
lation can be carried out in normal steel 
vessels or in a glass apparatus. Elements 
with a lower vapor pressure than mercury 
can be separated in this way. In many cases, 
mercury must be distilled repeatedly to 
achieve the desired purity, particularly if itis 
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to be used to produce cadmium—mercury 
telluride. 


Additional methods, adapted to the relevant 
processes, are available for purifying and 
working up larger amounts of mercury [77, 
78]. 


17.7 Chemical Analysis 


The oldest and simplest method for deter- 
mining mercury in minerals is described by 
Escuka; it involves a gravimetric method in 
which mercury is precipitated as an amalgam 
[79]. The ore sample is weighed in a porcelain 
crucible, intimately mixed with iron filings, 
and then covered with a layer of zinc oxide, 
magnesium oxide, or calcium oxide. The cru- 
cible is closed with a tightly fitting cover of 
gold foil having a cup-shaped depression in 
the middle, which is sprayed from above with 
cooling water. On careful heating of the sam- 
ple, mercury is distilled and deposits on the 
underside of the cover When a constant 
weight is reached at the gold foil, all the mer- 
cury has been collected. Measurements can be 
affected by cadmium and arsenic, which also 
condense on the gold foil This method of 
mercury determination requires a high level of 
experimental skill and care on the part of the 
analyst, whose technique greatly affects the 
accuracy and reproducibility of the results. 
The reliably detectable minimum mercury 
content is between 10 and 50 ppm. Theoreti- 
cally, the accuracy could be improved by in- 
creasing the amount of sample, although this 
would give rise to difficulties with regard to 
the apparatus. 


A method for precipitating monovalent 
Mercury as an iodate from a neutral or weakly 
acidic solution (nitric acid) is described in 
[80]. Mercury can be determined gravimetri- 
cally after the mercury(I) iodate precipitate is 
washed with ethanol and diethy] ether. Parallel 
gravimetric determination of the excess of po- 
tassium iodate precipitation agent is possible 
with thiosulfate after the mother liquor has 
been acidified with sulfuric acid and potas- 
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sium iodide has been added. Both methods 
give good results. 


A quick method for determining mer- 
сигу(П) is based on the fact that a complex is 
formed when an excess of potassium iodide is 
added to a neutral or weakly ammoniacal mer- 
cury solution. This complexes with copper di- 
ethylenediamine sulfate to form violet crystals 
of the complex double salt copper diethylene- 
diamine mercury iodide, which is practically 
insoluble in ethyl alcohol or diethyl ether [81]. 


-In a rapid classical qualitative method for 
detecting mercury, ca. 1 g of the substance to 
be tested is digested with acid; the resultant 
solution is oxidized with a drop of bromine 
(the solution must not turn yellow) and then 
boiled with a few milliliters of the reagent (10 
g of KI and 100 р of NaOH in 100 mL of HO 
and filtered. In the filtrate, mercury is deter- 
mined by the black precipitate formed on 
dropwise addition of a Sn?* solution [82]. 


Modern operational monitoring employs 
physical analytical methods and test tube 
methods suitable for quick detection. Both X- 
ray fluorescence spectroscopy and atomic db- 
sorption spectroscopy (AAS) have proved 
suitable for quantitative and qualitative mer- 
cury determination. The detection limit for 
these methods is so low that the maximum 
workplace concentration values can be moni- 
tored precisely [83]. 


Portable atomic absorption spectrometers, 
for example, are available, which indicate the 
atmospheric mercury concentration as an ana- 
log or digital display after a short warm-up 
time of the spectrometer. The result of the 
analysis is available immediately and simpli- 
fies the monitoring of a production plant. The 
measurement value can also be recorded con- 
tinuously at stationary measurement sites with 
a recorder. The influence of interfering factors 
in AAS determination is discussed in [84]. 


Differential pulse anodic stripping voltam- 
metry in conjunction with a gold electrode can 
be used to detect copper and mercury in natu- 
ral water and wine [85, 86]. A mercury con- 
centration of 0.02 ug/L can be measured. 
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Mercury in the air can be detected down to 
0.1 ng/m? with the Coleman mercury analyzer 
system (based on a very selective cold vapor 
atomic absorption), to an accuracy of 10%. 
One analysis takes about 3 min [83]. 


17.8 Storage and 
Transportation 


A. classification for the transportation of 
mercury, mercury oxide, mercury(I) chloride, 
and тегсшу(П) chloride is given in [87] 
(specification sheets 831, 863, 865, 868). 
Doras presents a detailed description of the 
properties, handling, storage, and transporta- 
tion of dangerous substances [88], as well as a 
list of addresses of the relevant authorities 
(throughout Europe) for information pur- 
poses. The provisions differ from country to 
country and must be ascertained from the rele- 
vant authorities. 

In general, containers of stainless steel, 
normal-quality steel, iron, glass, ceramics, and 
a range of plastics are suitable for storing mer- 
cury. When storing liquids that contain ex- 
tremely low levels of mercury (pg/g-ng/g 
Tange) in plastic containers, mercury losses 
occur with a large number of plastics. When 
water containing 5 ng/g of mercury was stored 
in polyethylene bottles, only 5% of the mer- 
cury was present after 21 d. Approximately 
77% of the mercury had been adsorbed on the 
side walls, and 18 % had evaporated. The Hg” 
ions are assumed to be reduced to Hg* ions, 
which in turn disproportionate to Hg? and 
Hg? [89]. Addition of Au" ions in trace 
amounts is sometimes recommended [90]. 
Further investigations on the storage of mer- 
cury in dilute solution are discussed in [91— 
95]. 


17.9 Uses 


Because of its special properties, mercury 
has had a number of uses for a long time. The 
conventional application is the thermometer. 
Mercury is frequently used in pressure gauges 
and for thermal content measurements. 
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Table 17.10: Uses of mercury and its compounds [96]. 





Approximate AT Other sectors, 
Area of use Forn amount, t/a Emissions waste elimination Remarks 
Chemicals, reagents compound 40 laboratories largely impossible to find 
suitable replacement; envi- 
ronmental damage can be 
reduced by other measures 
Alkali-manganese  chloride/metal 37 refuse combustion reduced emission by sepa- 
batteries rate collection possible 
Mercury oxide bat- oxide 20 refuse combustion alternatives still too expen- 
teries Sive; separate collection 
declining 
Pesticides 27 distribution now only for seed treat- 
ment; substitutes are avail- 
able : 
Medicinal sector 26 refuse combustion separate collection possi- 
Dental amalgams metal ble 
Disinfection compound 
Fungicides for compound 10 weathering exploitation; declining; in some cases 
paints removal of old restrictions on use 
paint coats ` 
Catalysts compound 8 chemical industry declining 
Thermometers, metal 8 instrument and ap- refuse combustion replacement by other 
barometers, paratus breakage methods and processes 
manometers possible (e.g., electronics) 
Electrical engineer- metal 6 refuse combustion declining; substitution 


ing components 
interval switches 


Fluorescent tubes metal 3 


Pigments sulfide 1 


In mechanical engineering, mercury is used 
in mercury vapor diffusion pumps for produc- 
ing a high vacuum. 


One important area of use is the lighting in- 
dustry, where mercury is added to various 
types of bulbs. Among electrical components, 
mercury switches, rectifiers, oscillators, and 
primary batteries can be mentioned, which 
contain up to 30% mercury. 


Mercury is used as a liquid cathode in the 
production of chlorine and sodium hydroxide 
by chlor—alkali electrolysis. Because mercury 
forms alloys with a large number of metals, 
mercury alloys have a wide range of applica- 
tions. Table 17.10 summarizes the areas of use 
of mercury and its compounds. 


possible largely through 
electronic components 
exploitation of 
scrap 


lamp breakage refuse combustion demand for fluorescent 


tubes increasing, despite 
reduction in mercury use 
per tube; total use increas- 
ing 


refuse combustion declining 


17.10 Mercury Alloys 


'The alloys of mercury (amalgams) occupy 
a special position among metal alloys because 
they can be solid, plastic, or liquid at room 
temperature. 

Liquid amalgams are true solutions of the 
alloying elements in mercury, whereas plastic 
amalgams are suspensions of solid particles of 
the alloying partners in mercury or a saturated 
mercury solution. Solid amalgams are inter- 
mediary phases, often mixed with alloying 
partners or their primary mixed crystals. Solid 
amalgams may contain liquid-phase inclu- 
sions. An amalgam is sometimes difficult to 
identify experimentally. JaNGG has suggested a 
suitable apparatus for synthesizing and ana- 
lyzing amalgams [97]. 


Mercury 


The solubility of many metals in mercury 
depends strongly on temperature (Figure 
17.5). The solubility of some metals in mer- 
cury at room temperature is given in Table 
17.11. Amalgam formation may be exother- 
mic (e.g., sodium) or endothermic (e.g., gold). 

80 | 


с 
о 


+ 
© 


N 
c 


Mass fraction of metal, % 





0 200 400 600 
Temperature, °C ——» 


Figure 17.5: Solubility of some metals in mercury as a 
function of temperature [99]. 


Table 17.11: Solubility of some metals in mercury at 
20 °C [97]. 


Metal Solubility, % Metal 





Solubility, % 





т 42.5 Mg ca. 0.3 

Cd 5.0 Au 0.131 

Zn 1.99 Ag 0.035 

Pb 147 Cu ca. 0.002 

Sn ca. 0.9 Al 0.002 

Na 0.62 Fe ca. 105 

K ca. 0.4 Si virtually insoluble 





Ammonium amalgam, which has been 
known for a long time, is an interesting case of 
the NH, group acting as a metal-like alloying 
constituent. The synthesis of tetramethylam- 
monium amalgam is described in [98]. 

Technically important amalgams are those 
of tin-copper precious metals used in conser- 
vative dental treatment. 

Gold, silver, or tin amalgams are still used 
for much gold- and silver-plating work, as 
well as for production of certain types of mir- 
rors. The measurement range of mercury ther- 
mometers can be extended to —58 °C by 
addition of thallium to mercury. 


909 


Alkali amalgam is an important intermedi- 
ate in chlor alkali electrolysis by the amalgam 
method. Amalgams also play a role in the ex- 
traction of cadmium or aluminum [99]. 


A comprehensive list of thermodynamic 
data on amalgam formation has been collected 
by Guminsxi [100]. After surveying the litera- 
ture, he is of the opinion that liquid mercury 
greatly influences intermetallic compound 
formation. The reactions are comparable to 
the solid-state formation of ionic and nonionic 
substances in liquids. 


Production of Amalgams. Three methods are 
used for the industrial production of amal- 
gams: 


e Powder Metallurgy Method. The powdered 
alloying components are mixed with mer- 
cury. The reaction rate of spontaneously oc- 
curing amalgam formation is determined 
by the degree of dispersion of the powder, 
the rate at which reactants diffuse into one 
another, and the wettability of the powder 
by liquid mercury. If other components be- 
sides mercury are added simultaneously, 
they are preferably pulverized as master al- 
loy in the desired weight ratio. In many 
cases, the powder reacts with mercury more 
quickly in the presence of a salt of the ele- 
ment to be amalgamated. 


e Galvanic Method. Many metals can be de- 
posited from their aqueous solutions or from 
salt melts on mercury cathodes, with simul- 
taneous formation of an amalgam. Because 
of the high overvoltage of hydrogen on mer- 
cury or amalgam cathodes, even nonprec- 
ious metals (Zn, Fe, Mn) can be deposited 
from acid solutions. Nonaqueous solutions 
may also be used (with Mg, Ti). 


e Reaction with Sodium Amalgam. Metal ex- 
change can occur in a fast and stoichiomet- 
ric reaction through the phase boundary by 
reaction of sodium amalgam with the salt 
solution of a precious metal (or, generally, 
by reacting a nonprecious amalgam with a 
noble-metal salt solution). 
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17.11 Compounds 


Mercury occupies a special position in 
group 12 of the periodic table. In contrast to 
the two other members of this group (zinc and 
cadmium), it forms compounds in two valence 
states. 

Compounds of monovalent mercury con- 
tain ions in the unusual form Hg?*. These com- 
pounds are пої very stable and 
disproportionate easily to form elemental mer- 
cury and the corresponding divalent mercury 
derivative. Most of the monovalent com- 
pounds are sparingly soluble in water. The 
more soluble salts, e.g., the nitrate, are par- 
tially hydrolyzed in aqueous solution: after 
acidification of these solutions, the poorly sol- 
uble compounds can be obtained by precipita- 
tion. In addition, compounds of monovalent 
mercury can be prepared from those of the di- 
valent element by reduction with metallic 
mercury. 

The compounds of divalent mercury can be 
divided into those that are strongly dissociated 
and those that are weakly dissociated. The 
former, such as the sulfate and the nitrate, un- 
dergo considerable hydrolytic cleavage in wa- 
ter. The weakly dissociated compounds, e.g., 
the chloride and the cyanide, are less prone to 
hydrolysis by water. With excess anions they 
form complexes that are more soluble than the 
salts themselves. 

The starting material for all of these com- 
pounds is elemental mercury: the metal is 
treated initially with a suitable oxidizing 
agent, e.g., chlorine or nitric acid. The other 
compounds can be obtained from the resulting 
oxidation product by further reaction. Multi- 
step processes are often necessary. 


17.11.1 Mercury Chalconides 


Chalconides of monovalent mercury are 
unknown: precipitation from a solution of 
mercury(I) nitrate with sodium hydroxide 
does not lead to the expected mercury(I) ox- 
ide, but rather to a mixture of finely divided 
elemental mercury and mercury(I) oxide. The 
chalconides of divalent mercury exist in na- 
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ture as minerals: the oxide HgO as montroy- 
dite, the sulfide HgS as cinnabar and 
metacinnabar, the selenide HgSe as tieman- 
nite, and the telluride HgTe as coloradoite. 
They can also be produced synthetically. Only 
the oxide and the sulfide are of practical im- 
portance. 


Мегсигу(П) oxide, HgO, p 11.1 g/cm’, is a 
red or yellow powder. The color depends on 
the size of the crystals: the yellow oxide con- 
sists of crystals < 2 рт; the red one of crystals 
> 8 цш in diameter. Samples with particle 
sizes between these two values appear yellow- 
to red-orange. Increasing the temperature 
leads to an intensification of the color: the yel- 
low oxide becomes yellow-orange; the red 
one, dark red. The crystal lattice is rhombic 
and identical for both forms. Under certain 
preparative conditions a hexagonal form ex- 
ists. This modification has no practical impor- 
tance and can be converted to the more stable 
rhombic form by heating above 200 ?C. 


Heating above 450 °C causes the oxide to 
decompose into elemental mercury and oxy- 
gen. Мегсшу(П) oxide is sparingly soluble in 
water and in ethanol. With dilute mineral ac- 
ids, solutions of the corresponding salts are 
formed, a method that can be used to prepare 
these salts. 


Production. Mercury(II) oxide can be pre- 
pared via the anhydrous route by reaction of 
the elements at 350—420 °С under oxygen 
pressure or by thermal decomposition of mer- 
cury nitrates at ca. 320 °C. Production via the 
wet route by precipitation is more important: 
the oxide is precipitated from solutions of 
mercury(I) salts by addition of caustic alkali 
[usually mercury(II) chloride solutions with 
sodium hydroxide]. Whether the yellow or the 
red form is obtained depends on reaction con- 
ditions: slow crystal growth during heating of 
mercury with oxygen or during thermal de- 
composition of mercury(I) nitrate leads to rel- 
atively large crystals (i.e., the red form). Rapid 
precipitation from solution gives finer parti- 
cles (i.e., the yellow form). Nevertheless, de- 
pending on the conditions during precipitation 
such as stirring speed, pH, temperature, and 
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method of mixing the components, large crys- 
tals can be obtained by the wet route and, 
therefore, the red form is produced [101]. 


Uses. Red mercury(I) oxide in particular 
has become increasingly important for the 
production of galvanic cells with mercury ox- 
ide anodes in combination with zinc or cad- 
mium cathodes. These cells are distinguished 
from other systems in that their voltage re- 
mains very constant during discharge; they are 
used mainly as small button-shaped batteries, 
e.g., for hearing devices, digital watches, ex- 
posure meters, pocket calculators, and secu- 
rity installations. Additional uses of 
mercury(I) oxide include the following: for 
the production of mercury(II) salts by treat- 
ment with the corresponding acids, and as a 
reagent in analytical chemistry. Its impor- 
tance as an additive to antifouling paint for 
ships and in medicine (e.g., for eye ointment) 
has decreased. 


Mercure) sulfide, Dep, is the most impor- 
tant starting material for mercury extraction; it 
can exist in two forms: a-HgS (cinnabar, cin- 
nabarite) has a density of 8.1 g/cm?, and, В- 
HgS (metacinnabar) has a. density of 7.7 
g/cm?. The B-form slowly changes to o-HgS 
on heating. The latter sublimes at 583 °C. Of 
the two sulfide minerals, cinnabar is the most 
important ore for the production of mercury 
(see Section 17.4.1.2). When pure, the com- 
pound is bright red and forms hexagonal crys- 
tals. Metacinnabar is black and forms cubic 
crystals (zinc blende lattice). Both have ex- 
tremely low water solubility; they are also in- 
soluble in mineral acids and in caustic alkah. 
They dissolve only in aqua regia, to release 
sulfur, and in alkali sulfide solutions, to form 
thio complex-salt ions, such as [HgS,]*. 
Production by either the dry or the wet 
route is possible. In the former, a mixture of 
mercury and sulfur is heated. The elements re- 
act slowly together even on mixing. Produc- 
tion from aqueous solutions is more 
important. The sulfide is precipitated from so- 
lutions of mercury(II) salts by treatment with 
hydrogen sulfide, alkali, or ammonium sulfide 
solutions. Initially, the black sulfide 1s formed. 
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Itcan be converted to the more stable red form 
by heating in the presence of the mother liquor 
or with ammonium polysulfide solutions. The 
reaction of mercury and sulfur by heating with 
a solution of sodium polysulfide has been de- 
scribed [102]. 


17.11.2 Mercury Halides 


Halides of both mono- and divalent mer- 
cury are known. Of these, only the fluorides 
are ionic compounds: they undergo hydrolysis 
with water; mercury(I) fluoride simulta- 
neously undergoes disproportionation. The 
other halides either are already composed of 
molecules in the crystal lattice or form these 
by dissolution or evaporation. Accordingly, 
their melting and boiling points are low. The 
halides of monovalent mercury are sparingly 
soluble in water: the solubility of. divalent 
mercury halides decreases with increasing 
molecular mass. Mercury halides form numer- 
ous basic compounds. 


Mercury(II) fluoride, HgF,, mp 645 °C, p 
9.0 g/cm’, forms colorless octahedral crystals 
with a cubic ionic lattice (fluorite type). It is 
unstable in humid air; hydrolysis yields a yel- 
low color. Мегсигу(П) fluoride is insoluble in 
organic solvents. 

The compound is produced from mercury 
and fluorine at elevated temperature or from 
mercury(II) oxide and hydrogen fluoride un- 
der oxygen pressure at 450 °C [103]. Synthe- 
sis from mercury(I) oxide and sulfur 
tetrafluoride has been suggested [104]. The 
compound is used in organic synthesis as a 
flnorinating agent. 


Mercury(I) chloride, calomel, Hg,CL, p 7.15 
g/cm}, is rarely found as a mineral in nature. 
When pure, it exists as a heavy white powder 
or as colorless crystals with a silvery luster, 
having a tetragonal molecular lattice. It sub- 
limes at 385 °C; above 400 °C the molecules 
decompose into a vapor composed of mercury 
and mercury(II) chloride. The substance is 
sparingly soluble in water, ethanol, diethyl 
ether, and acetone. A black color occurs in 
ammonia solution, whereby a mixture of 


912 


finely divided elemental mercury and mer- 
сшу(П) ammonium chloride is formed by dis- 
proportionation—hence, the name calomel, 
from the Greek word meaning beautiful black. 


Production. An intimate mixture of mer- 
cury and mercury(IT) chloride is heated at 
525 *C in closed iron or fused silica tubes, at- 
tached to cooled receivers in which calomel 
vapor condenses [105, 106]. Synthesis from 
the elements is also possible [101]. Very finely 
divided mercury(I) chloride can be obtained 
by precipitation from a dilute nitric acid solu- 
tion of mercury(I) nitrate and sodium chloride 
[105]. 

Mercury(I) chloride finds application in 
calomel electrodes, which serve as standard 
electrodes for the measurement of electro- 
chemical potential; it is also employed as a 
fungicide and insecticide in agriculture, and as 
a catalyst in organic synthesis. Mercury) 
chloride is mixed with gold for painting on 
porcelain. 


Mercury(II) chloride, corrosive sublimate, 
HgCL, mp 280 °C, bp 303 °С, p 5.43 g/cm’, is 
a white, heavy, crystalline powder with a 
rhombic crystal lattice. At the melting point 
the vapor pressure is 560 kPa; the substance 
can, therefore, sublime under reduced pres- 
sure. The sublimate is moderately soluble in 
cold water. Its solubility increases sharply 
with increasing temperature: the saturation 
limit is 6.2% at 20 °C and 36.0% at 100 °C; 
the compound may therefore be purified by re- 
crystallization from water. The sublimate is 
readily soluble in organic solvents, in contrast 
to mercury(I) chloride, so that a clear solution, 
for example, in ether, is an indication of the 
absence of calomel. Molecules of mercury(I) 
chloride exist as such in all solvents; mixing 
Hg? ions with СІ in aqueous solution leads 
immediately to undissociated mercury(I) 
chloride molecules; this process is used ana- 
lytically to bind chloride ions in determining 
the COD of effluents. Aqueous solutions of 
sublimate are weakly acidic, resulting from 
hydrolysis of a small amount of the chloride. 
The sublimate is much more soluble in alkali 
chloride solution than in pure water, because 
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of the formation of chloro complex ions, e.g., 
[HgCl,]*. 

Production. For the formation of mer- 
сшу(П) chloride from the elements, mercury 
is oxidized with chlorine in heated retorts; the 
reaction is carried out with the appearance of 
flame at > 300 °C. The escaping sublimate va- 
por is condensed in cooled receivers, where it 
settles as fine crystals. Formation of mer- 
cury(I) chloride is avoided by the use of ex- 
cess chlorine [101]. Mercury and chlorine also 
react in the presence of water; in this case, in- 
tensive stirring is necessary. The chloride 
formed precipitates as crystals after the solu- 
bility limit has been exceeded. If an alkali 
chloride solution is used in place of water, so- 
lutions of chloro complex salts are formed, 
which are used mainly for the production of 
other compounds of divalent mercury [107]. 


Mercury(1I) chloride can also be prepared 
from other mercury compounds. Мегсшу(П) 
sulfate, for example, is heated in the dry state 
with sodium chloride, and the evolving mer- 
сшу(П) chloride vapor is condensed to a solid 
in receivers. A warm sublimate solution is ob- 
tained from the reaction of mercury(I) oxide 
and a stoichiometric amount of hydrochloric 
acid; the chloride separates as crystals on 
cooling. 

Uses. Мегсшу(П) chloride is an important 
intermediate in the production of other mer- 
cury compounds, e.g., mercury(I) chloride, 
mercury(IT) oxide, mercury(I) iodide, mer- 
сшу(П) ammonium chloride, and organic 
mercury compounds. The compound is used 
as a catalyst in the synthesis of vinyl chloride, 
as a depolarizer in dry batteries, and as a re- 
agent in analytical chemistry. It has minor im- 
portance as a wood preservative and retains 
some importance as a fungicide. Other uses 
(e.g., as a pesticide or in seed treatment) have 
declined considerably. 


Мегсигу(Н) bromide, HgBr,, mp 236 °C, bp 
320 °C, p 6.05 g/cm, forms colorless crystals 
with a rhombic layered lattice. Its water solu- 
bility is highly temperature dependent: the 
concentration limit is 0.6% at 25 °C and 18% 
at 100 °C. Mercury(II) bromide is readily sol- 
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uble in diethyl ether and ethanol. The com- 
pound is produced from mercury and bromine 
in the presence of water; by dissolution of 
mercury(II) oxide in hydrobromic acid; or by 
precipitation from a nitric acid solution of 
mercury(II) nitrate with addition of sodium 
bromide [108]. It is used as a reagent for ar- 
senic and antimony, as an intermediate in the 
production of bromine-containing organomer- 
cury compounds (see Section 17.12), and as a 
catalyst in organic synthesis. The melt is used 
as a nonaqueous solvent. 


Mercury(II) iodide, HgL, exists in a red and 
a yellow form. Red mercury(I) iodide is solu- 
ble in diethyl ether, chloroform, and methanol. 
The compound is produced by adding an 
aqueous solution of potassium iodide to an 
aqueous solution of mercury(I) chloride with 
stirring; the precipitate is then filtered off, 
washed, and dried at 70 °C. A yellow product 
is formed by sublimation; on cooling, it turns 
red. 

Yellow mercury(II) iodide, mp 259 °C, bp 
354 *C, is unstable at room temperature and is 
converted to the red form at the slightest touch 
or upon heating. The transition temperature is 
127"C. Yellow mercury(I) iodide is prepared 
by pouring an alcoholic solution of the red 
form into cold water, whereby a pale yellow 
emulsion is formed, from which the mer- 
cury(II) iodide crystallizes after a few hours. 


Potassium mercury iodide, K,HgL, readily 
soluble in water, is prepared by dissolving 
mercury(II) iodide in a concentrated potas- 
sium iodide solution. 


17.11.3 Mercury Pseudohalides 


The cyanides and thiocyanates of divalent 
mercury resemble the halides, in that they also 
exist in solution as undissociated molecules 
and form highly soluble complexes with an 
excess of the anion; moreover, numerous basic 
compounds are derived from them. Mer- 
cury(I) cyanide is unknown; the poorly solu- 
ble mercury(I) thiocyanate, which can be 
obtained by precipitation from mercury(I) ni- 
trate solution, has no practical importance. 
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Mercury(II) thiocyanate, Hg(SCN),, p 3.71 
g/cm}, is a white powder which is thermally 
unstable. Decomposition begins at 110 °C and 
becomes spontaneous at 165 °C, with the 
compound swelling to many times its normal 
volume. In air a blue flame appears, and a 
dark-colored, voluminous residue is left. The 
thiocyanate is sparingly soluble in cold water. 
It is produced by precipitation from mer- 
сшу(П) nitrate solution with a stoichiometric 
amount of potassium thiocyanate solution and 
is used as an analytical reagent and as an in- 
tensifier in photography. 


17.11.4 Acetates, Nitrates, Sulfates 


The acetates, nitrates, and sulfates of mer- 
cury are composed of ions and undergo hy- 
drolysis with water. The acetate and the sulfate 
of monovalent mercury are sparingly soluble 
and the nitrate is quite soluble in dilute acid. 
Compounds of divalent mercury are readily 
soluble in dilute acid. 


Мегспгу(П) acetate, (CH,COO),Hg, p 3.27 
g/cm?, тр 178 °C, exists as a fine white pow- 
der or colorless shiny crystal flakes. It is solu- 
ble in diethyl ether and ethanol. It is produced 
by dissolution of mercury(I) oxide in dilute 
acetic acid and concentration of the resulting 
solution. Mercury(II) acetate is used for the 
synthesis of organomercury compounds, as a 
catalyst in organic polymerization reactions, 
and as a reagent in analytical chemistry. 


Mercury(I) nitrate, Hg,(NO,),-2H,O, p 4.68 
Siem), mp 70 °C, which forms colorless crys- 
tals (monoclinic ionic lattice), is produced by 
dissolving mercury in cold dilute nitric acid 
and crystallizing the compound from the re- 
sulting solution. 

Uses. Mercury(]) nitrate is the most readily 
available soluble salt of monovalent mercury 
and is, therefore, an important intermediate for 
other mercury(I) derivatives; sparingly solu- 
ble compounds can easily be prepared from it 
by precipitation from aqueous solution. Ther- 
mal decomposition leads to red mercury(I) 
oxide. “Millons reagent", a solution of mer- 
cury nitrate and nitrous acid in dilute nitric 
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acid, is used as an analytical reagent for the in- 
dication of tyrosine-containing proteins. 


Мегсигу(П) nitrate, Hg(NO,), or 
Hg(NO,),- Н,О, forms colorless, hygroscopic 
crystals. Apart from the anhydrous salt and the 
monohydrate, several other hydrates and basic 
compounds are known. Mercury(I) nitrate is 
produced by dissolving mercury in hot con- 
centrated nitric acid; the resulting solution is 
concentrated and the nitrate crystallized by 
cooling. Uses include the production of other 
divalent mercury derivatives, as a nitrating 
agent in organic synthesis, and as an analytical 
reagent. 


Mercury(I) sulfate, Hg,SO,, p 7.56 g/cm’, is 
a colorless microcrystalline powder (mono- 
clinic crystal system) that is very sensitive to 
light. The compound is prepared by precipita- 
tion from a solution of mercury(I) nitrate with 
sulfuric acid or sodium sulfate solution, or by 
electrochemical oxidation of mercury in dilute 
sulfuric acid. It is used as a depolarizer in stan- 
dard cells after Clark and Weston. 


Мегсигу(П) sulfate. HgSO,, р 6.49 g/cm’, is 
a white powder (rhombic crystal type). It is 
prepared by fuming mercury with concen- 
trated sulfuric acid or by dissolving mer- 
cury(II) oxide in dilute sulfuric acid and 
evaporating the resulting solution until the 
compound crystallizes. Mercury(IT) sulfate is 
used in analytical chemistry to bind chloride 
ions in the determination of the COD of waste- 
water [109]; as a catalyst in the production of 
acetaldehyde from acetylene and of an- 
thraquinonesulfonic acids; and as a depolar- 
izer in galvanic elements. 


17.11.5 Mercury-Nitrogen 
Compounds 


Reaction of mercury(I) compounds with 
ammonia solution leads, depending on reac- 
tion conditions, to amine complexes or mer- 
cury(II) nitrogen compounds. Of the 
numerous compounds known, only mer- 
cury(II) amidochloride has any practical im- 
portance. 
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Mercury(II) amidochloride, HgNH,Cl, p 
5.38 g/cm’, is a fine, white crystalline powder 
with a rhombic crystal lattice. It is insoluble in 
water and in ethanol, and soluble in warm 
acid, ammonium carbonate solution, and so- 
dium thiosulfate solution. On heating it de- 
composes without melting. The compound 
can be precipitated from mercury(II) chloride 
solution with an ammonia solution. Mer- 
сигу (IT) amidochloride is used in the treatment 
of severe skin disease, as an eye ointment, and 
as a veterinary preparation; its importance is 
declining because of the development of mer- 
cury-free products. 


17.11.6 Analysis, Storage, and 
Transportation; Protective 
Measures 


Analysis. Determination of the purity of mer- 
cury compounds, which consists of the deter- 
mination of trace amounts of foreign cations 
and anions, involves specific reactions of 
these ions [110]. conventional methods for the 
trace analysis of cations have been supple- 
mented or replaced by methods involving the 
simultaneous determination of several ele- 
ments by means of plasma emission spectros- 
copy [111]. 


Storage and Transporfation. Plastic-lined 
steel drums are normally employed for pack- 
ing. Small amounts (e.g., for chemical labora- 
tories) are usually placed in plastic or plass 
bottles. Many compounds are light-sensitive 
and must, therefore, be adequately protected 
from light sources. Proper consideration must 
be given to the chemical and toxic properties 
of mercury compounds and the necessary pro- 
tective measures; this is particularly true in 
container labeling. 


Protective Measures. Most mercury com- 
pounds, because of their toxicity, require the 
same protective measures during production 
and processing as metallic mercury. Further- 
more, environmental protection necessitates 
appropriate precautions (see Section 17.5). 
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17.12 Selected Organic 
Compounds 


Organic mercury derivatives [112, 113] are 
among the oldest known organometallic com- 
pounds. Organometallic compounds of diva- 
lent mercury are stable toward air, oxygen, and 
water. In contrast, organic derivatives of 
monovalent mercury are unstable and.can be 
prepared only at low temperature. After 1990, 
use of organic mercury derivatives in Germany 
will be difficult because mercury will not be 
allowed in industrial effluent or wastewater. 

Organomercury compounds can be divided 
into two major groups: compounds of the type 
R/-Hg-R?, where В! and R? are aliphatic or 
aromatic groups, and compounds of the type 
R-Hg-X, where R is aliphatic or aromatic and 
X is a halogen or an acid group. 

Synthesis of organic mercury compounds 
can be carried out by reaction of Grignard re- 
agents with mercury halides [114, 115]. To ob- 
tain pure products, the mercury salt and the 
Grignard reagent must contain the same anion 


RMgX + HgX, 5 RHgX + MgX, r 


Furthermore, organic mercury compounds can 
be produced by the reaction of sulfinic acids or 
their sodium salts with mercury(II) halides [116]: 


R-SO,H + НЕХ, > R-HgX + SO, + HX 


Hydroxy- or alkoxymercury derivatives can 
be obtained via the solvomercuration reaction 
(Hofmann-Sand reaction) by addition of mer- 
cury(IT) compounds to alkenes in aqueous, al- 
kaline, or alcoholic solutions [114, 117]: 


R'_CH=CH-R? + Hg(OAc), + КОН > 
(RF?O)CHR'-CHR?HgOAc + AcOH 

Organic mercury compounds can be converted 

to other organometallic derivatives by elec- 

trolysis or transmetallization [118]. 


Dialkyl- or Alkoxyalkylmercury Com- 
pounds. Dimethylmercury, CH4-Hg-CH,, a 
colorless, sweet-smelling liquid, is very toxic; 
it has a density of 3.069 g/cm’, bp 96 °C, and is 
soluble in ethanol and diethyl ether. In acidic 
aqueous solution, dialkylmercury compounds 
are hydrolyzed to monoalkylmercury deriva- 
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tives. Dimethylmercury is formed in organ- 
isms by enzymatic methylation of elementary 
mercury or a mercury compound. In an organ- 
ism it is easily converted to methylmercury 
(CH,-Hg') or methylmercury(II) chloride 
(CH4-Hg-Cl). These species can react with 
free S-H groups of biologically important 
molecules, leading to the diseases that have 
been caused by mercury and its derivatives. 
Mixed dialkylmercury compounds (e.g., 
methylpropylmercury compounds) are less 
volatile than symmetrical dialkylmercury 
compounds (e.g., diethylmercury). Dialkyl- 
mercury derivatives are generally very reac- 
tive and can also undergo transalkylation with 
simple alkyl halides (e.g., ethyl iodide). 


Diarylmercury Derivatives. The best known 
diarylmercury derivative is diphenylmercury, 
(СеН.),Не, which is produced by direct mer- 
curation. 


Analysis. Organic mercury compounds may 
be analyzed in the following ways: they can be 
determined qualitatively (1) by digestion with 
concentrated sulfuric acid and 30% hydrogen 
peroxide or (2) by digestion with 10% sulfuric 
acid and subsequent addition of dithizone 
(diphenylthiocarbazone) in carbon tetrachlo- 
ride solution. In the presence of mercury the 
green solution turns orange. Organic mercury 
compounds can be determined quantitatively 
by atomic absorption spectroscopy. 


17.13 Economic Aspects 


A detailed description of the development 
of production is given in the metal statistics of 
Metallgesellschaft AG, Frankfurt [119] (Ta- 
ble 17.12). Over the last ten years, production 
figures have changed only slightly. According 
to U.S. estimates, current production is ca. 
53% of the potential capacity. Because of re- 
duced demand.many mines and smelting 
plants are no longer operating or have greatly 
cut back production. Intervention by the 
former Soviet Union has seriously depressed 
the price of mercury to dumping price levels, 
although this has been resisted by Spain and 
Algeria. The change in the price of mercury 
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since 1979 is shown in Table 17.13 [119]. A 
survey of previous mercury prices is included 
in [120]. 

The main producers of mercury extracted 
by mining are as follows [121] (figures refer to 
flasks): 


Algeria 23 000 
China 20 000 
Finland 2 300 
Yugoslavia 2 000 
Mexico 10 000 
Spain 42 000 
Former Czechoslovakia 4 400 
Turkey 6 000 
Former Soviet Union 66 000 
United States 14 000! 


The Algerian mercury producer, Entreprise 
nationale des non-ferreux et substances utiles 
(ENOF), quotes production prices of $300 per 
flask. Most of the Chinese production is ex- 
ported to the United States. China claims to 
have the largest mercury resources in the 
world. Guizhou Province contains five mines, 
accounting for ca. 90% of Chinese produc- 
tion. Italy, once a large mercury producer, now 
imports mercury from Algeria, the Nether- 
lands, and former Yugoslavia. In Mexico, ca. 





! The sole producer in the United States discontinued min- 
ing operations from the middle of 1987 to February 1988. 
The production for 1988 is 14 000 flasks. 


Table 17.12: Production of mercury in tonnes [119]. 
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350 t of mercury (ca. 10 000 flasks) was ex- 
tracted from mines in 1986, a large part of the 
production being exported to Brazil and Ar- 
gentina. Spanish mercury production is ca. 
40 000 fl. The main importers are the United 
States, Belgium, Luxemburg, and France. The 
former Soviet Union produces ca. 67 000 Я of 
mercury; in contrast to the high export level in 
1986, almost the entire production is now re- 
served for domestic use. The capacity of pro- 
duction plants at the Anzob antimony mercury 
complex in Tajikistan has been doubled. The 
major proportion of former Yugoslav produc- 
tion of ca. 2000 fl of mercury is exported. 


The development of prices and production 
figures will certainly be influenced substan- 
tially by acceptance of the metal mercury, and 
in large sectors no foreseeable substitute ex- 
ists. The utilization of mercury in a highly in- 
dustrialized country such as Germany is 
shown in Table 17.14 [122]. The purchase of 
mercury by individual sectors has decreased 
sharply since 1980. The main user of mercury 
is the electrical engineering industry, followed 
by the alkali chloride industry. The use of mer- 
cury in paints, pigments, and pesticides has 
fallen sharply. 





1984 1985 1986 1987 1988 1989 1990 1991 1992 1993 1994 
Europe* 1672 1757 1693 1764 1704 1178 1140 135 128 734 475 
Spain 1520 1539 1471 1553 1499 967 962 52 36 636 386 
Finland 80 130 147 144 135 160 141 74 85 98 89 
Yugoslavia 72 88 75 67 70 51 37 EN 7 
Asia" (Turkey) 182 226 262 211 97 202 60 25 5 
Africa (Algeria) 586 801 764 756 662 587 639 431 476 459 400 
America 1043 965 695 264 724 1065 1195 398 85 82 80 
Dominican Republic 2 1 
Mexico 384 394 185 124 345 651 735 340° 21° 12 10 
United States 657 570 510° 140° 379 414) 460° 58° 64° 70 70 
Total Western countries 3483 3749 3414 2995 3187 3032 3034 989 694 1275 955 
Czechoslovakia 152 158 168 164 168 131 126 75 60° 50 50 
USSR? 1220 1200 1200 1200 1180 1180 2100 1900 1900 1700 1500 
China’ 800 800 850 900 900 1200 800 780 392 468 408 
Total Eastern countries 2172 2158 2218 2264 2248 2511 3026 2755 2352 2218 1958 
Total world 5655 5907 5632 5259 5435 5543 6060 3744 3046 3493 2913 





* Excluding Eastern-Bloc countries. 


"Estimates. 
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Table 17.13: Quoted prices for mercury in London and 
New York. 











European price U.S. Price 
Year £ per flask $ per flask 

(38473 кр) "8 Gaarake SKE 
1985  284.02-293.24 8.24—8.51 310.957 9.02 
1986 187.49-200.36 5.44—5.81 232.785 6.75 
1987 245.64—255.23 7.13-7.40 295.503 8.57 
1988 297.17—310.49 8.62-9.01 335.517 9.73 
1989 246.43-261.63 7.15—7.59 287.722 8.35 
1990 200.91—218.79 5.83-7.22 249.218 * 723 
1991 103.33-119.44 3.00-3.46 122.424 3.55 
1992 126.85-173.35 3.68—5.03 201.390 5.84 
1993 107.02-125.05 3.10-3.63 186.510 5.41 
1994 103.23-119.32 2.99—3.46 194.453 5.64 





17.14 Toxicology and 
Occupational Health 


Uptake, Mode of Action, Metabolism. The 
toxicity of mercury depends. among other 
things, on its state of aggregation and degree 
of dispersion. Both fine particulate dust con- 
taining mercury and mercury vapors are very 
toxic in comparison to the liquid metal. Vari- 
ous mercury compounds are very potent poi- 
sons. Compounds containing divalent 
mercury are generally more poisonous than 
monovalent ones. The toxicity of inorganic 
mercury compounds increases with increasing 
solubility. Still. in most cases, they are less 
toxic than organic mercury compounds. 


[123] 
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The toxicity of mercury is based upon its 
action as a general cell and protoplasmic poi- 
son, i.e., bonding to the sulfhydryl groups of 
proteins; denaturing proteins; damaging mem- 
branes; and reducing the RNA content of cells. 
This leads to blocking of many enzyme sys- 
tems. The kidneys and nervous system are es- 
pecially vulnerable. In animal experiments, 
methyl mercury and mercury(I) chloride 
cause a dose-dependent suppression of sper- 
matogenesis. 


Acute poisoning occurs when mercury ion 
concentrations reach 0.2 mg per 100 mL of 
blood. Daily 5-h exposure to inhaled mercury 
vapor concentrations of 0.1 mg/m? leads to se- 
vere chronic mercury poisoning. 


In foods, different mercury concentrations 
are tolerated: e.g., in the United States, 0.05 
ppm; in Germany, 0.1 ppm. Environmental 
contamination with mercury leads to a critical 
concentration effect in animals that occupy 
higher positions in the food chain (large fish 
and fish-eating sea fowl). In certain fish, con- 
centrations of 10 ppm of mercury and more 
have been found: fish and clams originating in 
Japan's Minamata Bay contained up to 9.6 mg 
of mercury per kilogram. Eggs of wild birds 
on the Finnish coast contained up to 3.5 mg of 
mercury per kilogram. Up to 270 mg of mer- 
cury per kilogram of organ tissue was found in 
dead seed-eating birds. 


Table 17.14: Breakdown of mercury use (in tonnes) in former West Germany according to sector [122]. 





1973 1974 1975 1976 1977 1978 1979 1980 1981 1982 1983 1984 1985 

Alkali chloride industry 128.0 127.0 99.0 103.0 78.0 87.5 87.5 72.0 50.4 46.3 40.7 31.6 41.8 

(without changes in 

stock levels) 
Catalysis 45.0 29.0 90 100 11.6 48 275 181 141 179 60 45 39 
Paints, dyes 19.5 189 56 124 126 126 91 38 35 38 10 06 03 
Pesticides 305 33.7 266 27.6 287 285 33.0 318 267 41 190 140 9.0 
Electrical engineering 26.2 42.1 406 43.4 40.4 43.5 45.4 51.5 55.0 542 53.1 562 65.8 
Contro! instruments and 148 173 8.7 103 146 134 13.3 165 157 171 70 61 72 

apparatus construction 
Chemicals and reagents 253 7.0 331 45.8 220 31.4 43.2 35.5 271 53.9 362 247 
Medicine 242 252 25.0 260 23.9 24.3 242 242 229 236 23.5 243 24.1 
Miscellaneous - 32.8 31.1 442 46.7 30.0 30.0 30.0 421 32.5 35.7 30.1 30. 302 
Total 346.3 331.3 291.8 325.2 261.8 276.0 313.2 295.5 247.9 256.6 216.6 192.2 182.3 
Total, % (1980 = 100%) 117 12 99 10 89 94 106 100 84 86 73 65 62 
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Humans are estimated to consume 0.2 mg 
of mercury weekly in their diet. Mercury up- 
take with food leads to concentrations in the 
kidney of < 0.1-3 mg/kg; the corresponding 
concentrations with intoxication are 10-70 
mg/kg. 

Amalgam filings are the most frequent 
cause of chronic mercury and tin intoxication. 
The metal is transformed to highly toxic or- 
ganic compounds by oral microorganisms. 
During chewing (gum) up to 26 mg/L of mer- 
cury and 0.3 mg/L tin may be set free. 

After 15 min, the mercury content of the 
respiratory air increased eightfold. 


Toxicity of Metallic Mercury and Inorganic 
Mercury Compounds. The toxicity of mer- 
cury and its compounds depends predomi- 
nantly on their solubility, which determines 
absorption and distribution in the organism. 
Thus metallic mercury and all mercury com- 
pounds are toxic, with the exception of red 
mercury sulfide, which is practically insoluble 
in the body. Mercury vapor causes acute dam- 
age to the lungs and chronic damage to the 
central nervous system. Mercury salts are 
caustic to the mucous membranes of the gas- 
trointestinal tract and nephrotoxic when ab- 
sorbed. 

Metallic Mercury. Liquid mercury is not 
highly toxic; in earlier times, it was used as a 
treatment for ileus. Thermometers that break 
in the rectum lead to mercury intoxication 
only if a wound is created and mercury is 
pressed into the tissues from which it is slowly 
absorbed. Granulomas develop when mercury 
is injected into subcutaneous fat tissue; this 
can occur in suicide attempts or injuries to the 
hand caused by broken thermometers. Ab- 
sorption occurs when the mercury depot is 
broken up into minuscule droplets, for exam- 
ple, after surgical excision. Occasionally liq- 
uid mercury has been injected intravenously, 
either suicidally [124, 125] or accidentally 
during intracardiac catheter studies when 
blood was drawn for blood gas analysis by us- 
ing mercury-filled syringes. Mercury embo- 
lisms resulted, and some of the patients 
showed symptoms of intoxication. One of 
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nine patients died after five months as a result 
of the intoxication. Blindness as a result of oc- 
clusion of the central artery also occurred. An- 
tisyphilitic treatment with gray mercury 
ointment caused numerous intoxications, with 
all grades of severity being encountered. They 
resulted from skin absorption and from inhala- 
tion of the mercury that vaporized on the skin. 

Acute inhalant poisoning is very danger- 
ous. In four cases, after several hour’s expo- 
sure to mercury vapor concentrations of 1-3 
mg/m?, acute pneumonitis resulted. Chronic 
inhalant intoxication can be expected with 
mercury vapor concentrations of 0.1—1 mg/m’. 
With < 0.1 mg of mercury per cubic meter, 
even mild intoxication is improbable. In sensi- 
tive persons, an increase in subjective signs 
(micromercurialism) has been observed at 
0.02—0.1 mg/m? [125]. 

Mercury Salts. Salts of divalent mercury 
are more toxic than monovalent ones, regard- 
less of the route of administration. In animal 
experiments the LD,, after parenteral injection 
for divalent salts is ca. 5 mg of mercury per ki- 
logram. As a result of their poor absorption, 
they are much less toxic if administered orally, 
the LD,, in this case being of the order of 100 
mg of mercury per kilogram [126]. Strongly 
dissociated salts are more caustic and gener- 
ally more toxic than less dissociated ones. An 
exception to this is mercury oxycyanide 
[Hg(CN),-HgO], which is highly poisonous 
even though it hardly dissociates. Cyanide 
ions may enhance the toxicity. 

Acute Poisoning in Humans. Мегсшу(П) 
chloride (corrosive sublimate) is one of the 
strongest corrosive poisons; for adults, oral 
doses of 0.50—1.0 g (in several cases even 0.2 
g) are fatal, even though people have survived 
after ingesting 5 g. A total of 0.2 g introduced 
into the vagina can be fatal. Administration of 
1.5 g of mercury oxycyanide was lethal. The 
toxicity of mercury(I) chloride (calomel) de- 
pends on its retention time in the gastrointesti- 
nal tract. The lethal dosage for adults is 
generally 2-3 g; for children, 0.4 g [125]. 
However, in former times, therapeutically ad- 
ministered doses of 0.1 g of mercury(I) chlo- 
tide have led to death, especially when the 
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laxative effect did not occur. Chronic intoxica- 
tion with mercury salts is unusual; in indus- 
trial poisonings, exposition to mercury vapors 
generally exists concomitantly. Mercury salts 
act as direct skin irritants. Furthermore, they 
are sensitizing, especially mercury fulminate. 


Toxicity of Organic Mercury Compounds. 
Most organic mercury compounds are lipid 
soluble. Some of them vaporize easily and 
thus also act in the gaseous phase. Organic 
mercury compounds can cause toxic dermati- 
tis and, as a result of their lipid solubility, can 
severely damage the central nervous system. 
Hypersensitivity reactions, as well as kidney 
damage, also occur. 

In the organism, phenylmercury and 
alkoxyalkylmercury compounds are metabo- 
lized to inorganic mercury compounds and act 
like mercury salts. The stable alkylmercury 
compounds are neurotoxic and embryotoxic. 

Alkylmercury Compounds. Numerous tox- 
icity studies on animals have been reported. 
The LD,, in rats and mice of most methyl- and 
ethylmercury compounds is 10—30 mg of mer- 
cury per kilogram. This holds true for 
parenteral and oral administration [126]. In 
humans, almost all alkylmercury poisoning 
has been caused by contaminated food, almost 
all involved chronic poisoning, the dose in- 
gested is unknown, and estimated values are 
questionable. Mass poisoning in Iraq was 
caused by pita bread baked with flour made 
from seed grain; the grain contained ca. 15 mg 
of mercury per kilogram of alkylmercury 
(mainly methylmercury) salt. 

The bread weighed 220 g and had a water 
content of 31%. Affected adults are estimated 
to have eaten six to eight loaves per day; the 
first fatalities occurred six to eight weeks after 
distribution of the seed grain [126, 127]. 

Minamata disease developed in fishermen 
and their family members who ate fish daily or 
at least several times a week, consuming 250— 
500 g of fish with each meal. The average me- 
thylmercury concentration of the fish eaten is 
not known (estimates: 5-20 mg of mercury 
per kilogram of fish). Thus, a daily uptake of 
1.5—4 mg of mercury would have resulted, re- 
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spectively [4]. Affected patients had mercury 
concentrations of 200—2000 pg/L in their 
blood and 50—500 mg/kg in their hair [128]; 
the brain of patients who died contained > 5 
mg of mercury per kilogram [126]. Mild 
symptoms are assumed to occur with concen- 
trations of 100 pig of mercury per liter of blood 
and 30 mg of mercury per kilogram of hair. 
Daily ingestion of 5 ug of mercury per kilo- 
gram of body weight in the form of .methyl- 
mercury compounds is considered the 
minimal toxic dose [128]. 


Mercury is mutagenic, teratogenic, and em- 
bryotoxic, especially in the form of alkylmer- 
cury compounds [129, 130]. The fetus is three 
to four times more sensitive to methylmercury 
than the pregnant woman [128]. Congenital 
brain damage occurred in 5-6% of the chil- 
dren from Minamata Bay, where the rate ex- 
pected was 0.1-0.6%. The mothers belonged 
to the group of people heavily exposed to me- 
thylmercury but did not show any clear symp- 
toms of intoxication [126]. 


Arylmercury Compounds. In animal experi- 
ments, arylmercury compounds are as toxic as 
alkylmercury compounds when administered 
parenterally; administered orally, however, 
they are less toxic. As a result of their instabil- 
ity they act like a combination of organically 
bound mercury and mercury vapor. In adults, 
ingestion of 100 mg of mercury in the form of 
phenylmercury nitrate led to abdominal pain 
and mild diarrhea; however, 120 mg was also 
tolerated without symptoms. Even after inges- 
tion of 1.25 g of mercury, clinical chemistry 
values and kidney biopsy results were normal. 
Concentrations > 0.6 g/L are locally caustic 
[126]. 


Antagonism. Mercury. and selenium are an- 
tagonists; within certain limits, selenium can 
reduce the toxicity of inorganic and methyl- 
mercury. In animal experiments, selenium pre- 
dominantly delays the appearance of 
intoxication symptoms but reduces the lethal- 
ity only slightly. Whether a high dietary sele- 
nium content can protect against 
methylmercury poisoning is still open to ques- 
tion: the fish that caused Minamata disease 
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contained, in addition to large amounts of 
mercury, a high proportion of selenium [128, 
131]. 


Occupational Health. The MAK value for 
metallic mercury in Germany is presently 0.1 
mg/m? (0.01 ppm); for mercury vapor the 
MAK value is 0.05 mg/m? [123]. The TWA of 
mercury is 0.05 mg/m’. The theoretically pos- 
sible vapor pressure concentration can, how- 
ever, far exceed this value. The odor threshold 
for mercury is 13 mg/m’. 

The legal requirements covering industrial 
safety and hygiene when working with mer- 
cury and its compounds depend on the laws of 
individual countries. The measures adopted by 
a highly industrialized country such as Ger- 
many are described below. 

The special safety measures for handling 
and working with mercury-containing materi- 
als are given in the TRgA (Technische Regeln 
für gefährliche Arbeitsstoffe; technical regula- 
tions for dangerous substances). They do not 
cover mercury(I) sulfide, inorganic com- 
pounds containing « 0.1% mercury, or organic 
compounds containing < 0.05 % mercury. The 
working methods and procedures must basi- 
cally be designed so that employees are not 
exposed to mercury vapor, mist, or dust. Fur- 
ther details are given in [132]. 

A series of specification sheets for handling 
mercury has been published, which describes 
the technical and personal safety measures to 
be adopted [133]. Explanatory information 
and instructions for work and health safety are 
summarized in a comprehensive poisons list 
[134]. 

Persons working with mercury should be 
monitored regularly With metallic mercury, 
inorganic mercury compounds, and organic 
nonalkyl mercury compounds, mercury values 
in urine should not exceed 150 pg/L. The 
blood levels should be < 35 ug/L. With or- 
ganic alkylmercury compounds, the limiting 
blood level is 75 ug/L. 
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18. Introduction [1-3] 


Cobalt is a metallic element whose elec- 
tronic configuration is 3d’4s” beyond the ar- 
gon core, giving it an atomic number of 27. 
The relative atomic mass of cobalt is 58.9332. 
Only one of its isotopes, "Co, is stable and oc- 
curs naturally; the other 12 known isotopes are 
radioactive and have the following mass num- 
bers (half-lives in parentheses): 54 (0.2 s), 55 
(18.2 h), 56 (80 d), 57 (270 d), 58 (9 h), 58 (72 
d), 60 (10.1 months), 60 (5.3 a), 61 (99 
months), 62 (1.6 months), 62 (13.9 months), 
and 64 (< 28 s). 

The y-rays emitted in the decay of Co 
have energies of 1.17 and 1.33 MeV, and these 
taken with the 5.3-a half-life of the isotope 
provide a widely used source of radioactivity 
for use in food sterilization, radiography, and 
radiotherapy as an external source. The iso- 
tope is also used in chemical and metallurgical 
analysis and in biological studies as a radioac- 
tive tracer. The *’Co isotope decays by elec- 
tron capture to give "Fe, the most widely used 
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isotope in y-resonance (Móssbauer) spectros- 
copy [4]. 

Pure metallic cobalt has few applications, 
but its use as an alloying element and as a 
source of chemicals makes it a strategically 
important metal. End uses of cobalt-contain- 
ing alloys include superalloys for aircraft en- 
gines, magnetic alloys for powerful permanent 
magnets, hard metal alloys for cutting-tool 
materials, cemented carbides, wear-resistant 
alloys, corrosion-resistant alloys, and elec- 
trodeposited alloys to provide wear and corro- 
sion-resistant metal coatings. Cobalt 
chemicals, among their many applications, are 
used as pigments in the glass, ceramics, and 
paint industries; as catalysts in the petroleum 
industry; as paint driers; and as trace metal ad- 
ditives for agricultural and medical use. About 
36% of the worldwide annual production of 
cobalt is converted to chemicals, whereas 
high-temperature and magnetic alloys account 
for 41% and 14% of the consumption, respec- 
tively. Detail on all aspects of the science and 
technology of cobalt in general reviews [1-3] 
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can be supplemented by reference to journals 
of abstracts published between 1975 and 1985 
[5] and restarted in 1984 (6, 7]. 


18.2 History 


Although very little cobalt metal was used 
until the 20th century, its ores have been used 
for thousands of years as blue coloring agents 
for glass and pottery. Blue glazed pottery 
found in Egyptian tombs and dated at ca. 2600 
B.C. has been found to contain cobalt, as have 
Persian glass beads dating from 2250 B.C. 
The Portland vase in the British Museum pro- 
vides evidence that cobalt pigments were used 
by Greek glassworkers around the beginning 
of the Christian era. Cobalt-containing materi- 
als were also used to impart blue coloration to 
Chinese pottery during the Tang (600—900 
A.D.) and Ming (1350-1650 A.D.) dynasties 
and to Venetian glass produced in the first part 
of the 15th century. The brilliant blue pigment 
used for these purposes can be produced by 
fusing an ore containing cobalt oxide with pot- 
ash and silica to produce a vitreous material 
called smalt, which is powdered to produce 
the pigment. The secret of making the pigment 
was apparently lost during the Middle Ages 
and rediscovered during the 15th century. LE- 
ONARDO DA Vinci was one of the first artists to 
use the rediscovered blue pigment when paint- 
ing “The Madonna of the Rocks". In the 16th 
century, P. WEIDENHAMMER produced a blue 
pigment, which he called zaffre, from the sil- 
ver-cobalt-bismuth-nickel-arsenate Ores 
found in Saxony. The next development in the 
use of cobalt-containing materials was the dis- 
covery, early in the 18th century, that solutions 
containing bismuth and cobalt could be used 
as sympathetic inks. The invisible writing ob- 
tained by using the inks became green when 
heated, with the color change apparently due 
to the presence of cobalt. It was not until 1735 
that G. BRANDT, a Swedish scientist, first iso- 
lated cobalt metal as an impure sample by re- 
ducing an ore; in 1780 T. O. BERGMAN showed 
that the metal was in fact an element. The use 
of cobalt as a metal dates from 1907, when E. 
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Haynes patented a series of cobalt-chromium 
alloys named Stellites that were the forerun- 
ners of modern superalloys. In 1930 it was 
shown that addition of cobalt to certain alloys 
of iron; nickel, and aluminum enhanced their 
properties as permanent magnets. 

From the 16th to the 19th century, the 
world's supply of cobalt — mainly as smalt 
and zaffre — was produced in Norway, Swe- 
den, Hungary, and Saxony. Outside of Europe 
cobalt-containing ores were worked in Burma 
from 1651 and in New Caledonia from 1864. 
Major developments in cobalt recovery in the 
20th century have stemmed from the discov- 
ery of new ore bodies and improvements in the 
methods of winning the metal from ores. Co- 
balt-containing copper ores were discovered 
in Zaire in 1914, and extraction of cobalt from 
the ores began in 1924, whereas recovery of 
cobalt from pyrite roasting residues was 
started in Germany in 1926. Mining of cobalt- 
nickel-gold-silver ores began in Morocco in 
1932, and production of cobalt from copper- 
cobalt ores began in Zambia in 1933. The 
Outokumpu copper-cobalt-zinc deposit was 
discovered in 1913 and has been exploited on 
a large scale since 1928. In 1940 the Interna- 
tional Nickel Co. (INCO) introduced a method 
of recovering cobalt from nickel ores, and 
from 1952 to 1955 the production of cobalt by 
the Canadian companies, Falconbridge 
Nickel Mines and the Sherritt Gordon Mining 
Co., began. Recent developments include the 
commissioning in 1975 of a cobalt refining 
plant based on a combination of pressure 
leaching, solvent extraction, and electrowin- 
ning by the Sumitomo Metal Mining Co. in Ja- 
pan. 

Worldwide production of cobalt ores in 
1980 was 32 700 t of contained cobalt, of 
which 14 700 t was from Zaire, about 3000 t 
each from Australia, New Caledonia, and 
Zambia, about 2000 t from the former Soviet 
Union, and about 1600 t from Canada. 

The production of cobalt is usually subsid- 
iary to that of other metals, such as copper and 
nickel, and its output cannot be significantly 
increased without a corresponding increase in 
the markets of the primary metals. Another 
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important factor in the economics of the sup- 
ply of cobalt is the fact that a large proportion 
of the world's ore comes from one country, 
Zaire, and 1s therefore dependent on the politi- 
cal stability of that country. Cobalt is regarded 
as a strategic metal and is stockpiled in some 
countries. 

The name cobalt is derived from the Greek 
word коВолос̧ or the German word Kobold 
for goblin or evil spirit. The term Kobold was 
applied by miners in the Harz mountains of 
Germany to an ore that gave no metal when 
smelted and that also produced highly toxic 
fumes of arsenic oxide. 


18.3 Physical Properties 


The physical and mechanical properties [1— 
3] of cobalt metal are susceptible to variations 
because of variations in the structures of metal 


samples arising from a slow cubic to hexago-. 


nal phase transformation. The data quoted in 
this section are for the highest purity metal 
available; details of the effects of impurities 
on the properties of cobalt are to be found in a 
review by W. BETTERIDGE [8]. 


Cobalt exists in two allotropic modifica- 
tions, a close-packed hexagonal £-form stable 
below ca. 400 °C and a face-centered cubic a- 
form stable at high temperature. 


The transformation temperature is 
421.5 °C. The free energy change associated 
with the transformation is low, being ca. 500 
J/mol for the е — œ change and ca. 360 J/mol 
for the a — £ change; this accounts for the 
slowness of the transformation. The mecha- 
nism of the phase change is martensitic and in- 
volves dislocation movements on the 
octahedral planes of the cubic lattice. Grain 
size affects the stability of the two allotropes, 
with finer grain size favoring the cubic high- 
temperature form. For this reason the fine 
grain sizes found in cobalt powders, sponge, 
thin films, and fibers are responsible for the 
retention of essentially cubic structures down 
to ambient temperature. The cubic form is also 
favored by the presence of a few percent of 
iron in the lattice. Table 18.1 shows the cell 
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parameters and other properties of the allot- 
ropes. The density of the metal decreases with 
increasing temperature and shows an anoma- 
lous fall of ca. 0.1596 at the transformation 
temperature. The liquid density just above the 
melting point is 7.73 g/cm?, and at 2000 ?C it 
is 7.26 g/cm’. 

Table 18.1: Properties of the allotropic forms of cobalt. 


Hexagonal e-form 
Cell dimensions (ambient temperature) a = 0.25071 nm 
cla = 1.6233 
(417 *C) a 70.2541 nm 
cla = 1.631 
Density (20 °С) 8.832 g/cm? 
Co-Co interatomic distances 0.294—0.251 nm 


Stacking fault energy (20 °C) 31x107 J/cm? 
(370 °C) 20.5 x 107 J/cm? 

Cubic a-form 

Cell dimension (ambient temperature) а = 0.35441 nm 


(520 °C) a= 0.35688 nm 

(1398 °C) a=0.36214nm 
Density (ambient temperature) 8.80 g/cm? 

(1495 °C) 8.18 g/cm? 
Co—Co interatomic distance 0.251 nm 
Stocking fault energy (500 °C) 13.5 x 107 J/cm? 


(710 °C) 18.5 x 107 J/cm? 


Thermal Properties. The melting point of co- 
balt is 1495 + 2 °C, and its boiling point at 
normal pressure is 2800 + 50°C. The vapor 
pressure of cobalt varies from less than 1055 
Pa (at 1250°C) to greater than 10° Pa (at 
3200 °C). The heats of fusion and vaporiza- 
tion of cobalt are 17.2 and 425 kJ/mol, respec- 


` tively. The thermal conductivity (X) of the 


metal falls steadily with increasing tempera- 
ture; there is no marked change in conductiv- 
ity at the transformation temperature, but the 
data show a minimum in the region of the Cu- 
rie temperature at 1121 °C. The values of A at 
0, 100, and 800 °С are 102, 85, and 50 Wm”, 
respectively. The heat capacity of cobalt rises 
steadily with increasing temperature. There is 
only a slight inflection in the c, vs. T curve at 
the transformation temperature, but a large 
change does occur at the magnetic transforma- 
tion. The thermal expansion coefficient of 
hexagonal cobalt depends on the orientation of 
the crystals being, for example, 14.62 x 10% 
K along the (0001) and 10.96 x 10% K^! 
along the (1120) direction (at 20 °C). The av- 
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erage value for polycrystalline cobalt is 12.14 
x 10° KI The curve of the coefficient vs. 
temperature shows a sharp change at the trans- 
formation temperature because of the volume 
expansion of ca. 0.36% associated with the 
phase change from hexagonal to cubic crys- 
tals. Cubic cobalt has a higher mean thermal 
expansion coefficient with values of (14.2, 
15.7, 16.0, and 16.8) x 10% K^! at 200, 400, 
600, and 750 ?C, respectively. 


Mechanical Properties. The mechanical 
properties of cobalt are critically dependent on 
the purity of the metal and its thermal history. 
For well-annealed samples of high-purity co- 
balt, the Vickers hardness at normal tempera- 
ture has values between 140 and 160 Nimm" 
The Vickers hardness of annealed cobalt de- 
creases with increasing temperature to values 
of under 50 N/mm? at 750 °C with no marked 
change at the phase transformation. Micro- 
hardness studies on zone-refined single crys- 
tals of the metal show variations with crystal 
orientation and give values between 81 and 
250 Nimm) Electrodeposited cobalt has high 
hardness (270—310 N/mm”), presumably be- 
cause of its fine grain size. 


Table 18.2: Elastic moduli at 20 °C for cobalt along dif- 
ferent crystal directions. 


dc Young's modulus, Shear modulus, 
Crystal direction 1 a MN/m* 


10° MN/m? 
1120 174 62.2 
1010 175 62.2 
1012 169 74.1 
0001 213 62.4 


Measurements of elastic properties on 
polycrystalline bars of high-purity sintered 
metal annealed at 1000 °C give a Youngs 
modulus of 211 x 10? MN/m and a shear mod- 
ulus of 82 x 10? MN/m at room temperature. 
The moduli decrease with increasing tempera- 
ture, with the shear modulus showing an in- 
flection and the Young's modulus a hysteresis 
at the phase change. For single crystals the 
moduli do vary with crystal direction, as 
shown in Table 18.2. Values of Poisson 5 ratio 
for cobalt are found to be in the range of 0.29— 
0.32. 
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Vacuum-melted, hot-worked cobalt an- 
nealed at 800—1000 °C has tensile strengths of 
800-875 MN/m? and an elongation of 15— 
30%. Air-melted samples are much less duc- 
tile. Cobalt has a maximum ductility at 
500 ?C, and this is the best working tempera- 
ture for the metal, although the vacuum-de- 
gassed metal free from lead, sulfur, and zinc, 
can be hot-rolled in the temperature range of 
600-1000 °C. Both elongation and tensile 
strength values show changes at the phase 
transformation. 


The activation energy for creep is higher 
for hexagonal cobalt than for the cubic form; 
the values near the phase change temperature 
are 540 and 190 kJ/mol, respectively. The hex- 
agonal crystals have lower values of friction 
and wear than the cubic crystals. The friction 
coefficient of cobalt rises steeply at tempera- 
tures above 300°C to. values of ca. 1.6 at 
400 °C. The low coefficient associated with 
the hexagonal form is due to easy slip on the 
basal plane accompanied by the formation of a 
surface layer with the basal planes oriented 
parallel to the surface. In actual applications, 
however, the frictional and wear behavior of 
the metal will be determined by surface oxid 
films. | 


Magnetic Properties. Pure cobalt has the 
highest known Curie temperature. Hexagonal 
cobalt is ferromagnetic at all temperatures, but 
the cubic form becomes paramagnetic at 1121 
+ 3°C. The magnetic properties of single 
crystals show marked anisotropy. For hexago- 
nal crystals at ambient temperature, the c-axis 
is the direction of easiest magnetization, but 
with increasing temperature magnetization be- 
comes easier in a direction perpendicular to 
the c-axis; however, at ca. 250 °C the metal is 
magnetically isotropic. At even higher tem- 
perature, the c-axis becomes the most difficult 
to magnetize. Near the phase change tempera- 
ture, the direction of easiest magnetization of 
the cubic form is along the (111) cube diago- 
nal. Differences between this and other direc- 
tions diminish with increasing temperatures 
until, at 1000 °C, the cubic form is magneti- 
cally isotropic. 
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The magnetic properties of polycrystalline 
samples of cobalt depend on the purity of the 
metal and its thermal hislory; this applies par- 
ticularly to the development of preferred ori- 
entation. Magnetic anisotropy can, for 
example, be developed by slowly cooling the 
metal over the phase transformation tempera- 
ture range in a strong magnetic field. Typical 
values for magnetic property parameters are 
listed in Table 18.3. The magnetoresttictive 
behavior of cobalt is also strongly anisotropic 
and reaches a maximum value for hexagonal 
crystals of A///= -27 x 10% in a magnetic field 
of 560 kA/m along the (1120) direction. The 
volume magnetorestriction shows a maximum 
contraction of 10° in a field of 480 kA/m and 
a magnetorestrictive expansion when the 


fields are above 760 kA/m. 

Table 18.3: Magnetic properties of cobalt. 

Curie temperature 1121 *C 
Maximum permeability 3.1 x 10* H/m 
Coercive force 707 A/m 
Remanence 0.49 T 
Saturation magnetization 1.79 T 


ГА 
Table 18.4: Electrical resistivity and temperature coeffi- 
cient of resistivity for cobalt. 


Temperature, Resistivity, Temperature coefficient, 
Я K 


x 10* От x 10?! От 
—100 2.65 — 
—50 3.84 — 
0 5.25 30 
50 6.81 34 
100 8.52 39 
200 12.80 50 
300 18.38 60 
400 24.72 71 
500 30.65 75 
600 39.1 87 
800 57.9 105 
1000 78.5 100 
1200 92.7 41 
1400 100.0 34 


Electrical Properties. The electrical resistiv- 
ity and the temperature coefficient of the 
resistivity of high-purity (99.999946) polycrys- 
talline cobalt are given in Table 18.4. The cu- 
bic form has a lower resistivity than the 
hexagonal modification whenever the forms 
coexist. The resistivity of single crystals of co- 
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balt shows a marked dependence on orienta- 
tion. 


Other Properties. The self-diffusion of cobalt 
in the temperature range between 1057 and 
1306 *C follows an Arrhenius-type law, the 
diffusion coefficient being given by the for- 
mula 2.2 x eRT. The rate of diffusion is very 
dependent on grain size, being about 10 times 
faster for powder-metal samples than for bulk 
samples prepared by melting. E 

The optical reflectance of polished cobalt 
at ambient temperature and near normal inci- 
dence increases with wavelength from 60% 
(at 1 рт) to 97% (at 12 иш). The reflectance 
is much less at high angles of incidence. The 
optical emission spectrum of cobalt is com- 
plex and has over 330 lines in the range of 
974—201 nm. The most important lines for an- 
alytical purposes are listed in Table 18.5. The 
characteristic Ко, Ka, and KB, X radiation 
from a cobalt target occur at 0.1789, 0.1793, 
and 0.1621 nm, respectively; the К absorption 
edge is at 0.1608 nm. 
Table 18.5: Optical emission lines of cobalt used in 
atomic emission analysis. 


Relative intensity 


Mevelenet im Arc source Spark source 
352.9813 1000 30 
346.5800 2000 25 
345.3505 3000 200 
340.5120 2000 150 
251.9822 40 200 
238.8918 10 35 
237.8622 25 50 
236.3787 25 50 
230.7857 25 50 
228.6156 40 300 


18.4 Occurrence [12,9] 


Cobalt occurs in nature in a widespread but 
dispersed form in trace quantities in many 
rocks, soils, and plants. It is also found in sea 
water and in manganese-rich marine nodules. 
The cobalt content of the earth's crust is about 
20 mg/kg, whereas its concentration in sea wa- 
ter has been reported as being 0.1-—1 part in 
10°. The concentration of the element in ma- 
rine nodules is usually 0.1—196. The largest 
concentrations of cobalt are found in mafic 
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and ultramafic 1gneous rocks; the concentra- 
tion of the element and the nickel cobalt ratio 
decreases from ultramafic to acidic rocks, as 
shown in Table 18.6. The nickel cobalt ratio 
changes because cobalt enters the lattice of 
early crystallizing magnesium silicates less 
readily than nickel. Sedimentary rocks contain 
varying amounts of cobalt, with average val- 
ues of 4, 6, and 40 mg/kg being reported for 
sandstone, carbonate rocks, and clays or 
shales, respectively. During the formation of 
metamorphic rocks, very little movement or 
concentration of cobalt took place; thus, the 
levels of cobalt found in metamorphic rocks 
depend essentially on the amount of the ele- 
ment in the original igneous or sedimentary 
source. Those formed from ultramafic or ma- 
fic sources contain an average cobalt content 
of ca. 100 mg/kg, whereas gneissic granites 
and metasedimentary rocks contain an aver- 
age of 16 and 8 mg/kg, respectively. 


Table 18.6: Average cobalt content of igneous rocks. 


Rock type Exc qum Ni-Co ratio 
Ultramafic 270 7 
Gabbro 51 2.6 
Basalt 41 2.5 
Diabase 31 23 
Intermediate igneous 14 1.9 
Felsic 5 11 


Under oxidizing conditions, cobalt shows a 
strong tendency to concentrate with manga- 
nese oxides. In the weathering process of ma- 
fic and ultramafic rocks to form laterites, 
nickel tended to be leached downward with 
magnesia and silica, whereas cobalt with man- 
ganese oxides was residually enriched near the 
surface of the deposit. The concentration of 
cobalt and other metals in marine nodules has 
been attributed to the strong ion-exchange 
properties of the submicroscopic particles of 
colloidal manganese dioxide from which the 
nodules were formed. 

Cobalt is a major constituent of about 70 
minerals [10] and is a minor or trace constitu- 
ent of several hundred more, particularly those 
containing nickel, iron, and manganese. The 
minerals that have been mined or concentrated 
for their cobalt content and those that are rela- 
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tively high in cobalt are listed in Table 18.7. 
The sulfide minerals include the copper-con- 
taining carrollite, which is one of the main 
sources of cobalt in Zaire, linnzite found іп 
Zaire, Zambia, and the United States, and cat- 
tierite, which is also present in ores from 
Zaire. The arsenide ores include smaltite, 
which 1s found in the silver-copper ores from 
Cobalt, Ontario and in Morocco, and skutteru- 
dite, the main cobalt mineral in Canadian and 
Moroccan deposits. The sulfoarsenide, cobal- 
tite, is found in ore bodies in Zaire, Canada, 
and the United States. The oxide mineral het- 
erogenite is a hydrated metal oxide containing 
varying amounts of cobalt and copper and is 
one of the main cobalt-bearing components of 
the Zaire deposits. The hydrated manganese- 
cobalt mineral, asbolite, is the source of most 
of the cobalt in ores from New Caledonia. 


Table 18.7: Cobait minerals. 


Mineral Cobalt content, 96 

Cattierite, CoS, (pure) 47.8 
Linnarite, Co,S, (pure) 58.0 
Siegenite, (Co,Ni),S, 20.4—26.0 
Carrollite, (Co,Cu)S, 35.2-36.0 
Cobaltite, (Co,Fe)AsS 26.0-32.4 
Safflorite, (Co,Fe)As, 13.0—18.6 
Smaitite, (Ca, Ni)As, ca. 21 
Glaucodot, (Co,Fe)AsS 12.0-31.6 
Skutterudite, (Co,Fe)As, 10.9—20.9 
Heterogenite, CoO(OH) (pure) 64.1 
Asbolite : 0.5-5.0 
Erythrite, (CoNi),(As0,), 8H,O 18.7-26,3 
Gersdorffite, (Ni,Co)AsS (low) 
Pyrrhotite, (Fe,Ni,Co), ,S, up to 1.00 
Pentlandite, (Fe,Ni,Co),S, up to 1.50 
Pyrite, (Fe,Ni,Co)S, up to 13.00 
Sphalerite, Zn(Co)S up to 0.30 
Arsenopyrite, Fe(Co)AsS up to 0.38 
Manganese oxide minerals 0.10-1.0 


Ore Deposits. Cobalt is produced mainly as a 
by-product of the mining and processing of 
the ores of other metals, particularly those of 
copper, nickel, and silver, but also those of 
gold, lead, and zinc. 

The deposits of cobalt can be classified un- 
der the following headings: 


e Hypogene deposits associated with mafic 
intrusive igneous rocks. The massive and 
disseminated iron-nickel-copper sulfides 
containing cobalt are important examples 
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of this type of deposit. They include the ore 
from the Sudbury district of Ontario, which 
has an average cobalt content of 0.07%. The 
suite of ore minerals consists of pyrrhotite, 
pentlandite, pyrite, marcasite, cobaltite, and 
gersdorffite in veins stringers and dissemi- 
nated grains within an igneous host rock of 
Precambrian age. 


@ Contact metamorphic deposits associated 
with mafic rocks. Deposits of magnetite, 
chalcopyrite, and cobalt-containing pyrite, 
formed by contact metamorphism of car- 
bonate rock by sills and dikes of diabase, 
gave the ore deposits at Comwall and Mor- 
gantown in the United States. 


e Lateritic Deposits. The weathering of peri- 
dotite and serpentine generally gives laterite 
that 1s rich in iron, nickel, cobalt, and chro- 
mium. Commercially valuable deposits con- 
tain 40-50% iron, 1—2% nickel, and 0.01— 
0.1% cobalt. Major lateritic deposits occur 
in Cuba, New Caledonia, Australia, the 
United States, and Russia. 


e Massive sulfide deposits in metamorphic 
rocks, largely of volcanic sedimentary огі- 
gin. These deposits consist mainly of pyrite 
and pyrrhotite and are mined in the United 
States. 


e Hydrothermal deposits are subdivided into 
two classes: vein deposits and replacement 
deposits. Some of these deposits are the 
only ones that have been mined specifically 
as sources of cobalt. In Canada, veins that 
contain as much as 10% cobalt occur in the 
Cobalt-Gowganda region of Ontario, 
wliereas veins in the Bou-Azzer area of Mo- 
rocco contain an average of 1.2% cobalt. 
Hydrothermal replacement deposits con- 
taining 0.596 cobalt as gersdorffite are 
found in Burma and at Outokumpu in Fin- 
land; a copper-rich sulfide deposit contains 
0.2% cobalt mainly in linnzite. 


e Strata-bound deposits: the. copper-cobalt 
deposits of Zaire and Zambia are of this 
type. They occur in folded shale and dolo- 
mite and contain a number of minerals, in- 
cluding chalcopyrite, bornite, chalcosite, 
linnzite, and carroleite. The ore bed is 6—24 
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m thick and currently provides the world's 
major source of cobalt. 


e Deposits formed as chemical precipitates 
usually contain chemically precipitated co- 
balt in associated marine manganese nod- 
ules. 


Reserves. As generally accepted, there are 3— 
5 x 105 t of minable cobalt reserves and a fur- 
ther 4-5 x 106 t of potential reserves, Table 
18.8 lists the reported reserves in a number of 
countries. However, the minable reserves do 
not have the same degree of profitability. Cuba 
has minable resources of cobalt, but provides 
only 5% of the world production because its 
ore bodies are laterites with only small quanti- 
ties of nickel and cobalt that are costly to re- 
fine. Zaire produces more than half of the 
world's cobalt because its ores can be treated 
more profitably. 

In addition to the land-based reserves listed 
in Table 18.8, almost 6 x 10? t of copper is 
available in marine nodules if it can be recov- 
ered and worked economically. 


Table 18.8: Cobalt reserves. 


Reserves, Reserves, 

County - "oh Country x 1034 
Australia 295 New Caledonia 385 
Brazil 29 New Guinea 18 
Burma 16 Philippines 159 
Canada 250 Puerto Rico 68 
Colombia 22.5 Solomon Islands 22.5 
Cuba 1048.5 Soviet Union 181.5 
Dominican Uganda 8 

Republic 89 United States > 764 
Finland 22.5 Venezuela 60 
Guatemala 45.5 Zaire 1920 
Japan 2.5 Zambia 370 





18.5 Production 


18.5.1 Concentration of the Ores 
[1, 2, 9] 


The first stages of the production of cobalt 
from its ores involve the separation of cobalt- 
bearing minerals from the gangue and from 
minerals containing other desirable metals but 
not cobalt. The concentrates obtained by ap- 
plying physical separation methods such as 
gravity separation or froth flotation to ores can 
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increase the cobalt content to 10-15% from 
cobalt-rich ores. However, in general, these 
processes only increase the level of cobalt 
from 0.1-0.6% in ores to a few percent. The 
concentration procedures for the main types of 
ores are described in this section. 


Arsenide Ores. Cobalt arsenide minerals 
have specific gravities of 6.5-7.2 g/cm? and 
can be separated at relatively large grain size 
by gravity methods. Concentrates containing 
13-1496 cobalt have been produced by these 
methods from Moroccan ores at Bou-Azzer 
containing 2% cobalt. 


Sulfoarsenide Ores. The main mineral in this 
type of ore, cobaltite, can be effectively sepa- 
rated by froth flotation with xanthate at pH 4— 
5, although iron sulfide minerals are also 
floated under similar conditions and must be 
separated from the cobalt concentrate. 


Sulfide Ores. The chalcocite and carrollite 
fractions of the ores of the Shaba province in 
Zaire are floated together at pH 9.2 by using 
lime, xanthates as collectors, and triethoxybu- 
tane as the frothing agent to give a concentrate 
containing 43-53% copper and 0.5-3% co- 
balt. The copper cobalt sulfide ores of Zambia 
are first treated to float the copper minerals se- 
lectively at pH 10.5-11; at this stage the pres- 
ence of sodium cyanide depresses the cobalt 
minerals. These are subsequently activated by 
sulfuric acid and floated at pH 8.5—9 with so- 
dium isopropyl xanthate; the concentrates 
contain up to 3.5% cobalt. The flotation pro- 
cess at the Outokumpu Keretti Mill first sepa- 
rates the copper minerals with xanthates at pH 
11-11.5 in the presence of lime and sodium 
cyanide. The cobalt minerals are then floated 
at pH 9 to recover 65-75% of the cobalt from 
an ore containing 0.23-0.31% cobalt; the con- 
centrate contains 0.7-0.82% cobalt. The 
nickel-copper-cobalt sulfide ores of Ontario 
are first treated to separate the sulfide minerals 
from gangue, and the cobalt minerals are then 
contained in the nickel sulfide concentrate. 


Oxide Ores. Two methods have been used on 
a commercial scale to float oxide ores. The 
palm oil process collects the concentrate in a 
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3:1 mixture of hydrolyzed palm oil and gas oil 
emulsified in carbonated hot water; this pro- 
cess can give concentrates containing 23-25% 
copper and 2—3% cobalt, representing a cobalt 
recovery of 50-70% from the ore. The sul- 


fidization process is used for mixed oxide-sul- . 


fide ores to float sulfide ores first and to 
concentrate oxide minerals subsequently in a 
xanthate flotation. 


18.5.2 Extraction  [1,2,9] 


Cobalt can be extracted from concentrates 
and occasionally directly from the ore itself by 
hydrometallurgical, .pyrometallurgical, and 
electrometallurgical processes. Although most 
methods of extraction are based on hydromet- 
allurgy, cobalt concentrates, mattes, and alloys 
have been reduced to metal by pyrometallurgi- 
cal methods. Most arsenic-free cobalt concen- 
trates can, for example, be mixed with lime 
and coal and melted in a reducing atmosphere 
to give cobalt-copper-iron alloys. Two types 
of alloys are obtained, a white alloy containing 
ca. 40% cobalt that is processed for cobalt and 
a red alloy containing ca. 496 cobalt that is 
processed for copper Recovery of copper 
from the red alloy produces a cobalt-rich slag 
that can be recycled with the ores. The hydro- 
metallurgical processes involve (1) leaching 
of concentrates to give a cobalt-containing so- 
lution, (2) separation of cobalt from the other 
metal ions in solution, and (3) reduction of co- 
balt ions to metal. Electrometallurgical pro- 
cesses are used in the electrowinning of the 
metal from leach solutions and in refining the 


: cobalt that has been extracted by hydrometal- 


lurgical or pyrometallurgical methods. 


18.5.2.1 Leaching of Cobalt Ores 
and Concentrates 


Cobalt can be leached from its ores and 
concentrates in both acidic and alkaline me- 
dia. Processes involving acid-sulfate leaching 
include (1) treatment of oxide ore concentrates 
with sulfuric acid containing a reducing agent, 
(2) extraction of cobalt sulfate from sulfide 
ores following an oxidizing roast, (3) extrac- 
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tion following a sulfatizing roast, and (4) ex- 
traction by pressure leaching with sulfuric 
acid, often in the presence of oxygen; the 
Chemico process for the treatment of arsenic- 
containing ores is, for example, based on an 
acid pressure leach. Acid leaching processes 
based on hydrochloric acid extraction and 
chloridation roasting have also been used. 

Processes that involve the extraction of co- 
balt into alkaline solutions depend on the for- 
mation of the hexamminocobalt(II) species 
[Co(NH,),]*, which remains in solution for 
lorig periods because of its kinetic stability, 
even though it has low thermodynamic stabil- 
ity. Ammoniacal leaching has been success- 
fully applied to ores after a reducing roast, and 
the Sherritt Gordon process depends on am- 
monia solution pressure leaching. 


Cobalt from Copper-Cobalt Concentrates. 
The copper-cobalt ores of Zaire and Zambia 
are treated by a sulfatizing roast in a fluidized- 
bed furnace to convert copper and cobalt sul- 
fides into soluble oxides and iron into insolu- 
ble hematite. The calcine is subsequently 
leached with sulfuric acid from the spent cop- 
per recovery electrolyte. Oxide concentrates 
are introduced at this leaching step to maintain 
the acid balance in the circuit. Iron and alumi- 
num are removed from the leach solution, and 
copper is electrowon on copper cathodes. A 
part of the spent electrolyte enters the cobalt 


· recovery circuit and is purified by removal of 


iron, copper, nickel, and zinc prior to precipi- 
tation of cobalt as its hydroxide. In the final 
stages, this cobalt hydroxide is redissolved 
and the metal is refined by electrolysis and by 
degassing to remove any traces of hydrogen. 
Figure 18.1 shows the flow diagram of the 
process used at the Générale des carrières et 
des mines (Gécamines) plant in Luilu. 


Cobalt from Nickel Sulfide Concentrates. 
Nickel sulfide concentrates can be treated by 
either roasting or flash smelting to give a 
matte from which nickel and cobalt can be re- 
covered hydrometallurgically, or they may be 
treated directly by an ammonia solution pres- 
sure leach. In the Sherritt Gordon process 
used at Fort Saskatchewan in Canada, which is 
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illustrated as a flow diagram in Figure 18.2, a 
feed of matte and sulfide concentrate, contain- 
ing about 10% nickel, 2% copper, 0.4% co- 
balt, 33% iron, and 30% sulfur, is pressure 
leached in autoclaves at 83 °C and 0.7 MPa (7 
bar) with an ammoniacal medium. This con- 
verts most of the sulfide via thiosulfate and 
polythionate to sulfate and solubilizes nickel, 
copper, and cobalt as ammine complexes. 
Most of the copper in the leach solutiofi is pre- 
cipitated as copper sulfides when the solution 
is distilled to recycle ammonia. The solution is 
treated with hydrogen sulfide to remove any 
residual copper, and any sulfide or sulfamate 
remaining at this stage is converted to sulfate 
by a pressure oxidation hydrolysis reaction at 
6.5 MPa (65 bar). The solution then enters re- 
duction autoclaves, where nickel powder is 
precipitated by reduction with hydrogen at 3.6 
MPa (36 Баг). The remaining solution, which 
contains 1—1.5 g/L of both cobalt and nickel, is 
treated in an autoclave with hydrogen sulfide 
to precipitate cobalt and nickel sulfides, which 
are subsequently leached with sulfuric acid at 
140 *C and 6.4 MPa (64 bar). Iron is removed 
from this leach liquid at pH 2.5-3.0 by addi- 
tion of ammonia solution. The cobalt(II) in so- 
lution is oxidized in air to give a very soluble 
cobalt(III) pentammine complex. Nickel is 
subsequently precipitated from the solution in 
two steps as a nickel ammonium sulfate. Co- 
balt powder is then added along with sulfuric 
acid to reduce the cobalt(III) pentammine 
complex to cobalt(II), which is finally reduced 
to cobalt powder by treatment with hydrogen 
at 120 °C and 4.6 MPa (46 bar). 


Cobalt-containing mattes and mixed sulfide 
concentrates have also been treated by pres- 
sure leaching with sulfuric acid, for example, 
at Amax at Port Nickel in the United States, 
MRR in South Africa, Nippon Mining and 
Sumitomo Metals Mining Co. in Japan, and 
Outokumpu Oy in Finland. The flow diagram 
for the Outokumpu Kukkola plant (Figure 
18.3) is used to illustrate this type of cobalt re- 
covery process, Two companies, Falconbridge 
in Canada:and Norway and Société le Nickel 
in France, leach nickel mattes and sulfide con- 
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centrates in chloride media at ambient pres- 
sure. 
Sulfidic concentrates 
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Figure 18.1: Flow diagram of the Gécamines process. 
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Figure 18.2: Flow diagram of the Sherritt Gordon pro- 
cess. 


Falconbridge use a hydrochloric acid leach 
at 70 °C for about 15% of their feed and a di- 
rect chlorine leach for the remainder. The 
leach medium used by Société le Nickel is 
chlorine in iron(II) chloride. At the INCO 
Copper Cliff plant nickel-copper mattes are 
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cooled slowly and crushed prior to magnetic 
separation, which isolates a nickel-copper- 
cobalt alloy. The alloy is smelted in a top- 
blown rotary converter, desulfurized by oxy- 
gen lancing, and granulated. Nickel is volatil- 
ized from the granules as Ni(CO), by the 
INCO carbonyl process to give a residue from 
which cobalt can be leached; the solution ob- 
tained allows cobalt to be electrowon after 
some purification steps. \ 
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Figure 18.3: Flow diagram of the Outokumpu process. 


Cobalt from Laterite Ores. Laterite ores can 
be treated by the methods described above for 
nickel mattes after a calcining preroast. 
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Greenvale Mines in Queensland (Australia) 
have developed a new process for laterite ore 
treatment. The ground ore is mixed with 40% 
of fuel oil and roasted in Herreshoff furnaces 
with 17 overlapping heating elements. As the 
ore falls down the furnace through increas- 
ingly hotter zones in a reducing atmosphere, 
the ore is finally reduced to metal at 750 °C in 
an oxygen-free atmosphere. The roasted ore is 
leached with an ammonia-ammonium tarbon- 
ate solution to solubilize the nickel and cobalt 
as ammine complexes. The leach solution is 
then purified by removing iron as the hydrox- 
ide prior to precipitation of cobalt and part of 
the nickel as sulfides with hydrogen sulfide. 
The cobalt-rich sulfide is calcined to provide a 
material from which cobalt can be extracted. 


Cobalt from Arsenide Ores. Arsenic-con- 
taining concentrates are roasted in a fluidized 
bed at 600—700 °C to remove 60-70% of the 
arsenic present as arsenic(III) oxide. The 
roasted ores can be treated with hydrochloric 
acid and chlorine or with sulfuric acid to give 
a leach solution that can be purified by hydro- 
metallurgical methods and from which cobalt 
can be recovered by electrolysis or by carbon- 
ate precipitation. 


18.5.2.2 Separation of Cobalt from 
Other Metal Ions in Leach Solutions 


A major part of cobalt recovery from leach 
solutions is concerned with its separation from 
other elements. Because of the similarities in 
chemical behavior of cobalt and nickel, the 
separation of these two elements has been 
studied extensively and is well-known. This 
section deals with chemical methods of sepa- 
ration of cobalt from nickel and with physico- 
chemical methods of separation of cobalt from 
other elements. 


Chemical Methods of Separation. The 
chemical methods of separating cobalt from 
other metals use the different solubilities and 
kinetic or thermodynamic stabilities of their 
compounds. The most important compounds 
that have been used in separation are hydrox- 
ides, carbonates, ammine complexes, double 
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ammonium sulfates, sulfides, chlorides, and 
carbonyls; the cementation to metal is also uti- 
lized. For examples, see Section 18.5.2.1. The 
relative solubilities of cobalt(III) and 
nickel(II) hydroxides in the presence and ab- 
sence of complexing agents and of соба) 
and nickel(II) carbonates in solutions contain- 
ing NH, and CO, have also been used to sepa- 
rate these elements. Fractional crystallization 
of chloride-containing media can be used to 
concentrate cobalt in solution and nickel in 
solid nickel chloride dihydrate. 


Physical Methods of Separation. Many 
physical methods have been used to separate 
cobalt from other elements, but the three most 
important are electrolysis, solvent extraction, 
and ion exchange. 


In most solvent extraction processes, cobalt 
is extracted with a tertiary amine from chlo- 
ride solutions although cobalt and nickel can 
be separated from each other with phosphate 
or carboxylic acid reagents from ammoniacal 
sulfate solutions. In the sulfuric acid leach 
process of Nippon Mining at Hitachi, solvent 
extraction is used to extract zinc from the 
leach solution with di-(2-ethylhexyl) phos- 
phonic acid (DEHPA) at pH 2-3 prior to sol- 
vent extraction of cobalt with an 
alkylphosphonic acid. The Falconbridge and 
Société le Nickel processes both involve sol- 
vent extraction of cobalt from chloride solu- 
tion with trisooctylamine. The Sumitomo 
Metals Mining Co. uses a solvent extraction 
process to coextract cobalt and nickel with 
versatic acid. The extract is then stripped with 
hydrochloric acid and cobalt is reextracted 
from the chloride solution with tri-7-octy- 
lamine to give an extract from which cobalt is 
stripped and electrowon. The flow diagram for 
this process is shown in Figure 18.4, and the 
solvent extraction process can be expressed in 
terms of the following chemical equations: 


Extraction: 
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RH ogy + Ni(Co)804, + 2NH,OH > 
R,Ni(CO) ag) + (Nët + H,O 


Stripping: 

RjNi(Co) ogy + 2НСІ —> 2RH ergy + МССО)СІ, „у 

Extraction: 

Ni(Co)Cl,, + 2RNHCI, > r 
(RINH),CoCI gang) + MCL 

Stripping: 


dilute НСІ 
(RENH),CoCI (9,3)  2RIN-HClq, + Соб.) 


where RH is versatic acid in kerosene and КУМ 
is tri-n-octylamine in xylene; (org) and (aq) 
are organic and aqueous phases, respectively. 


18.5.2.3 Electrowinning [9] 


Cobalt can be extracted and obtained as. 


high-purity metal by electrolysis of sulfate or 
chloride solutions. Solutions of pH 1-4 are 
necessary for the electrowinning of cobalt, 
and the pH is often maintained by suspending 
cobalt hydroxide or cobalt carbonate in the 
electrolyte to use up the acid produced at the 
anode. Current densities of 5 A/dm? are used 
with current consumptions of ca. 6.5 kWh per 
kilogram of cobalt. Electrolytically refined co- 
balt is usually purer than 99.5%, 


18.6 Cobalt Powders [11-13] 


18.6.1 Production 


Cobalt powder can be produced by a num- 
ber of methods, but those of industrial impor- 
tance involve the reduction of oxides, the 
pyrolysis of carboxylates, and the reduction of 
cobalt ions in aqueous solution with hydrogen 
under pressure. Very pure cobalt powder is 
prepared by the decomposition of cobalt car- 
bonyls. 
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Figure 18.4: Flow diagram of the Sumitomo process. 


Reduction of Oxides. Grey cobalt(II oxide 
(CoO) or black cobalt(II) cobalt(III) oxide 
(Co,0,) is reduced to metal powder with car- 
bon monoxide or hydrogen. The reactions oc- 


cur under conditions well below the melting ` 


point of the oxides or the metal. The punty of 
the powder obtained is 99.5% with a particle 
size of ca. 4 um, although the density and the 
particle size of the final product depend on the 
reduction conditions and on the particle size of 
the parent oxide. The finely powdered metal is 
stored at very low temperature. 


Pyrolysis of Carboxylates. The thermal de- 
composition of such cobalt carboxylates as 
formate or oxalate in a controlled reducing or 
neutral atmosphere produces a high-purity 
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Co precipitate 


Organic solvent * 









Organic solvent 


Butane 


ce production 


t 
CL В, 


НСІ production 


(about 99.9%), light, malleable cobalt powder 
with a particle size of ca. 1 пт that is particu- 
larly suitable for the manufacture of cemented 
carbides. The particle size, form, and porosity 
of the powder grains can be changed by alter- 
ing the pyrolysis conditions. 

Reduction of Cobalt Ions in Solution. Puri- 
fied leach solutions containing cobalt pentam- 
mine complex ions can be treated in 
autoclaves with hydrogen under pressure and 
at high temperature to give an irregular chain- 
like form of the powder that is suitable for 
consolidation by direct strip rolling. 
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18.6.2 Uses 


18.6.2.1 Cemented Carbides 


One of the most important uses of metallic 
cobalt is as a bonding agent in cemented car- 
bides [14, 15] that are used extensively as cut- 
ting tools for metals, rocks, and other high- 
strength materials. No suitable substitute has 
been found for cobalt as a cementing agent for 
carbides. The most commonly used cemented 
carbide, tungsten carbide containing 2-30% 
cobalt, is manufactured as follows: pure cobalt 
powder is added to tungsten carbide (particle 
size ca. 1 um), and the mixture is ball-milled 
for a long period by using hard metal balls. 
The mixed powders are then consolidated by 
cold pressing, by hot pressing at ca. 1300- 
1400 °C, by cold extension, or by slip casting 
to produce small artifacts, large artifacts, con- 
stant-section rods, and complex-shaped arti- 
cles, respectively. The consolidated parts are 
sintered in a reducing atmosphere at 1300— 
1600 °C. The sintering process involves the 
formation of a liquid phase; the cobalt lique- 
fies at ca. 1320 °C and dissolves tungsten and 
carbon from the carbide. When the mixture is 
cooled, most of the tungsten and carbon repre- 
cipitates, but the binder phase is much stron- 
ger than pure cobalt because enough tungsten 
and carbon are present to stabilize the metal in 
its cubic form. During the sintering process, 
the consolidated powders shrink by 20%. The 
binding mechanism depends on (1) the liquid 
metal phase to wet the carbide particles so that 
surface tension forces help densify the sin- 
tered phases and (2) on the ability of the liquid 
to dissolve and retain traces of carbide impuri- 
ties. 

The properties of cemented carbides are 
controlled by the amount of cobalt present and 
the particle size of the carbide used. The hard- 
ness of the cemented carbides increases with 
decreasing particle size and with increasing 
cobalt content. The impact strength of ce- 
mented carbides is directly proportional to the 
cobalt content it rises from less than 1 kgm for 
a sample with 696 cobalt to ca. 2.5 kgm for a 
sample with 25% cobalt in tungsten carbide 
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with a particle size of 1.4—3.1 иш. The proper- 
ties of cemented tungsten carbides can be im- 
proved by the addition of other carbides such 
as those of niobium, tantalum, or titanium. 


18.6.2.2 Cobalt Powders in 
Powder Metallurgy and Cobalt- 
containing Metal [15] 


Cobalt powders have been used іп the for- 
mation of a number of alloy phases including 
maraging steel by hot extension of prealloyed 
powders, cobalt-based superalloys by consoli- 
dation of powders involving liquid phase sin- 
tering, fine-particle magnetic alloys, and 
bearing materials impregnated with low-fric- 
tion substances such as graphite, lead, nylon, 
and molybdenum disulfide. 


18.7 Alloys [1-3,9] 


About 64% of the cobalt is consumed in al- 
loy compositions. The most important cobalt 
alloys are discussed in this article under the 
following headings: 

e High-temperature alloys 

e Magnetic alloys 

e Hard metal alloys 

e Cobalt-containing high-strength steels 
e Electrodeposited alloys 

e Alloys with special properties 


18.8 Compounds [17] 


18.8.1 Chemical Properties of 
Cobalt 


Cobalt is much less reactive than iron. It is 
stable to atmospheric oxygen unless heated. 
When heated, it is first oxidized to Co4O, and 
then, above 900 °C, to CoO, which is also the 
product of the reaction between the red-hot 
metal and steam. The activation energy of the 
oxidation above 900 ?C has been calculated as 
155—160 kJ/mol. The metal does not combine 
directly with hydrogen or nitrogen, but it com- 
bines with carbon, phosphorus, and sulfur on 
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heating. The reaction with sulfur is influenced 
by the formation of a low melting eutectic 
(877 °C) between the metal and the Co,S, 
phase; the reaction between cobalt and sulfur 
is rapid above this temperature. Below 
877 °C, a protective layer of sulfide scale is 
formed. In an atmosphere of hydrogen sulfide, 
cobalt also forms a scale of sulfide, but in air 
containing sulfur dioxide, a mixed oxide sul- 
fide scale is formed. i 

In bulk form, cobalt is resistant to many 
mild corrosive agents, but it is more readily at- 
tacked when it is finely divided. Table 18.9 
gives the corrosion rates of cobalt in some 
aqueous media. Cobalt is strongly attacked by 
concentrated nitric acid at ambient tempera- 
ture. The metal dissolves slowly in dilute min- 
eral acids, the Co?*/Co potential being —0.277 
V. 
s 18.9: Corrosion of cobalt in aqueous media at 
25 °C. 


Corrosive medium Rate of cobalt 


corrosion, mgdm ?d"! 
Distilled water 11 
5 vol% Ammonia 5.3 
10 vol% Sodium hydroxide 5.6 Н 
Conc. phosphoric acid 7.4 
5096 Phosphoric acid (aqueous) 65.1 
5 vol% Acetic acid : 12.5 
5 vol% Sulfuric acid 56.8 
50% Hydrofluoric acid (aqueous) 178.6 


The solubility of oxygen in cobalt is 0.006, 
0.013, 0.125, and 0.4% (at 600, 1200, 1510, 
and 1700 °C, respectively). Nitrogen is only 
slightly soluble (40 mg/kg) in cobalt at its 
melting point; the solubility rises to 60—70 
mg/kg at 1750 ?C. The solubility of hydrogen 
in cobalt increases with temperature from 1 
mg/kg at 700 °C to ca. 8 mg/kg at the melting 
point. The solubility of hydrogen in the liquid 
metal increases to ca. 20 mg/kg at 1500 °С 
and to ca. 27 mg/kg at 1750 ?C. 

The main oxidation states of cobalt are 
Co?* and Co”. In acid solution and in the ab- 
sence of complexing agents, Co” is the stable 
oxidation state, with oxidation to Co** being 
difficult. А 


[Co(H,O)* + e^ — [Co(H,0),]* AE? = 1.84 V 
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The oxidation can be achieved by electroly- 
sis or ozone, but the Co?* is very unstable and 
rapidly reduced to Co**, even at room temper- 
ature, with evolution of oxygen from the wa- 
ter. The solution chemistry of cobalt in acid 
solution in the absence of complexing agents 
is dominated by Co”. The most common spe- 
cies present is [Co(H,0),]**, although the ions 
[Сох], [CoX,]*, and [CoX,]* (X = halide) 
are also found in solutions of hydrogen ha- 
lides. Cobalt is often removed from solution as 
its sulfide, and it is interesting to note that al- 
though the precipitates of cobalt sulfide ob- 
tained by using H,S are not readily soluble in 
dilute acids, those obtained by using Na,S or 
(NH,).5 are soluble. All sulfide precipitates 
become less soluble as they age in the atmo- 
sphere to form Co(OH)S. The cobalt dihalides 
(except fluoride) are also readily soluble in 
some organic solvents such as alcohol, ace- 
tone, and methyl acetate. 

In alkali, Co™ is more readily oxidized to’ 
Co?*: 

CoO(OH),, + H,O + е^ — Со(ОН), + OH" 
AE =0.17У 


In the presence of complexing agents, oxi- 
dation is very easy in any solution because 
Co?* has a particularly high affinity for com- 
plex formation. With N-donor ligands the re- 
dox reaction in the presence of ammonia is: 


[Co(NHj* + е ә [Co(NH]* АЕ -0.1V 


Table 18.10: AE? for some Co**/Co”* couples in acid so- 
lution. 


Redox reaction AE? 
[Ce(EDTA)J + е = [Co(EDTA)- 0.37 
[Co(bipy),]** + e = [Co(bipy),* 0.31 
[Co(en),]** + e^ = [Co(en),]* 0.18 


[Co(CN),]* + H,O + е” = [Co(CN),(H,O)]* + СМ -0.8 


Oxidation of Co" solutions containing 
complexing agents can be achieved with air or 
hydrogen peroxide. Thus, the solution chemis- 
try of cobalt in the presence of complexing 


agents is dominated by the complex chemistry 


of Co?*. The sensitivity of the reduction poten- 
tial of the Co*/Co** couple to different 
ligands whose presence renders Co” unstable 


938 


to air oxidation is shown by the data in Table 
18.10. 


Cobalt Compounds. Cobalt combines 
with oxygen to form cobalt(II) oxide, CoO, 
which is stable above 900 °C. This oxide has 
the sodium chloride structure and is antiferro- 
magnetic at ordinary temperature. When co- 
balt(II) oxide is heated at 400-500 °C in an 
atmosphere of oxygen, the сора) oxide, 
Со,О,, is formed. This mixed-valence oxide 
has the spinel structure with cobalt(IT) in tetra- 
hedral sites and cobalt(III) in octahedral sites. 
Cobalt hydroxide, Со(ОН),, is a product of 
the hydrolysis of solutions containing Co?' 
ions. The hydroxide is amphoteric, dissolving 
both in alkali, to give blue solutions contain- 
ing the [Co(OH),]^ ion, and in acids. Co- 
balt(IT) forms an extensive range of simple 
and hydrated salts with all of the common an- 
ions including acetate, bromide, carbonate, 
chloride, fluoride, nitrate, perchlorate, and 
sulfate. Many of the hydrated salts and their 
solutions contain the pink octahedral 
[Co(H,0),]** ion. Although complexes of co- 
balt(IT) are generally unstable to oxidation, a 
number of octahedral species are formed, in- 
cluding (1) a series of [Co(N-N)4]?* com- 
plexes with neutral bidentate donor ligands, 
such as ethylenediamine and bipyridyl, and 
(2) the acetylacetonates [Co(acac),: 211,0] 
and Со(асас),. Tetrahedral complexes 
[CoX,]* are usually formed with monoden- 
tate anionic ligands, such as chloride, bro- 
mide, iodide, thiocyanate, azide, and 
hydroxyl. Tetrahedral [CoX,L.,] complexes 
are formed by a combination of two such 
ligands with two neutral ligands (L). Addition 
of cyanide to a solution of Со?* produces a 
dark green color attributed to the [Co(CN),]* 
ion. 


The colors produced by cobalt(II) com- 
plexes in aqueous media have been used to 
distinguish between octahedral and tetrahedral 
coordination in the complexes..In general, oc- 
tahedral species are pink to violet, whereas tet- 
rahedral species are blue. This is not an 
iufallible distinction, but it does provide a use- 
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ful guide that can be improved by analyzing 
the electronic spectra of the complexes. 


Cobalt(IIT) Compounds. In addition to the 
mixed-valence oxide Co4O,, impure forms of 
the unstable cobalt(IIT) oxide, Со,О,, have 
been prepared. Very few simple cobalt(III) 
salts are known. The blue sulfate, Co4(SO),- 
18H40, which contains the [Co(H,O),]** spe- 
cies, can be obtained by the electrolytic oxida- 
tion of cobalt(II) in 4 M sulfuric acid solution. 
It is stable when dry, but decomposes in the 
presence of moisture. The alums МСо(Ш) 
(SO,).°2H,0 (M = К, Rb, Cs, NH,) are also 
known, and a hydrated fluoride 2CoF,-7H,O 
has been reported. 


The chemistry of cobalt(III) is dominated 
by complex formation. Cobalt(IIT) complexes 
are kinetically inert, and for this reason, indi- 
rect methods of syntheses are used to obtain 
them. Usually the ligand is added to a solution 
of Co**, which is then oxidized with some 


convenient oxidant, often in the presence of a ` 
catalyst such as activated charcoal. A wide 


range of cobaltammines have been prepared 
and studied; the species identified in solution 
or as solid derivatives include [Co(NH,),]**, 
[Co(NH,);H,O]**, [Co(NH3)SX]^* (X= Cl, Br, 
МО», NO,), and cis- and trans- [Co(NH,),X,]* 
(X = Cl, NOj. 

In addition to these simple cobaltammines, 
a number of polynuclear species containing 
bridging groups such as NH;, NH”, NO,, 
OH , and О, have been prepared. Polynuclear 
cobaltammines that have been identified in- 
clude: 


JEN F OH. B 
(NH; Co Co(NH;) (NP Ma Co(NH;), 
Se)” Non” | 
4+ a р, NH, e 4+ 
(ЧН,),Со-МН,-Со(@Н)), (NH3),Co Co(NH3) 
N OH Z 
1+ 


HR 3+ 
DR. жн) A соран, 
OH 


Cobalt 


Complexes of cobalt(III) with O-donor 
ligands are generally less stable than those 
with N-donor species, although [Co(acac),] 
and [Co(C,0,);]* are known. Apart from the 
O.-bridged compounds mentioned above, the 
octahedral fluoro complexes [CoF,J* and 
[CoF4(H,0),] are the only known high-spin 
cobalt(IIT) complexes, the paramagnetic mo- 
ment of [CoF,]*> at room temperature being 
about 5.8 BM. All other cobalt(TIT) complexes 
are low-spin and diamagnetic, including the 
hexacyanocobaltates(III) [Co(CN),]*, and 
thé hexanitritocobaltates(IIT), [CONO]. 


In addition to the two most stable oxidation 
states, 2+ and 3+, cobalt also forms com- 
pounds in the 1-, 0, 1+, and 4+ oxidation 
states. There are only a few reported examples 
of Co(IV) compounds, mainly fluoro com- 
plexes, CoF2, and mixed-metal oxides (the 
purity of compounds in this oxidation state is 
questionable). 


The formation of cobalt compounds in oxi- 
dation states lower than 2+ requires the pres- 
ence of stabilizing m-acceptor ligands. The 1+ 
state is not common for cobalt, and most of the 
known examples are pentacoordinated com- 
plexes of the type [Co(NCR);]* (NCR = or- 
ganic nitrile). Cobalt forms a wide range of 
complexes in which its formal oxidation state 
is 0 or 1— Many of these contain ligands such 
as CO, CN”, МО", and RNC, but other ligands 
such as tertiary phosphanes also stabilize 
lower oxidation states to give compounds like 
[Co(P(CH,)5)4]", which is prepared by reduc- 
ing an ethereal solution of cobalt(IT) chloride 
with sodium or magnesium amalgam in the 
presence of trimethylphosphane. 


Cobalt Carbonyls [17, 18]. The carbonyl 
complexes of cobalt are important because of 
their uses as hydroformylation catalysts. Be- 
cause cobalt has an odd number of valence 
electrons, it can satisfy only the eighteen-elec- 
tron rule in its carbonyls if Co-Co bonds are 
formed. For this reason, the principal binary 
carbonyls of the element are octacarbonyldi- 
cobalt, [Со (СО),], dodecacarbonyltetraco- 
balt, [Co,(CO),], and hexadecacarbonylhexa- 
cobalt, [Со (СО), ]. 
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Octacarbonyldicobalt is prepared by heat- 
ing the metal to 250—300 ?C at 200—300 bar of 
carbon monoxide or by heating cobalt carbon- 
ate under similar conditions in the presence of 
hydrogen. It is an air-sensitive orange-red 
solid with a melting point of 51 °C. The com- 
pound can be reduced with sodium amalgam 
in benzene to give the tetrahedral monomeric 
ion [Co(CO),T; acidification of which leads to 
tetracarbonylhydridocobalt, [HCo(CO),]. 
This hydride is a yellow liquid that forms a 
colorless vapor. It melts at —26 °C and decom- 
poses above this temperature to H, and 
[Co4(CO),]. It is partly soluble in water to give 
a strong acid solution containing [Co(CO),]^ 
ions. The hydrogen atom in [HCo(CO),] is 
bound directly to the cobalt, giving a Co-H in- 
frared stretching frequency of ca. 1934 cm”. 
The [Co(CO)] ion is reoxidized to 
[Co4(CO),] by carbon tetrachloride, and fur- 
ther reaction with this reagent leads to a triply 
bridged chloromethynyl derivative, from 
which a carbidocarbonyl compound, disodium 
carbidopentadecacarbonylhexacobaltate, Na, 
[Co,C(CO),5], can be obtained: 


4) °C 
10[Co,(CO),] + 6ССІ, ^ 
90% yield 


4[Co,(CO),(CCI)]  8CoCI, + 44CO + C,Cl, 


25°С 
[Co,(CO),(CC])] + 3Na[Co(CO),] 3 
Propylene oxide 


Na,[Co,C(CO),,] + NaCl + 6Co 


Other carbidocarbonyls are obtained by 
similar routes, including [Со,С(СО) 4], 
[CogC(CO),g]7, and [Co,,(C)(CO),,H]*. 
Dodecacarbonyltetracobalt is obtained as a 
green black solid by heating [Co(CO),] in an 
inert atmosphere at 50 °C. 

The structure of [Co,(CO),] in the solid 
state is different from that in solution. The 
solid-state structure shown in Figure 18.5A in- 
volves two bridging carbonyl groups and can 
be best rationalized in terms of the formation 
of a bent Co-Co bond. In solution, however, 
this structure is in equilibrium with the form 
shown in Figure 18.5B, in which the dimer is 
held together by a Co-Co bond. The structure 
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of [Co,(CO),,] is shown in Figure 18.5C. The 
structure of the carbidocarbonyl (Figure 
18.5D) shows the presence of a carbon atom at 
the center of a distorted square antiprismatic 
cobalt cluster. | 


In addition to the carbonyls, cobalt also 
forms complexes with N, and NOT, which аге 
isoelectronic with CO. Examples of this type 
of complex are [CoH(PR,),(N,)] and 
[Co(CO),NO], where R is an alkyl group. 


18.8.2 Commercially Important 
Cobalt Compounds [19] 


Table 18.11 lists the known applications of 
cobalt compounds. The most important com- 
mercially available compounds are the oxides, 
as well as hydroxide, chloride, sulfate, nitrate, 
phosphate, carbonate, acetate, oxalate, and 
other carboxylic acid derivatives. 


Cobalt Oxides. Two main types of cobalt ox- 
ide distinguishable by their colors are avail- 
able: grey cobalt(II) oxide, containing 75— 
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78% cobalt, and black cobalt(IT) dicobalt(IIT) 
oxide, containing 70-74% cobalt. 

Cobalt(IT) oxide, CoO (78.66% Co), is usu- 
ally prepared by the controlled oxidation of 
the metal above 900 °C followed by cooling in 
a protective atmosphere to prevent partial oxi- 
dation to Co4O,. Cobalt(IT) oxide has a cubic 


unit cell with a = 0.425 nm. It is insoluble in 


water, ammonium hydroxide, and alcohol, but 
dissolves in strong acids in the cold and in 
weak acids on heating. Cobalt oxide (CoO) 
absorbs a large amount of oxygen at room 
temperature. Cobalt(IT) dicobalt(IID) tetrox- 
ide, Со;О, (73.44% Co), can be prepared by 
the controlled oxidation of cobalt metal or 
CoO or by the thermal decomposition of co- 
balt(IT) salts at temperatures below 900 °C. 
The cubic spinel lattice has a = 0.807 nm; the 
solid material readily absorbs oxygen at room 
temperature, but never transforms into co- 


balt(IIT) trioxide, Со,О,. The mixed-valence : 


oxide is insoluble in water and only slightly 
soluble in acids. 





Figure 18.5: Structures of carbonyl complexes of cobalt. A) [Co,(CO),] (solid state); B) [Co,(CO),] (solution; C) 


[Co.(CO);]; D) [CogC(CO),s]. 


Cobalt 


Table 18.11: Industrial uses of cobalt compounds. 


Compound Formula 
Acetate(IIT) Co(CH,COO), 
Acetate(TI) Co(CH,COO),-4H,O 
Acetylacetonate Со(С,Н,О,), 
Aluminate СоА1,0; : 
Ammonium sulfate CoSO,(NH,),SO,-6H,O 
Arsenate Co,(AsO,).°8H,O 
Bromide(II) CoBr, + 
Carbonate CoCO, 

Carbonate (basic) 2CoCO,-Ca(OH),-H,O 
Carbonyl Со (СО), 

Chloride CoCl,-6H,O 
Chromate CoCrO, 

Citrate Co,(C,H,O,),-2H,O 
Ferrate CoFe;0, 

Fluoride CoF,, CoF, 
Fluoride CoF;:4H;O 
Fluorosilicate CoSiF,-6H.O 
Formate Co(CHO),-2H,O 
Hydroxide. Co(OH), 

Iodide Col, 

Linoleate Co(C;4H,4,0;); 
Manganate СоМп,0, 
Naphthenate Со(С,,НО,)» 
Nitrate Co(NOj),: GO 
2-Ethylhexanoate Co(C,H,0), e 
Oleate Co(C,,H,,0,), 
Oxalate CoC,O, 

Oxide CoO 

Oxide Co, 

Oxides (mixed metal) 
Dilanthanum tetroxide La,CoO, 

Tricobalt tetralanthanum decaoxide La,Co,0,, 

Lithium oxide LiCoO, 

Sodium oxide NaCoO, 

Dicobalt manganese tetroxide MnCo;0, 

Dicobalt nickel tetroxide NiCo,0, 
Lanthanum trioxide LaCoO, 

Phosphate Co,(PO,),-8H,O 
Potassium nitrite K,Co(NO,),: 1.5H,O 
Resinate Co(C4,H4,0,), 
Succinate Co(C,H,0,): 4H;O 
Sulfamate Co(NH,SO,):3H,O 
Sulfate CoSO,:xH,O 
Sulfide CoS 

Tungstate CoWO, 


Cobalt Hydroxide. Co(OH), (63.43% 
Co) 1s prepared commercially as a pink solid 
by precipitation from a cobalt(II) salt solution 
with sodium hydroxide. It has a hexagonal 
crystal structure with a = 0.317 nm and c/a = 


941 


Uses 


catalyst 


driers for lacquers and varnishes, sympathetic inks, cata- 
lysts, pigment for oil cloth, mineral supplement, anodiz- 
ing, stabilizer for malt beverages 


vapor plating of cobalt 

pigment, catalysts, grain refining 

catalysts, plating solutions 

pigment for paint, glass, and porcelain 

catalyst, hydrometers 2 
pigment, ceramics, feed supplements, catalyst ` 
chemicals 

catalyst 

chemicals, sympathetic inks, hydrometers, plating baths, 
metal refining, pigment, catalyst 

pigment 

therapeutic agents, vitamin preparations 
catalyst, pigment 

fluorinating agents 

catalyst 

ceramics 

catalyst 

paints, chemicals, catalysts, printing inks 
moisture indicator 

paint and varnish drier 

catalyst, electrocatalyst 

catalyst, paint and varnish drier 

pigments, chemicals, ceramics, feed supplements, catalyst 
paint and varnish drier і ` 
paint and varnish drier 

catalysts, cobalt powders 

chemicals, catalysts, pigments 

enamels, semiconductors 

pigments 

catalyst, anode 

catalyst 

battery electrode 

battery electrode 

catalyst 

catalyst, anode 

oxygen, electrode 

glazes, enamels, pigments, steel pretreatment 
pigment 

paint and varnish drier, catalyst 

therapeutic agents, vitamin preparations 

plating baths 

chemicals, ceramics, pigments 

catalysts 

drier for paints and varnishes 


1.46. It is insoluble in water and alkaline solu- 
tions, but dissolves readily in most inorganic 
and organic acids; for this reason, it is com- 
monly used as a starting material in the syn- 
thesis of cobalt chemicals. Co(OH), 
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decomposes thermally by loss of water, start- 
ing at 150 °C, to give the anhydrous oxide at 
300 ?C. Care must be taken to store the hy- 
droxide in the absence of air because slow air 
oxidation leads to a product that 1s poorly sol- 
uble in weak acids. 


Cobalt) Chloride. Cobalt(IT) chloride 
hexahydrate, CoCl,-6H,O (24.79% Co), is a 
dark red deliquescent crystalline compound 
with a monoclinic unit cell (a = 0.886 nm, = 
0.707 nm, c = 1.312 nm, В = 97°17’). It is pre- 
pared by concentrating a hydrochloric acid so- 
lution of cobalt oxide or carbonate. The 
chloride is very soluble in water, alcohols, and 
a number of other organic solvents. The solu- 
bility of the chloride in aqueous media does, 
however decrease with increasing hydrochlo- 
ric acid content. The hexahydrate dehydrates 
thermally in three stages, giving the dihydrate 
at 50 °C, the monohydrate at 90 °C, and the 
anhydrous chloride at 130—140 °С. 

The anhydrous chloride and the lower hy- 
drates are very hygroscopic and transform to 
the hexahydrate in a moist atmosphere. The 
fact that the anhydrous chloride is blue and the 
hexahydrate red is used as a humidity indica- 
tor in silica gel desiccants. The chloride is also 
used in the electroplating, ceramics, glass, 
chemical, agricultural, and pharmaceutical in- 
dustries. 


Cobalt(II) Sulfate. Cobalt(IT) sulfate hexahy- 
drate, CoSO,-6H4O (20.98% Co), is a brown- 
ish-red crystalline compound with a 
monoclinic unit cell (a = 1.545 nm, b = 1.308 
nm, c = 2.004 nm, b = 104°40’). It is prepared 
by concentrating a sulfuric acid solution of co- 
balt oxide or carbonate. It is an efflorescent 
substance and loses one molecule of water 
when exposed to dry air or when heated gen- 
tly. The hexahydrate obtained loses water in 
two stages to give the monohydrate at 100 °C 
and the anhydrous sulfate above 250 °C. The 
monohydrate, Со5О„-Н„О (34.08% Co), has 
been manufactured and sold commercially. 
Cobalt sulfates are very soluble in water and 
are generally more stable than cobalt(II) chlo- 
rides or nitrates; for this reason they have been 
widely used as sources of cobalt(II) in solution 
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for the manufacture of chemicals and for the 
electroplating industries. The sulfates are also 
used in the ceramics, linoleum, and agricul- 
tural industries. 


Cobalt(II) Nitrate. Cobalt(II) nitrate hexahy- 
drate, Co(NO4),- 6FLO (20.26% Co), is a red- 
brown crystalline compound with a mono- 
clinic unit cell (a = 1.509 nm, b = 0.612nm, c 
= 1.269nm, B = 119°). It is prepared by con- 
centrating a nitric acid solution of cobalt oxide 
or carbonate. The hexahydrate loses water 
rapidly at 55°C to give the trihydrate; the 
monohydrate can also be prepared. The ni- 
trates are very soluble in water, alcohols, and 
acetone. Cobalt nitrate is an important source 
of high-purity cobalt for use in the electronics 
and related industries, and the compound has 
also found uses in the chemical and ceramics 
industries. 


Cobalt(IT) Phosphate. Cobalt(II) phosphate 
octahydrate, Со (РО,),:8Н,О (34.63% Co), is 
obtained as a purple flocculent precipitate 


when an alkali-metal phosphate is added to the - 


solution of a cobalt(II) salt. The phosphate is 
soluble in inorganic acids and particularly in 
phosphoric acid, but is insoluble in water or 
alkaline solutions. It is used in the paints and 
ceramics industries and is a component of 
some steel phosphating formulations. 


Cobalt(IT) Carbonate. Although pure CoCO, 
has a cobalt content of 49.57% and a 
pseudohexagonal unit cell, the material avail- 
able commercially is a mauve basic carbonate, 
[Сосо], [Co(OH);],: zH5O, of indeterminate 
composition and a cobalt content of 45-47%. 
The basic carbonate is insoluble in water, but 
dissolves easily in most inorganic and organic 
acids. for this reason it is often used as a start- 
ing material for the manufacture of other 
chemicals. The basic carbonate is also used in 
the ceramics and agricultural industries. 


Cobalt) Acetate. Cobalt acetate tet- 
rahydrate, Co(CH4CO,),-4H40 (23.68% Co), 
is a deliquescent mauve-pink crystalline com- 
pound with a monoclinic unit cell (a = 0.847 
nm, b = 1.190 nm, c = 0.482 nm, В = 94°18’). 
It is prepared by concentrating solutions of co- 


Cobalt 


balt hydroxide or carbonate in acetic acid. The 
tetrahydrate is soluble in water, alcohols, inor- 
ganic, and organic acids including acetic acid. 
The compound loses its water of crystalliza- 
tion at ca. 140 °C. It is used in the manufacture 
of drying agents for inks and varnishes, fabrics 
adressings, catalysts, and pigments, as well as 
in the anodizing and agricultural industries. 


Cobalt(II) Oxalate. Cobalt(II) oxalate dihy- 
drate, Со(С,О,):2Н,0 (32.23% Co), is ob- 
tained as a pink precipitate when oxalic acid or 
an alkali-metal oxalate is added to the solution 
of a cobalt(II) salt. The dihydrate loses water 
when it is heated gently in air, and at 200 °C it 
decomposes lo cobalt(II) oxide. The oxalate is 
insoluble in water, slightly soluble in acids, 
but soluble in solutions containing ammonia 
or an ammonium salt. The main use of cobalt 
oxalate is as a starting material for the prepara- 
tion of cobalt metal powders. 


Cobalt(II) Carboxylates. The cobalt salts of 
carboxylic acids can be made by the direct re- 
action of cobalt powder, oxide, or hydroxide 
with the organic acid or by precipitation reac- 
tions involving the addition of the sodium salt 
of the acid to an aqueous solution of a cobalt 
salt, such as the sulfate. Cobalt(II) resinate, 
oleate, linoleate, soyate, naphthenate, ethyl- 
hexanoate, formate, acetylacetonate, and cit- 
rate have been produced for use in a variety of 
applications including catalysts, drying 
agents, metal from production, and medical 
uses. 


18.8.3 Industrial Applications of 
Cobalt Compounds [19] 


The more important applications of cobalt 
chemicals listed in Table 18.12 can be consid- 
ered under the following headings: glasses, 
ceramics, and refractories; driers, paints, var- 
nishes, and dressings; catalysts; electroplat- 
ing; electronics and solid-state devices; and 
agricultural, nutritional, and medical uses. 
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Table 18.12: Effects of several elements in cobalt superal- 
loys. 
Element Effect (M = metal) 


Chromium improves oxidation and hot-corrosion 
resistance; produces strengthening by 
formation of M,C, and M,,C, carbides 


Molybdenum solid-solution strengtheners; produce 


Tungsten strengthening by formation of interme- 
tallic compound Co,M; formation of 
M,C carbide 

Tantalum solid-solution strengtheners; produce 

Niobium strengthening by formation of interme- 


tallic compound Co,M and MC car- 
bide; formation of M,C carbide 


Aluminum improves oxidation resistance; forma- 


tion of intermetallic compound CoA! 


Titanium produces strengthening by formation of 
MC carbide and intermetallic com- 
pound Co;Ti; with sufficient nickel 
produces strengthening by formation of 
intermetallic compound Ni,Ti 

Nickel stabilizes the face-centered cubic form 
of matrix; produces strengthening by 
formation of intermetallic compound 
Ni,Ti; improves forgeability 

Boron produce strengthening by effect on 


Zirconium grain boundaries and by precipitate for- 
mation; zirconium produces strength- 
ening by formation of MC carbide 

Carbon produces strengthening by formation of 
MC, M,C,, М,зсб, and possibly M,C 
carbides 

Yttrium increase oxidation resistance 

Lanthanum 


18.8.3.1 Glasses, Ceramics, and 
Refractories 


The addition of cobalt oxides to provide a 
blue pigment for glass, ceramics, and enamels 
has been used for many centuries. The level of 
cobalt in the final product depends on the 
color intensity required, but is typically 0.4— 
0.5% for colored ceramic bodies, 0.5% for the 
blue glass used in welder’s goggles, and a few 
mg/kg in camera lens glass. A range of cobalt- 
containing mixed-metal oxides and cobalt tri- 
potassium hexanitrite (a yellow pigment) is 
also available for use as pigments. An indica- 
tion of the colors obtained from mixed-metal 
oxide pigments is given in Table 18.13. The 
shades of the colors also depend on the exact 
composition of the oxide and on the method of 
preparing the pigment. The compositions of 
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some ceramic pigments are given in Table 
18.14. 


Table 18.13: Colors of cobalt-containing pigments. 


Metals in mixed-metal oxide Color 
Co AI blue 
Co P violet 
CoZn green 
Co Sn Si : light blue 
Co Cr Al turquoise 
Co Mg pink 
CoFe brown 


Table 18.14: Compositions of cobalt-containing pig- 
ments. 


Color Content of Content of other compo- 
Со,О,, % nents (% in parentheses) 


Mazarine blue 68.0 SiO, (12), cornish stone 
(16), CaCO, (4) 

Willow blue ` 33.3 CaCO, (50), SiO, (16.7) 

Dark blue 44.6 Al,O, (55.4) 

Matt blue 20.0 ALO, (60), ZnO (20) 

Blue-green 41.8 АО, (39), Cr,O, (19.2) 

Black 20.6 Fe,O, (41.1), Cr,0, 


(32.4), MnO, (5.9) 


The pigments are normally prepared by 
mixing the ingredients as oxides or as readily 
decomposable salts and then calcining the 
mixture at 1100—1300 °C prior to milling the 
product to obtain the pigment as a fine pow- 
der. In ceramic applications, the pigments can 
be added to the ceramic base materials to give 
a body color or, after being mixed with suit- 
able fluxes, applied as an underglaze (as on 
Delft china), or overglaze decoration. The fi- 
nal shade after the ceramic has been fired may 
be modified by reaction between the pigment 
and the clay base. 

Cobalt pigments are used for decolorizing 
both glass and pottery articles that contain iron 
oxide, which would give a yellow coloration 
to the products in the absence of a decolorizer. 
The yellow color is masked by the comple- 
mentary blue color of the cobalt pigment 
added. The levels of cobalt required for the 
compensation of iron oxide colorations in typ- 
ical pottery bodies, enamels, and glasses are 
0.003-0.02%, 0.002-0.01%, and 1-2 mg/kg, 
respectively. 

The color of the pigments and of the com- 
pounds used for decolorizing arise from the 
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optical absorption spectra of cobalt atoms 
modified by lattice effects in the pigments and 
in the final products. 

In the vitreous enameling of steel sheet, a 
small amount of cobalt oxide (0.15-1.0%) is 
included in the ground coat mixture of feld- 
spar, sand, borax, and soda ash to improve the 
adhesion of the enamel to the steel. As gener- 
ally accepted, the cobalt does not contribute 
directly to the adhesion process, but it is in- 
volved in creating suitable conditions for the 
development of good adhesion. 

Ceramic coatings for low-carbon and low- 
alloy steels for high-temperature use can con- 
sist of a mixture of aluminum oxide and two 
cobalt coats, one of which is high-firing and 
the other low-firing. The purpose of the latter 
is to seal off oxygen at low temperatures to 
protect the base metal from oxidation from the 


start of the firing. These coatings are claimed 


to withstand combustion products and corro- 
sive vapors up to 750 °C and have been used 
to protect flue gas and gas turbine exhaust 
pipes. 

The metal-glass coatings used to protect 
plain carbon steels typically contain 8094 
powdered chromium and 20% of a borosili- 
cate glass containing 5% cobalt oxide. Super- 
alloys have also been coated with a ceramic 
consisting of high-firing cobalt ground coats 
with high aluminum oxide content or with bo- 
ron nitride containing a lithium cobalt oxide 
binding agent. 


18.8.3.2 Driers, Paints, Varnishes, 
and Dressings 


A number of cobalt pigments have been 
used in oil paintings, including Cobalt blue 
smalt (a silicate), Thenard’s blue (an alumi- 
nate), Cerulean blue (a stannate), Cobalt violet 
(a phosphate), and Aureolin yellow (potas- 
sium cobalt(II] nitrite). Some of the pigments 
have also been used for inks, for printing on 
fabrics and paper, and for coloring plastics. 

Cobalt acetate is used for coloring the oxide 
layers in anodized aluminum to give shades 
varying from bronze to black. The anodized 
metal is immersed in a 20% solution of cobalt 
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acetate and then either in a solution of ammo- 
nium sulfide to produce cobalt sulfide (black) 
or in a solution of potassium permanganate 
(bronze). The different depths of bronze 
shades are achieved by different numbers of 
alternate immersions in the cobalt acetate and 
permanganate solutions. In addition to its use 
as a coloring agent, cobalt acetate 1s also used 
to improve the lightfastness of anodized alu- 
minum dyed with organic pigments. * 

The cobalt(II) salts of a number of organic 
acids have been used as drying agents for non- 
saturated oils in paints, varnishes, and inks. 
The salts used for this purpose include the ole- 
ate, ethylhexanoate, naphthenate, soyate, li- 
noleate, resinate, and tallate. These cobalt 
salts are either soluble in the nonsaturated oils 
or they react with them to form soluble com- 
pounds that then act both as oxidation acceler- 
ators of the oil and as polymerization 
catalysts, forming a film with increased stabil- 
ity, resistance, and flexibility. The drying ac- 
tion is due entirely to the redox behavior of the 
cobalt species present, the carboxylate moi- 
eties simply act as oleophilic groups to solubi- 
lize the cobalt compounds in the oils. The 
amounts of cobalt added to the oils as drying 
agents are in the range 0.01-0.6%; the salts 
can be added as solutions in organic solvents 
or as dispersions of ultrafine powders. Cobalt- 
containing drying agents are also used in low- 
temperature curing processes for silicone res- 
ins. The cobalt species promote drying at the 
surface of the film in contact with atmospheric 
oxygen. Its action is so fast that a hard poly- 
meric film can be formed that prevents deep 
drying; for this reason cobalt is often used in 
conjunction with other metals such as zinc and 
calcium that do not have a drying action but 
slow down and control the effects of cobalt. 


18.8.3.3 Catalysts [9] 


Cobalt compounds are versatile catalysts. 
Cobalt-containing materials have been used to 
catalyze the following types of reactions: hy- 
drogenation; dehydrogenation; hydrogenoly- 
sis including hydrodenitrification and 
hydrodesulfurization; hydrotreatment of pe- 
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troleum products; selective oxidation; am- 
monoxidation; oxidation; hydroformylation; 
polymenzation; selective decomposition; and 
ammonia synthesis. In addition to these more 
general reactions, there are a number of reac- 
tions for which cobalt chemicals are among 
the best catalysts. These include their uses as 
driers, in the oxidation of ammonia to nitric 
acid, and the syntheses of fluorocarbons. 

The effectiveness of cobalt as a catalyst is 
related to the ease with which the element 
forms complexes and particularly to the large 
variety of ligands in these complexes. 

The main industrial processes using cobalt 
catalysts are the removal of sulfur from vari- 
ous petroleum-based feedstocks (hydrode- 
sulfurization), selective liquid-phase 
oxidation, and hydroformylation. The cata- 
lysts used in the hydropurification reactions 
including Aydrodesulfurization consist of co- 
balt and molybdenum oxides supported on an 
inert material such as alumina and contain 
2.5-3.7% cobalt. The homogeneous catalysts 
used in the liquid-phase oxidation processes 
are soluble cobalt(IT) carboxylates such as ac- 
etate, naphthenoate, and oleate. Relatively 
large concentrations of cobalt (0.1—196) are 
used as cobalt salts in the catalysis of hydro- 
Jormylation reactions in which HCo(CO), is 
the active material. The amounts of cobalt cat- 
alysts used in hydrodesulfurization, oxidation, 
and hydroformylation have been estimated at 
800—1800, 200, and 800 t/a, respectively. 

In hydrotreating, the cobalt-molybdenum 
catalysts function in the sulfide form and cata- 
lyze two reactions, hydrogenation and hydro- 
genolysis of carbon heteroatom bonds. Two 
theores have been used to explain the en- 
hanced catalytic activity obtained by having 
both cobalt and molybdenum oxides in the 
catalysts: the pseudointercalation model and 
the remote control model. The first model as- 
sumes an association between molybdenum 
sulfide (MoS;) and cobalt to produce active . 
sites for the catalysis. The remote control 
model, on the other hand, assumes that active 
centers are created in the MoS, lattice by a 
mobile species of hydrogen produced at a co- 
balt sulfide component. The cobalt in the cata- 
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lyst thus controls the nature and the number of 
catalytically active sites formed. 

The types of oxidations catalyzed by cobalt 
salt solutions include p-xylene to terephthalic 
acid, cyclohexane to adipic acid, and hydro- 
carbons or acetaldehyde to acetic acid. All of 
these liquid phase oxidations follow classical 
radical chain mechanisms. The following re- 
action mechanism for cyclohexane oxidation 
shows the role of cobalt in decomposing the 
hydroperoxides formed in the reaction and 
thus avoiding unwanted side reactions: 
Initiation: 

СН +R: > СН + RH 

Chain reaction: 

C,H," + О, 2 C,H,,00- 

C,H,,00- + C4H,, 2 C,H OOH + С.Н, 

Hydroperoxide decomposition: 

a) C,H,,OOH — cyclohexanone + H,O 

b) Co?” + C,H, OOH — Co” + C H,,O- + OH” 
Co** + C,H, OOH — Со? + C,H, ,00- + H* 

> chain 

c) C,H,,OOH + all radicals — degradation products, cy- 
clohexanol, and cyclohexanone 

In hydroformylation and hydroesterifica- 
tion, oxo reactions such as those listed below 
occur: 

CH,OH + СО э CH,COOH 

RCH=CH, + CO + H, 2 RCH,CH,CHO 
RCH=CH, + CO + 2H, -> RCH,CH,CH,OH 
RCH=CH, + CO + КОН — RCH,CH,COOR’ 


The cobalt salts added to the reaction mixture 
are converted into HCo(CO),, which catalyzes 
the oxo reaction by the following types of 
mechanism: 
HCo(CO), + RCH-CH, 2 RCH,CH,Co(CO), 
RCH,CH,Co(CO), + СО  RCH,CH,CO-Co(CO), 
RCH,CH,CO-Co(CO), + H, > 

RCH,CH,COH + HCo(CO), 

In addition to the main types of reactions 
catalyzed by cobalt species, cobalt compounds 
have also been used as catalysts for automo- 
bile exhaust gas purification, for the manufac- 
ture of nitric acid, for heterogeneous oxidation 
reactions, and for the oxidation of toluene to 
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benzoic acid. Сора) dicobalt(IID) tetrox- 
ide is one of the most effective catalysts for 
the oxidation of carbon monoxide and also has 
a high activity in oxidizing nitrogen monox- 
ide; these properties have led to the use of 
Col: and the LaCoO, (perovskite phase) as 
components of exhaust gas purification cata- 
lysts. The oxide Co. is also a highly selec- 
tive catalyst in the oxidation of ammonia to 
nitric acid, although it loses activity due to sin- 
tering after repeated use and due to poisoning 
by sulfur dioxide. 


Cobalt is often cited in the patent literature 
as an additive in nearly all heterogeneous oxi- 
dation catalyses, including the oxidations of 
propene, butane, butenes, and methanol. New 
systems containing cobalt can also be used to 
catalyze the conversion of thiols to disulfides 
in gasoline sweetening. 


Cobalt compounds have considerable po- 
tential in homogeneous catalytic systems and 
are used with copper in the oxidation of tolu- 
ene to benzoic acid; good selectivities for the 
conversion of methanol to ethanol have been 
achieved by using cobalt cluster catalysts. 


Cobalt fluoride can be used as a catalyst in 
the fluorination of hydrocarbons. These reac- 
tions utilize the cobalt fluoride as a fluorine 
carrier and take place in two steps — oxidation 
of CoF, to CoF, at 150—200 °C followed by 
fluorination of the hydrocarbon at 250- 
350 °C. Both stages of the reaction are exo- 
thermic, and careful control of the reaction is 
needed to obtain optimum yields. 


Cobalt has been a component of the cata- 
lysts used in the Fischer—Tropsch synthesis of 
hydrocarbons from synthesis gas. The mixed 
cobalt-thorium oxide-magnesium oxide-kie- 
selguhr catalyst (100:5:8:200), for example, 
is generally prepared by boiling solutions of 
sodium carbonate containing cobalt and tho- 
rium nitrates to precipitate the metals as car- 
bonates prior to adding magnesium oxide and 
kieselguhr. The mixture of metal carbonates 
and support materials is then filtered off, 
washed, dried, milled, and reduced in a hydro- 
gen atmosphere to produce the Fischer-Trop- 
sch catalyst. 
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Table 18.15: Compositions of cobalt-containing plating baths. 
m 
ees — Content, g/L Metal deposited 
Metal salts Content, g/L Additives 
CoSO,-7H,O 332 H,BO, 30 Co 
СоСі,:6Н,О 300 HjBO, 30 Co 
CoSO,(NH,),SO,°6H,O 200 H,BO, 25 Co 
Co(SO,NH),-4H,O 450 HCoNH, 30° Co 
Co(BF4), 116-154 H,BO, 15 Co 
NiSO,:7H,O 240 H,BO, 30 ч 
; P * Co-Ni b 

NiCl,:.6H,O 45 NaHCO, 35 
CoSO,-7H,O 3-15 
CoSO,°7H,O 150 NaCl 28 
NaWO, 15-50 H,BO, 40 Co-W 

Na heptanoate 100 





*mL/L. 


Raney cobalt can be prepared by leaching a 
finely powdered aluminum-cobalt alloy con- 
taining 40-50% cobalt with sodium hydroxide 
at 15—20 °C, which dissolves the aluminum to 
leave a very active porous cobalt residue. The 
properties of Raney cobalt are similar to those 
of Raney nickel, and the materials can be used 
to catalyze the same types of reaction. 


18.8.3.4 Electroplating [16] А 


Cobalt is readily electrodeposited from a 
number of electrolyte solutions. Pure plated 
layers of cobalt are of little commercial value, 
but cobalt is an important component of a 
number of alloy electrodeposits. The electro- 
chemical equivalent of cobalt is 1.099 gA^!h^! 
and, with cathode efficiencies of 90-100% for 
most electrolytes, the deposition rates are ca. 1 
р АЛАТ. Solutions of cobalt sulfate, chloride, 
sulfamate, or fluoroborate have been used as 
electrolytes. The compositions of typical plat- 
ing baths are listed in Table 18.15. To obtain a 
smooth metal deposit at a cathode efficiency 
of 90-100% and a current density of 5 A/dm’, 
the bath should have a high cobalt ion concen- 
tration (65—100 g/L) and should be operated at 
a temperature of 25—50 °C and a pH of 4-5. 

Additions of cobalt sulfate to nickel plating 
baths have been used to produce bright nickel 
plates consisting of nickel—cobalt alloys. The 
proportion of cobalt in the electrolyte controls 
the composition of the alloy deposited. Since 


the deposition potential of cobalt is less than 
that of nickel, the cobalt-nickel ratio is higher 
in the deposit than in the electrolyte. A typical 
bath composition is given in Table 18.15. If 
this bath is operated at 55-60 °C, pH 4-4.3, 
and with a current density of 2.5-4 A/dm?, an 
alloy deposit containing 18% cobalt is pro- 
duced. The cobalt content of the bath must be 
maintained by the addition of the cobalt salt 
when nickel anodes are used. Cobalt sulfa- 
mate is used as an alternative to cobalt sulfate 
in some chloride sulfate nickel plating baths. 


Cobalt-tungsten alloys with tungsten con- 
tents of up to 10% can be deposited from 
baths containing cobalt sulfate and sodium 
tungstate (typical electrolyte composition 
given in Table 18.15). A temperature of 70— 
90 °C and a pH of 7-9 are used to obtain 
smooth crack-free cobalt-tungsten deposits. 
Cobalt-molybdenum alloys can be obtained 
under similar conditions when sodium molyb- 
date replaces the sodium tungstate in the elec- 
trolyte. A number of other cobalt-containing 
alloys can be obtained as electrodeposits, in- 
cluding cobalt-iron, cobalt-platinum, cobalt- 
gold, and cobalt-phosphorus. 


Electrodeposited cobalt and cobalt alloys 
have been used as matrices for composite . 
wear-resistant coatings in systems that code- 
posit suspended particles of materials such as 
alumina and silicon carbide with the plating 
metal. : 


948 


18.8.3.5 Electronics and Solid- 
State Devices 


There has been recent interest in black co- 
balt oxide, Co4O,, as a selective coating mate- 
rial for high-temperature solar collectors [20]. 
The cobalt oxide coatings are superior to the 
black chrome coatings often used. The func- 
tion of cobalt oxide as a coating intended to 
operate up to 1000 °C is to concentrate the so- 
lar radiation on the collector surface by a fac- 
tor of up to 2000 times. For this purpose, a 
high solar absorbance with low infrared emit- 
tance is required. Cobalt oxide coatings can be 
prepared by plating, pyrolysis of cobalt salts 
on heated substrates, vacuum deposition, and 
by use of Co,0,-based paints. Table 18.16 
gives absorbance and emittance data for cobalt 
oxide coated solar panels prepared in a variety 
of ways on different substrates. 

Cobalt) oxide has been used in ther- 
mistors to improve both the resistivity and the 
temperature coefficient of the resistivity of the 
device. À number of mixed-metal cobalt ox- 
ides have been used in devices, including 
NiCoO, and La,CoO, as anodic materials in 
water electrolysis, LiCoO, as an electrode in 
lithium batteries, Hat o. as cathodes in so- 
dium batteries, and CoMoO, as a fuel cell 
electrode. Iron oxides doped with cobalt are 
used extensively in thin-film coatings for 
magnetic recording tapes. 


18.8.3.6 Agriculture, Nutrition, 
and Medicine 


Cobalt chemicals are used to correct cobalt 
deficiencies in soils and in animals. Soil treat- 
ments usually involve top dressings contain- 
ing cobalt sulfates, whereas treatment of 
ruminant animals involves the use of either 
salt licks containing ca. 0.1% of cobalt as sul- 
fate, or concentrated feeds, or pellets of cobalt 
oxide bound in an inert material such as china 
clay. 

The medicinal uses of cobalt are dominated 
by the use of vitamin B,» The vitamin is ob- 
tained from the mother liquors of the micro- 
bial formation of antibiotics such as 
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streptomycin, aureomycin, and terramycin af- 
ter the removal of the antibiotic. Vitamin B,, 
and cobalt treatments are used as remedies in 
certain types of anemia. Cobalt salts, adminis- 
tered intravenously, have been used as an anti- 
dote in cyanide poisoning. 

The mechanisms of the agricultural and 
medicinal uses of cobalt chemicals are dis- 
cussed in Section 18.10. 


Table 18.16: Properties of cobalt oxide coated solar 
panels. 


Absor- Emit- 


Coating method Substrate bance, % lance; % 


Plated Cu, Ni 93 28 
Plated Ni-plated steel 90 7 
Plated/thermal 

decomposition ` Ag-coated steel >90 20 
Plated Ni 95 — 
Plated Cu-coated steel 96 13 
Oxidized paint Al 91 30 
Paint Ni alloy 85 10 
Spray pyrolysis Al, galvanized Fe 91,92 13,12 
Spray pyrolysis Stainless steel 93 14 


18.9 Analysis [21,22] 


Cobalt can be determined gravimetrically 
as anthranilate, as Co4O, or Co after precipita- 
tion of the 1-nitroso-2-naphthol complex and 
subsequent decomposition, and as a pyridine 
thiocyanate. Volumetric methods include the 
use of 8-hydroxyquinoline, ethylenediamine 
tetraacetic acid (EDTA), and iron(II) cyanide 
solutions as titrants. In the case of complexo- 
metric methods, cobalt is often back-titrated 
with magnesium or zinc solutions after an ex- 
cess of EDTA has been added. The metal can 
also be determined by electrodeposition on 
perforated platinum electrodes. 


Trace levels of cobalt in most materials can 
be determined by a number of instrumental 
techniques, including X-ray fluorescence, ac- 
tivation analysis, atomic absorption, atomic 
emission, and polarography. The reagents that 
can be used to measure cobalt by colorimetry 
include dimethylglyoxime, dithizone, 8-hy- 
droxyquinoline, nitrosonaphthols,  dieth- 
yldithiocarbamate, and tripyridyl. 
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Table 18.17: Average annual production of refined cobalt in the Western World, t. 
і Number of pro- 1985 

Country Ge 1970-1974 1975-1979 1980-1984 ь сбор CEN 
Zaire 1 14 800 12 300 9250 10 680 17 600 
Zambia 1 2000 2 000 2850 4300 5100 
Canada 3 1900 2000 3 100 3710 4600 
Finland 1 900 960 1400 1 430 1600 
Japan 2 — 1 200 1900 1240 2600 
Others 6 1 800 1700 1000 520 3 100 
Total production 21 400 20 200 19 500 21 880 — 
Total utilization 25500 ' 28 300 31 800 34 600 34 600 





Table 18.18: Average annual consumption of cobalt in the 
Western World, t. 


1970- 1975- 1980- 
1974 1979 1984 
Western World 21500 19550 15900 16750 
North America 8 800 8 400 6900 7350 


Country 1985 


Europe 7600 6 800 5400 5500 
Japan 3 700 3 000 2000 2400 


Others 1150 1350 1400 1500 


18.10 Economic Aspects [23] 


Cobalt production and marketing depend 
very much on the situation in African coun- 
tries. In May 1978, the economic balance was 
upset by an invasion of the Shaba province in 
Zaire by a Katangan army. The result was a 
drop in cobalt production and a very sharp in- 
crease in its price. The dependence of the 
world’s cobalt supply on African producers is 
shown by the production data in Table 18.17. 
Western world cobalt production has been in- 
creasing at an average rate of 2.8% per year 
since 1950. Table 18.18 contains the con- 
sumption data for cobalt. In addition to pri- 
mary production, the recovery and recycling 
of cobalt has become important [24]. During 
the period 1960-1977, the cobalt price 
showed a moderate growth pattern of 2.8% in 
real terms. The 1960 and 1977 average pro- 
ducer prices of the metal were $3.3 and $13 
per kilogram, respectively. In the period 
1978—1979, the price of the metal rose to a 
maximum of $108 per kilogram and has since 
fallen; in early 1985, it was $24—27 per kilo- 
gram. 


Cobalt is regarded as a strategic metal in 
many countries, and a stockpile is held by the 


General Services Administration in the United 
States. 

Estimates of cobalt production suggest that 
in 1990 40 000 t of the metal will be produced 
in the Western World with a large fraction 
(68%) still originating in Africa. The outlook 
for cobalt supplies to the world market is rea- 
sonably satisfactory; reserves are large, but the 
production of cobalt depends on the working 
of cobalt-containing ores for other metals such 
as copper and nickel, which will have impor- 
tant economic effects in determining the ores 
from which cobalt will be produced in the fu- 
ture. 


18.11 Physiology and 
Toxicology [25-29] ` 


The wasting disease in sheep and cattle 
known as pine in Britain, bush sickness in 
New Zealand, coast disease in Australia, and 
salt sick in the United States is treated with vi- 
tamin B,4 This vitamin is a coenzyme in a 
number of biochemical processes, the most 
important of which is the formation of red 
blood cells. 

The acute rat toxicity І.Р, for cobalt pow- 
der is 1500 mg/kg and the TLV is 0.1 mg/m’. 
Prolonged exposure to the powder may pro- 
duce allergic sensitization and chronic bron- 
chitis. In 1977 NIOSH recommended that 
when the cobalt content of cemented carbide 
dusts exceeds 2%, the dust level should not 
exceed 0.1 mg/m? in air. Occupational cobalt 
poisoning is caused primarily by inhalation of 
dust containing cobalt particles and by skin 
contact with cobalt salts. Very few people 
have been affected by cobalt dust, but those li- 
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able to be affected must be protected ade- 
quately. Skin irritation and diseases caused by 
cobalt are extremely rare, but it is possible to 


distinguish two types: one appears as- 


erythema, which is normally found on the 
hands shortly after contact with cobalt espe- 
cially during warm weather; the other appears 
as eczema. However, this form of allergy does 
not appear until after many years of contact 
with cobalt compounds. 

Toxic effects have been observed from co- 
balt therapy for certain types of anemia. A sin- 
gle oral dose of up to 500 mg of cobalt 
chloride has resulted in severe toxic effects, 
but milder symptoms have been caused by 
daily intravenous injection of 5-10 mg. In 
some patients, cobalt has been shown to have 
a toxic effect on thyroid function. 

Over 100 cases of serious heart ailments 
appeared between 1966 and 1969 in Canada, 
the United States, and Belgium. They were fi- 
nally traced to cobalt sulfate that several brew- 
ers added to beer (0.075—1 mg/kg) to stabilize 
the froth. Apparently, chronic alcoholism 
combined with a lack of nourishment sensi- 
tized the hearts of those affected. The acute 
oral toxicities (LD; rats) for cobalt oxides, 
cobalt carbonate, cobalt chloride hexahy- 
drate, cobalt nitrate hexahydrate, and cobalt 
acetate tetrahydrate are 1750, 630, 766, 691, 
and 821 mg/kg, respectively [29]. 


18.12 Pigments 


Transparent Cobalt Blue. Cobalt blue, С.І. 
Pigment Blue 28:77346, is also produced as a 
transparent pigment by precipitating cobalt 
and then aluminum as hydroxides or carbon- 
ates from salt solutions using alkali. The hy- 
droxides or carbonates are then filtered, 
washed, dried, and calcined at 1000 °C [30]. It 
is Important to carry out the precipitation with 
high dilution and to distribute the alkali uni- 
formly throughout the entire reaction volume. 
Transparent cobalt blue pigments have the 
form of small tiles (primary particle size 20- 
100 nm, thickness ca. 5 nm, specific surface 
area (BET) ca. 100 m?/g). They are resistant to 
24. J. D. Donaldson, S. M. Grimes, Cobalt News 1984, 
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light and weather and are used in metallic 
paint, but are of little importance. 


Transparent Cobalt Green. Analogous to 
cobalt blue. a transparent cobalt green spinel, 
CL Pigment Green 19:77335, can be manu- 
factured. 

The green, as well as the blue transparent 
cobalt pigment, are used as filter materials for 
cathode ray tables (CRT) [31]. 
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19.1 Introduction 


Beryllium is the first element in the second 
main group of the periodic table. It is a light 
metal with hexagonal-closest-packed (hcp) 
structure. Both finely divided metal and the 
compounds have serious toxic effects on the 
lungs. In addition to the name beryllium, de- 
rived from the mineral beryl, this element with 
atomic number 4 was formerly called glucin- 
ium, chiefly in France, because of the pro- 
nounced sweetish taste of its salts. 


19.2 History 


In 1797 VauQueELin [1] discovered beryl- 
lium oxide while analyzing varieties of beryl 
including emerald and aquamarine. WOHLER 
[2] and Bussy [3], working independently, 
prepared elemental beryllium in 1828 by re- 
duction of beryllium chloride with potassium. 
In 1899 LeBeau [4] obtained beryllium crys- 
tals by electrolysis of molten sodium beryl- 
lium fluoride. Industrial production of 
beryllium began in 1916 in several countries. 
The publication in 1916 by OsreRHELD [5] of 
the phase diagrams of beryllium with iron, 
nickel, and copper led to the first important 
use of beryllium in 1931, namely, as an addi- 
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tive, about 2%, in age-hardenable copper al- 
loys [6]. 

The demand for beryllium increased 
around 1950 with the development of nuclear 
reactors because the nuclear properties and 
low density of beryllium seemed to indicate 
that the metal would be especially suitable for 
nonstationary nuclear reactors of the types 
used in airplanes, space craft, ships, and sub- 
marines [7, 8]. However, beryllium was a dis- 
appointment because it swells and becomes 
brittle when exposed to the simultaneous ac- 
tion of radioactivity\ and heat [9]. However, 
the increased researgh activity in beryllium 
technology associated with this period pro- 
duced significant advances in the chemistry, 
physics, and processing technology of beryl- 
lium [7, 10—14]. 

Since the end of the 1950s, there has been 
increased interest in beryllium as a structural 
material, especially in aeronautical and astro- 
nautical uses because its mechanical and ther- 
mal properties relative to weight are superior 
to those of all other materials [15-19]. Most of 
the beryllium produced today is used for mili- 
tary purposes. Greater use in the civilian sec- 
tor is hindered mainly by the high price, the 
toxicity, and the room-temperature suscepti- 
bility to brittle fracture of the metal. On the 
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other hand, beryllium oxide is finding increas- 
ing use in electrical engineering as an electri- 
cal insulator [20]. Beryllium properties, 


production methods, and applications have. 


been comprehensively reviewed recently [21]. 


19.3 Physical Properties 


The properties listed here were measured, 
for the most part, on commercial grades of be- 
ryllium. These contain various impurities and 
have various grain structures. Many grades 
currently available show little similarity to the 
grades commonly used only a few years ago. 


The most reliable values of the important 


physical properties of beryllium [10, p. 320; 
18, p. 201; 2236] are compiled below. On 
first glance the most outstanding characteris- 
tics of the metal are low density and high melt- 


ing point. 

Atomic number 4 
Atomic weight 9.0122 
Electronic structure 15225 


Atomic radius 
Atomic volume at 298 K 
Crystal structures 
hexagonal closest packed at 293 К. 
a 


112.50 pm 
4.877 cm?/mol 


228.56 pm 
c 358.22 pm 
cla 1.5677 


body-centered cubic at 1523 K 
a 


255.0 pm 

Melting point 1560 K or 1287 °C 
Boiling point 2745 K or 2472 °C 
Transformation point 1527 K or 1254 °C 
Density at 

298 К 1.8477 g/cm? 

1773 К 1.42 
Standard enthalpy 216 J/g 
Standard entropy 1.054 leit" 
Heat of fusion 1357 J/g 
Entropy of fusion 0.87 Jg! K! 
Heat of transformation 837 J/g 
Entropy of transformation 0.186 Jg !K"! 
Vapor pressure at 

X 5.7x107? MPa’ 

1000 K 4.73 x 107 

1560K 4.84x 10$ 
Specific heat at 

298K 1.830 Jg ^K"! 

700 К 2.740 


Thermal conductivity at 298 К 165+ 15 Wm'K? 


Linear coefficient of thermal 


expansion, 298-373 К 11.5х 105 K7 
Electrical resistivity at 298 К 431x10? Qm 
Magnetic susceptibility at 

93K -0.75 x 10? mike 

293 K -1.00 x 10° 
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573 К —1.20 x 10? 
Hall coefficient 2.4 x10? mAs! 


Thermoelectric voltageat298K ^ 25x10 VIE 
Photoelectric work function 3.92eV 
Compressibility 
isothermal 0.0883 x 1071? m?/N 
adiabatic 0.103 x 10719 
Speed of sound 12 600 m/s 
Surface tension at 
1557K 1.960 J/m* 
1773 К 1.100 


Volume contraction on solidification 3% 

The c-to-a ratio of hexagonal-closest- 
packed beryllium is very small and decreases 
with temperature [26]. The existence of the 
body-centered-cubic high-temperature modi- 
fication was disputed for many years but has 
now been demonstrated conclusively [24, 27]. 
The transformation point is slightly below the 
melting point [24—28]. The sum of the heats of 
fusion and transformation is given as 1641 J/g. 
which allows a heat of transformation of 284 
J/g to be estimated [28]. However, a much 
higher value, 837 J/g, was determined directly 
[18, p. 201]. 

The vapor pressure values in the literature 
show considerable variation, probably due to 
the variable formation of oxide and nitride 
coatings [37]. They were compiled by Hurr- 
GREN [28]. The high specific heat [28] and 
thermal conductivity (7, 10, p. 320; 31] are 
noteworthy. Low-temperature measurements 
show that the thermal conductivity perpendic- 
ular to the basal plane is greater than that par- 
allel to the basal plane [38]. 

The coefficient of linear expansion is com- 
paratively low. The values given in the litera- 
ture vary widely, a fact that can be attributed to 
differences in grain structure of the samples. 
This is shown by measurements on single 
crystals parallel and perpendicular to the basal 
plane (39] and on highly textured material per- 
pendicular and parallel to the pressing direc- 
tion [40]. 

The electrical resistivity between 40 and 
200 K is significantly lower than that of cop- 
per or aluminum [41]. Of course, the differ- 
ences among the reported values are 
particularly great for electrical properties [11, 
22, 31, 36, 42-45] because impurities are es- 
pecially important here, as has been clearly 
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shown by measurements of residual resistance 
in materials of different degrees of purity [46, 
47]. The information on the superconductivity 
of beryllium is contradictory. Some investiga- 
tors [22, 48] have found superconductivity at 
temperatures below 11 K, others [49] have 
found superconductivity only in thin films be- 
low transition temperatures between 7 and 
9 K, and still others [45, 50, 51] have been un- 
able to find superconductivity at all * 

Beryllium is diamagnetic, little work [33; 
34] has been reported on the magnetic proper- 
ties. The available measurements on the ther- 
moelectric force show considerable variation, 
probably a result of the experimental condi- 
tions and sample characteristics [7, 38, 52]. 

The reflexivity of beryllium is high, partic- 
ularly in the infrared region [53]. Beryllium 
transmits X-rays well because of its low 
atomic number. Even relatively. long-wave 
gamma rays cause beryllium to emit neutrons, 
on account of a (үп) reaction. Other nuclear 
reactions of beryllium and its most important 
nuclear properties [10, pp. 14, 328; 22; 53; 54] 
are given below and in Table 19.1: 

Magnetic dipole moment 5.9468 Ат? e 
Electric quadrupole moment 0.02 x 1074 ст? 
Binding energy of the last neutron 1.664 MeV 
Absorption cross section for thermal neutrons (0.025 eV) 
microscopic (б) 0.9 fm” 
macroscopic (£,) 0.0011 em 
Scattering cross section for epithermal neutrons 
microscopic (б) 610 fm* 
macroscopic (>) 0.76 cm” 

The nuclear reactions of beryllium with fast 
neutrons and hard ү rays do not result in long- 
lived radioactivity. However, additional neu- 
trons and gaseous reaction products may be 
produced. For example, bombardment with 
10” fast neutrons per cm? generated a total of 
23 cm? of gas per cm? of beryllium: 5% of this 
gas was tritium, the remainder was helium 
[56]. The gas was initially located at intersti- 
tial sites or at dislocations. Heating at 1170 K 
caused the formation of gas-filled pores at the 
grain boundaries and within the grains, which 
resulted in a decrease in density of 20%. The 
volume increase due to pore formation begins 


` at about 870 К. In addition to the formation of 


noble gases and tritium, normal radiation 
damage also occurs as a result of elastic colli- 
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sions of fast neutrons with beryllium atoms 
[7], but the effect of this radiation damage can 
hardly be separated from the effect of the gas 
formation. 

The moderator and reflector properties of 
beryllium for thermal and epithermal neutrons 
are also favorable [8, 9]. 


Table 19.1: Properties of beryllium isotopes. 


Isotope Half-life Radiation, MeV Source 
= ——_—_—_—_——_—_—_—_—_—__———2 
‘Be 0.45 = = 
"Be 53.5d Y SLi(d,n) 

0.453-0.485 рп) 
PB(p,d) 
°B(p,c) 
B(d,o,n) 
*Be L4x1075s a ?Be(y,n) 
0.055 ?Be(n,2n) 
?Be stable ==. — 
Ве 27х10а p °Ве(о,р) 
0.56-0.65 ?Be(dp) 
?Be(n,y) 
1°Ве(п,р) 
Vora 
ире S a __ 





Nuclear reactions of the stable isotope "Be: 

Gamma-ray bombardment ?Ве(ү,п)#Ве 

Neutron bombardment ?Ве(п,о)ёНе 
?Be(n.y)'?Be 
?Be(n,2n)*Be 


19.4 Mechanical Properties 


As in the case of other metals and alloys, 
e.g., aluminum or brass, the term beryllium is 
understood to mean a large group of different 
beryllium grades, whose properties differ to a 
greater or lesser extent as a result of differ- 
ences in recovery and processing. This is also 
the reason for the more or less large ranges for 
many properties. Nevertheless, the principles 
of the deformation modes are known, which is 
the bridge to an understanding of the mechani- 
cal behavior of polycrystalline beryllium. 

Beryllium deforms primarily on basal 


planes and secondarily on first-order prismatic 


planes. Slip systems with a nonbasal Burgers 
vector, e.g., second-order pyramidal slip, are 
difficult to activate, especially at room tem- 
perature. The strong anisotropy of flow 
stresses on the active slip systems is illustrated 
in Figure 19.1. The basal plane has a very low 
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surface energy and hence acís as a cleavage 
plane. One main reason for the brittleness of 
beryllium is the fact that the basal plane acts 
both as the cleavage plane and the slip plane 
[21, vol. I, pp. 7-114]. Twinning, which is a 
very important deformation mechanism in 
several hexagonal closed-packed metals, e.g., 
zinc, titanium, zirconium, does not play a sim- 
ilar role in beryllium. In beryllium, twinning 
acts more as a crack inducer or enhances crack 
propagation, rather than to increase the de- 
formability. 

In polycrystalline beryllium brittle fracture 
occurs even after comparatively low strain at 
room temperature [11, 15, 57—59]. 

The reason for this tendency toward brittle 
fracture is the preferred occurrence of basal slip 
due to the described strong deformational 
anisotropy, which induces microcracks [10, p. 
372; 60-62]. The brittleness can be reduced by 
purification of the material (e.g., to reduce ox- 
ide content) and special thermomechanical 
treatment (upset forging), which results in a mi- 
crostructure with a very small grain size [63]. 

The average modulus of elasticity of beryl- 
lium 1s unusually high, 320 000 MPa, and is 
strongly anisotropic [64, 65]: 269 000 MPa in 
the basal plane and 365 000 MPa perpendicu- 
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Figure 19.2: Mechanical properties of beryllium as a function of temperature. A) Modulus of elasticity of various grades 
of beryllium: a) Pressure sintered [66]; b) Cross-rolled cast material [66]; c) Extruded cast material [66]; d) Extruded 
P/M (powder-metallurgy) material [66]; e) Pressure sintered, 1% BeO [67]. B) Shear modulus and Poisson ratio of cross- 


rolled cast beryllium [66]. 


Shear modulus, MPa ——= 


Handbook of Extractive Metallurgy 


lar to the basal plane [28]. As a result the mod- 
ulus of elasticity of individual polycrystalline 
specimens shows considerable variation de- 
pending on the type of working, and thus on 
differences in microstructure (Figure 19.2A). 
The shear modulus decreases somewhat more 
rapidly than does the modulus of elasticity as 
the temperature increases. The Poisson ratio 
shows a corresponding increase with tempera- 
ture (Figure 19.2B). 
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Figure 19.1: Flow stress for basal, prismatic, and pyrami- 
dal c + a slip versus temperature [21, vol. I, pp. 7-114]. 
CRSS stands for critical resolved shear stress. 
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The deformational anisotropy and suscepti- 
bility to brittle fracture become lower as the 
temperature is increased [10, p. 372] so that 
beryllium is readily workable above 450 K 
[57]. However, the elongation of some com- 
mercial grades of beryllium decreases sharply 
in the temperature range 650—900 K, then in- 
creasing again [15, p. 3; 57; 58] (Figure 19.3, 
Curves a, b, and c). This decrease in elonga- 
tion at intermediate temperatures is caused by 
impurities. However, when the concentrations 
of aluminum, iron, and beryllium oxide are 
adjusted in a well-defined manner, the hot- 
working characteristics can be greatly im- 
proved by effective heat treatment [15, p. 112; 
68; 69] (Figure 19.3, Curve e). The preferred 
occurrence of basal slip during warm working, 
which is usually performed in the temperature 
range 670-1360 K, also results in a pro- 
nounced microstructure. This consists of a 
preferential orientation of the basal planes, 
e.g., parallel to the direction of extrusion or 
parallel to the rolling plane [12, p. 240; 15]. 
The microstructure strongly limits the basal 
slip at room temperature in the case of defor- 
mation parallel to this preferential direction'so 
that the susceptibility to brittle fracture in this 
direction of deformation is reduced. Consider- 
able elongation can be attained because of the 
preferred occurrence of prismatic slip. Perpen- 
dicular to the preferred direction of the basal 
plane the potential elongation is almost equal 
to zero because the direction of prismatic slip 
lies in the basal plane. 
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Figure 19.3: Elongation of various beryllium grades as a 
function of temperature: a) Cast, extruded [57]; b) Pres- 
sure sintered [15, p. 3]; c) Pressure sintered, impurities 
uncontrolled; d) Pressure sintered, Fe and Al content con- 
trolled; e) Pressure sintered, BeO, Al, and Fe content con- 
trolled [69]. 
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Improvement of the forming characteris- 
tics by grain refining during melting and cast- 
ing is possible only to a limited extent [10, p. 
136; 12, p. 55; 15, pp. 193, 237, 246; 58; 70— 
72]. The mechanical properties after powder- 
metallurgical processing are significantly bet- 
ter than those after casting, and material pro- 
duced by powder metallurgy is now used 
almost exclusively. 

The susceptibility of beryllium to cleavage 
fracture is significantly reduced under com- 
pressive load so that the deformation values of 
cast or pressure-sintered material are usually 
greater than 20%. The buckling strength is 
comparable to the yield strength; however, the 
compressive strength is significantly higher 
than the tensile strength (Table 19.2). 


Table 19.2: Strength values, MPa, of extruded beryllium 
measured in compression test [73]. 


Cast Pressure sintered 
Room , Room 
tempera- 670 К tempera- 670 К 
ture ture 
Two-tenths buck- 
ling strength 210 179 240 178 
Compressive 
strength 657 460 635 460 


19.5 Chemical Properties 


The two 2s electrons of beryllium are va- 
lence electrons. The first ionization potential 
(Be? — Ве? + e7) is 9.32 eV, and the second 
(Bet > Be?* + €) is 18.21 eV [74]. Although 
beryllium is almost always divalent in its com- 
pounds, it is far more similar to aluminum 
than to magnesium or calcium [7, 10, 11, 37, 
74, 75]. For example, like aluminum, it is am- 
photeric, and in humid air and water vapor 
forms a strongly adhering surface layer of ox- 
ide that prevents further oxidation up to about 
600 °C [37, 76]. Above 600 °C the oxide layer 
thickens, but oxidation that destroys the metal 
by break away does not occur below 700 ?C. 

The affinity of beryllium for oxygen is very 
great 


Ве, + O4, > ВеО 


AG). (J/g) =-66469 + 10.57+ 4.7 
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and beryllium is an excellent reducing agent. 
At temperatures > 900 °C it reacts violently 
with nitrogen or ammonia to form beryllium 
nitride, Deh, However, beryllium does not 
react with hydrogen, even at high tempera- 
tures, because the formations of the hydndes 
BeH, and BeH, which are difficult to prepare, 
are endothermic, and the hydrides rapidly de- 
compose at only slightly elevated tempera- 
tures. Below 500—600 °С beryllium is not 
attacked by dry carbon dioxide and is attacked 
only very slowly by moist carbon dioxide. Be- 
ryllium powder reacts with fluorine at room 
temperature, and at elevated temperatures it 
reacts with chlorine, bromine, and iodine and 
with sulfur, selenium, and tellurium vapor; in 
each case, beryllium bums with a flame. 


The adhering oxide film protects beryllium 
from attack by both cold and hot water. It also 
protects cold beryllium from attack by oxidiz- 
ing acids [76]. The stability of the film can be 
increased by addition of dichromate to the wa- 
ter to form a protective chromate layer as in 
the case of aluminum. Beryllium dissolves in 
dilute nonoxidizing mineral acids, accompa- 
nied by hydrogen evolution and salt forma- 
tion. In accord with its amphoteric nature it is 
also attacked by aqueous hydroxide accompa- 
nied by hydrogen evolution and beryllate for- 
mation. Since most beryllium compounds 
have a highly exothermic heat of formation, 
beryllium reduces the salts and the borates and 
silicates of many metals. For example, the 
only halides that are stable towards beryllium 
are those of the alkali metals and magnesium; 
all others are reduced by beryllium. Molten al- 
kali-metal hydroxides react explosively with 
beryllium. 


Beryllium forms several intermetallic 
phases with carbon; all transition metals; the 
alkaline-earth metals magnesium, calcium, 
and strontium; and the metalloids boron, ar- 
senic, tellurium, etc. [25]. Some of these 
phases have extensive homogeneity ranges 
and high melting points [77—79]. With very 
few exceptions, the solubility of metals in 
solid beryllium and vice versa is very low, 
even at high temperatures. The binary and ter- 
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nary beryllium systems were reviewed [21, 
vol. 1, pp. 235-305]. 


Beryllium is very stable towards liquid lith- 
ium, sodium, potassium, zinc, magnesium, 
cadmium, mercury, gallium, indium, tin, lead, 
antimony, and bismuth. Some of these metals 
do not dissolve beryllium at all, even at high 
temperatures, so long as oxygen is not present. 


If the melts contain metal oxides, the metal. 


oxides are reduced by beryllium with the for- 
mation of beryllium oxide. The layer of BeO 
formed in this way is not adherent and is re- 
moved by the melt, so that a fresh surface of 
beryllium 1s always available for reduction. 


Beryllium is very reactive in the liquid 
state, reacting with most oxides, nitrides, sul- 
fides, and carbides, including those of magne- 
sium, calcium, aluminum, titanium, and 
zirconium. 


19.6 Resources, Raw 
Material 


Beryllium is a rare element; its abundance 
in the earth's crust is about 6 ppm. However, it 
occurs in concentrated form in various miner- 
als. The total exploitable world reserves of be- 
ryllium are estimated at 200 000 tons. 


"Ihe first beryllium mineral commercially 
exploited was beryl, 3BeO-Al,0,-68i0,, тр 
1650 °С, p 2.67-2.76 g/cm°, hardness of 7.5— 
8 on the Mohs' scale, optically negative with 
weak double refraction, n = 1.57—1.60. It crys- 
tallizes in hexagonal prisms, which are often 
very large in size; indeed, crystals weighing 
several tons have been discovered. It is found 


in mica schist, granite, pegmatite, and argil-. 


lite. The crystals often show signs of weather- 
ing, and only rarely do they have the ideal 
composition. Beryl contains about 11% beryl- 
lium oxide (4% Be) and is often obtained as a 
by-product of feldspar quarrying. The largest 
deposits are found in Brazil, Argentina, India, 
Mozambique, Madagascar, Uganda, Zimba- 
bwe, South Africa, and the USSR. In addition 
to the aluminum oxide and silicon dioxide, 
principal impurities in the ores include alkali 
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metals, alkaline-earth metals, iron, manga- 
nese, and phosphorus. 


Until the late 1960s, beryl was the only be- 
ryllium mineral having industrial importance. 
In 1969 Brush Wellmann Inc. began the pro- 
cessing of bertrandite ores in Utah. This is 
presently the most important commercial be- 
ryllium mineral. Its formula is 4BeO- SiO, 
H,O, but ores contain only 0.2-0.35% Be [19, 
p. 21]. Chrysoberyl, BeO-ALO,; phenakite, 
2BeO-SiO;; euclase, BeA1SIO,(OH); and the 
precious varieties of beryl, emerald and aqua- 
marine, are highly prized as gemstones. About 
40 other beryllium-bearing minerals are 
known. 


19.7 Production 


Since the density of beryl is close to that of 
quartz, concentration by density is not possi- 
ble. Hand sorting has been the chief means of 
separation. Flotation is successful only for a 
few ores [80]. An automatic machine, the 
Beryl Picker, has been used recently [81]: the 
ore is first y-irradiated to render the beryllium 
atoms radioactive, *Be(y,n)*Be. The beryl 
crystals are then selected out by a sorter 
guided by a neutron counter [82]. 

The recovery of beryllium from both beryl 
and bertrandite includes several stages. The 
ores are first converted to an acid-soluble form 
by fusion. Complex chemical processes are 
then used to obtain comparatively pure beryl- 
lium hydroxide or oxide and then beryllium 
chloride or fluoride. These halogenides are re- 
duced to metallic beryllium with other metals 
or by melt electrolysis. The beryllium metal 
obtained is subjected to one or more refining 
processes and then to further treatment by 
powder metallurgy or in some cases fusion 
metallurgy [7, 10-12]. 


19.7.1 Processing of Beryl 


Beryl is treated mainly by the sulfate and 
fluoride processes. The chloride process is a 
direct, inexpensive process for recovering be- 
ryllium chloride for electrolysis [10, p. 102]. 
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Other processes are not used because of prob- 
lems with reactions and apparatus [11, 83]. 


Sulfate Process. First the beryl, which is only 
slightly soluble in sulfuric acid even under 
such extreme conditions as heating for several 
hours in an autoclave at 400 ?C, is subjected to 
either an alkali or a heat treatment. 


The aikali treatment corresponds to the 
usual silicate treatment of analytical chemis- 
try: finely ground beryl is heated until fusion 
or sintered below the melting point with a suf- 
ficient quantity of alkaline flux. Suitable alka- 
les include hydroxides or carbonates of 
sodium, potassium, and calcium; mixtures of 
these carbonates; calcium oxide; borax; lead 
chloride; and sodium sulfate and charcoal. 
The mechanism of the fusion is still not fully 
understood [84]. The ratio of flux to beryl de- 
pends on the operating conditions, especially 
the temperature: the higher the temperature 
the less flux. For alkali treatments involving 
molten material, gas-heated or oil-heated ro- 
tary furnaces or blast furnaces are suitable. 
Rotary kilns, muffle furnaces, or tunnel kilns 
are used for sintering. 

In the heat treatment the beryl is melted 
(mp 1650 °С) without additives and then 
quenched in water. After this treatment about 
50-60% of the beryl has a greater solubility in 
sulfuric acid. The rest of the beryllium oxide 
forms a solid solution with silicon dioxide that 
is not attacked by sulfuric acid. At 900 °C this 
solid solution separates into its components, 
and a heat treatment at this temperature pro- 
duces a free beryllium oxide that is soluble in 
sulfuric acid. Such a two-stage heat treatment 
renders a total of 90-95% of the beryl soluble. 


The heat-treated beryl is extracted with hot 
concentrated sulfuric acid, whereas alkali- 
treated beryl is extracted with cold sulfuric 
acid. In the second case there is no heating 
cost, but the total consumption of acid-is 
greater because of the alkali added. The liquor 
is diluted with water, and the insoluble silicon 
dioxide separated by filtration. At this point 
the filtrate contains not only beryllium and 
aluminum sulfate but also considerable quan- 
tities of iron sulfate and smaller amounts of 
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other impurities, all of which must be removed 
before precipitation of beryllium hydroxide. 
Examples of the many separation methods 
[11] include the alum separation, the ammo- 
nium carbonate separation, and the chelate 
separation. 


In the alum separation excess ammonium 
or potassium sulfate is added to the hot sulfate 
solution. Upon cooling, all the aluminum pre- 
cipitates as alum and can be separated from 
the beryllium sulfate solution in a centrifuge. 
The filtrate is diluted and then oxidized with 
potassium permanganate. It is then heated to 
the boiling point, and calcium carbonate slurry 
1s added until a pH of 3.8—4.2 is reached. This 
causes iron and manganese to precipitate as 
the hydroxides and calcium to precipitate as 
calcium sulfate dihydrate. The beryllium hy- 
droxide is then precipitated by addition of am- 
monia. 


In the ammonium carbonate separation the 
liquor obtained from the fusion treatment is 
treated with saturated ammonium carbonate 
solution to precipitate aluminum, iron, and 
other heavy metals as hydroxides, which are 
then separated by filtration. The filtrate, which 
contains the soluble beryllium hydroxide, is 
concentrated by boiling to precipitate readily 
filterable sparingly soluble basic beryllium 
carbonate, which is converted to low-density 
beryllium oxide by calcining at low tempera- 
tures. 


In the chelate separation iron and alumi- 
num are chelated, e.g., with ethylenediamine- 
tetraacetic acid. The beryllium can be 
precipitated as hydroxide, while these com- 
plexes remain in solution. 


If the separation process does not lead di- 
rectly to fine-grained, readily filterable beryl- 
lium hydroxide or oxide, the fusion liquor is 
adjusted to pH 7.5 with ammonia or sodium 
hydroxide and then heated to 95-98 °C. A 
crystalline, readily filterable beryllium hy- 
droxide is obtained under these conditions. At 
lower pH gelatinous hydroxide is obtained; at 
higher pH, amorphous hydroxide is obtained 
[11]. If the temperature is too low, the crystal- 
line hydroxide forms too slowly. 
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Brush Wellman Inc., the world’s largest be- 
ryllium producer, has fully automated its pro- 
cess, called the caustic process. This process 
uses a heat fusion treatment and is character- 
ized by low consumption of sulfuric acid, reli- 
able separation of iron and other heavy metal 
impurities by combined alum and chelate sep- 
aration, and recovery of an easily filterable be- 
ryllium hydroxide by hydrolysis of the sodium 
beryllate [10, p. 71]. | 


Fluoride Process. In the fluoride process 
beryl is melted or sintered at = 700 °C with so- 
dium hexafluorosilicate. Only the beryllium 
oxide is converted to a water-soluble salt; alu- 
minum oxide, silicon dioxide, and other impu- 
nities are essentially unattacked [83, 85]: 
2(3BeO- Al,O,-6SiO,) + 6Na,(SiF,) > 
6Na,BeF, + 2ALO, + 15510, + 3SiF, 

The formation of other beryllium salts 
(NaBeF,, ВеЕ,) is not observed. Water-solu- 
ble Na,AIF; may also be formed in small 
amounts. 

Other suitable extracting agents are hydro- 
gen fluoride at 630 °C, molten fluorides, other 
fluorosilicates, or silicon tetrafluoride [86]. 
Rotary kilns are used for reaction with the 
gases; the solid mixtures arc briquetted and 
sintered in muffle furnaces or tunnel kilns. 

The sodium hexafluorosilicate needed for 
the fluoride process is relatively expensive. 
However, consumption can he greatly reduced 
by adding sodium fluoride [87] or sodium car- 
bonate [88], which traps and thus “recycles” 
the liberated silicon tetrafluoride. 

The sodium fluoride remaining in solution 
after precipitation of the beryllium hydroxide 
can also be recovered. Sodium hexafluorofer- 
гаіе(П1) is obtained by precipitation with 
iron(II) sulfate [89] and can be used instead 
of sodium hexafluorosilicate. 

The reaction product must be leached with 
water at room temperature because silicon di- 
oxide 1s attacked by fluoride solutions at ele- 
vated temperatures. On the other hand, the 
leaching must be performed as rapidly as pos- 
sible because otherwise the beryllium salt that 
is already dissolved will precipitate [11] and in 
this form it is sparingly soluble, unlike the 
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form which is present in the original fusion 
product. In order to obtain beryllium hydrox- 
ide the solution is made alkaline with NaOH. 
Beryllium hydroxide precipitates when the so- 
lution is diluted with water and then boiled. 
The fluoride process is being tested in a pilot 
plant by Bhabba Atomic Research Centre, In- 
dia [90]. 


Chloride Process. At temperatures ‘above 
630 °C the components of beryl can be ex- 
tracted in a stream of chlorine; reducing con- 
ditions greatly enhance the yield: 


3BeO- Al,O,-6SiO, + 18СІ, + 18C > 
3BeCl, + 2AICI, + 6SiCI, + 18CO 


In practice a mixture of pulverized beryl 
and carbon is either heated near 800 °C in a 
stream of chlorine [91, 92] or melted in an 
electric-arc furnace In the second case the car- 
bides that form are chlorinated [93, 94]. The 
reaction can also be carried out with gases that 
contain chlorine, such as hydrogen chloride 
[83], carbon tetrachloride [95], sulfur chloride 
[83], or phosgene [96, 97]. The volatile chlo- 
rides are separated by fractional condensation 
or liquid-liquid extraction with sulfur dichlo- 
ride, sulfuryl chloride, phosphorus trichlo- 
ride, phosphorus oxychloride, boron chloride, 
carbon tetrachloride, or phosgene [83]. 


Reducing chlorination of the beryllium hy- 
droxide or oxide obtained in the sulfate or flu- 
oride process gives beryllium chloride, the 
starting matenal for the electrolytic produc- 
tion of beryllium. 


19.7.2 Processing of Bertrandite 


The beryllium-poor bertrandite ores (€ 0.5— 
0.8% BeO) discovered in the United States in 
1960 cannot be economically smelted by con- 
ventional methods. A new process was there- 
fore developed by Brush Wellman Inc., called 
the SX-Carbonate process (Figure 19.4) [98, 
99]. This process produces a very pure beryl- 
lium hydroxide (Table 19.3) by liquid-liquid 
extraction with organic phases [74]. 
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Table 19.3: Typical analyses of beryllium hydroxide ob- 
tained by two processes, ppm, with respect to BeO [98, 
99]. 


Element SX-Carbonate process Caustic process 


АГ 200 3000 
Fe 200 1300 
Cr 50 125 
Li 70 300 
Mg 100 6000 
Mn .10 900 
Ni 10 „30 
Ма 500 10000 
Са 200 800 
Си 5 25 
Si 100 1500 
Zn 20 700 


Unlike beryl, bertrandite is soluble in sulfu- 
пс acid without pretreatment. The insoluble 
residue (SiO,, etc.) and the aluminum content, 
which precipitates as an aluminum alum, are 
removed. The sulfate solution, pH = 0.5, then 
contains the berylium and also aluminum, 
calcium, iron, sodium, and traces of other ele- 
ments. 


The sulfate solution is extracted with a 0.3 
M solution of ammonium di-2-ethylhexyl 
phosphate/di-2-ethylhexyl phosphoric acid/ 
kerosine (DAP) in a five-stage mixer at = 
50 °C. In the first mixer the pH is about 2, and 
after the last stage it is about 5.5. The acid 
strength is adjusted in a well-defined manner 
in each stage by means of the ratio of the am- 
moniacal to the acid component of the organic 
phase. Beryllium, aluminum, and iron enter 
the organic phase almost quantitatively, while 
the other impurities remain in the sulfate solu- 
tion. Following separation of the two liquid 
phases, the metal ions are removed from the 
organic compounds by a 3.0-3.5 m ammo- 
nium carbonate solution in a two-stage mixer. 
This results in the formation of a basic beryl- 
lium carbonate ‘solution, which is actually a 
slurry since it contains precipitated aluminum 
hydroxide (the ABC slurry). The organic 
phase, which is now free of metal ions, is re- 
turned to the process after purification. Iron is 
precipitated from the ABC slurry by heat 
treatment, 45 min at 85 °C, and filtered off 
with the aluminum hydroxide. The beryllium 
Temains in solution as basic carbonate. 


964 


Raw material and Operation 
additives 





Bertrandite ore 


Sulfatization 





Sulfuric acid (conc) 





{NH,),S9, soln. 
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Final product 
and byproducts 


Intermediate products 


Slurry 





Sulfate solution: 
Be AL, Fe, Ca, Mg. Na, etc. 


Filtration Ammonium alum 
PON soln, af pH0.S 


DAP* soln. DAP-SX process: 50°C, 
5-stage mixer, pH 2—5.5 
Mixing + settling 
Heating: L5min, 75°C 
Filtration 


Hydrolysis: 140-160°C, 
1.0-1.4 MP2 





(NH,),CO3 soin. - 


Filtration 










Aq. (№Н,),50, soin impurities 
Organic phase (Be,Al,Fe) ` 
NH,-DAP* soln. 


ABC slurry: basic beryllium 
carbonate soln.« AUOH), 


Slurry (Fe and Al hydroxides) 


ABC soln. 
СО), NH3, Н,0 


Beryllium 


Ammonia water hydroxide 


Figure 19.4: Flow diagram of the SX-Carbonate process (Brush Wellman Inc., USA) [98-99]. DAP is the abbreviation 
for the solution ammonium di-2-ethylhexyl phosphate—di-(2-ethylhexyl) phosphoric acid-kerosine. 


The specified time must be observed as 
closely as possible: if the heat treatment is too 
short, iron is only partially precipitated. If it is 
too long, the beryllium loss will be too great. 
Even so, about 2% of the beryllium is copre- 
cipitated and about 4-6% is contained in the 
hydroxide filter cake. Half of the beryllium 
can be separated by careful washing. The re- 
mainder is recovered by dissolving the precip- 
itate in sulfuric acid, extracting the iron with 
an organic phase, and recycling the beryllium- 
and aluminum-containing sulfate solution to 
the process before the alum precipitation. 


The basic beryllium carbonate solution sep- 
arated from the ABC slurry by filtration is de- 
composed in an autoclave (140—160 °C, 1.0- 
1.4 MPa) into ammonia, carbon dioxide, and a 
beryllium hydroxide that is easily filtered off 
and that is quite pure (Table 19.3). The ammo- 
nia and carbon dioxide are used to produce 
ammonium carbonate, which is returned to the 


process. The ABC slurry can be treated addi- 
tionally to further reduce the concentration of 
impurities, e.g., to reduce the iron content to 
less than 50 ppm. For this reason beryl ores 
are today also treated by the SX-Carbonate 
process, following the usual heat treatment. 


19.7.3 Production of Reducible 
Compounds 


The most important metal production pro- 
cesses are based on reduction of beryllium flu- 
oride by magnesium ‘and beryllium chloride 
by melt electrolysis. Therefore, the beryllium 
hydroxide or oxide obtained from the fusion 
process must he converted into one of these 
halides. 


.Beryllium Fluoride. First beryllium hydrox- 


ide is dissolved in an ammonium hydrogen 
fluoride solution. The resulting ammonium 
tetrafluoroberyllate 1s dissociated to such a 
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small extend in the solution that the pH can be 
varied over a wide range without beryllium 
hydroxide precipitating. Impurities can thus 
be precipitated relatively easily as hydroxides. 
Aluminum is precipitated as hydroxide by in- 
creasing the pH to 8.3. Chromium and manga- 
nese are precipitated by oxidation with lead 
dioxide, and manganese is precipitated by oxi- 
dation with lead dioxide and manganese diox- 
ide. Copper, nickel, and lead are precipitated 
as sulfides. 

Ammonium tetrafluoroberyllate is freely 
soluble in water. When concentrated by evap- 
oration, it crystallizes without water of hydra- 
tion. Above 130?C it dissociates into 
ammonium fluoride and beryllium fluoride. 
Between 900 and 1100 °C ammonium tet- 
rafluoroberyllate dissociates into gaseous be- 
ryllium fluoride and gaseous ammonium 
fluoride. The latter can be recycled to the pro- 
cess as ammonium hydrogen fluoride by dis- 
solution in aqueous hydrogen fluoride. 
Cooling produces beryllium fluoride as vitre- 
ous grains [10, p. 71; 100]. 


Beryllium Chloride. Beryllium chloride can 
be prepared either directly from beryl by the 
chloride process or by chlorination of beryl- 
lium oxide under reducing conditions [101]. 
Beryllium chloride is especially well 
suited for purification by distillation in a 
stream of hydrogen [10, p. 102] and fractional 
condensation [102]. The significantly lower- 
boiling chlorides of aluminum, silicon, and 
iron(II) can be separated by careful tempera- 
ture control Iron(II) chlonde, which is re- 
duced by hydrogen, stays in the residue. 


19.7.4 Metal Production 


The chief difficulties involved in the pro- 
duction of beryllium metal are the reactivity 
and high melting point of the metal and the ex- 
treme stability of the oxide. Of the many pos- 
sible methods of producing beryllium [10, 11, 
84] two are used in industry presently: fusion 
electrolysis and reduction of halides by met. 
als. 

Only calcium is able to reduce the ex- 
tremely stable beryllium oxide directly under 
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standard conditions. However, calcium forms 
the very stable intermetallic compound CaBe 
[103]. Reduction of BeO with titanium, zirco- 
nium [104], or carbon [105] at high tempera- 
tures is theoretically possible: the volatile 
beryllium would have to be distilled off from 
the reaction zone immediately. However, this 
method is not used. 


Reduction with Metals. The most important 
industrial process is the reduction of beryllium 
fluoride with magnesium [10, p. 71; 106- 
109], the process presently used by Brush 
Wellman Inc. 

The reaction is started by heating a mixture 
of relatively coarse-grained beryllium fluoride 
and magnesium in a graphite crucible. At a 
temperature of about 1300?C the reaction 
produces a mixture of beryllium pebbles and 
magnesium fluoride. The reaction cannot be 
performed without external heating because 
the heat of reaction is not great and because 
the beryllium fluoride must be processed in 
the form of relatively large particles due to its 
toxicity and hygroscopicity. Normally about 
70% of the stoichiometric quantity of magne- 
sium is used. In this way a readily water-solu- 
ble beryllium magnesium fluoride slag, easily 
separated from the coarse-grained beryllium, 
is produced. The unreacted beryllium fluoride 
is separated from the magnesium fluoride and 
returned to the process. 

The reaction of beryllium chloride with 
magnesium or sodium or the reaction of beryl- 
lium fluoride with sodium cannot be carried 
out in the same way. Sodium is more difficult 
to work with because of its low boiling point 
and its reaction with graphite. Beryllium chlo- 
nde (bp 520 ?C) is too volatile. The reduction 
of beryllium chloride with sodium in the vapor 
phase at 250 °C is the only process developed 
to the production stage [110—112]. However, 
this process does not currently have any eco- 
nomic importance. 


Fusion Electrolysis. All practical electrolytic 
methods of production are based on the de- 
composition of beryllium fluoride, beryllium 
oxide, or beryllium chloride mixed with ha- 
lides of the alkali metals or alkaline-earth met- 
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als [83]. These main group I and П halides аге 
necessary to form a stable melt electrolyte 
with good conducting properties — the molten 
beryllium halides are covalently bonded and 
thus poor electrical conductors. In addition, 
only beryllium fluoride has a sufficiently large 
interval between melting point and boiling 
point at almospheric pressure. 

The clectrolysis of the fluoride was devel- 
oped by A. Stock, Н. богрзснмірт [113], Sie- 
mens & Halske [114], and the Beryllium 
Research Society. The electrolysis was carried 
out above the melting point of beryllium, at 
1290—1400 °C. These methods and the similar 
methods of J. Dickinson [115] and A. C. Viv- 
1AN [116] are now obsolete. 

The electrolysis of beryllium chloride [117] 
can be carried out at temperatures so low that 
the metal neither melts nor oxidizes. The be- 
ryllium is obtained as solid flakes, which are 
scparated by washing out the electrolyte. 

Mixtures of approximately equal parts of 

beryllium chloride and sodium chloride are 
electrolyzed at = 350-400 °C. The composi- 
tion of the electrolyte is held as constant as 
possible. The apparatus consists of two identi- 
cal nickel vessels hanging in electric furnaces. 
The crucible covers are fitted with the connec- 
tions. One of the covers contains the anode 
and can be placed alternately on each crucible, 
the crucibles themselves serve as cathodes. 
During electrolysis (4—6 V, 0.08 A per cm? of 
cathode surface area) the metal is deposited as 
flakes on the cathode wall. When the beryl- 
lium chloride concentration in the melt has 
fallen to 45%. the melt is siphoned into the 
second crucible, in which beryllium chloride 
and sodium chloride have previously been 
melted down in quantities corresponding to 
the quantities consumed by tlie electrolysis in 
thc first crucible. In this way the bath is again 
given ils original composition. The crucible 
covers are then exchanged, and electrolysis is 
started in the second crucible. The chlorine 
generatcd at the anode during electrolysis is 
collected and used in the production of beryl- 
lium chloride. 

Tlie equipment for this process was devcl- 

oped by Degussa. Since the Second World 
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War this process has been used by Pechiney 
Cie. Chloride electrolysis was also used in 
France by Tréfimétaux G.P., a joint subsidiary 
of Pechiney Cie. and Kawecki Berylco Ind. 
Inc., and by NGK Insulators in Japan. It was 
used in slightly modified form by Murex Ltd., 
England [10]. It is also used in the former So- 
viet Union [118]. 


19.7.5 Refining and Further 
Processing 


The as-reduced beryllium pebbles or flakes 
still contain many impurities and have io be 
refined before they are used to fabricate struc- 
tural pieces. The main impurities in eleclro- 
lytic beryllium are sodium and chlorine. The 
main impurities in beryllium from the magne- 
sium reduction process are magnesium and 
magnesium fluoride. Other impurities include 
beryllium oxide, carbon, and metals, the most 
important being aluminum, iron, and silicon. 
Typical analyses of magnesium-reduced be- 
ryllium and electrolytic beryllium (CR flakes, 
Pechiney Cie.) are given in Table 19.4. Some 
of the impurities have adverse effects on the 
mechanical properties and corrosion of beryl- 
lium or are reactor poisons. Commercial 
grades of beryllium are refined exclusively by 
vacuum melting in beryllium oxide or magne- 
sium oxide crucibles and casting in graphite 
ingot molds, The ingots weigh ~ 200 kg. Their 
surfaces are machined (skinned) to remove the 
high carbon content material adjacent to the 
mold wall. 

The melting of magnesium-reduccd beryl- 
lium in a high vacuum produces a dcgree o£ 
purity comparable to that of electrolytic beryl- 
lium. Melting the electrolytic flakcs in a vac- 
uum further reduces the content of halides and 
low-boiling metals. A very pure grade of be- 
ryllium, particularly with respect to the con- 
tent of oxide, aluminum, iron, silicon, carbon, 
and halides, can be produced by electrolytic 
purification (SR flakes, Pechiney Cie.). Other 
methods, such as vacuum distillation [10, 11, 

18, 119-123], zone melting [18, 47, 124, 125], 
or liquid—metal extraction [18] have been used 
in the laboratory only. 
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Table 19.4: Composition of beryllium produced by vari- 
ous methods, ppm [12]. 








Element Mg-reduced, Electrolysis 
coarse-grained CR flakes SR flakes 
O ` — 2300 500-800 
Al 400 < 200 60 
Fe 500 300 50 
Ni 100 . 150 30 
Si 50 75 30 
B == 2 2 
Cr 100 20 *5 
Mn 100 60 30 
Ca — 200 30 
: Mg 15 000 50 30 
Na — 300 — 
C 300 .300 150 
F 20 000 — — 
СІ — 1000 700 
Be, ?6 96.0 96.5 99.87 


Melting and Casting. The main purpose of 
melting and casting of beryllium is purifica- 
tion (see above); the production of semifin- 
ished goods is of secondary importance [12, p. 
55]. The reason for this is that parts produced 
from castings have significantly poorer prop- 
erties, even after working, than parts made by 
powder metallurgy. Cast flaws due to gas evo- 
lution during solidification and transcrystal- 
line microcracks [10, p. 136; 15, p. 677] 
caused by cooling stresses cannot be pre- 
vented, even though they can be greatly re- 
duced by mold design and construction [126]. 
Another significant disadvantage is the 
coarse-grained texture that develops during 
solidification, resulting in poor mechanical 
properties not improvable by thermomechani- 
cal treatment [10, p. 136; 12, p. 55; 15, pp. 
193, 237, 246; 71, 72]. Fairly often crystals 
several centimeters in length are observed af- 
ter induction melting [12, p. 55], and often 
crystals several millimeters in length are ob- 
served after electric-arc melting [15, pp. 677, 
687; 126]. No effective grain-reducing agent 
1s known [126]. 


Powder Manufacture. Beryllium was first 
worked by powder metallurgy in 1946. Since 
then many methods of powder production and 
compaction capable of producing ductile be- 
ryllium parts with good high-temperature 
strength have been studied and tested [12; 21, 
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vol. 2, pp. 13—29; 127]. However, the concen- 
tration of impurities is increased during pow- 
der-metallurgical working. Atmospheric 
oxygen and nitrogen, as well as iron and car- 
bon from the mechanical working of the mate- 
rial into powders, are especially important. 
Above all, there is an increase in the oxide 
content as the grain size 1s decreased, i.e., as 
the specific surface increases. On the other 
hand, the oxide is desirable in certain ¢ircum- 
stances because it increases strength and in- 
hibits grain growth. 

Powder manufacturing starts with cast in- 
gots of inherently coarse grain size character- 
ized by low ductility and resistance to fracture. 
These ingots are chipped with a lathe. The 
equipment is heavy duty: a multipoint tool can 
chip a 65-kg ingot in a single pass. These rela- 
tively coarse chips must be grouud, or other- 
wise comminuted to finer particle sizes. 

The first milhng method commercially em- 
ployed was rotary grinding between one sta- 
tionary water-cooled and опе rotating 
beryllium disk. The coarse chips were fed 
through a central hole in the stationary disk, 
and the fine powder emerged peripherally. The 
mill was enclosed into a sealed system to min- 
imize contamination of the powder and to pro- 
tect the environment from the toxic beryllium 
dust. This method was the standard for many 
years. Almost everywhere it has now been re- 
placed by the impact attrition mill. 

Within the impact attrition mill the coarse 
powder is fed into a gas stream, accelerated 
through a nozzle and impacted against a beryl- 
lium target. The morphology of the powder 
particles comminuted by this process is more 
spherical and less flat than disk-milled pow- 
der. Therefore, the mechanical properties of 
impact-ground powder compacts are more 
uniform. Because of the improved isotropy 
and a lower amount of inclusions and impuri- 
ties the elongations of beryllium grades pro- 
duced from impact-attrition material are 
higher. 

Another commercial production process is 


` ball-milling. It is used for high-oxide ultrafine 


powder (2:5 рт), which is made especially for 
instrumentation uses. The high microyield 


968 


strength specified for such qualities is pro- 
vided by the fine particle size and the high ox- 
ide content that strengthen the grain 
boundaries within the unpacked material. Be- 
cause ball-milled powders are flat, like the 
particles produced by rotary grinding, they are 
difficult to handle and cause anisotropic phys- 
. ical and mechanical properties in the com- 
pacted beryllium billets. 


Other powder production methods, like 
fluid-energy milling, disintegration of beryl- 
lium melts by gas atomization, rotating elec- 
trode process, or centrifuged shot-casting, 
have been used only in the laboratory [21, vol. 
2, pp. 13-29]. Nevertheless, some of these 
processes may be used to produce commercial 
beryllium powder within the foreseeable fu- 
ture. 


Powder Consolidation. Vacuum hot pressing 
of beryllium powder in graphite or steel dies is 
by far the most important commercial consoli- 
dation process. The powder is either dynami- 
cally compacted in the die or prepressed under 
cold isostatic conditions. After the die has 
been heated to 1000—1200 °C, a pressure of 
1.4-10 MPa is applied. In this way billets up 
to 1.80 m in diameter. and 6 t in weight, with 
relative density of nearly 100%, have been 
manufactured. 


Hot isostatic pressing is used to produce 
more complicated parts with improved isotro- 
pic properties. The powders are either directly 
consolidated in a one-step process or precon- 
solidated. In preconsolidation the powder is 
prepressed at 210-700 MPa under cold iso- 
static conditions in rubber containers, the cold 
compact degassed at 650 °C, and the compact 
pressed isostatically for 2—3 h at 70 MPa and 
760 °C in evacuated stainless steel containers 
[128]. 

The combination of cold pressing and sin- 
tering has been applied in the production of 
special parts, e.g., aircraft brake segments. 
Preforms may be sintered using mandrels to 
limit distortion and give better shape control. 
Sintering is usually carried out in a vacuum, 
which ensures better consolidation and higher 
densities than those achieved in argon. 
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The hot-pressed ingots are worked into 
semifinished goods or finished parts by ma- 
chining, rolling (760-870°C), extrusion 
(900-1090 °C), drawing (400-430 °C), deep- 
drawing (710—760 °C), forging, and compres- 
sion (400—430 °C) [13, 14]. 

During hot deformation the beryllium is 
usually enclosed in a steel container. Working 
with such “canned” material greatly simplifies 
the operation because the workpieces need not 
be in a vacuum and need to be heated only 
slightly or not at all. The steel cover reduces 
oxidation and surface damage, improves lubri- 
cation, and produces a uniform temperature 
distribution in the workpiece. Although hot- 
deformed parts are usually less expensive than 
machined parts, they have highly anisotropic 
properties, with the favorable values in the di- 
rection of material flow during deformation 
and the less favorable values perpendicular to 
this direction. Cross-rolling produces uniform 
properties, e.g., in the sheet plane. Other pro- 
cesses used only in special cases are slip cast- 
ing [21, vol. 2, pp. 13-29; 127; 129; 130], 
spark sintering [131], sinter forging [12, p. 
102; 132], plasma injection [133], and isos- 
tatic hot-pressing [128]. 


Production of Single Crystals. The first com- 
prehensive work on beryllium single crystals 
was done in the early 1950s [10, p 372; 134- 
137]. These crystals were used mainly for in- 
vestigations of the mechanical and cleavage 
fracture behavior of beryllium and were pro- 
duced only in the laboratory. They were grown 
by slow solidification from the melt in a cruci- 
ble [10, p. 372; 137], direct crystallization 
from vapor [138], and crucibleless zone melt- 
ing [134, 139-145]. Efforts to produce beryl- 
lium single crystals using the Bridgeman 
method were unsuccessful [146]. 


` During the late 1970s it was recognized that 
beryllium would be the most efficient matenal 
for neutron monochromators, both because of 
its excellent nuclear properties and its excel- 
lent crystallographic properties [147, 148]. 
Many attempts to obtain beryllium single 
crystals with monochromator qualities failed 
[146, 149-152], but recent improvements in 
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equipment and technique have opened a new 
field that will likely lead to single-crystal 
manufacturing on an industrial scale. 

Crystals with a diameter of 15 mm having a 
proper substructure can be grown by crucible- 
less zone melting at a rate of I mm/min. The 
application of the necking technique is inevi- 
table. A modified double-ellipsoid mirror fur- 
nace, originally developed for crystal growth 
experiments during spacelab missions; is used 
[153]. The mosaic spread of the as-grown be- 
ryllium crystals can be increased from a few 
minutes to any desired value by plastic defor- 
mation on prismatic planes [154]. 


19.8 Environmental 
Protection 


Because of the toxicity of beryllium vapor 
‘and dust, all operations should be carried out 
in properly ventilated rooms, and with vented 
equipment. Source exhaust has been found to 
be most effective [155—157]. In the presence 
of poorly controlled high workplace concen- 
trations, fine-dust masks with filters of the 
specific safety level must be wom. The fol- 
lowing limits have been recommended by the 
U.S. Atomic Energy Commission and the 
American Conference of Governmental In- 
dustrial Hygienists as a guideline for control- 
ling beryllium hazards: 

e In-plant atmospheric concentration should 
not exceed 2 g/m” throughout an 8-h work- 
ing day. 

e A brief exposure should not exceed 25 
ролт? 

e In the neighborhood of a plant handling be- 
ryllium the average monthly concentration 
should not exceed 0.01 ug/m?. 

In order to meet these safety regulations the 
plant exhaust air has to be efficiently filtered 
before it is discharged into the atmosphere. All 
persons employed in processing areas with 
high risk potential for beryllium dust exposure 
are advised to wear shop-laundered work 
clothes to prevent neighborhood contamina- 
tion. Care must also be exercised in disposal 
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of wastes from beryllium facilities: securely 
packed solid wastes are disposed by ground 
burial in concrete trenches. Liquid wastes are 
chemically treated to remove the toxic sub- 
stances and to bring down the beryllium con- 
centration to a safe level of approximately 1 
ppm before discharge into public sewers. 


In order to monitor the workplace concen- 
tration of 2 Heim", dust collectors must have 
suction speeds between 0.02 and 2 m?/min, 
depending on the type of sampling [155]. 
Presently a sufficiently sensitive analytical 
method for detecting the comparatively low 
beryllium concentrations is spectral analysis. 
Metallic beryllium in powder form can burn 
when ignited by sparks or an external heat 
source but does not self-ignite or explode. Be- 
ryllium oxide and alloys are not combustible. 
The naturally occurring isotope ?Be is not ra- 
dioactive. 


19.9 Quality Specifications 


To date there is only one company — Brush 
Wellman Inc. — in the Western world that 
produces beryllium, beryllium-rich alloys, and 
beryllium compounds commercially. Brush 
Wellman Inc. produces beryllium from ber- 
trandite by the SX-Carbonate process, reduces 
beryllium fluoride with magnesium, and re- 
fines it by vacuum melting and casting. Differ- 
ent grades are produced by different powder- 
metallurgy processes and metallurgical treat- 
ments, e.g., forging, extruding, rolling, and an- 
nealing. A high-purity grade, as obtained by 
electrolytic refining, is not available currently. 


The composition, yield strength С, tensile 
strength Съ and failure strain д of several typi- 
cal, commercial types of beryllium are com- 
piled in Tables 19.5 and 19.6. However, these 
values guaranteed by the manufacturers are 
generally exceeded. The vacuum hot-pressed 
materials of Table 19.5 are used in nuclear 
technology, aeronautics, astronautics, and 
wherever high strength is required. The table 
shows that the yield strength and tensile 
strength increase with oxide content, while the 
elongation is not significantly affected. The 
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brake grade (BG-170) is characterized by 
greatly reduced hot brittleness (Curve c in Fig- 
ure 19.3) [68, 69]. In the case ofthe instrument 
grades 1-220A and 1-400, the concentration of. 
impurities is used to give a high precision elas- 
tic limit (PEL), below which the plastic strain 
is smaller than 10? ог one microstrain. 

The development of texture in extruded 
parts and plates results in failure strain values 
of 5 and 109^ in the direction of extrusion and 
in the rolling plane, respectively (Table 19.6); 
perpendicular to this direction the failure 
strain is « 196. Forged parts have elongations 
of 3%, and high-strength wire (Ø < 0.25 mm) 
has an elongation of 1%. 

As an example of the effect of temperature 
on tensile strength, yield strength, elongation, 
and necking at failure, the values measured for 
plate material parallel to the plane of the plate 
are plotted in Figure 19.5. The plate material 
was produced by cross-rolling high-purity iso- 
statically hot-pressed ingot material. 

The creep rupture strength is usually high 
[67, 161, 162]. In the case of cross-rolled 
plates the ten-hour creep rupture strength is 
equal to the tensile strength up to 800 K and 
can be significantly increased by carbon or be- 
ryllium oxide [37]. The little information that 
is available on the fatigue strength [161—165] 
(Figure 19.6) indicates that beryllium has high 
fatigue strength and that the dynamic crack 
propagation is much less critical under alter- 
nating stress than under normal stress. 
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Figure 19.5: Mechanical properties of high-purity beryl- 
lium [160]. 
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Figure 19.6: Fatigue strength of pressure-sintered, hot- 
worked beryllium [161]: a) Extruded and forged; b) Cross 
rolled. 


"Table 19.5: Manufacturer-guaranteed composition and mechanical properties of various grades of beryllium [158]. 


S-65B S-100E 


Chemical composition 


Be. min. 96 99.0 98.5 
BeO, max. 96 1.0 12 
Al, max. ppm 600 1400 
C, max. ppm 1000 1500 
Fe, max. ppm 800 1500 
Mg, max. ppm 600 800 
_Si, max. ppm 600 800 
Others, each, max. ppm 400 400 
Tensile properties 

Op min. MPa 290 241 
Соз, min. MPa (0.2% offset) 207 186 
Elongation, min. 96 3 1 


Microyield, min. MPa — — 


*ВеО specified is minimum in this instance. 


S-200E 1-70A 1-220A 1-400 BG-170 


98.0 99.0 98.0 94.0 98.0 
2.0 0.7 2.2 42% 12 

1600 700: 1000 1600 500 
1500 700 1500 2500 1500 
1800 1000 1500 2500 1500 
800 700 800 800 800 
800 700 800 800 X. 500 
400 400 400 1000 — 

276 241 310 344 345 
207 172 241 ^ 207 

1 2 2 = 1 


zu. m 34 55 - 


Beryllium 


Table 19.6: Mechanical properties of various semifin- 
ished beryllium products [158, 159]. 


a Extruded Forged Wire, Ø< 


Plates parts? parts? 0.25 mm 
ВеО content, 

% max. 2.0 2.0 2.0 0.02 
соз, MPa 350 280 280 760 
o,MPa ` 480 480 450 900 

` 6,% 10 3 3 1 


? Properties parallel to the direction of extrusion or to the rolling 
plane. : 

A compilation [163, 164] of the K, (a mea- 
sure of the toughness) values published so far 
shows that there is a great deal of variation. 
Most values lie between 10 and 20 MPa/m’”, 
but values up to 40 MPa/m'” have been re- 
ported. However, the impact strength of 
notched and unnotched specimens is very low 
and depends on the type of working (Table 
19.7). 


Table 19.7: Impact strength (Charpy test), 10? MPa, of 
beryllium produced in various ways [58]. 


Unnotched Notched 


Cast and extruded 0.16 — 
Pressure sintered 1.1-3.4  0.68-1.3 
Pressure sintered and extruded 5.6—6.1 — r 
Pressure sintered and rolled 2.74.1 — 


The hardness of high-purity beryllium 
(Pechiney SR) is plotted in Figure 19.7 as a 
function of the mean grain size. The Brinell 
hardness of commercial pressure-sintered be- 
ryllium varies between 100 and 200, depend- 
ing on the composition of the tested material 
[52]. 
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Figure 19.7: Brinell and Rockwell hardnesses of high-pu- 
rity beryllium (Pechiney SR) as a function of the mean 
grain size [74]. 
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19.10 Alloys 


Beryllium-rich alloys have little industrial 
importance. The motivation for industrial re- 
search on beryllium alloys (10, p. 555; 12, р. 
179; 15, pp. 601, 634; 17, p. 103; 132; 166— 
174] is not great because the solubility of most 
elements in solid beryllium is low (« 1 mol%), 
and only copper, nickel, cobalt, iron, silver, 
and platinum have solubilities between 1 and 
10 mol%, even at elevated temperatures. In 
addition, most metals form intermetallic com- 
pounds with beryllium (25, 77—79], and these 
intermetallics are usually quite brittle. 

The only alloy containing large amounts of 
beryllium is Lockalloy [169], which is pro- 
duced by powder metallurgy and contains 
38% Al. Aluminum does not form any beryl- 
lides. Therefore, this alloy contains beryllium 
grains embedded in the ductile aluminum 
phase with a more or less uniform distribution. 
This combination has a comparatively high 
modulus of elasticity (E), low density, ànd 
comparatively useful deformation behavior at 
room temperature. In addition, the notch sen- 
sitivity is lower than that of commercial beryl- 
lium (Table 19.8) [17, p. 103; 173]. However, 
Lockalloy has found only limited commercial 
use. 


Table 19.8: Mechanical properties of powder-metallurgy 


Lockalloy [169] and beryllium-titanium composite mate- 
rials (extruded powder mixtures [174]. 


р, g/cm? сь MPa E, MPa 8% Cor 


MPa 
Lockalloy 2.09 386 200000 210 255 
60vol?oTi 3.4 1100 175000 5 =770 


40vol%Ti 2.85 829 215000 25 «580 


Composite materials made of beryllium 
and titanium have been developed for use, 
e.g, as compressor blades in gas turbines 
[174]. At present, these materials are the only 
composite materials that allow definite plastic 
deformation, are impact resistant, and offer 
the choice of secondary cold or hot working 


(Table 19.8). Furthermore they can be used to 
- a limited extent even at 400—500 ?C. 


Beryllium is used as an alloying component 
in a number of age-hardening alloys [6] based 
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on copper, nickel, cobalt, and/or iron (10, pp. 
24, 49; 175-179]. Small amounts of beryllium 
improve the castability and oxidation resis- 
tance of aluminum and magnesium alloys 
[180—187]. These alloys are described under 
the principal component. 


Table 19.9: Physical properties of beryllium oxide and 
carbide [7; 8; 10, p. 599; 11; 12, p. 267; 37; 189, 190]. 


BeO Ве.С 
Structural type ZnS CaF, 
Melting point, °C 2300—2570 = 2400 
Density, g/cm? 3.01 = 2,3 


Modulus of elasticity, MPa 370000 320000 


Linear coefficient of thermal ex- 
pansion, K^! 5x10$ 5.8x10% 


Specific heat, Jg !K" 
60K 


0.029 
292K 1.00 L4 
1173K 2.04 
Thermal conductivity, Wm ^K" 
room temperature 264 24 
673K 92 
1073K 29 
Electrical resistance, Wm 
room temperature oe 1.1 x 10° 
1273K 8x10! 0.45х102 
2373 K 8 x 106 
Compressive strength, MPa 800 720 
Bending strength, MPa 285-380 91-98 
6, fm? 0.9 23 
x, cm” 0.00066 0.0011 
бу, fm? 990 1690 
х, ст! 0.72 0.81 


19.11 Compounds 


Most beryllium compounds are important 
only in the production of beryllium metal, and 
these aspects are described earlier in this arti- 
cle. 


Beryllium oxide, BeO, is obtained directly 
from beryllium hydroxide by calcination or 
from the basic carbonate, acetate, or sulfate by 
ignition [11]. The white, reactive powders dif- 
fer in grain size, morphology, and impunty 
content [188]. They are used in the production 
of beryllium oxide ceramics, some of which 
have most unusual properties (Table 19.9). 
These ceramics are being used to an ever in- 
creasing extent [20]. 
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Beryllium oxide is extremely stable [37]. 
However, its stability depends on its structure 
and 1s determined by the content of bound wa- 
ter. The higher the calcination temperature the 
more inert the beryllium oxide. 


Beryllium nitride, Deh, is formed by 
heating beryllium in dry nitrogen in the pres- 
ence of 2-6% hydrogen (700—1400 °C) or am- 
monia (1000 °C) [10, p. 570]. Moldings are 
produced by nitration of beryllium powder in 
porous molds by hot pressing the nitride at 
1800-1900 °C. Relative densities up to almost 
100% are achieved in this way. Beryllium ni- 
tride is stable in dry oxygen up to 500 °C, but 


. in the presence of water vapor it reacts at 


lower temperatures. Beryllium nitride is cubic 
at room temperature, converting to hexagonal 
at 1400 °C. Two other nitrides, Be(N4); and 
BeN, and two beryllium silicon nitrides, 
Be,SiN, and BeSiN, are known. These ter- 
nary nitrides are very hard, extremely inert, 
and stable up to 1850 °C [191]. 


Beryllium carbide, Be,C, cubic, is obtained 
by direct reaction of solid or liquid beryllium 
with carbon or by reaction of beryllium oxide 
with finely divided carbon at 2080 ?C [7; 10, 
р. 570]. Moldings ale produced by hot press- 
ing the carbide powder in graphite molds at 
1800-1950 °C and 7-35 MPa. Beryllium car- 
bide hydrolyzes very readily, even at room 
temperature, to form beryllium oxide and 
methane. At high temperatures it is not stable 
in air. Beryllium carbide vaporizes and de- 
composes in a vacuum above 2100 °C. The 
properties given in Table 19.10 are reference 
values because the beryllium carbide grades 
which were tested had indefinite structure. 
The nuclear properties of beryllium carbide 
are favorable. Beryllium borocarbide is ex- 
tremely hard and is formed by melting mix- 
tures of beryllium oxide, boron, and carbon in 
an electric arc. 


Beryllium hydride, BeH, is a very light (p 
0.58 g/cm?), white powder at room tempera- 
ture that is difficult to prepare. It dissociates 
into beryllium and hydrogen at = 130 °C [37]. 
Beryllium hydride is of interest as a high-en- 
ergy solid fuel. 


Beryllium 


Beryllium hydroxide, Be(OH),, is obtained 
as a white voluminous precipitate on addition 
of bases to beryllium salt solutions. The fresh 
precipitate dissolves in sodium and potassium 
hydroxide and ammonium carbonate solution, 
but it ages quickly and becomes less and less 
soluble. The hydroxide also dissolves in aque- 
ous BeSO, to form basic sulfates. 


Basic beryllium carbonate, BeCO,- 
nBe(OH),, л = 2—5, is formed in the reaction 
of beryllium salt solutions with alkali-metal or 
ammonium carbonate solutions. If excess am- 
monium carbonate is used, then a readily fil- 
tered precipitate of variable composition is 
formed on boiling. This salt is a suitable start- 
ing material for the preparation of beryllium 
salts of all types. Gentle calcining causes am- 
monia to escape, leaving beryllium oxide. 


Beryllium nitrate, Be(NO4),-4H,O, is ob- 
tained by dissolving pure hydroxide or gently 
calcined, pure basic carbonate in nitric acid 
and concentrating the solution until crystalli- 
zation takes place. Concentrated solutions are 
also commercially available. The nitrate is 
sometimes used in the incandescent gas man- 
tle industry for stiffening mantles. 


Beryllium sulfate, BeSO,-4H,O, is ob- 
tained by heating beryllium oxide with sulfu- 
ric acid. The tetrahydrate crystallizes from the 
aqueous solution in well-developed crystals. It 
can be obtained in very pure form by this 
method. The tetrahydrate is stable in air, can 
be dehydrated at about 400 °C, and decom- 
poses above 600 °C to sulfur trioxide. The 
aqueous solution can dissolve considerable 
quantities of BeO to form basic sulfate. The 
sulfate is important chiefly tor the recovery of 
beryllium. 


Beryllium fluoride, BeF ,, is a white, freely 
soluble, low-melting salt. Molten beryllium 
fluonde is a poor electrical conductor due to 
the its covalent character. (See Section 19.7.3 
for production of ВеЕ..) In addition to its use 
as an intermediate in the preparation of beryl- 
lium, it is also sometimes used as an additive 
to welding and soldering fluxes because it dis- 
solves metal oxides readily. 
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Beryllium chloride, BeCl,, crystallizes in 
asbestos-like matted needles. It is extremely 
hygroscopic, forming a tetrahydrate. Its reac- 
tion with water is intensely exothermic and is 
accompanied by the release of HCl vapor. Be- 
Iyllium chloride melts at 416 °С, boils at 
520 °C, and, like the fluoride, is a poor electri- 
cal conductor in the molten state. (See Section 
19.7.3 for production of BeCl,.) Its principal 
uses are as the raw material for the electrolytic 
production of beryllium and as the starting 
material for syntheses of organoberyllium 
compounds. 


Beryllium bromide, BeBr,, melts at 490 °C. 


- It is obtained as white needles by the reaction 


of bromine with a mixture of beryllium oxide 
and carbon. It is used in organic syntheses. 


Beryllium orthophosphate, Be,(PO,),° 
6H,O, is obtained by reaction of beryllium 
salts with disodium phosphate or diammo- 
nium phosphate in acetic acid solution. Its sol- 
ubility is very low at room temperature but 
increases sharply with temperature. 


Beryllium ammonium phosphate, 
NH,BePO,, whose composition varies greatly 
due to partial separation of beryllium hydro- 
gen phosphate, is sparingly soluble. Freshly 
precipitated NH,BePO, is amorphous. 


Aqueous beryllium perchlorate, Be(C10,)>, 
is a solvent for cellulose. 


Basic beryllium .acetate, a hexaacetato 
complex, Be,O(CH,COO),, like the acetyl- 
acetonate and a few other organic beryllium 
compounds can be distilled without decompo- 
sition. Insoluble in water, it melts at 280 °C 
and boils at 331 °C. The organic beryllium 
compounds are being used to an increasing ex- 
tent as intermediates in the purification of be- 
ryllium. 


Beryllides of some transition metals are. 
promising structural materials or protective 
coating materials for high-temperature appli- 
cations because of their low density, high 
melting point, good mechanical properties, 
and resistance to oxidation, even up to high 
temperatures (Table 19.10) [192-197]. 


974 


Table 19.10: Properties of some beryllides [193] (RT = room temperature). 


Compressive 
strength, MPa 


Strain at failure, 96 


Modulus of 
elasticity, 10* MPa 


Bending strength, 
MPa 


Thermal conduc- 
^ tivity, Wn"! K^ 


105 КТ! 
RT-1790 K 


Coefficient of 
thermal expansion. 


10? mm in 100 h 


Oxidation in air, 


Beryllide mp, K 


1640 К 


RT 1640K 1790K RT 
0.1 


1640 К 
17.2 


ВТ 


1640 К 1790K 


ЕТ 
152 
214 
206 
214 
206 


1750 К 
107.5 


1750 К 


1640 К. 


31.4 


152 
248 


276 
434 


16.8 


1960 22 50 
47.5 


1980 
= 1980 


NbBe,, 


a7 
3.0 


2.6 
= 5 


0.6 


2.0 
2.0 


17.2 0.1 


29.6 


112: 


15.9 


15 


Nb,Be,, 


0.1 


186 
179 
241 
172 
241 


448 


Nb, Be, 
TaBe,, 


1030 


296 31.0 13.8 0.1 
386 


255 
276 


123 


15.1 


12.5 22 


2130 
2265 


01 2.6 
0.25 
0.3 


13.8 


31.0 


15.7 


22 
32.5 


7.5 


Ta,Be,, 
ZrBe,; 


482 


1310 


0.05 
0.1 


13.8 


32.4 


172 
172 


119 


17.7 


12.5 


2200 


0.1 


13.8 


31.0 


15.1 


30 


12.5 


2260 


ZrjBe; 
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19.12 Chemical Analysis 


The quantitative determination of beryl- 
lium, even in very small amounts, is especially 
important because of the toxicity of beryllium 
[155, 198]. The best method is atomic absorp- 
tion spectrometry. When an acetylene/nitrous 
oxide flame is used, even beryllium oxide is 
excited, and it is possible to analyze any solu- 
tion or dispersion without preliminary treat- 
ment [155, 199, 200]. Other methods [201— 
205] have also been described. 


19.13 Storage, 
Transportation, Legal Aspects 


Solid parts and structures made from beryl- 
lium metal, alloys, and ceramic beryllium can 
be stored and transported safely without spe- 
cial precautions as long as neither vapor nor 
dust is generated. Beryllium and beryllium ox- 
ide powder have to be handled with care, as is 
described in Section 19.8. For storage and 
transportation of the powders, sealed, un- 
breakable containers and proper instructions 
are a necessity. 


Because beryllium is used mainly in mili- 
tary, nuclear, aeronautical, and rocket technol- 
ogies, its trade is restricted. A special license 
is necessary for export from the United States. 


19.14 Uses of the Metal 


The properties of beryllium, especially the 
mechanical properties, are strongly affected 
by even small amounts of additives, e.g., 1000 
ppm or less, and in this sense even commercial 
grades of beryllium (Table 19.5) represent al- 
loys. The crucial advantage of beryllium over 
other materials is its combinations of favor- 
able properties. Detailed discussions of the re- 
lationship between properties and uses have 
been published [19, 41]. 


Beryllium 


Table 19.11: World production of beryl (t). 
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1975 1976 1977 1978 19797 1980? 1981° 1982 1984 1989° 1990 1991? 1992" 1993° 





Argentina 303 123 182 24 13 34 33 29 MA 32 34 34 34 35 
Brazil 710 406 547 815 498 606 894 3882 878 900 850 3850 3850 850 
China“ © — — — — — — = — 54 55 55 — — 
Kazakhstan — — — — — — — — 100 100 
Madagascar — — 17 12 11 10 11 МА 3 — — — — 
Mozambique 9 — NA NA 31 22 20 17 — — = — — — 
Portugal — = = — 6 20 2 — — — -—. — — 
Rwanda 20 51 60 64 51 119 100 10 — -— — — = — 
South Africa 3 .3 3 4a 1 134 66 — — — — = — 
Uganda‘ — 60 50 — — eee 
usaf — — — = — — —  — 4566 4548 4339 4826 4939 
USSR* 1760 1820 1870 1930 2000 2000 2000 2000 NA 1770 16005 13008 1100" 800" 
Zimbabwe 70 70 14 39 31 10 46 22 NA 28 28 29 23 23 
Others 135 20 D — 6 20 NA — — 236 15 19 19 
Total 3070 2553 2844 2888 2642 2823 3254 3158 $3878 7382 7151 6622 6952 6766 
? Revised. 

* Preliminary. 

‘Estimated. 


4NA = not available. 
* World mined beryllium production (x 10? t containing Be). 


Mine shipments, incl. bertrandite ore, calculated as equivalent to Бегу! containing 11% ВеО. 


* USSR/CIS. 
"Russia. 
"Incl. Madagascar, Namibia, Nepal, Portugal, South Africa. 

The low density of beryllium combined 
with its high strength, high melting point, and 
resistance to oxidation is the basis for its usc in 
structural parts that must be light and are ex- 


. posed to inertial or centrifugal forces. Tn addi- 


tion, it has a high modulus of elasticity, which 
gives light-weight components a high degree 
of rigidity [19]. Another area of use is in so- 
called dimensionally stable parts, in which 
high microyield strength and good thermal 
conductivity and reflexivity are exploited. It is 
an excellent heat sink, and therefore used es- 
pecially for brake systems of airplanes. Appli- 
cations in civilian nuclear reactors as 
reflectors and moderators have not met expec- 
tations because of radiation damage. How- 
ever, its favorable nuclear properties have 
been exploited in weapons systems and in var- 
ious physical instruments. Beryllium single 
crystals are the most efficient material for neu- 
tron monochromators. Beryllium foil is 
widely used as windows in energy-dispersive 
X-ray analyzers. 


19.15 


Data on production and consumption of be- 
ryllium is scanty and incomplete, in most 
cases because beryllium is used mainly for 
military and similar purposes. The most com- 
plete summary is published annually by the 
U.S. Bureau of Mines (Table 19.11), but the 
data mainly concerns mined beryl. 


Economic Aspects 


19.16 Toxicology and 
Occupational Health 


Beryllium and its compounds when inhaled 
in finely divided form dust, fume, or vapor 
may affect the upper airways and lungs. Con- 
tact with water-soluble beryllium salts may 
cause inflammatory reactions of the skin. Be- 
ryllium metal, alloys, and ceramic beryllium 
can be handled safely without special precau- 
tions as long as the fabrication process does 
not require high temperatures or produce par- 
ticles smaller than 10 um. 

Prior to 1950, many cases of acute chemi- 
cal bronchitis, pneumonitis, and contact der- 
matitis had occurred from high exposures to 
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water-soluble beryllium salts because the po- 
tentially harmful effects of beryllium were in- 
sufficiently known. During the same period, 
numerous cases of chronic beryllium disease 
from exposures to beryllium oxide and metal 
dusts were reported among production work- 
ers, members of their family, and others living 
close to the plants. Strict exposure control in- 
troduced in 1950 succeeded promptly in elimi- 
nating neighborhood cases and all forms of the 
acute disease (206, 207]. 


However, chronic beryllium disease must 
still be kept in mind as a potential hazard asso- 
ciated with the basic production and fabrica- 
tion of beryllium materials. Metallic beryllium 
and beryllium oxide, when inhaled as dust, 
represent the greatest risk; chronic cases have 
also been reported from inhalation of beryl- 
lium—copper particles in the form of fine dusts 
or fumes. 


In contrast with other pneumoconioses, 
chronic beryllium disease is highly selective, 
because even under the most severe exposure 
conditions never more than 2% of all workers 
were affected. The reason for this epidemio- 
logical peculiarity is an allergy-like immune 
reaction that occurs only in a very small por- 
tion of the population. The actual cause of this 
predisposition is not yet fully understood, nor 
can it be predetermined. Therefore, strict ex- 
posure control is needed for all individuals at 
risk. Any process likely to generate respirable 
particles of beryllium, such as grinding, pol- 
ishing, and buffing of metallic beryllium, be- 
ryllium oxide, or beryllium alloys, must be 
considered as potentially harmful and requires 
adequate venting. Special attention is indi- 
cated for beryllium copper because the vapor 
pressure of beryllium is greater than that of 
copper. 


Cold rolling, drawing, stamping, and slit- 
ting generally produce no or very few fine par- 
ticles and are unlikely to cause atmospheric 
beryllium concentrations in excess of the ex- 
posure limits. The same is true for drilling and 
sawing with the use of liquid coolants, if the 
appropriate precautions are taken. Dry sawing 
and drilling with fine tools usually generates 
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fairly large amounts of respirable dusts, and 
proper venting equipment must be installed. 


Beryllium in the Body [208]. Upon ingestion, 
beryllium metal, oxide, or alloys do not exert 
harmful effects on the intestinal mucosa and 
are not absorbed to any significant degree. Ab- 
sorption through the skin is also minimal and 
without clinical consequences. Beryllium- 
containing particulates, if inhaled in low con- 
centrations, will be removed from the alveolar 
spaces by macrophages and eliminated from 
the airways via mucociliary escalation. 
Amounts exceeding the capacity of this mech- 
anism will be transported into the lung tissue 
and from there gradually into bone, liver, and 
kidney tissues, Because of a very slow elimi- 
nation from the body, the biological half-life is 
long. In most individuals beryllium is re- 
moved from these storage organs and excreted 
via the kidneys without any harmful effect. 


Clinical Symptoms (208, 209]. Only in indi- 
viduals predisposed to sensitization can the in- 
halation of excessive beryllium lead to 
chronic beryllium disease (also known as be- 
rylliosis), an inflammatory process involving 
the connective tissues of the lungs. However, 
latent periods of 5—25 years may precede the 
manifestation of the disease — shortness of 
breath on exertion; chronic, dry cough; and 
burning substernal pain. A gradual reduction 
in lung volume caused by replacement of the 
normal lung structures by scar tissue and inter- 
ference with gas exchange between alveolar 
air and blood are the primary causes of these 
symptoms. Their extent may show great varia- 
tions. Approximately one third of all affected 
individuals have relatively little incapacitation 
and a normal life expectancy. At the other end 
of the spectrum, marked scarring and shrink- 
age of the lung tissue may cause a severe 
chronic strain on the right heart chamber and 
serious physical impairment. 

Because it shares many features with other 
lung diseases, the accurate diagnosis of 
chronic beryllium disease is difficult. It re- 
quires a reliable exposure history and, in addi- 


tion to chest X-rays and pulmonary function 


evaluation, a lymphoblast transformation test, 


Beryllium 


really the only specific proof of the disease 
[207, 208]. 

Corticosteroids are helpful in therapy. Al- 
though they do not cure the disease, they may 
bring it to a standstill and relieve symptoms. 
Further exposure to beryllium must be 


. avoided. 


Carcinogenicity. Beryllium compounds have 
produced tumors in several animal species 
(210, 211]. Mutagenicity tests were negative 
in bacteria and yeasts, but they were positive 
in cultures of mammalian cells (212, 213]. Re- 
garding teratogenic and reproductive effects, 
the presently available information is insuffi- 
cient for any conclusions. No convincing evi- 
dence exists, in spite of forty years of close 
observation, that beryllium is carcinogenic 
for humans. 


Prevention [207, 209, 211]. In the United 


States the TLV is 2 ug/m? as a daily weighted 
average with a 30-min peak of 25 pg/m’. Be- 
ryllium is classified in group A2 (suspected of 
carcinogenic potential in humans) by 
ACGIH. In Germany, beryllium is also classi- 
fied as an A2 material and a TRK of 5 pg/m? 
for grinding of beryllium metal and alloys and 
2 pg/m? for all other compounds was estab- 
lished (1983). 

No new cases of chronic beryllium disease 
have developed whenever atmospheric beryl- 
lium levels were kept consistently at or below 
these levels. However, inhalation of high con- 
centrations of beryllium during very short pe- 
riods has also resulted in chronic beryllium 
disease. For that reason duration and concen- 
trations of the short-term exposure limit of 25 
ug/m? must not be exceeded. 

Ore extraction and production of beryllium 
metal, oxide. and alloys present the greatest 
risk for excessive exposures: here the most ef- 
ficient venting equipment and shop-laundered 
work clothes are required. Melting and weld- 
ing of beryllium alloys also belong to this cat- 
egory. 

Cutting, milling, or turning of beryllium 
metal or alloys produce significantly less re- 
spirable particles, and the concentration in tlie 
shop air can be readily kept at or below 1 
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g/m? with the help of source exhaust sys- 
tems. Many fabricating operations for beryl- 
lium alloys and ceramic oxide generate such 
low breathing zone and ambient air concentra- 
tions that special venting may not be needed. 
In those instances ordinary shop coats are suf- 
ficient. 

Medical surveillance (207, 208] should in- 
clude chest X-rays and spirometry prior to em- 
ployment, annually, and on termination. For 
minimum exposure risks, less frequent inter- 
vals may be satisfactory. : 
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citations. 
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DMIC Defense Metals Information Center, Battelle Me- 
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SAE Society of Automotive Engineers : 
UCRL University of California, Lawrence Radiation 
Laboratory D 
USAEC United States Atomic Energy Commission 
WADC Wright Air Development Center 
I. L. №. Vauquelin, Ann. Chim. (Paris) 26 (1798) 155, 
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20.1 Introduction 


Magnesium is a silvery white metal; it has a 
valence of two, and its configuration is 1s 
25?2p6 35°. The crystal structure is dense hex- 
agonal; lattice constants at 20 °C are a = 0.32 
nm, c = 0.52 nm. The element has an atomic 
number of 12 and belongs to group 2A of the 
periodic table. It occurs as three isotopes: 
“Мұ (78.70%), Мр (10.13%), and Ме 
(11.17%). 


20.2 History 


Metallic magnesium was first isolated by 
Davy in 1808, via electrolysis of anhydrous 
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magnesium chloride with a mercury cathode. 
Bussy extracted the metal in 1828 by reducing 
fused magnesium chloride with metallic po- 
tassium vapor. In 1833 Farapay electrolyzed 
dehydrated liquid magnesium chloride to form 
liquid magnesium and chlorine gas. The first 
industrial production of magnesium by elec- 
trolysis of molten carnallite began in 1886 in 
Hemelingen (Germany). 

In 1940 L. M. Pmopon pioneered the first 
industrial metallothermic magnesium extrac- 
tion plant in Canada; it was based on early 
German patents in which dolomite was re- 
duced with ferrosilicon under vacuum [1]. 
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Table 20.1: Mechanical properties of magnesium at 20 °C. 
Tensile strength, 


Tensile yield 


Handbook of Extractive Metallurgy 


Compressing yield Elongation, Brinell 


MPa strength (0.296), MPa strength (0.296), MPa 96 hardness* 
Sand cast, thickness 13 mm 90 21 21 2-6 30 
Extrusion, thickness 13 mm 165-205 69—105 34—55 5-8 35 
Hard rolled sheet 180-220 115-140 105-115 2-10 45—47 
Annealed sheet 160-195 90-105 69-83 3-15 40—41 


*In 50 mm. 
* With 500-kg load, 10-mm diameter ball. 


- a 
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wn 
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Figure 20.1: Rate of oxidation of magnesium in moist air 
[22]. 


20.3 Properties 


Physical properties of magnesium follow 
(see also [2]): 


mp [3] 650 +2 °C 
bp [3] 1107 x 10 °C 
Latent heat of fusion [4] 0.37 MJ/kg 
Latent heat of evaporation [5] 5.25 MI/kg 
Heat of combustion [4] 25.1 MI/kg 
Specific heat [3] 
at 20 °C 1030 Jkg K^ 
at 600 °C 1178 


Electrical resistivity at 20°C [3] 4.45 pQ-cm 
Thermal conductivity at25 °C [4] 155 Wm ! K^ 
Linear coefficient of thermal expansion [3] 


at 20 °С 25.2x 10% K^ 
at 20-300 °C [5] 27-28 x 10 
Density (solid) [4] 
at 20 °C 1738 g/cm? 
аї600 °С . 1622 
Density above 650 °C (liquid) [6] 1.834 — 2.647 
x 10-7 g/cm? 
Standard redox potential [6] -2.372 V 


Mechanical properties of magnesium are 
listed in Table 20.1. Its dynamic modulus of 
elasticity is 45 GPa, and its static modulus of 
elasticity 43 GPa. Pure magnesium is not used 
for commercial structural applications al- 
though the metal has a high damping capacity 
and is easily machined and formed into shapes 
by casting or hot forming processes [3]. 


Chemical Properties. Magnesium burns in 


air with an intense white flame. The ignition. 


temperature is 645 °C in dry air but decreases 
with increasing moisture content [5]. The rate 
of oxidation in moist air at different tempera- 
tures is illustrated in Figure 20.1 [7]. Burning 
magnesium reacts violently with water. Fire is 
extinguished with magnesium chloride, alkali 
chlorides, dry sand, or dry iron sponge. Mag- 
nesium reacts with gaseous chlorine to form 
magnesium chloride and with nitrogen at ca. 
500 °C to form Mg4N;. 


Pure magnesium has a high resistance to 
corrosion because its galvanic activity is low. 
Contamination with heavy metals (usually 
copper, iron, and nickel), chlondes, and oxide 
or nitride inclusions combined with exposure 
to chloride-containing solutions on untreated 
surfaces, strongly promote corrosion due to 
enhanced galvanic activity. The metal is 
readily dissolved by most organic and inor- 
ganic acids. A protective layer of water-insol- 
uble magnesium hydroxide is formed when 
magnesium is exposed to moist air or clean 
water at room temperature. Magnesium is re- 
sistant to alkali hydroxide solutions, hydroflu- 


Ooric acid, fluorine, and fluorine compounds 


(including ammonium hydrogen difluoride) 
due to the formation of protective hydroxide 
and fluoride films. 


Magnesium 


The ability of magnesium to form stable 
protective oxide, chromate, phosphate, sul- 
fate, and fluoride films is employed commer- 
cially in protective coating systems used as 
primers for paints or as final coatings. The be- 
havior of magnesium against various chemi- 
cals is listed in [8, p. 575]. 


20.4 Raw Materials [9,10] 


Magnesium is the eighth most abundant el- 
ement in the earth's crust (average magnesium 
content, 2.196). Magnesium does not occur in 
nature in elemental form but in the form of 
compounds in seawater, minerals, brines, and 
rocks. The element is enriched in ultrabasic 
rocks. 


The prime raw material sources for magne- 
sium extraction are the minerals dolomite 
(CaCO,-MgCO,), magnesite (MgCO,), and 
brucite (Mg(OH),]; magnesium-rich salts 
such аз carnallite (MgCl,-KCI-xH,0), 
kieserite (Ме80,:Н,О), bischofite (MgCl, 
6H,0), kainite (KCl-MgSO,-3H,0), and 
langbeimite (K,SO,:MgSO,); and magnesium- 
rich brines and seawater. High-quality magne- 
sites contain: MgO 45-47%, CaO 0.5~1.2%, 
SiO, 0.1-0.15%, AlO; and Fe,O, 0.1-0.6%, 
Mn 20-500 ppm, Ni 2-300 ppm, B 10-60 
ppm. Magnesium-rich brines are obtained as 
by-products from potash production or from 
surfacial or underground brine deposits. Anal- 
yses of dolomites and brines used for magne- 
sium extraction are given in Tables 20.2 and 
20.3, respectively. 


Magnesium silicates such as olivine [Mg- 
Fe(SiO,).] and forsterite (Mg.SiO,) have not 
been used so far for magnesium extraction. 


Table 20.2: Composition of dolomites (%). 


Deposit MgO CaO "SA sio, 
Sørfold, Norway 21.2 30.4 0.1 1.3 
Tochigi, Japan 17.4 35.1 0.5 0.15 
Addy, Washington 20-21.8 30-31.5 1.5 
Marignac, France 19-20 32—34 0.3-0.5 0.2-0.4 
Haley, Canada 21.3 30.7 0.1 0.15 
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Table 20.3: Composition of brines (%). 

Brine Mei" Ма" Са* СГ sof 
Great Salt Lake? 1.1 76 002 141 2.0 
Dead Sea 3.4 3.3 14 175 07 
Seawater 013 108 004 194 027 
*Edelsole", Kali 

und Satz AG 8.5 02 25 0.24 


"Composition is subject to seasonal and long-term variations. 


Total world production of magnesium in 
1988 was ca. 240 x 10? t, of which 4296 came 
from dolomite, 36% from salt or brine depos- 
its, 18% from seawater, and 4% from magnes- 
ite. Recent plants in Canada increased the 
share of magnesite. 


20.5 Production 


Magnesium is produced commercially by 
electrolysis of magnesium chloride melts and 
by metallothermic reduction of magnesium 
oxide with silicon. À wide variety of processes 
are used. The extraction of magnesium by 
electrolysis consists of two steps: (1) prepara- 
tion of the magnesium chloride cell feed and 
(2) electrolysis. All extraction, processes are 
followed by refining and casting. 

Electrolysis of magnesium oxide dissolved 
in fused fluorides has also been considered. 
However, the solubility of magnesium oxide 
in the electrolyte is low, and practical solu- 
tions for metal collection have not been found. 
For further details, see [11]. Composite MgO- 
C anodes have been tested in fluoride, fluo- 
ride-chlonde, and chloride electrolytes on a 
laboratory scale [12]. 

Electrolysis of magnesium chloride in 
aqueous solution liberates hydrogen, not mag- 
nesium, at the cathode. Attempts to electro- 
lyze magnesium salts in organic solvents have 
not been successful. 

Carbothermic reduction of magnesium ox- 
ide is not used industrially. The main problems 
are high reaction temperature (1800— 
2000 °C) and rapid cooling of reaction gases 
to suppress magnesium oxide formation [13]. 
Recent experimental studies have been based 
on rapid adiabatic expansion of the gases or 
cooling in liquid metal [14]. Attempts to en- 
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hance selectivity of the reduction step in the 
carbothermic reduction of magnesium oxide 
in molten СаО -AL,O,-MgO slag have been re- 
ported [15]. 


20.5.1 Extraction by Electrolysis 


20.5.1.1 Preparation of 
Magnesium Chloride Cell Feed 


Magnesium chloride cell feeds in indus- 
trial use consist of dehydrated МЕСІ, or 
МЕС у dehydrated carnallite MgCl,- 
KCl: or MgCl: 1.5H,0,,. Cell feeds contain 
3-8% alkali chlorides and minor impurities of 
C, SiO, MgO, 502, B, and heavy-metal com- 
pounds. Alkali chlorides accumulate in the 
electrolytic cell as major constituents of the 
electrolyte. Metallic and nonmetallic impuri- 
ties are undesirable because they adversely af- 
fect cell performance and the corrosion 
resistance of magnesium. 

The use of pure dehydrated magnesium 
chloride allows coproduction of highly con- 
centrated chlorine gas and electrolysis at high 
current efficiencies. Dehydrated carnallite 
(which contains only 50% MgCL,) leads to ac- 
cumulation of significant tonnages of potas- 
sium-rich electrolyte in the electrolysis. The 
impurity level of Russian carnallite, the only 
carnallite cell feed in use, is high and increases 
power consumption in electrolysis. The chlo- 
rine concentration is high. The water content 
of MgCl,-1.5H,0 results in high consumption 
of anode carbon and formation of sludge in the 
cell; power consumption is high. 


Dehydration of Magnesium Chloride 


The two main routes to the production of 
dehydrated magnesium chloride cell feed are: 
(1) chlorination of magnesia (MgO) or magne- 
site (MgCO,) in the presence of carbon or car- 
bon monoxide and (2) dehydration of aqueous 
magnesium chloride solutions (brines) or hy- 
drous carnallite (MgCl,-KCl-6H,0). 

Dissolution of magnesium chloride in eth- 
ylene glycol with subsequent dehydration and 
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regeneration of the alcohol via a complex 
magnesium chloride ammonia compound has 
been suggested [16]. The process has not, 
however, been used industrially. 


Chlorination of Magnesia and 
Magnesite 


Two principal processes are used industri- 
ally to chlorinate magnesia and magnesite: (1) 
the IG Farben process presently in operation at 
Norsk Hydro's Porsgrunn plant and (2) the 
MagCan process under installation in Alberta, 
Canada. 


IG Farben Process (Figure 20.2). In the pro- 
cess used by Norsk Hydro, caustic magnesium 
oxide (lightly burned) extracted from seawa- 
ter, is mixed with charcoal and magnesium 
chloride brine on a rotating disk to form pel- 
lets with a diameter of 5-10 mm. Hydrated 
magnesium oxide and magnesium oxychlo- 
rides act as binders. After slight drying, pellets 
containing ca. 5096 magnesium oxide, 15— 
20% magnesium chloride, 15-20% water, 
10% carbon, and a balance of alkali chlorides 
are conveyed to the chlorinators (Figure 20.3). 


The lower third of the brick-lined cylindri- 
cal shaft furnace is filled with carbon blocks 
(c) that act as resistors and are heated by car- 
bon electrodes (e). Chlorine produced during 
subsequent electrolysis of magnesium chlo- 
ride is introduced in the resistor-filled zone. 
The charge (b) resting on the resistor bed re- 
acts with chlorine at 1000—1200 °C. The main 
reactions are: 


`2МгО + C + 2Cl, 2 2MgCl, + CO, 


СІ, +C + H,O 2 2НСІ + CO 
МБО + 2НСІ > MgCl, + H,O 


The reaction mechanism is complex and in- 
volves further side reactions. Chlorinator- 
grade magnesium oxide is processed for mini- 
mum impurities and high surface area. Molten 
magnesium chloride collects in the bottom of 
the furnace from where it is tapped and trans- 
ported to the electrolytic cells in sealed con- 
tainers. 


Magnesium 


Magnesium chloride Magnesium 
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Figure 20.2: Flow sheet for production of magnesium via 
chlorination of magnesia (Norsk Hydro). 
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Figure 20.3: The IG chlorinator: a) Refractory material; 
b) Charge; c) Carbon resistors: d) Steel mantel; e) Carbon 
electrodes; f) Door for slag removal. 

Off-gases at 100—200 °С containing air, 
CO, СО,, traces of НСІ, Cl, SO; H,S, and 
chlorinated hydrocarbons are scrubbed; the 
wash water is then filtered and chemically 
treated in several stages before release to stack 
and sewers. Slag rich in magnesium silicate 
formed due to the presence of silica in the 
magnesia 1s removed at intervals. 

The magnesium yield is ca. 90%, and the 
carbon consumption is 0.45 t per tonne of 
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magnesium. Magnesium chloride solution 
added to the charge compensates for chlorine 
losses. The anhydrous MgCl, product typi- 
cally contains less than 0.1% MgO, 0.1% C, 
0.1% SiO,, and 20 ppm B. Each chlorinator 
has an equivalent annual magnesium produc- 
tion capacity of 1800-2000 t. 


Magnesite . Carbon 


Chlorine 


Magnesium 





























Figure 20.4: Flow sheet for production of magnesium via 
chlorination of magnesite (MagCan). 

MagCan Process (Figure 20.4). Natural mag- 
nesite from British Columbia is crushed and 
screened. Magnesite fines with a particle size 
< 6 mm are disposed as solid waste. The 
coarse material is charged at intervals to a re- 
actor of the same general description as the IG 
shaft furnace (Figure 20.3). Chlorine from the 
electrolysis is mixed with fresh makeup chlo- 


` rine and carbon monoxide from a gas genera- 


tor. It is then fed into the lower section of the 
reactor where it reacts with preheated magnes- 
ite resting on a bed of carbon resistors. The 
main reactions are 


MEĈO, + CO + Chu Э MgCl + 260, 


COx + Ox) + 3C, 2 ICO 
The magnesite is present in lump form. Dunng 
the reaction, chlorine and carbon monoxide 
must penetrate the lumps while magnesium 
chloride simultaneously drains from the sur- 
face [17]. 

The process is in thermal balance at 


1010 °C which is also the temperature in the 
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reaction zone. Off-gases leaving the top of the 
reactor at 250—650 ?C contain primarily car- 
bon dioxide; small amounts of carbon monox- 
ide; and  unreacted chlorine, hydrogen 
chloride, sulfur dioxide, phosgene, chlorides 
of aluminum, iron and silicon, and traces of 
chlorinated hydrocarbons. The off-gases are 
passed through multistage absorption towers 
and activated carbon columns to remove resid- 
ual chlorinated hydrocarbons, sulfur dioxide, 
chlorine, and phosgene before release to the 
stack. Part ofthe cleaned off-gas is mixed with 
oxygen and recirculated to the gas generator 
after compression. The gas generators operate 
on calcined petroleum coke with a particle 
size > 6 mm. Residual tar and volatile oils in 
the fresh coke are driven off by the heat of re- 
action and leave via a separate upper gas 
offtake. 

Liquid process effluents are injected in 
deep wells after chemical treatment and re- 
moval of inert solid material. The latter is de- 
posited as landfill. Off-gases are washed with 
sodium carbonate and sodium hydroxide. So- 
dium chloride is removed from the liquid 
purge streams by passing the solutions over a 
catalyst. Acidic and alkaline streams are com- 
bined to adjust the pH. The resulting liquid is 
used to dissolve soluble.components (mostly 
chlorides) from liquid wastes and is then fil- 
tered and disposed of in an injection well. 

Molten magnesium chloride is tapped from 
the reactors at 800 °C at frequent intervals. 
During operation, silica-rich slag gradually 
builds up at the bottom of the magnesite bed, 
which must eventually be cleaned out. Each 
reactor is reported to have an equivalent an- 
nual production capacity of 1500 t of magne- 
sium. Magnesium chloride containing « 0.296 
magnesium oxide is conveyed to melt cells 
where granular sodium chloride and potas- 
sium chloride are added to obtain the desired 
electrolyte composition. The temperature in 
the melt cells is adjusted to 700 ?C. The cells 
act as intermediate storage tanks for magne- 
sium chloride and as settling tanks for magne- 
sium oxide and other particulate matter. 

The process requires  nondecrepitating, 
high-purity magnesite and consumes ca. 1 t of 
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chlorine, 0.55 t of coke, 0.5 t of oxygen, and’ 


4.3 t of magnesite per tonne of magnesium. 
The MagCan process is proprietary and pro- 
tected by patents [18]. 


Dehydration of Aqueous Magnesium 
Chloride Solutions 


Brines containing 33-34% of magnesium 
chloride may be derived as by-product from 
the potassium industry or produced by dis- 
solving magnesium-bearing minerals in hy- 
drochloric acid (Norsk Hydro process). 
Naturally occurring dilute brines are concen- 
trated by solar evaporation (National Lead 
process) or conventional dehydration pro- 
cesses (Dow Chemical process) Unwanted 
impurities in the brines (e.g., Fe, Ni, 502, B, 
Вг,) are removed prior to dehydration. To 
avoid hydrolysis above 200 ?C, the final dehy- 
dration is performed in an atmosphere of dry 
hydrogen chloride. 


Magnesium chloride 
brine 


Magnesium 






























Liquefaction 


Chlorine 


Figure 20.5: Flow sheet for production of magnesium via 
dehydration of magnesium brine (Norsk Hydro). 

Norsk Hydro Process (Figure 20.5). The raw 
material for magnesium production in Norway 
is brine from the German potash industry with 
the following average composition: 3396 
MgCl, 1.0896 MgSO,, 0.5% NaCl, and 0.2% 


Magnesium 


KCl. Feedstock for the Norsk Hydro magne- 
sium plant in Quebec is obtained by dissolving 
magnesite in hydrochloric acid. 


The brine is treated with sodium sulfide, 
calcium chloride, and barium chloride to re- 
move heavy metals and sulfates by precipita- 
tion and filtration. Purified 3496 magnesium 
chloride solution is preheated by process 
waste heat and concentrated to 45—5096 mag- 
nesium chloride by steam heat exchangers be- 
fore prilling. Sizes of the prills are kept within 
close tolerances, and their shape is controlled 
to optimize the subsequent dehydration step in 
fluidized beds employing hot air at 150- 
180°C and finally hydrogen chloride gas at 
300-400 °C. Water and magnesium chloride 
dust in off-gases from the hydrogen chloride 
dehydration step are absorbed in concentrated 
magnesium chloride solution by extractive 
distillation. Essentially dry hydrogen chloride 
gas is preheated and returned to the hydrogen 
chloride dehydration step. Magnesium chlo- 
ride prills containing < 0.1% magnesium ox- 
ide are transported pneumatically to the 
electrolysis cells. Magnesium and chlorine re- 
coveries in this continuous, high-volume, 
closed process are 2 97%. The process is pro- 
prietary and covered by patents [19]. 


National Lead Industries Process (Figure 
20.6). The National Lead Industries magne- 
sium plant at the Great Salt Lake, Utah, was 
started in 1972 and is owned and operated by 
Amax. Seawater containing 0.5-196 Mg, 
0.8% 502, 396 Na, and 0.25% К is concen- 
trated in solar evaporation ponds to precipitate 
potassium chloride, sodium chloride, and 


some carnallite (MgCl, -KCl-6H,O0). The re- . 


sulting crude brine contains 7.5% Mg, 4% 
SOT, and < 1% К and Na, and is desulfated 
with calcium chloride solution generated in 
the process. The boron content is decreased 
from 500 to 3 ppm by liquid extraction with 
kerosene. The brine is preheated before spray 
drying by direct contact with hot off-gases 
from the spray dryers. Each spray dryer is con- 
nected to a turbine fired with natural gas. Ex- 
haust gases enter the top of the spray dryers at 
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515 °C. The energy efficiency of this system is 
ca. 80%. 


The resulting spray-dried powder contains 
ca. 4% water and 4% magnesium oxide. It is 
melted in an electrically heated, brick-lined 
melt cell and treated with carbon and chlorine 
gas to lower the content of magnesium oxide, 
water, bromine, sulfate, aluminum, and heavy 
metals. In a second reactor vessel, impurities 
are further reduced with chlorine gas in the 
presence of carbon at 830 °C to an average 
magnesium oxide level of 0.05%. 1гоп(Ш) 
chloride acts as a catalyst in these reactions, 
forming a complex with magnesium chloride. 


Magnesium chloride 
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Melting/ 
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Figure 20.6: Flow sheet for production of magnesium via 
dehydration of seawater (National Lead Industries). 


Off-gases containing chlorine, hydrogen 
chloride, sulfur dioxide, magnesium chloride 
dust, and chlorinated hydrocarbons are 
scrubbed with milk of lime [Ca(OH),] to form 
the calcium chloride used in the desulfation 
stage. The molten magnesium chloride prod- 
uct is transported to the electrolytic cells in 
trucks and contains 95% MgCl, < 0.1% 
MgO, and 0.01% 5027, the balance being al- 
kali chlorides. The process is a net producer of 
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chlorine (0.5-0.8 t per tonne of magnesium) 
[20]. 


Dow Chemical Process (Figure 20.7). Hy- 
drous magnesium chloride (МЕСІ, 1.5H4O0) is 
used as cell feed by Dow Chemical. Magne- 
sium hydroxide slurry precipitated from sea- 
water with calcined dolomite is dewatered on 
rotary filters to 8-12% magnesium, dispersed 
in magnesium chloride solution, and neutral- 
ized with hydrogen chloride. Sufficient sulfu- 
ric acid is added to precipitate excess calcium, 
which is then removed by filtration. Sulfate 
ions are adjusted by a proprietary process. The 
brine is further concentrated to 35% magne- 
sium chloride with waste heat. The purified 
brine is fed to a dryer where it is concentrated 
further to 70% magnesium chloride, which is 
a dry granular solid [21]. Alternatively, the 
35% brine can be concentrated directly to 
70% solid particles in a spouting bed where 
the brine is sprayed on solidified particles in 
an airstream at 180 °C. Undersized particles 
are separated in cyclones and returned to the 
dryer. 
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Figure 20.7: F low sheet for production of magnesium via 
dehydration of seawater (Dow Chemical). 
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The hydrogen chloride used for neutraliza- 
tion is partly recovered from the anode gases 
and partly added to the hydrogen chloride fur- 
naces as makeup chloride in various forms. 
The Dow process has the potential to produce 
saleable liquid chlorine when magnesium 
chloride solutions are used as feedstock. 


Dehydration of Carnallite 


Carnallite cell feed for magnesium produc- 
tion is used only in the former Soviet Union. 
Camallite €MgCl,-KC1-6H,0) is obtained as a 
natural mineral or as a by-product in the pro- 
cessing of potassium chloride from complex 
salt deposits. Dehydration of carnallite is sim- 
pler than that of aqueous magnesium chloride 
because hydrolysis is weaker According to 
[22], impurities in the carnallite must not ex- 
ceed the following levels: CaSO, 0.06%, B 
0.001%, Fe 0.01%, and SiO, 0.01%. The so- 
dium chloride content may be 5—7%. 


Carnallite is dehydrated in two stages. The 
first stage is performed in a fluidized bed at 
160—200 °C to give a water content of 3.7— 
4.896. The second stage, which yields molten 
dehydrated carnallite, 1s performed in a chlori- 
nator at 700—750 °C. The chlorinator com- 
bines melting, chlorination, and settling 
mixing in a single unit. The final product con- 
tains 49-51% magnesium chloride and 0.6— 
196 magnesium oxide. Efforts are being made 
to reduce the degree of hydrolysis during de- 
hydration and to replace the chlorination stage 
by hydrogen chloride treatment in a fluidized 
bed. 


20.5.1.2  Electrolysis [7] 


Magnesium chloride is electrolyzed in a 
molten mixture with alkali chlorides at 700— 
800 °C, the main reaction being 


MgCl 2 Mën + Clay 


The electrolyte is contained in brick-lined ves- 
sels or a steel shell. The magnesium rises to 
the surface because it is lighter than the elec- 
trolyte. 





Magnesium 989 
Table 20.4: Composition and properties of electrolytes. 
Properties at 700 °C 
Electrolyte Composition, % тр, °C Density, Conductivity, В Surface tension, 
kein S/m Viscosity, mPa-s mN/m 
Potassium 5-12 MgCl, 650 1600 183 1.35 104 
70-78 KCl 
12-16 NaCl 
Sodium-potassium 10 MgCl, 625 1625 200 1.58 108 
50 NaCl 
40 KCl ` 
Sodium-calcium 8-16 MgCl, 575 1780 200 2.22 110 
30-40 CaCl, А 
35-45 NaCl 
К 0-10 KCI 
Lithium-potassium 10 MgCl, 550 1500 420 1.20 
70 LiCl 
20 KCI 
Lithium-sodium 10 MgCl, 560 1521 488 
70 LiCl ; 
20 NaCl 
Ѕойішт-Багішп 10 MgCl, 686 1800 217 1.70 110 
20 BaCl, 
50 NaCl 
20 KCI 
Magnesium 649 1580 
Technical Data Under thermoneutral conditions energy 


Industrial electrolytic cells differ in elec- 
trode configuration, flow pattern of the elec- 
trolyte, and collection system for reaction 
products. Steel cathodes and graphite anodes 
are arranged vertically or at an angle. Elec- 
trodes may be monopolar, bipolar, or a combi- 
nation of both, with interpolar gaps ranging 
from 3 to 12 cm and current densities from 
2000 to 8000 A/m’. 

Electrolyte filled with chlorine gas adjacent 
to the anodes has a lower density than the bulk 
electrolyte, which results in circulation. The 
circulating electrolyte cares magnesium 
globules to the collecting area. Small bubbles 
of chlorine may follow the flow and escape 
into the ventilation system [23]. 

Under operating conditions (10% MgCl, 
and 1000 K) the energy of formation of mag- 
nesium is 520.9 kJ/mol, and the enthalpy 
597.3 kJ/mol. Consequently, the reversible de- 
composition voltage is 2.70 V. The thermo- 
neutral voltage (AH/2F) is 3.095 V. According 
to Faraday's law, 4.534 x 107* kg of magne- 
sium is formed per ampere per hour. 


consumption is 6.8 kWh/kg. In industrial 
cells, however, power consumption may range 
from 10 to 20 kWh/kg; 40-65% of the energy 
input generates heat as a result of ohmic resis- 
tance of the electrolyte and recombination of 
magnesium and chlorine. Heat generation is 
necessary to compensate for heat losses from 
the electrodes and the cell surface. Heat bal- 
ances for IG cells are reported in [3, 7]. Cur- 
rent efficiencies normally range from 0.75 to 
0.95. The main cause of reduced current effi- 
ciency is the recombination of dissolved chlo- 
rine and magnesium in the electrolyte. 

The composition and primary characteris- 
tics of electrolytes used in the electrolysis are 
listed in Table 20.4; they normally contain 8— 
2096 magnesium chloride. Other chlorides 
(BaCl, or LiCl) may be added to influence the 
density; lithium chloride also increases the 
conductivity of the melt. The density of the 
lithium potassium chloride electrolyte is lower 


than that of liquid magnesium, permitting 


magnesium to collect at the bottom of the cell. 
The solubilities of magnesium and chlorine in 
commercial electrolytes at 730 °C are 0.005% 
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and 6.27 x 10’ mol/cm?, respectively. Solubili- 
ties increase with increasing temperature [24]. 

Comprehensive measurements of the char- 
acteristics of electrolyte compositions and the 
pure salts are reported in [25]. Excess electro- 
lyte components brought to the cell with the 
cell feed are removed by pumping into molds 
or by closed, vacuum-operated containers 
mounted on trucks. At 750 ?C the standard de- 
composition voltages of the electrolyte com- 
ponents are: MgCl, 2.51 V, NaCl 3.22 V, KCl 
3.27 V, LiCl 3.30 V, CaCl, 3.33 V, and BaCl, 
3.40 V. With magnesium chloride contents be- 
low ca. 5%, sodium is deposited; this lowers 
current efficiency and causes a temperature 


rise due to recombination of sodium and chlo- 


rine. 

Impurities in the cell feed disturb cell per- 
formance by passivating the cathode surface 
and hindering the coalescence of metal glob- 
ules or their free rise to the surface. The upper 
permissible limits for common electrolyte im- 
purities, in parts per million, follow [26]: 


MgO 2000 
C 1500 
HO 1000 
Mn 600 
Fe 200 
S 100 
Si 100 
P 50 


B 10 

Small additions of calcium fluoride, sodium 
fluonde, amorphous carbon, and alkaline- 
earth metals to the electrolyte counteract these 
undesired effects. 

Magnesium chloride and magnesium react 
with oxygen in air or with oxygen-containing 
. compounds to form magnesium oxide, which 
has a low solubility in the melt. The oxide can 
form a layer on The cathode surface, resulting 
in higher electrical resistance. Magnesium ox- 
ide with entrapped electrolyte and magnesium 
globules form a sludge at the bottom of the 
cell which must be removed at intervals. The 
amount of sludge is significantly lower in 
sealed as opposed to open cell designs. 

Theoretically, 2.918 t of chlorine is pro- 


duced per tonne of magnesium; commercial 


cells operating with dehydrated magnesium 
chloride may yield 2.7—2.8 t of chlorine with a 
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concentration of 2 95%. The chlorine gas 
from cells operated on dehydrated cell feed 
contains small amounts of air, dust from the 
electrolyte components, and minor amounts of 
chlorinated hydrocarbons requiring efficient 
systems for collection and destruction. Elec- 
trolytic magnesium contains typically > 
99.8% magnesium. | 


Electrolytic Cells 


IG Cell. The cell concept first developed by 
IG Farben Industrie in Germany in the 1930s 
is now in operation in the former Soviet 
Union, China, and the United States: Figure 
20.8 illustrates the electrode configuration and 
the circulation of the electrolyte [26]. 

















Figure 20.8: Electrode configuration in the IG cell: a) 
Graphite cathode; b) Steel cathode; c) Semi wall; d) Chlo- 
rine bubbles; e) Magnesium globules; f) Chlorine outlet; 
g) Magnesium; h) Sludge. 

The brick-lined cell is divided into four to 
six compartments by semisubmerged refrac- 
tory partition walls termed semi walls (c). 
Three to five water- or air-cooled graphite an- 


Magnesium 


ode plates (a) arc installed and tightly sealed in 
the refractory cover of the cell. The semi walls 
on each side of the anodes separate the magne- 
sium metal and the chlorine gas. Steel cath- 
odes (b) are installed in the cathode 
compartments from above or through the side- 
walls. Cells operated at 750—780 °C have a 
life of ca. one year, limited by the deteriora- 
tion of the semi walls. The metal is collected 
from each of several cathode compartments 
and chlorine from each anode compartment. 
Extensive cathode chamber ventilation causes 
oxygen and water in the ventilation gases to 
react with metal and electrolyte to form 
sludge. The current efficiency is typically 
0.80—0.85, and the amperage is in the range 
60—120 kA. The chlorine concentration may 
reach 90-95% and is limited by air leaks 
through the semi walls. Anode consumption is 
15—20 kg per tonne of magnesium. Cell regu- 
larity (days in operation divided by total days 
available) is 95-98% of available time, and 
the power consumption per tonne of magne- 
sium is 16-18 MWh when operated on molten 
magnesium chloride. For further details of the 
IG cell, see [27]. 


Norsk Hydro Cell. This cell has been in oper- 
ation since 1978 and consists of a sealed, 
bricklined apparatus that is divided into two 
separate chambers for electrolysis and metal 
collection, respectively (Figure 20.9). Densely 
packed, cooled graphite anode plates (b) are 
installed through the roof and double-acting 
steel plate cathodes (c) through the back wall. 
Chlorine (98%) is collected from a central 
pipe in the anode compartment. Circulation of 
the electrolyte (h) is parallel to the electrodes 
bringing the magnesium metal to the collect- 
ing chamber from where it is extracted by vac- 
uum and transported to the foundry. This cell 
operates on solid or liquid cell feed conveyed 
continuously or at intervals to the cell at 700— 
720 °C with a current load of 350-400 КА. 
Energy consumption is 12-14kWh per kilo- 
gram of magnesium and cell life exceeds five 
years. 
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Figure 20.9: Norsk Hydro cell: a) Refractory material; b) 
Graphite anode; c) Steel cathode; d) Refractory cover; e) 
Metal outlet: f) Metal; р) Partition wall; h) Electrolyte 
flow; i) Electrolyte level; j) Chlorine outlet. 


VAMI Cell. The cell developed by VAMI, St. 
Petersburg, is based on the same principles as 
the Norsk Hydro cell but operates at 150-180 
kA and 700—740 °С. Various electrode ar- 
rangements are reported. Current density var- 
ies between 1000 and 5000 Алт?, with a 
preferred optimum at 2000 A/m”. The low- 
carbon steel used for the cathodes is claimed 
to undergo transformation during operation 
from 0.2-0.3% carbon to 0.02% carbon, thus 
coarsening the ferritic grains 100-fold and im- 
proving current efficiency. When operated on 
dehydrated molten magnesium chloride ob- 
tained after reduction of titanium(IV) chloride 
with magnesium (Kroll process), the current 
efficiency is ca. 0.80, with an electric energy 
consumption of 13.5 kWh per kilogram of 
magnesium [22]. 


Alcan Cell. Magnesium cells developed by 
Alcan, Canada, for the electrolysis of anhy- 
drous magnesium chloride have been operat- 
ing since 1961 in Japan and the United States. 
They are used in titanium plants where mag- 
nesium is employed in the reduction of tita- 
nium(IV) chloride (Kroll process). The cells 
are divided by a curtain wall into a front com- 
partment where the metal accumulates on the 
heavier chloride bath and an electrolysis com- 
partment where chlorine (2 9794) is collected. 
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Figure 20.10: Vertical section (A) and top view (B) if Ish- 
izuka cell: a) Refractory material; b) Steel cathode; c) 
Graphite anode; d) Bipolar electrode (steel-graphite); e) 
Bipolar support; f) End cathode; g) Electrolyte ports; h) 
Electrolyte level; i) Electrolysis chamber; j) Metal-col- 
lecting chamber; k) Refractory wall. 

The two compartments have insulating 
covers through which water-cooled graphite 
anodes are installed. The cathodes are parallel 
to the anodes and are installed through the re- 
fractory back wall below the bath level. The 
operating temperature (660—680 °C) is con- 
trolled just above the melting point of the 
metal. 

A new multipolar cell design has been in 
operation since 1982 in which electrodes are 
. added between the anode and the cathode sur- 

faces. The energy consumption of this cell 
when operating on high-purity molten magne- 
sium chloride from Kroll titanium production 
is claimed to be 9.5-10 KWh per kilogram of 
magnesium. Cell productivity has reached 
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1000 t/a. The cell operates at 100 kA with a 
life of up to two years [28]. 


Ishizuka Cell. The Ishizuka Research Insti- 
tute, Japan, has developed a bipolar cell that 
has been used since 1983 for industrial mag- 
nesium production by Showa Titanium, 
Toyama (Figure 20.10). 

The outer, brick-lined, cylindrical, water- 
or air-cooled shell is divided in half by a re- 
fractory wall (K). Each half-is subdivided with 
a refractory partition wall into a metal-collect- 
ing chamber (j) and an electrode chamber (1) 
where electrolysis is performed. The electrode 
chambers have three steel cathodes, one at 
each end and one in the center (b); a graphite 
anode (c) is located between each pair of cath- 
odes. Five bipolar electrodes (d) are located 
between each set of anodes and cathodes.The 
bipolar electrodes are made of graphite with 
steel plates attached to the cathode side. The 
current load is connected to the cathodes and 
graphite anodes penetrating through the re- 
fractory-lined cover of the cell. The bipolar 
electrodes are submerged in the electrolyte. 
The electrolyte flow induced by gas produc- 
tion carries the metal into the collecting cham- 
ber through openings in the partition wall. The 
electrolyte returns to the electrode chamber in 
the bottom part of the cell. The cell operates at 
670 °C and carries 50 kA, corresponding to 
300 kA in a monopolar cell. Current density is 
5600 Алт”, and the interpolar gap is 4 cm. Ata 
current efficiency of 0.76, the power con- 
sumption is 11 kWh per kilogram of magne- 
sium when operated on molten magnesium 
chloride from Kroll titanium production. The 
furnace cell life is ca. three years. 

The prime advantage of the bipolar cells is 
reduction of heat losses. Special provisions 
are made to prevent current leaks from by- 
passing the bipolar electrode system. Ishizuka 
states a preferred electrolyte composition of 
50% NaCl, 30% KCl, and 20% Mal, The 
cell maintained at a pressure of 0—1.33 kPa 
yields 2 96% chlorine [29]. 


Dow Cell. Electrolysis of hydrous cell feed 
(MgCl,-1.5H,O) in the Dow cell (Figure 
20.11) requires graphite anodes which can be 
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lowered into the cells to compensate for con- 
sumed graphite. Densely packed cylindrical 
anodes (c) are led through openings in the re- 
fractory cell hood (d) and sealed to reduce air 
leaks. They are centered by insulating ceramic 
spacers. The development of efficient anode 
seals to withstand severe corrosive environ- 
ment and high temperature has been a chal- 
lenge. Conical cathodes (b) are welded to the 
steel shell (a) holding the electrolyte. Magne- 
sium metal is conducted by The electrolyte 
flow to a collecting chamber (e) at the front of 
the cell. Water in the cell feed 1s partly flashed 
off; and partly reacts with chlorine (to form 
HCI) and with oxygen in the graphite (to form 
CO and CO,). Graphite consumption is proba- 
bly 60—70 kg per tonne of magnesium. The 
Dow cell is operated at 700 °C with an esti- 
mated current load of 180 kA and current effi- 
ciency of ca. 0.8. 
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Figure 20.11: Dow cell: a) Steel mantel; b) Steel cathode; 
c) Graphite anode; d) Refractory cover; e) Magnesium 
collection compartment. 

In comparison with an anhydrous cell feed, 
the hydrous cell feed increases electric power 
consumption as well as the formation of 
sludge and dilute anode gases. The presence of 
hydrogen, chlorine, and carbon in the cell at 
high temperature promotes formation of chlo- 
rinated hydrocarbons in off-gases. 

Dow has patented an inert anode that is pro- 
tected by a ceramic cover of doped and sin- 
tered Ti^ and Ti? compounds [30], which 
could improve the performance of the cell. Ef- 
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forts to reduce the overall energy consumption 
in Dow's operations from 325 MJ per kilo- 
gram of magnesium in 1978 by 15-20% over 
ten years have been reported [8, 21]. 


20.5.2 Metallothermic Reduction 


Industrial metallothermic. processes for 
magnesium production are based on the reduc- 
tion of magnesium oxide with ferrosilicon 
(FeSi). Magnesium oxide is provided in the 
form of calcined dolomite (MgO : CaO), some- 
times enriched with calcined magnesite 
(MgO). The basic reaction is: 
2CaO0,, + 2МгО у + Sio O 2Mg,, + Са10, „у 


This reaction is highly endothermic (AG = 210 
kJ/mol). The vapor pressure at 1800 °C is 0.1 
MPa. Industrial processes operate under vac- 
uum at a lower temperature (1200-1500 °C) 
to limit wear on construction materials and to 


. suppress undesirable side reactions in the gas 


systems. Reduction is carried out in the batch 
mode. Various reactor designs have been sug- 
gested [31]; determining factors are transfer of 
heat to the charge and attempts to develop a 
continuous process. Active developmental 
work aims at increasing reactor capacity and 
improving metal yield [32]. 7 
Three principles are applied for the reaction 
chamber: 
e Externally heated retorts producing 70 kg/d 
(Pidgeon) 
e Internally heated reactors producing 2 t/d 
(Bolzano) 
e Internally heated reactors with molten slag 
producing ca. 12 t/d (Magnetherm) 


Pidgeon Process. The process developed by 
PripcEoN in the early 1940s is presently used by 
Timminco in Canada and Ube Industries in Ja- 
pan (Figure 20.12). Briquettes of crushed cal- 
cined dolomite and ferrosilicon fines in a 
stoichiometric ratio of 2:1 are loaded into tu- 
bular refractory steel retorts, heated exter- 
nally to a reaction temperature of 1200 °C, 
and evacuated to 13.3 Pa. Magnesium vapor 
condenses at the cooled end of the retorts. 
Reaction kinetics depend on the thermal 
conductivity of the briquettes, the shrinking 
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core pattern of the reaction zone, and the dif- 
fusion rate of magnesium vapor. Heat transfer 
to the charge limits the diameter of the retorts. 
Timminco operates retorts that are 3 m long 
and have a bore diameter of 275 mm, each re- 
tort yields 70 kg of magnesium per day. Ferro- 
silicon grades containing 65-90%, but 
preferably 75-90% silicon, have been used. 
Metal recoveries up to 90% are attainable if a 
slight excess of silicon above stoichiometric 
requirements is used. Recovery increases 
with increasing ferrosilicon concentrations. 
Handling of the charge and removal of slag 
and condensate have been highly automated 
reducing down time to 1 h per day. The pro- 
ductivity of the Pidgeon process is now 25 t/a 
per employee with a total energy requirement 
of 30 kWh/kg. The high-purity dolomite from 
Haley (99.5% CaCO,:MgCO),) enables Tim- 
minco to produce 99.95%, and even 99.98%, 
magnesium in commercial quantities. The 
company has recently introduced to the mar- 
ket ultrapure AZ 91 alloys with improved cor- 
rosion resistance [33]. 
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Figure 20.12: Flow sheet for the production of metallo- 
thermic magnesium (Pidgeon and Bolzano processes). 
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Figure 20.13: Bolzano reactor: a) Steel mantel; b) Refrac- 
tory; c) Removable charge pack; d) Charge briquettes; e) 
Charge support; f) Electric heating connection; g) Remov- 
able condenser; h) Condensed magnesium. 


Bolzano Process. The Bolzano process is op- 
erated in Italy by Società Italiana per il Leghe 
di Magnesio (SAIM) and in Brazil by Bras- 
mag. It employs an internally heated, brick- 
lined cylindrical reactor (Figure 20.13). The 
briquetted charge of homogeneously mixed 
calcined dolomite and ferrosilicon lines (d) is 
loaded on a charge support system (e). Internal 
electrical heating (f) is conducted to the charge 
through the charge support system. The pro- 
cess operates at 1200 °C and < 400 Pa. Mag- 
nesium vapor condenses inside the condensers 
that are water-cooled to 400—500 °C. Each re- 
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actor has a production capacity of ca. 2t of 
magnesium per 20-24 h reaction cycle, with a 
shutdown time of 0.5-0.75 h per cycle. Pro- 
duction of 1 t of magnesium consumes 7-7.3 
MWh, 5-5.2 t calcined dolomite, and 0.7 t of 
silicon contained in 78% ferrosilicon, with 
81% silicon recovery; 5—5.2 t of slag is pro- 
duced per tonne of magnesium and sold for 
use in plaster and building bricks. Mechaniza- 
tion of charge handling and slag removal is a 
challenge in this process. Magnesium with a 
purity of 99.98-99.99% is obtained [34]. 


Magnetherm Process. The magnetherm pro- 
cess was developed by Pechiney Electro- 
métallurgie in 1963 and is still in use at the 
company’s magnesium extraction plant in 
Marignac, France. The process is now also op- 
erated by North West Alloys (United States), 
Japan Metals and Chemicals (Japan), and 
Magnohrom (former Yugoslavia). The total 
installed production capacity worldwide is 
65 000 t/a. The overall equation for the -pro- 
cess is 
2Ca0-MgO,, + Alan + (Ее), > 
Ca, SiO, Alt + Fea + Mg; 
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The dicalcium silicate slag formed in the 
reaction of calcined dolomite with ferrosilicon 
(Pidgeon and Bolzano processes) has a melt- 
ing point of 2000 °C and is solid at the reac- 
tion temperature (1200 °C). The Magnetherm 
process, however, operates with a partly mol- 
ten slag of the general composition 2CaO- 
$1i0,-7Al,O, at 1550-1600 °C. The slag con- 
tains 50% Ca,SiO,, 18% ALO- 14% MgO, 
and 18% CaO and is kept in an electrically 
heated, cylindrical, brick- and carbon-lined 
steel vessel (Figure 20.14). The power input 
(4500 kW) is conveyed through a water- 
cooled copper electrode (a) from the top 
through the slag (g) to the bottom graphite lin- 
ing (b) of the reactor, which acts as a power 
outlet. Coarse calcined dolomite and alumina 
screened to 3~30 mm, as well as ferrosilicon 
containing a minimum amount of fines, are 
added continuously to the slag under a vac- 
uum of 0 40—0.67 kPa through charge holes in 
the water-cooled furnace roof. Magnesium va- 
por condenses in a separate condenser system. 
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The main impurities of the metal produced at 
Marignac (France) are manganese 0.04%, sili- 
con 0.03%, iron 0.01%, zinc 0.007%, and 
copper 0.005%. | 

The slag is not homogeneous and contains 
about 40% solid Ca,SiO,. The main endother- 
mic reaction takes place close to the surface of 
the slag. Deeper in the molten slag, the higher 
pressure slows down and finally stops the re- 
action at a ferrosilicon content in the bottom 
layer of ca. 20%. Slag and 20% ferrosilicon 
are tapped twice during a cycle of ca. 18 h, 
having produced more than 10 t of magne- 


sium. Adjustment of the slag composition to 


higher magnesium oxide content and heating 
the surface of the slag with arc or plasma burn- 
ers to 1900—1950 °C have been suggested to 
allow reduction to occur at atmospheric pres- 
sure [35]. 


Reactor Е Condenser 


Cat. М90, 
А03, FeSi 
“A 





Figure 20.14: Magnetherm reactor: a) Copper electrode; 
b) Graphite lining; c) Bottom electrode; d) Taphole; e) Re- 
fractory; f) Low-grade FeSi; р) Slag; h) Condenser; i) 
Condenser crucible. 

Production of 1t of magnesium requires 
5.7 t calcined dolomite, 0.75 t bauxite, 0.65 t 
of silicon contained in 77% ferrosilicon (88% 
Si recovery), and < 9 MWh of power. About 
6 tof slag is produced per tonne of magnesium 
and is used in the cement industry for road 
building and as a source of magnesium and sil- 
icon in agricultural soil. The 20% ferrosilicon 
by-product (yield 0.15 t per tonne of magne- 
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sium) is used in the metallurgical industry, in 
the production of heavy liquid media for the 
.separation of metals, or in drilling mud. The 
productivity of the process is estimated to be 
ca. 50 t per manyear [36]. 


20.5.3 Refining and Casting 


All magnesium extraction processes are 
followed by refining to remove impurities and 
casting to convert the metal to ingots, billets, 
slabs, or granules [5]. 


Refining. Nonmetallic impurities in the form 
of particulate oxides, nitrides, carbides, and 
chloride inclusions impair corrosion resis- 
tance as well as mechanical and surface prop- 
erties. Most alkali chloride and magnesium 
chloride fluxes wet and coat the surface of the 
impurity particles. The higher density of the 
chlorides causes the impurities to sink to the 
bottom of the melt as a sludge. Fluxes are 
composed to maintain a minimum difference 
in density compared to that of the metal of 
0.15-0.20 g/em?. 

Inspissating (thickening) agents such as 
magnesium oxide and calcium fluoride reduce 
the fluidity of the sludge to prevent it from 
contaminating the metal after settling. Inspis- 
sated fluxes are also used to protect the metal 
surface during holding and casting because of 
their viscosity and stability (Table 20.5). 

Table 20.5: Composition of fluxes used in melting and re- 
fining (%). 

Purpose CaCl, NaCl KCl MgCl, CaF, MgO 


Melting 40 30 20 10 

Melting and 

refining 20 10 10 35 15 10 
Refining 15 10 10 35 20 10 
ыыы __..——— 


Metallic impurities are normally controlled 
by the choice of raw materials and extraction 
process parameters. The most common metal 
impurities in pure magnesium are iron, copper, 
nickel, manganese, zinc, aluminum, silicon, 
calcium, and sodium. Intermetallic particles of 
aluminum, manganese, iron, and silicon have 
also been identified. 

Heavy metals reduce the corrosion resis- 
tance of magnesium while acting as cathodes 
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in galvanic cells in the metal. Metallic impuri- 
ties are also undesirable for certain applica- 
tions in which magnesium is used as a 
reductant (Ti, Zr, U) or as a canning material 
for the fuel elements in nuclear reactors where 
the metal's neutron absorption properties are 
important. 

The solubility of iron in magnesium in- 
creases with temperature (Figure 20.15). Iron 
levels can be kept low by operating at low 
temperature (660-680 °C) under clean condi- 
tions [37]. The iron content can be reduced 
further by adding manganese, zinc, beryllium, 
or titanium(IV) chloride. Silicon can be re- 
moved by adding zinc chloride or cobalt(IT) 
chloride. In these processes, complex iron and 
silicon. compounds precipitate. Sodium and 
calcium are efficiently reduced and converted 
to their chlorides by stirring magnesium chlo- 
ride into the melt [5]. 





Temperature, 9с 


0 0.02 0.04 0.06 0.08 1.00 
Solubility of iron, %—» 


Figure 20.15: Solubility of iron in magnesium [36]. Sym- 
bols indicate results obtained from different sources. 

Hydrogen is formed when magnesium re- 
acts with moisture contained in the air or in 
materials used in the process. The normal 
level of hydrogen in pure magnesium is 1—7 
cm? per 100 g, which is acceptable for most 
purposes. Higher levels cause porosity on so- 
lidification; this is especially important in 
magnesium alloys. The level of dissolved hy- 
drogen can be reduced by treatment with chlo- 
rine at 725—750 ?C, nitrogen at 650—680 ?C, 
argon, or helium. 

Equipment. The standard equipment in 
magnesium refineries consists of large, sta- 
tionary, brick-lined furnaces or externally 
heated steel crucibles containing 10-25 t or 2- 
6 t of molten magnesium, respectively. The 
stationary furnaces can be heated electrically, 
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with gas or oil bumers from the roof, or by 
submerged electrical heating systems. 


Electrolytic magnesium recovered and pro- 
cessed in the molten state can be refined in 
continuous stationary furnaces. Proprietary in- 
stallations are in use with metal yield > 99.5% 
and negligible flux consumption (Figure 
20.16) [38]. 

Metallothermic magnesium crowns ‘(con- 
densed magnesium crystals) or condensates 
are recovered in the solid state. Standard prac- 
tice involves batchwise melting and refining 
in stee] crucibles that are transported by crane 
to the casting area. The melting process and 
the high content of nonmetallic impurities re- 
quire a flux consumption that is 5-10% of the 
metal volume; metal recoveries are in the 
range 95-9894. 


Casting. Highly automated casting by pump- 
ing or static pressure is state of the art. Magne- 
sium contracting 4.2% during solidification 
and 5% during cooling to 20 °C is sensitive to 
surface cracks and shrink holes. Turbulent 
flow favors the formation of nonmetallic in- 
clusions. Consequently, care is taken to con- 
trol the solidification process and to reduce 
turbulence. At elevated temperature or in the 
case of turbulent metal flow, sulfur dust may 
be sprayed on the metal surface to suppress 
oxidation. 


The level of impurities in standard 99.8% 
magnesium does not influence the solidifica- 
tion pattern. Pure magnesium solidifies at its 
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melting point (649 °C). During holding and 
casting, the metal surface is protected against 
oxidation by a cushion of protective gas. Air 
may be completely replaced by helium or ar- 
gon; low concentrations of sulfur hexafluoride 
or sulfur dioxide in air form protective layers 
on the metal surface. Blends of air, sulfur 
hexafluoride, and carbon dioxide are being 
used increasingly because of their nontoxic 
character and low cost [39]. 


Billets are cast in multistrand continuous or 
semicontinuous direct-chill casting machines. 
The number of parallel strands is limited to 
four to six because of practical problems asso- 
ciated with the metal’s low heat content and 
tendency to skin formation. Hot top and airslip 
systems are state of the art. 


Single-crystal magnesium may be continu- 
ously cast by the Ohno horizontal continuous 
casting process. The metal is cooled directly 
with a water spray immediately outside the 
mold maintained at a temperature above the 
melting point (64 °C). The rapid cooling pro- 
duces metal with unidirectional solid struc- - 
ture, which is reported to exhibit excellent 
workability and superior anticorrosion proper- 
ties [40]. 

To avoid discoloration and surface corro- 
sion during transportation and handling under 
severe climatic conditions, the metal is pro- 
tected by suitable ventilated plastic or paper 
wrappings. Magnesium ingots are sometimes 
protected by a thin layer of mineral oil. 

















Figure 20.16: Norsk Hydro refining furnace [38]: a) Salt melt; b) Magnesium metal; c) Electrodes; d) Refractory; e) 
Sludge; f) Tapping spout; g) Partition wall; h) Metal port; i) Refractory cover. 
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20.5.4 Particulate Magnesium 


Particulate magnesium comprises pow- 
ders, granules, turnings, and raspings; particle 
sizes range from 0.04 to 5 mm, and particle 
shapes vary. Particulate products are used in 
chemical and metallurgical processes in which 
magnesium acts as a reagent, catalyst, or al- 
loying element. Fine powders are used in py- 
rotechnics. 

Particulate magnesium is considered in- 
flammable and subject to specific labeling and 
packing regulations according to IMDG codes 
classes 4.1 and 4.3; UN No. 1869 and 1418; 
CFR 49: 172.01, flammable solid; RID/ADR 
class 4.1, number 13b, class 4.3 number 14. 

Flowability, uniformity of grain size, and 
defined area volume ratios are important for 
injection into molten metal (steel, aluminum). 
Particulate magnesium is frequently blended 
with inert and active components (e.g., lime or 
alumina) or coated with salt or refractories. 
These products are used for desulfurization of 
iron. Blending and coating reduce the reactiv- 
ity and increase the magnesium yield. Turn- 
ings and raspings commonly used for 
Grignard syntheses and pharmaceuticals are 
adjusted for reactivity (surface-to-weight ra- 
tio) and form of the particles according to cus- 
tomer specifications. Finely divided powder 
for pyrotechnics is subject to narrow tolerance 
limits, including the content of organic mate- 
rial. 

Particulate magnesium is produced di- 
rectly from the molten state by shotting, atom- 
ization, or granulation or by machining ingots, 
slabs, or billets, with subsequent grinding and 
screening. Airborne dust with a particle size < 
0.15 mm is explosive. Safety precautions for 
machining and atomizing operations include 
prevention of explosion hazards in The pro- 
cessing and handling of fine dust, as well as 
design of the general plant layout to limit the 
consequences of accidental blowouts. Clean 
operation and personal hygiene are important. 

Nearly spherical magnesium shots in the 
0.2—2-mm size range are produced by nozzle 
spraying in a cooling tower with an inert atmo- 
sphere [41]. Atomizing is performed in a pro- 


Handbook of Extractive Metallurgy 


tective atmosphere of argon, helum, or 
methane. Magnesium may be atomized on a 
rotating disk or in a gas stream. During shot- 
ting and atomizing, precautions are taken to 
avoid the formation of layers of highly ignit- 
able, pyrophoric substances. 


Salt-coated granules were originally devel- 
oped in the former Soviet Union and are pro- 
duced by mixing alkali chloride salts and 
molten magnesium in a rotating perforated 
cup; the metal is disintegrated by centrifugal 
force with subsequent air cooling. Spheroidal 
particle sizes range from 0.2 to 2.5 mm, with a 
salt content of 10% [22, 42). Other methods 
include mixing molten mixtures of magne- 
sium and alkali chlondes and adding a stabi- 
lizing boron compound [43]. Various 
proprietary processes employ eutectic salt 
compounds with low hygroscopicity to pro- 
duce particles with high flowability [44]. The 
salt and metal are separated by gentle crushing 
and screening, leaving granules with 5-10% 
salt as coating. The production of salt-coated 
granules is safer than that of pure magnesium 
powder and can be integrated in normal 
foundry operations. 


20.6 Environmental Aspects 


All magnesium extraction processes re- 
quire installations for cleaning off-gases and 
treating wastewater. Significant amounts of 
solid waste are deposited as landfill. All pro- 
cesses involve calcination of carbonaceous 
minerals or dehydration of hydroxides in 
which dust is removed by conventional meth- 
ods. Gases emitted to the atmosphere contain 
carbon dioxide, nitrogen oxides, and sulfur di- 
oxide from the combustion and calcination 
processes. The content is frequently lowered 
by scrubbing the gases with seawater to com- 
ply with loca] emission regulations. 

In electrolytic processes, carbon is used as a 
reductant in the preparation of anhydrous 
magnesium chloride and as anode material in 
electrolysis. The presence of carbon, water, 
chloride, or hydrogen chlonde, even in low 
concentrations, at elevated temperature leads 
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to formation of chlorinated hydrocarbons and 
other organic compounds. Chloromethanes, 
chlorobenzenes, polychlorinated biphenyls, 
chlorodibenzofurans, and chlorodibenzo-p-di- 
oxins are highly toxic and are only slowly de- 
graded in nature. Although such compounds 
only occur in liquid effluents from scrubber 
systems at low concentrations (a few micro- 
grams per liter), collection and destruction are 
mandatory. 


Chlorinated organic compounds can be ei- 
ther in solution or present as small particles in 


the liquid effluents. Particles may be floccu- . 


lated with appropriate cationic or nonionic 
agents. The agglomerates adhere to solid inor- 
ganic particles that are often present in the ef- 
fluents (carbon and hydroxides or oxides of 
iron, aluminum, silicon, etc.). The particles 
are removed by filtration or centrifugation. 
Liquids may be treated with activated carbon. 
Traces of chlorine or hydrochloric acid in off- 
gases are scrubbed, recycled, or neutralized by 
conventional methods. 


By-products from metallothermic pro- 
cesses are either used for industrial purposes 
or deposited as landfill. 


Sludge from foundry operations contains 
entrapped metallic magnesium globules. 
When deposited as landfill, precautions must 
be taken to control hydrogen emission from 
the reaction of entrapped magnesium with wa- 
ter. Off-gases from foundry operations con- 
taining hydrogen chloride, sulfur dioxide, and 
magnesium oxide are scrubbed by conven- 
tional methods to comply with local regula- 
tions. 


20.7 Quality Specifications 


The ASTM designation B 92M-83 covers 
pure magnesium in the form of ingot or stick 
for remelting in the following grades: 9980, 
9990, 9995, and 9998 (Table 20.6). Examples 
of other standards for pure magnesium corre- 
sponding to those of the ASTM are ISO 8287 
and DTN 17800. 
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Table 20.6: Magnesium grades according to ASTM B 
92M-83. Figures refer to maximum content in weight per- 
cent except otherwise specified. 


eS 
Component 9980 A 9980 B 9990 A 9995 A 9998 A 

ee 

Aluminum 0.003 0.01 0.005 


Copper 0.02 0.02 0.0005 
Tron 0.04 0.003 0.002 
Lead 001 0.01 0.001 
Manganese 0.10 0.16 0.004 0.004 0.002 
Nickel 0.001 0.005 0.001 0.001 0.0005 
Silicon 0.005 0.005. 0.003 
Tin 0.01 0.01 : 
Titanium 0.00 0.001 
Other impurities 

(each)* 0.05 0.05 0.01° 0.005 0.005* 
Magnesium (by 


difference, min.) 99.80 99.80 99.90 99.95 99.98 
Eee 


*For specific applications, other minor impurities may be limited 
by agreement. 
For nuclear applications, cadmium and boron concentrations are 


‚ specified as follows: Cd (min. 0.00005; max. 0.0001 %), B (min. 


0.00003; max. 0.00007%). 


Consumption, 10?t — 





1970 1975 1980 1985 


Year ——— 


Figure 20.17: Consumption by end uses. Pure magne- 
sium: a) Aluminum alloys; b) Iron nodularization; c) Des- 
ulfurization; d) Chemical applications. Magnesium 
alloys: e) Pressurized die casting; f) Structural applica- 
tions. Pure magnesium and alloys: g) Other uses. 

Grade 9980A is adequate for most uses and 
can be obtained by electrolysis by using con- 
trolled standard operations. Grades 9995A and 
9998A are normally produced only by metal- 
lothermic processes. High-purity magnesium 
can also be produced by distillation of lower 
grades, but this is expensive [5, p. 178; 22, p. 
313]. 


20.8 Uses 


The uses and consumption of magnesium 
are summarized in Figure 20.17. The overall 
growth rate in the use of magnesium is esti- 
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mated as of 1989 to be 3—4% for the next few 
years. 


Aluminum Alloys. The largest single use of 
magnesium is as an alloying element in alumi- 
num alloys. Aluminum-magnesium alloys 
have improved ductility, enhanced resistance 
to saltwater corrosion, and improved сїуо- 
genic properties. User forms are ingots weigh- 
ing 1—25 kg or sows weighing 250—500 kg. 
The market growth of this application depends 
on the growth of aluminum and the recycling 
efficiency of aluminum scrap, particularly 
beverage cans. 


Desulfurization and Nodularization. In the 
iron and steel industry magnesium is used for 
desulfurization and nodularization. Particulate 
magnesium alone or blended with other ingre- 
dients is injected into crude iron melts. The 
typical magnesium consumption for desulfur- 
. ization of low-iron steel is 0.5 kg per tonne of 
steel. Magnesium also triggers the transforma- 
. tion of laminar carbon to globules in nodular 
iron. For this purpose the metal is either added 
with ferrosilicon as an alloying element or di- 
rectly in the form of lumps, impregnated coke, 
or granules. Magnesium has a modifying ef- 
fect on nonmetallic inclusions in steel. Effect 
and user forms are currently being studied 
[45]. 


Magnesium-based alloys are normally deliv- 
ered as alloyed ingots from the primary pro- 
ducers. Magnesium alloys are used for 
pressure die casting, structural applications, 
numerous lightweight applications (automo- 
tive, hand tools, computers, etc.), and where 
the metal's damping capacity is of importance. 
The magnesium-based magnox alloys are 
used in extruded form as canning materials in 
gas-cooled nuclear reactors (Calder Hall) be- 
cause of their low neutron absorption area. 
Uses of magnesium for uranium and nuclear 
application account for less than 196 of the 
market in the Western world [46]. 


Chemical applications include the use of 
magnesium as a reagent in the production of 
titanium and zirconium by the Kroll process, 
the reduction of uranium fluoride to uranium 
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metal, and the production of beryllium and 
hafnium. Titanium constitutes by far the larg- 
est user segment in this group, the magnesium 
being added in ingot form. Magnesium chlo- 
ride from the Kroll process is electrolyzed to 
recover magnesium and chlorine. The normal 
magnesium requirement to compensate for 
losses is 0.1 t per tonne of titanium. 


Magnesium raspings fof the production of 
metallic uranium have a specified limited con- 
tent of boron, cadmium, and rare-earth ele- 
ments including gadolinium, samarium, 
europium, and dysprosium. 


The use of particulate magnesium, rasp- 
ings, or turnings in Grignard syntheses has 
been declining, due primarily to restricted use 
of tetraethyllead. 


Other Uses. The electronegative character of 
magnesium is used for corrosion abatement as 
sacrificial soil and hot-water tank anodes. Eu- 
ropean restrictions on aluminum in drinking 
water have encouraged the use of magnesium 
anodes for hot-water tanks. Magnesium bat- 
teries for military purposes and rescue systems 
combine light weight and high energy content. 


Pure magnesium (preferably atomized 
powder) combines readily with hydrogen to 
form magnesium hydride which can be re- 
leased in a reversible process. Magnesium hy- 
dride has a higher concentration of hydrogen 
per unit volume than liquid hydrogen. The re- 
versibility of the process is dependent on the 
surface activity of the powder. Magnesium as 
a carrier for hydrogen could represent a future 
use [47]. 


20.9 Economic Aspects 


Considered a strategic material for military 
applications during and shortly after World 
War II, magnesium is now used predominantly 
for nonmilitary purposes. Since the oil crises 
in the early 1970s, magnesium consumption 
has fluctuated in line with other commodity 
materials dependent on changes in the indus- 
trial growth in major consumer countries. The 
capacities are given in Table 20.7. 
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Table 20.7: Main magnesium producers. 
Installed 


Company production Production 
capacity, 103, PTOCESS 
Norsk Hydro a.s., Norway 1 electrolytic 
Norsk Hydro Canada, 

Canada (40) electrolytic" 
Dow Chemical, USA 90 electrolytic 
Amax, USA 35 electrolytic 
Northwest Alloys, USA 35 thermic 
Pechiney Électrométallur- R 

gie, France 15 thermic 
MagCan, Canada ' (12) electrolytic 
Timminco, Canada 12 thermic 
Magnesio (SAIM), Italy 10 thermic 
Ube Industries, Japan 7 thermic 
Furukawa Magnesium Co., 

Japan (6) thermic* 
Brasmag, Brazil 5 thermic 
Magnohrom, Yugoslavia 5 thermic 
Japan Metals and Chemical 

Co., Japan 3 thermic 
Former Soviet Union . 86 electrolytic 
China 9 electrolytic 


"Capacity under installation; start-up planned mid-1989. 
* Capacity under installation; start-up planned early 1990. 
*Facility closed in 1988. 


Total production of magnesium in the 
Western world in 1988 was 241 x 10? t, and 
consumption was 255 x 10? t, including 13.2х 
10? t exported to Eastern countries. Approxi- 
mately 7596 of the total world magnesium 
production (1989) is electrolytic and 2596 
metallothermic. The main Western consumer 
regions were North America (125 x 10? t) 
Latin America (11.7 x 10? t), Europe (73.3 x 
10? t), Africa and the Middle East (3.8 x 10? t), 
and Asia-Oceania (37.2 x 10? t) (source: Inter- 
national Magnesium Association). The per 
capita consumption was 0.5] kg in the United 
States, 0.18 kg in Japan, 0.17 kg in Western 
Europe, and 0.04 kg in South America. 

World production of primary magnesium in 
the five-year periods 1963 1967 and 1983 
1987 is summarized in Table 20.8. Growth in 
the interval between these periods occurred 
primarily in Norway, the former Soviet Union, 
and the United States. In 1983-1987 the 
United States was the largest producer (ca. 
4096 of the world total) followed by the 
former Soviet Union (28%) and Norway 
(1596). Significant growth is anticipated in 
Canada, with an additional capacity of more 
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than 50 000 t annually expected to come on 
stream in 1989. 

The per capita consumption of magnesium 
in selected countries is summarized in Table 
20.9. In 1983—1987 the United States had the 
highest consumption, followed by the Soviet 
Union and Japan. 

The metal is not traded on the London 
Metal Exchange, and the major producers 
control their own distribution network. Price 
fluctuations have been less cyclical than for 
other metals in world trade (Figure 20.18). 
Table 20.8: Average annual world primary magnesium 


production (10? t), as reported by the U.S. Bureau of 
Mines, Department of the Interior. 


Country ` 1963-1967 1983-1987 

Brazil 3.4 
Canada 8.0 7.0 
China 0.9 7.0 
France 2:6 13.2 
Italy 62 93 
Japan 42 7.6 
Norway 24.7 48.2 
Former Soviet Union 34.7 870 . 
United Kingdom 47 

United States 7.5 1272 
Yugoslavia 4.5 
World total 161.3 314.4 


Table 20.9: Average annual per capita primary magne- 
sium consumption (kg) in selected countries. 


Country 1963-1967 1983-1987 
Australia 0.054 0.255 
Brazil 0.233 0.417 
Canada 0.220 0.243 
China . 0.001 0.012 
France 0.085 0.175 
West Germany 0.632 0.458 
Italy 0.025 0.076 
Japan 0.050 1.633 
Norway 0.270 0.967 
Soviet Union 1.243 2.629 
Sweden 0.069 0.188 
Switzerland 0.119 0.298 
United Kingdom* 0.164 0.084 
United States 3.258 2.986 


"Includes secondary magnesium. 


Magnesium duty tariffs are regulated by the 
General Agreement on Tariff and Trade 
(GATT). In 1989 the following export tariffs 
were applied on pure magnesium: to the 
United States from Europe 8%, Canada 7.2%, 
and Brazil 0%; to Canada from the United 
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States 3.696 (declining to 2.896 by 1991) and 
Europe 4%; and to Europe from the United 
States, Canada, and Brazil 5.3%. 


160 


= 
+ со NO 
о e © 


Price, US cents per pound 


о 


1930 1940 1950 1960 1970 1980 1990 


Year ——— 


Figure 20.18: Magnesium prices. 


20.10 Toxicity and 
Occupational Health 


Magnesium and magnesium compounds 
are regarded as having low toxicity. No reports 
of serious poisoning in industry have appeared 
in the literature. Industrial exposure of hu- 
mans resulting in magnesium serum values 
twice the normal level did not cause any ill ef- 
fects [48]. In humans the only sign of acute 
toxicity is metal fume fever resulting from in- 
halation of freshly generated magnesium ox- 
ide. This is in contrast to animals, where 
magnesium cause both systemic and cutane- 
ous responses. No evidence is available that 
inhalation of magnesium dust can cause lung 
injury. However, fine magnesium dust is gen- 
erated in the printing trade, and complaints 
have been made about discolored sputum [49]. 

The acute oral toxicity of magnesium com- 
pounds in animals is low: ІР. values (rat, 
oral) for magnesium nitrate and chloride are 
5440 and 2800 mg/kg, respectively. However, 
oral intake can impair kidney function; toxic 
symptoms include a sudden drop in blood 
pressure and respiratory paralysis due to de- 
- pression of the central nervous system (CNS) 
[48]. Intravenously administered magnesium 
compounds have been shown to be more toxic 
to animals than orally administered com- 
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pounds. Toxic response includes general anes- 
thesia and narcosis. Intravenous 
administration of calcium counteracts the re- 
action. 

Magnesium is essential for metabolic reac- 
tions involving ATP. It is a cofactor for en- 
zymes that participate in transfer of phosphate 
from ATP and other nucleotide triphosphates. 
However, the activity of a large number of en- 
zymes is also magnesium dependent (e.g., 


_ phosphatases and pyrophosphatases). 


Some effects of magnesium on the nervous 
system are similar to those of calcium. An in- 
creased concentration of magnesium in the ex- 
tracellular fluid causes CNS depression. 
Hypomagnesemia causes increased CNS irri- 
tability, disorientation, and convulsions. 

In the cardiovascular system some of the 
effects of excess magnesium are similar to 
those of potassium. Magnesium has a direct 
depressant effect on skeletal muscle. 

Magnesium salts are poorly absorbed from 
the alimentary tract, and primarily from the 
small intestine. Net magnesium absorption is 
35-4096 with a normal dietary intake and in- 
creases to ca. 80% at low magnesium intake. 
Nutritional requirements have been calcu- 
lated to be approximately 150 mg/d for main- 
taining a normal plasma level [50]. Normal 
adult dietary intake is 300—400 mg/d. Drastic 
reduction of dietary intake of magnesium is 
needed to induce a negative balance because 
of extremely effective renal retention and in- 
creasing intestinal absorption. The effect of 
magnesium (as well as of zinc) supplementa- 
tion and depletion on carcinogenesis has been 
reviewed comprehensively [51]. Magnesium 
(or zinc) supplementation tends to inhibit car- 
cinogenesis, and magnesium deficiency in- 
creases the incidence of neoplasia in humans 
and animals. 

Various magnesium compounds such as 
magnesium hydroxide (milk of magnesia) are 
used as gastric antacids and can also be com- 
ponents of poison antidotes. Magnesium sul- 
fate acts as a purgative because it is poorly 
absorbed from the gut and causes osmotic 
withdrawal of water from the gut wall. Fatal 
intoxication can occur with very high dietary 
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levels (15 000—25 000 ppm) or under circum- 
stances that increase magnesium absorption 
[52]. 

Particles of metallic magnesium that perfo- 
rate the skin or gain entry through cuts and 
scratches may produce a severe local lesion 
characterized by evolution of gas and an acute 
inflamimatory reaction, frequently with necro- 
sis (chemical gas gangrene). Gaseous blebs 
may develop within 24 h of injury and are very 
slow to heal. However, the most serious haz- 
ard presented by magnesium is the danger of 
burns from molten metal. 


20.11 Compounds 


Magnesium occurs in divalent form in all of 
its compounds. The bromide, iodide, sulfate, 
and nitrate salts are water soluble. Some of the 
water-soluble salts are highly hygroscopic and 
form crystals with a high water content. Mag- 
nesium fluoride, oxide, hydroxide, phosphate, 
and carbonate are sparingly soluble or insolu- 
ble in water. 

The water-soluble magnesium salts tend to 
undergo hydrolysis and form basic salts due to 
the weakly basic character of magnesium hy- 
droxide. This is responsible for the highly cor- 
rosive action of magnesium salt solutions; 
dehydration of magnesium salts containing 
water of crystallization without hydrolytic de- 
composition is also difficult to achieve. 

The most important magnesium com- 
pounds are magnesium oxide, which is used 
for refractory magnesia bricks and as a heat- 
storage medium, and magnesium chloride 
which is electrolyzed to produce magnesium 
metal. Naturally occurring magnesium car- 
bonate (magnesite) is mainly burned to give 
sintered magnesia for the production of mag- 
nesia bricks. Seawater is an important source 
of magnesium oxide and magnesium chloride. 
Calcined dolomite (CaCO,: MgCO,) is used 
as a raw material for the silicothermic produc- 
tion of magnesium metal. Basic magnesium 
carbonate is used for thermal insulation. 

Anhydrous magnesium nitrate is difficult to 
produce (mp of the hexahydrate 89 *C). Con- 
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centrated magnesium nitrate solutions (e.g., 
from MgCO, and 60% nitric acid) are used for 
the production of highly concentrated nitric 
acid. 

Naturally occurring magnesium silicates 
include asbestos and talc. Materials for electri- 
cal insulation are also based on magnesium 
silicates. A series of refractory ceramics are 
based on magnesium. 

Organomagnesium compounds are also 
known, the most important of these being the 
Grignard reagents which play an important 
role in synthetic organic chemistry. 


20.11.1 Magnesium Carbonate 


Properties. Anhydrous magnesium carbonate, 
MgCO,, occurs naturally as magnesite which 
is the starting material for the production of 
magnesia, MgO. Magnesium carbonate 1s also 
synthesized by reacting Mg(OH), with carbon 
dioxide at high pressure [53]. Magnesium car- 
bonate begins to decompose at ca. 400 °C, the 
reaction proceeds rapidly above 550 ?C. The 
compound forms colorless or white to gray. 
trigonal crystals: lattice constant a — 0.585 
nm, & = 103°20’, Z = 4, cleavage parallel to 


(1011). 
Density 2.96 g/cm? 
Mohs hardness 445 


Refractive index 
Enthalpy of formation (298 K) —1096 kJ/mol 
Dissociation energy (298 K) +1190 kJ/kg 
Solubility in cold water 0.0106% 

Barringtonite, MgCO,:2H.O, forms color- 
less triclinic crystals, lattice constants a — 
0.9115 nm, b= 0.6202 nm, с = 0.6092 nm; a= 
94.00°, В = 95.53°, y= 108.87°; Z = 4; refrac- 
tive index 1.458, 1.473, 1.501; density 2.83 
g/cm?. 

The mineral nesquehonite, MgCO,-3H,0, 
occurs as colorless to white crystals. This car- 
bonate can also be synthesized by carbonation 
of Mg(OH)? at atmospheric pressure. Density 
1.84 р/ст?, mp 165 °С (decomp.), solubility 
in cold water 0.12994. 

Lansfordite, MgCO,:5H4,O, forms white 
monoclinic crystals, density 1.73 g/cm?. The 
natural mineral hydromagnesite, 4MgCO,: 
Mg(OH),4H4O, forms white monoclinic 


по 1.700, n, 1.509 


1004 


crystals, density 2.25 g/cm? [54]. The syn- 
thetic product is known as magnesia alba. 

Other MgCO,-containing minerals include 
huntite, CaCO4:3MgCO, [54] and dolomite, 
CaCO,-MgCO,. Dolomite is a rock-forming 
mineral and is much more common than mag- 
nesite. It is burned to form sintered dolomite 
(for refractory bricks) and light-bumed dolo- 
mite (used as a fluxing agent). 


Uses. The main use of magnesite is the pro- 
duction of magnesia. Small quantities are used 
as a filler. Plans have been proposed for pro- 
ducing magnesium metal from naturally oc- 


curring (cheap) magnesite [55]. The synthetic: 


carbonates are used as fillers for paper, plas- 
tics, and rubber and as thickening agents for 
printing inks. Pharmaceutical-grade magne- 
sium carbonate (magnesia alba) is also used in 
toothpaste and as an antacid. High-purity 
magnesium carbonate is employed in cosmet- 
ics. 


20.11.2 Magnesium Chloride 


Magnesium chloride, MgCl, is the com- 
monest naturally occurring, water-soluble 
magnesium compound. It is a constituent of 
many salt lakes and natural brines [56, 57]; sea 
salt contains 17% MgCl,. Mineral salt depos- 
its contain the important minerals carnallite 
KCl-MgCl,-6H,0, bischofite MgCl,-6H,0, 
and occasionally the double salt tachhydrite i in 
which the magnesium chloride is cornbined 
with calcium chloride (CaCl,-2MgCl,- 
12Н,О). Tachhydnte is found in salt deposits 
in Brazil and the Congo region. 

Magnesium chlonde is obtained from min- 
eral salt deposits by processing the spent li- 
quors remaining after extraction of potassium 
chloride and also by direct solution mining; it 
is also recovered from salt lakes and seawater. 


20.11.2.1 Properties 


Anhydrous Magnesium Chloride. Anhy- 
drous magnesium chloride forms hexagonal 
crystals, its physical properties are as follows: 
M, 95.23 

mp | 713 °C 
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1.675, 1.59 
2.41 g/cm? 
Specific heat (c,) between 0 and 713 °C (mp): 
ср = 0.78011 *- 0.20607 x 107 Xt— 20) 
—0.10853 x 10 (t —20y kKJkg! K^! 
Specific electrical conductivity at 
700 °C 


Refractive index (л) 
d? 


1.00 О епт! 
750 °С 1.09 
800 °С 1.17 
Solubility in water at 
20?C 35.3%, 54.6 g/100 g 
40 °C 36.5%, 57.5 
60?C 37.996, 61.0 
80 *C 39.8%, 66.1 
100 *C 42.2%, 73.0 
Solubility in methanol at 
о . 15.5 g/100 g 
60 °C 20.4 
Solubility in ethanol at 
0°C 3.61 2/100 g 
60 °C 5.89 


Properties of the Hydrates. Magnesium 
chloride forms five hydrates whose transfor- 
mation temperatures and solubilities are given 
in Table 20.10 (see also Figure 20.19). The 
most important is the hexahydrate, 
MgCl,-6H,0, which forms monoclinic crys- 
tals and is present in mineral salt deposits: 


M, 203.31 
mp 117°C 
Heat of fusion 34.3 kJ/mol 
Density 1.57 g/cm? 
Refractive index (n) 1.495, 1.507, 1.528 
Specific heat at 
48.6 °C 1.415 КЕК"! 
100 °С 1.537 


The penta- and hexahydrates can be dehy- 
drated to the tetrahydrate stage almost without 
decomposition. On dehydration to the dihy- 
drate, however, hydrolytic decomposition 
starts. Dehydration of the dihydrate at 240 ?C 
leads to extensive decomposition forming 
magnesium oxychlorides or oxide. To obtain 
anhydrous MgCL, the dihydrate must be de- 
hydrated in an punospiete of hydrogen chlo- 
ride. 


Table 20.10: Transformation temperatures and corre- 
sponding solubilities of magnesium chloride hydrates. 


Solubility, 
g MgCl 
100 e H,O 
MgCl, solution > MgCl,-12H,O  —33.6 27.2 
MgCl,-12H,O — MgCl,-8H,O0 ~17.4 47.6 
MgCL-8H,0 > MgCl,-6H,O -3.4 523 
MgCL-6H,0 — MgCl,-4H,O 1168 856 
MgCL-4H,0 > MgCl,-2H,O 1815 1257 


Temper- 


Hydrate transformation ature, °C 
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Figure 20.19: State diagram of the system MgCl,-nH,O. 


Chemical Properties. Magnesium chloride 
can be decomposed by oxygen to form magne- 
sium oxide and chlorine [58]—the converse of 
the reaction between magnesium oxide and 
chlorine to form MgCl,. With ammonia, 
MgCl, forms ammines that are analogous to 
the hydrates: MgCl: NH, MgCl,-2NH;, and 
MgCl,-6NH,. Corresponding addition com- 
pounds are formed with alcohols and with 
other organic compounds such as ethers, ace- 
tic acid, amines, ethyl acetate, pyridine, hexa- 
methylenetetramine, and dioxane (e.g. 
MgCl: 6CH4COOH). 

A series of basic chlorides (magnesium 
oxychlorides) are formed with magnesium ox- 
ide and are of commercial importance as Sorel 
cement. The following oxychlorides are 


‘known: MgCl,;MgO, MgCl, MgO-IH.O, 


2MgCL-MgO-H,O, MgCl, 3MgO-11H50, 
and MgCl,3MgO-7H,O. The compounds 
MgCL:MgO and 2MgCl,MgO-H,O are 
formed on dehydration of MgCl: HO at 280— 
495 °C. Aqueous MgCl, solutions are acidic 
due to hydrolysis. The electrolysis of aqueous 
MgCl, solutions produces magnesium hy- 
droxide and chlorine, whereas electrolysis of 
anhydrous MgCl, yields magnesium metal 
and chlorine. 
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20.11.2.2 Raw Materials 


Of the three main sources of raw materials 
for magnesium chloride production, the most 
important is seawater. Magnesium can be di- 
rectly precipitated from seawater as magne- 
sium hydroxide and converted to magnesium 
chloride by treatment with chlorine. The resi- 
dues (bitterns) obtained after production of 
drinking water or sea salt from seawater can 
also be used. A second large source is the 
spent liquor from the potash industry arising 
from the processing of hard salts and carnal- 
lite-bearing raw materials. A third source is 
provided by the salt lakes in many parts of the 
world, the Dead Sea and the Great Salt Lake 
being particularly important. 


20.11.2.3 Production 


Precipitation of Magnesium 
Hydroxide from Seawater 


If seawater cannot be preconcentrated by 
solar energy, magnesium chloride salts or so- 
lutions can only be produced on a large scale 
by precipitation as the hydroxide, followed by 
conversion to the chloride with hydrogen 
chlonde. 


The Dow Chemical process is described 
elsewhere. This process has been used to man- 
ufacture magnesium chloride from seawater in 
large quantities since 1941 in Freeport 
(Texas). It is an intermediate step in the pro- 
duction of magnesium metal. 


Recovery from Spent Liquors from the 
Potash Industry 


The spent liquors obtained after recovery of 
potassium chloride from carnallite-containing 
raw salts ty pically contain (in grams per liter): 
MgCl, 293, MgSO, 48, KC] 39, NaCl 26, and 
Н,О 890. They are used as a raw material for 
the recovery of magnesium chloride by the 
Norsk Hydro process. 
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Figure 20.20: Vapor pressure of MgCl, solutions as a 
function of temperature. 

Production of Concentrated MgCl, Solu- 
tions by Kali und Salz AG (Western Ger- 
many). The spent liquor contains ca. 280—300 
g/L MgCl, and is concentrated in a two-stage 
vacuum evaporator to ca. 460 g/L MgCl.. (Va- 
por pressures of MgCl, solutions as a function 
of concentration and temperature are shown in 
Figure 20.20). 

The solution in the first evaporator stage is 
heated by the vapor from the second stage to a 
steady temperature of ca. 55 °C. The second- 
stage liquor is maintained at 95 °C by heating 
with steam at 0.1 MPa and the hot, cloudy so- 
lution is clarified by removing the salts [car- 
nallite, NaCl, MgSO,°*/,H,O, and impurities 
such as Fe(OH), and clay] by means of a ro- 
tary filter and centrifuge. On cooling carnallite 
crystallizes out from the solution. The crystal- 
lized salts and sludge are sent to the potassium 
chloride plant where carnallite is decomposed 
together with carnallite containing crude pot- 
ash salt. The carnallite is mixed with water or 
a low-MgCl, brine to produce a spent liquor 
containing 280—300 g/L of MgCl, and solid 
potassium chloride contaminated with so- 
dium chloride and Mag, "HO. The cooled 
MgCl, solution is purified by reheating and re- 
moving bromine with chlorine. The debromi- 
nated solution is neutralized with lime, partly 
precipitating the sulfate ions in the form of 
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gypsum. The precipitated sediment is re- 
moved. The highly concentrated 32-33% 
МЕСІ, solution is sold as such or can be pro- 
cessed further to obtain magnesium chloride 
hydrates. 


Production of Concentrated MgCl, Solu- 
tion by the VEB Kombinat Kali (Eastern 
Germany). The spent liquor from the manu- 
facture of potassium salts has a MgCl, content 
of ca. 260 g/L. The solution is first mixed with 
synthetic carnallite from the vacuum cooling 
stage; the MgCl, from the carnallite dissolves 
leaving the undissolved potassium chloride 
behind. The increased MgCL, content (ca. 320 
g/L) of the solution lowers the solubility of the 
alkali-metal salts causing the precipitation of 
potassium and sodium chlorides. After re- 
moval of these salts, the solution is pumped to 
the second of the two evaporation stages. The 
preconcentrated solution from the second 
evaporation stage is pumped to the first evapo- 
ration stage where MgSO,,:°/,H,O precipitates 
together with some langbeinite, carnallite, and 
sodium chloride. On cooling this solution, (af- 
ter removal of the salts) in multistage vacuum 
coolers, synthetic carnallite precipitates. The 
carnallite is filtered off and recycled lo the 
first step of the process. All the evaporators 
are of the forced circulation type [59]. The 
first evaporator stage is operated at 120 °C and 
heated with steam The second stage is heated 
at 80 °C by the vapor from the first stage The 
vapors from the second stage are cooled with 
water. 


In a variation of the process, the solution 
containing 320g/L MgCl, is mixed with part 
of the product solution (containing 460 g/L 
MgCl) The increase in the MgCl, content 
causes more sodium chloride and carnallite to 
be precipitated. Evaporation of the solution 
from the first stages then does not precipitate 
camallite or langbeinite (K,SO,-MgSO,). 
Only synthetic kieserite (MgSO,:7/,H,O) and 
sodium chloride are precipitated and these are 
removed. The solution produced has a density 
of 1.340 g/cm? and contains 460 g/L MgCl, 
25 g/L MgSO, 2 g/L KCl, 6 g/L NaCl, 2 g/L 
CaSO,, and 4 g/L Вг. If this solution is to be 


Magnesium 


used for the production of magnesium metal, it 
is debrominated with chlorine. If it is used for 
production of high-quality sintered magnesia, 
boron is also removed by boron-selective res- 
ins. The boron content decreases from 30 to 5— 
10 mg/L [60]. 


Recovery from Raw Salts Containing Car- 
nallite. Patents have been applied for in which 
pure carnallite or raw salts containing carnal- 
lite are decomposed with C,-C, alcohols, 
causing the MgCl, to pass into the alcohol 
phase [61]. The alcoholic solution is concen- 
trated by evaporation to an alcohol content of 
10% and the hexahydrate is precipitated by 
addition of water. Alternatively, evaporation is 
continued until the solution contains 1—2 mol 
of alcohol per mole of MgCl,; the alcoholate is 
then thermally decomposed in a hydrogen 
chloride.atmosphere at 400-500 °C. 


Evaporation of Seawater and Natural 
Brines 


The direct production of MgCl, from sea- 
water or brines by evaporation is only eco- 
nomical where the dilute solutions can “be 
preconcentrated by solar evaporation. 


Recovery from the Dead Sea. Magnesium 
chloride-containing solutions are produced in 
large quantities by solar evaporation of brine 
from the Dead Sea. At the Dead Sea Works, 
carnallite precipitates out and solutions are ob- 
tained containing 360 g/L MgCl,, 110 g/L 
CaCl,, 7 g/L NaCl, and 5 g/L KCl. Owing to 
the low vapor pressure of water, solar evapo- 
ration only occurs at very low atmospheric hu- 
midity levels. After two or three months of 
evaporation, a density of 1365 g/L is achieved 
and bischofite separates out [62]. Large quan- 
tities of MgCl,-containing liquors of this type 
are now used by Dead Sea Periclase solely for 
the production of magnesium oxide by ther- 
mal decomposition. 

In a process patented by the Dead Sea 
Works for the manufacture of magnesium 
chloride hexahydrate (bischofite), carnallite or 
a natural mixture of camallite and sodium 
chloride is decomposed in its own water of 
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crystallization in closed vessels under pres- 
sure at 167.5 °C. The potassium chloride re- 
mains together with the sodium chloride as a 
sediment and is removed. The residual solu- 
tion contains up to 8.2% potassium chloride 
and 42.3% magnesium chloride. On cooling 
to 115 °C by flash evaporation, carnallite is 
precipitated and is fed back into the circulat- 
ing system. The residual solution contains 1% 
potassium chloride and consists essentially of 
bischofite [63]. 


Recovery from the Kara-Bogaz Gulf, 
former Soviet Union). Following the isola- 
tion of the Kara-Bogaz Gulf from the rest of 
the Caspian Sea by a dam in 1979, the MgCl, 
content increased to 250 g/L. Research was 
carried out to find a new method of processing 
this brine [64]. The brines evaporated in sum- 
mer contain 25-3096 MgCl, When they are 
cooled in winter, epsomite (MgSO,-7H,O0) 
precipitates and is used for producing schónite 
(K,SO,-MgSO,°6H,0). The liquid phase is 
used for MgCl, production. 


Recovery from Spent Liquors after Extrac- 
tion of NaCl from Seawater. The spent li- 
quors (sea bitterns) obtained after extraction 
of salt from seawater are evaporated in crys- 
tallizing pans by solar energy to a density of 
1290 g/L. After removing the sodium chlo- 
ride, the solution is cooled to 5 °C, which can 
be achieved in winter without energy con- 
sumption. Magnesium sulfate (epsomite) 
crystallizes out with a few impurities and is re- 
moved. The bitterns are cooled to 0 °C; so- 
dium sulfate (Glauber’s salt) crystallizes out 
and is removed. The solution is then debromi- 
nated with chlorine to exclude crystallization 
of magnesium bromide in subsequent process- 
ing. After neutralizing with potassium hydrox- 
ide, the liquor is heated to 125 °C. On cooling 
to 100 °C, a crude potassium-containing salt 
mixture separates out that consists of lang- 
beinite (К,50,:2М880,) and kainite (KCl- 
MgSO, °3H,0), with some kieserite (MgSO, 
H,O) and sodium chloride. On further cooling 
to 20 °C, carnallite crystallizes out which can 
be treated with water to form a MgCl,-con- 
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taining solution and solid potassium chloride 
[65]. 


Recovery from the Great Salt Lake. For the 
National Lead Industries process, see Section 
20.5.1.1. In the process operated by the Great 
Salt Lake Minerals Chemical Corporation, a 
35% MgCl, solution is first produced by solar 
evaporation, and this is then subjected to vac- 
uum evaporation until bischofite -(MgCl,- 
6H,O) and hydrated MgSO, are precipitated. 
Proposed further treatment consists of heating 
the crystals to 120—150 °C to redissolve the 
bischofite and allow removal of magnesium 
sulfate. The bischofite can then be crystallized 
out [66]. Alternatively, the solution can be 
maintained at 120 ?C until the magnesium sul- 
fate content decreases to « 20 g/L as a result of 
crystallization of kieserite. The bischofite is 
then crystallized by vacuum evaporation at 
90 ?C [67]. 


Recovery from Naturally Occurring Brines 
with High CaCl, Contents. Up to the end of 
World War IL, the Dow Chemical Company 
used underground brines from Midland 
(Michigan) and Marysville for bromine pro- 
duction and also for the production of MgCl, 
which was electrolyzed to obtain magnesium. 
The alkali-metal salts were removed by evap- 
oration and crystallization. In an older process 
the calcium was then separated together with 
the magnesium as tachhydrite 
QMgCl,CaCl -12H,O) which was con- 
verted into MgCl,- 6H,O. In a later process, 
the solution is reacted with an amount of mag- 
nesium hydroxide (produced from magnesite) 
equivalent to the calcium chloride content. 
The calcium is then removed as calcium car- 
bonate by treating the solution with the carbon 
dioxide from the magnesite calcination, and 
the MgCl, is then obtained from the solution. 

Today, Dow obtains magnesium chlonde 
for magnesium production only from seawa- 
ter. The production of bischofite from Michi- 
gan brines has been discontinued. 
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Solution Mining 


A 20% MgCl, solution is produced in large 
quantities in the Netherlands from a carnallite 
salt deposit. It is not used to produce concen- 
trated MgCl, solutions, but is almost exclu- 
sively converted to magnesium hydroxide 
[68]. 


Solution Mining of Carnallite. Carnallite 
(KCl-MgCl-6H,O) deposits contain large 
amounts of magnesium sulfate as well as 
MgCl, Evaporation of solutions with high 
magnesium sulfate contents leads to precipita- 
tion of double salts containing sodium chlo- 
ride and magnesium sulfate. In the processing 
of these solutions, most of the magnesium sul- 
fate is precipitated as langbeinite (K,SO,- 
2MgSO,) [69], or as schónite (K,SO,-MgSO, 
-6H,O) by precipitation with methanol [70]. 
In a process developed by the Mines de po- 
tasse d'Alsace, a solution containing 320 g/L 
MgCl, can be obtained together with solid po- 
tassium chloride by solution mining. The solu- 
tion used to extract the carnallite from the 
deposit contains a flotation agent for potas- 
sium chloride (C,,-C,, fatty amines or their 
salts) and a gas-producing agent such as hy- 
drogen peroxide. The potassium chloride 
floats and can be pumped out along with the 
MgCl, solution [71]. This production method 
appears promising, but it is not known 
whether large-scale development is planned. 


Other Methods 


Magnesium chloride can be produced from 
dolomite in combination with soda by the 
Solvay process. In the early part of World War 
II at a plant belonging to the Diamond Alkali 
Corporatión in Painesville, Ohio, the dolomite 
was calcined in rotary furnaces, hydrated, and 
used to regenerate ammonia from the ammo- 
nium chloride solution produced in soda man- 
ufacture. Only the calcium hydroxide took 
part in the reaction. On treatment of the re- 
maining solution with carbon dioxide, a mag- 
nesium chloride solution was obtained: 
Mg(OH), + CaCl, + CO, — MgCl, + CaCO, + H,O 


This process is, however, no longer used. 


Magnesium 


In the Mathison Alkali Works, the calcium 
chloride solution from the soda process was 
reacted with calcined dolomite while carbon 
dioxide was introduced. This process also pro- 
duced a MgCl, solution but has been discon- 
tinued. Calcined magnesite or magnesium 
hydroxide can also be used in the soda process 
to produce a MgCl, solution. 


Production of Magnesium Chloride 
Hydrates 


Production of MgCl; 6H,O (Bischofite). In 
a process used by Kali und Salz AG, end bit- 
tern from potash production is treated in a sin- 
gle-stage vacuum evaporator to produce a ca. 
42% MgCl, solution, and is further evapo- 
rated in pans with steam at 1.1 MPa. After 


- neutralization with lime and removal of cal- 


cium sulfate, synthetic kieserite, and other im- 
purities, the melt is fed onto rotating drum 
coolers or cooling bands to form a slab which 
is broken up and marketed. Alternatively, after 
the initial single-stage evaporation, the solu- 
tion can be prilled in a prilling tower or spray 
dried in a fluidized bed [72]. 

A very pure MgCl, hydrate with 4—6 mole- 
cules of water can be prepared in 99.9% purity 
according to a patent of the VEB Kombinat 
Kali [73]. Carnallite is dehydrated at 180— 
200 °C and then cooled. The cooled salt is 
then treated with acetone in which the MgCl, 
dissolves. After removal of the undissolved 
salt, the hydrate is precipitated from the ace- 
tone solution by adding the correct amount of 
water [73]. 


In a patent of the Mines de potasse d’Al- 
sace, MgCl, is precipitated from solution by 
addition of 10-25% 1,4-dioxane at room tem- 
perature. At lower temperatures the yield of 
МЕСІ, is increased. The MgCl.—dioxane com- 
plex separates as a voluminous precipitate that 
is easy to filter or centrifuge. It can be purified 
by washing with a little dioxane. The dioxane 
can be distilled off from the filtrate as an 80% 
azeotrope and can then be directly reused. The 
MgCl, hydrate can be obtained by washing 
with water. During drying the remaining diox- 
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ane (ca. 20—25 % of the total) is evaporated off 
and can also be reused [74]. 


Production of MgCl,-(2-3)H,0. In a process 
used by Kali und Salz AG, a ca. 33% MgCl, 
solution is heated to 110—130 ?C and sprayed 
into a fluidized bed of magnesium chloride 
granules at 130 ?C. The heating gas is at 400— 
600 °C. The average residence time of the 
granules is ca. 30 min. Fines and pulverized 
oversize granules are recirculated to the fluid- 
ized bed. The final product has a water content 
of ca. 3096 [72]. 


Production of Anhydrous Magnesium 
Chloride 


The Nalco Chemical Company at its plant 
in Freeport, Texas, produces tetramethyl and 
tetraethyllead. The Grignard reagents needed 
as intermediates for the process require a very 
pure source of magnesium. This is produced 
by the electrolysis of pure, anhydrous magne- 
sium chlonde, for which the following process 
has been developed. 


Ethylene glycol is added with stirring to a 
30-35% MgCl, solution, the quantity added 
being sufficient to produce a 10-2096 MgCl, 
solution. All the water, including water of 


' crystallization, is then removed by vacuum 


distillation. The distillate contains < 50 ppm 
ethylene glycol, and the residual solution con- 
tains < 25 ppm water together with all the 
other salts. Gaseous ammonia is then bubbled 
through the solution under slight pressure. The 
mixture is cooled to remove the evolved heat; 
in practice the temperature is allowed to rise to 
ca. 70 °C. When the glycol is saturated with 
ammonia, the hexaammine compound MgCl, 
6NH, is formed. Towards the end of the reac- 
tion, the mixture is cooled to 15-30 °C, the 
MgCl,-6NH, precipitates and is filtered off. 
Any adhering solution is removed by washing 
with methanol. The ammonia and methanol 
are then removed in two stages: the methanol 
and some ammonia are first driven off at 
74 °С. The rest of the ammonia is then re- 
moved in a calcination furnace at 400 °C [75]. 
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As with the dehydration of carnallite, am- 
monium camallite can be dehydrated almost 
without decomposition at 90—180 ?C. It can 
then be decomposed at 180—400 *C to give 
ammonium chloride and anhydrous MgCl, 
[76, 77]. 


In the process developed by Esso Research, 
a 20-50% solution of magnesium chloride re- 
acts with ammonium chloride in a three-stage 
fluidized bed. Anhydrous magnesium chloride 
is produced at 350—550 ?C [78]. 

In another process [79], ammonium carnal- 
lite containing п NH, or п Н,О is decomposed 
at 800 °C. A product with a low magnesium 
oxide content is obtained. If the starting mate- 
rial contains water of crystallization, some is 
removed in a first stage, and further dehydra- 
tion takes place after adding ammonia. After 
the dehydration, the MgCl,-6NH, is thermally 
decomposed [80]. 


A process for the dehydration of magne- 
sium chloride hydrates in a hydrogen chloride 
atmosphere is described in Section 20.5.1.1. 


Purification of Magnesium Chloride 
Solutions 


Calcium ions can be removed from magne- 
sium chloride solutions by adding the stoichi- 
ometric amount of sulfate ions [81]. 
Conversely, sulfate ions can be removed by 
adding calcium chloride solutions. Calcium 
and other metallic ions can be extracted with 
dialkylphosphoric acid in a water-immiscible 
solvent. This process is used in the production 
of pure sintered magnesia from solutions of 
impure magnesites in hydrochloric acid [82]. 
These solutions can be treated with substances 
such as MgO, CaO, or Mg(OH), to increase 
the pH, while simultaneously purging with air 
or oxygen at 80—90 °C. This removes impuri- 
ties such as iron, aluminum, and manganese as 
hydrated oxides or hydroxides. This process is 
also used in the manufacture of pure sintered 
magnesia [83]. 
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Materials of Construction for the 
Evaporation of Magnesium Chloride 
Solutions 


At temperatures up to 110 °C, corrosion is 
usually prevented by the use of coatings, rub- 
ber linings, or plastic reinforced with glass fi- 
bers. Heater tubes and distillation trays are 
usually made of aluminum bronze (AIBz, ;) 
as used in the potash industry, with a composi- 
tion of 4-8% Al, 89-96% Cu, and small 
amounts of Fe, Ni, Mn, As, Si, or Zn. Pumps 
are made of Ni-Resist D2. 

Above 110 ?C, and especially in the pres- 
ence of chlorine and bromine (during debro- 
mination), glass and Teflon are suitable, with 
titanium being used for preheaters and pipe- 
work. According to [84] brick-lined steel ves- 
sels are used for evaporating MgCl, solutions 
and steam-heated tubes are made of Inconel 
alloy or stainless steel 347. Monel metal is 
also used for > 50% MgCl, solutions. 


20.11.2.4 Environmental and 
Legal Aspects 


Magnesium chloride is a constituent of sea- 
water. In the EEC Regulations (May 4th, 
1976) concerning disposal of hazardous sub- 
stances in lakes and rivers, this substance is 
not mentioned. However, if large quantities 
are discharged into lakes or rivers, the concen- 
tration can be high enough to injure aquatic or- 
ganisms and immediate dilution must be 
carried out. The WHO international standard 
for drinking water for magnesium is 30 mg/L 
Mg, or 125 mg/L if the sulfate concentration is 
« 250 mg/L and the chloride concentration is 
« 200 mg/L. In the EEC regulation 80/778 
EWG the limit for drinking water is 50 mg/L 
Mg and 25 mg/L CT. In the dehydration of 
magnesium chloride hydrates, hydrogen chlo- 
ride occurs in the waste gases due to partial 
decomposition to magnesium oxide and the 


concentration must be kept below the permit- 


ted limit by use of gas purification equipment. 
The German TA Luft Regulations specify a 
maximum of 30 mg/m? НСІ in air. Limits in 
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Australia are 200—400, in the United Kingdom 
150, and in Japan 80—700 mg/m?. 


20.11.2.5 Quality Specifications 
and Analysis 


Quality Specifications. Magnesium chloride 
is available commercially in the form of solu- 
tions or solid hydrates. Solutions usually have 
a MgCl, content of 32-3396. A typical solu- 
tion with a MgCl, content of 32-33% has the 
following approximate composition (in grams 
per liter): 


MgCl, 430-440 
MgSO, 12-25 
KCl 2-3 
NaCl 4-6 
HO ca. 870 


For many applications, however, solutions 
produced by decomposition of carnallite are 
used directly; due to transport costs this only 
applies when the user is close to the supplier. 

The most important hydrate sold commer- 
cially is the hexahydrate (bischofite) which 
contains 43-47% MgCl,, ca. 51.5% water, ca. 
29^ alkali-metal chlorides, and, depending ón 
its origin, some MgSO, CaSO,, or CaCl. It is 
supplied in the form of broken pieces or 
flakes, or as blocks produced by melting and 
pouring into drums. Another hydrate in granu- 
lar form contains ca 2—3 mol of water per mole 
of MgCl, and corresponds to 67% MgCl,. An- 
hydrous magnesium chloride is mostly used 
directly by the producer for electrolytic mag- 
nesium production. 


Analysis. For quality control the MgCl, solu- 
tions and the solid hydrates must be analyzed 
for the following ions Me". Са?*, K^, Na*, CT 
, БОТ, and Вг. In special cases, determination 
of boron, iron, and other ions may be required. 

Magnesium and calcium are titrated com- 
plexometncaly with ` ethylenediaminetet- 
raacetic acid (EDTA) [85, 86]. Potassium and 
sodium are determined by flame photometry 
[87, 88]. For the determination of sulfate ions, 
a titration with barium perchlorate solution in 
a 2-propanol water mixture is carried out with 
thorin as the indicator [89]. Bromide is deter- 


1011 


mined gravimetrically by the method of 
D’ Ans and Horer [90]. 

The water content of the hydrates is deter- 
mined by heating to 450-600 °C or by the lead 
oxide method [91]. Boron can be determined 
photometrically with azomethine-H or dian- 
thrimide-1-amine [92, 93] and iron with ba- 
thophenanthroline (4,7-diphenyl-1,10- 
phenanthroline) [94]. Iron can also be deter- 
mined by atomic absorption spectrophotome- 
try [95]. 


20.11.2.6 "Transportation and 
Storage 


Magnesium chloride solutions can be trans- 
ported in tank wagons. Owing to their corro- 
sive properties, they should be stored in plastic 
containers reinforced with glass fiber, but iron 
vessels can also be used. When a 32-33% 
MgCl, solution is cooled, MgCl, hydrates pre- 
cipitate, gradually forming a sludge. At 
—33.6 °С the residual solution containing 
21.4% MgCl, freezes as a eutectic mixture. 
The hexahydrate is transported in polyethyl- 
ene sacks or “Big Bags" capable of holding > 
50 kg. It is also supplied in the form of broken 
pieces or solid blocks produced by pouring 
molten salt in single-journey steel drums. 
Sealed vessels can be stored almost indefi- 
nitely, but, after opening, the material must be 
used immediately because of its hygroscopic- 
ity. All containers must be stored under dry 
conditions. 


20.11.2.7 Uses 


Anhydrous magnesium chloride is used 
chiefly for the electrolytic production of mag- 
nesium metal. Large quantities of magnesium 
chlonde solutions are used to produce anhy- 
drous magnesium chloride for this purpose. 

An important area of application for the 
hexahydrate and the hydrate containing 67% 
MgCl, is in the production of Sorel cement. 
This is made by mixing magnesium oxide 
with MgCl, solutions, and is mainly used as a 
binder for industrial floorings on account of its 
high elasticity and bending tensile strength 
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properties [96]. This binder is also used in the 
manufacture of abrasive materials and grind- 
stones, and for cementing rock faces during 
coal mining operations [97]. In combination 
with wood chippings, it can be used to make 


lightweight building slabs. Sorel cement mix- . 


tures are also used in water- and fire-resistant 
building materials [98]. They also serve as a 
binder for granulated fertilizers and in the pro- 
duction of salt licks for animals, where the 
magnesium also acts as a feed additive, pre- 
venting diseases such as grass tetany in cattle 
that are caused by magnesium deficiency [99]. 

Another application for MgCl, solutions 
and the hexahydrate is the manufacture of sin- 
tered magnesia. À high proportion of the solu- 
tions produced in Germany and Israel are used 
for this purpose. The brines obtained by solu- 
tion mining in the Netherlands are also used to 
make sintered magnesia. Magnesium chloride 


hexahydrate and potassium chloride are used, 


to produce artificia] carnallite which is used as 
a covering flux in the melting of light metal al- 
loys. In the Quentin process used in the sugar 
industry, the alkali-metal ions in the dilute 
sugar syrup are replaced by magnesium ions 
by treating it with an anion-exchange resin, 
thus reducing sugar losses in the molasses by 
improving sugar crystallization [100]. The 
resin is regenerated by adding MgCl, solution. 
In the mineral oil industry, MgCl, solutions 
are used for the drilling fluid in rocks with a 
high salt content. The low freezing point of the 
21% MgCl, solution (« —30 °C) is utilized to 
prevent wet bulk materials from freezing to a 
solid mass, as a de-icing agent in winter, as a 
ballast liquid for the tires of construction ma- 
chinery and agricultural vehicles, for fire ex- 
tinguishing foams at low temperatures, and as 
brine for refrigeration. It is also used as a heat 
storage medium in solar heating installations, 
as an additive in the steel industry, as a coagu- 
lant in wastewater treatment, and in the treat- 
ment of combustion gases (MgCl, solution 
absorbs НСІ and improves the removal of SO, 
by limestone). In the plastics industry it is 
used in the manufacture of polymerization cat- 
alysts. Addition of MgCL, also reduces losses 
of ammonia that is used as a fertilizer [101]. 
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20.11.2.8 Economic Aspects 


The total worldwide production of MgCl, 
in 1988 was 1.3 x 10° t. In the world export 
markets ca. 300 000 t MgCl, was handled: ca. 
200 000 t in the form of 33% MgCl, solutions, 
and 100 000 t in the form of the hexahydrate. 
About half of the MgCl, solution was used for 
production of magnesium metal. In addition, 
approximately 180 000 t MgCL, from solution 
mining brines and 150 000 t MgCl, as 33% 
solution were converted to magnesium oxide; 
these quantities were reported as material pro- 
duced but not marketed. A further ca. 700 000 
t magnesium chloride was not recorded in any 
statistics because it was used solely as an in- 
termediate for the production of magnesium 
by electrolysis. 

The most important countries for the pro- 
duction of MgCl, solutions and the hexahy- 
drate are given below (excluding magnesium 
metal producers): 


Germany (Kali und Salz AG and VEB Kali) 
by-product solutions from the 


potash industry 
Israel Dead Sea brines 
Netherlands solution mining brines 
Japan sea bitterns from salt production 
France sea bitterns 
United States Great Salt Lake brines 
Italy sea bitterns 
China brines from various salt lakes 


Two thirds of the material appearing on the 
market originates from Germany. 


20.11.2.9 Toxicology and 
Occupational Health 


The handling of MgCl, hydrates, anhy- 
drous MgCl,, or MgCl, solutions on а labora- 
tory scale does not present any personal 
hazards, German chemical regulations do not 
require any special marking. The LD., (rat, 
oral) for MgCl,-6H,O is 8100 mg/kg. Eye 
protection and rubber gloves should be worn 
for handling anhydrous MgCl,, MgCl, hy- 
drates, or solutions. Prolonged contact with 
concentrated (ca. 35%) solutions or with 
MgCl, dust can cause skin imtation, and pos- 
sibly ‘allergic skin reactions. In the event of 
skin problems, the affected area should be 
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washed with copious amounts of soap and wa- 
ter, followed by treatment with a fat-contain- 
ing skin cream. In case of contact with the eye, 
the eye should be washed with water and med- 
ical assistance should be obtained. 


20.11.3 Magnesium Oxide and 
Hydroxide [102] 


Magnesium oxide seldom occurs as a natural 
mineral; it is found in contact metamorphic 
limestone and dolomite, in volcanic ejecta, 
and in serpentine rocks. It does not form rocks 
or salt deposits because it is converted to mag- 
nesium hydroxide by the water vapor in the at- 
mosphere. The primary sources of 
industriall produced magnesia are natural 
magnesite (MgCO,), seawater, and natural 
and synthetic brines. Magnesium hydroxide is 
formed as an intermediate in the production of 
magnesia from seawater and brines. Magne- 
sia is used in technical applications on account 
of its high melting point, chemical resistance, 
high thermal conductivity, low electrical con- 
ductivity, and biological activity. r 

Technical-grade magnesia is mainly sin- 
tered to form sintered magnesia (also known 
as magnesia sinter, dead-burned magnesia, or 
sintered magnesite) which is used primarily as 
a refractory material and in the steel industry. 
Large quantities of calcined (decarbonated) 
material known as caustic magnesia or caus- 
tic-calcined magnesia, are produced for use in 
agriculture and the building industry. Fused 
magnesia is normally produced by melting 
caustic magnesia. 


Magnesium hydroxide is produced by pre- 
cipitation of seawater and brines with calcium 
hydroxide or by precipitation of soluble mag- 
nesium salts. Natural deposits are rare and are 
not currently being mined. 


20.11.3.1 Properties 


Magnesium oxide, MgO (magnesia, periclase 
[103]), is stable in an oxidizing atmosphere up 
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to ca. 2300 °C and up to ca. 1700 °C in a re- 
ducing atmosphere. 

Crystal Structure. Magnesia forms color- 
less, green, or brown, cubic hexoctahedral 
crystals, space group Ор — Fm 3m, ionic radius 
of Мр? 0.078 nm, a = 0.421 nm, Z = 4, cleav- 
age parallel to (100). 


Physical Properties 
mp ` са. 2800 °С 
Mohs hardness 5.5-6 S 
Density 3.58 g/cm? 
Refractive index at 589 nm 1.736 
Enthalpy of formation (298 K) —14 900 kJ/kg 
Specific heat c, 
20-200 °C 1.0 КЕК"! 
20-1000 °С 1.2 
Thermal conductivity 
pure crystals. 300 *C 22 МК" 
1000 °С 7 
technical-grade 300 °С 12 
1000 °С 5 
Linear thermal expansion coefficient 
room temperature 6.7x 105 K7 
1000 *C 14x 10$ 
1800 °C 16 x 10$ 
Modulus of elasticity (sintered magnesia, bulk density 
3,51g/cm?) ` 
25 °C 3x 10* MPa 
1000 *C 2.5x 104 


Dielectric constant (30 Hz-1 MHz) 11 
Electrical resistivity 


room temperature 1x 10!* Q-cm 
500 *C 1x10" 

1000 °C 1x10’ 

1300 °C 1x 10° 


Magnesium hydroxide, Mg(OH), (brucite), 
starts to decompose at 380 °C. 

Crystal Structure. Magnesium hydroxide 
forms ditrigonal scalenohedral crystals with a 
typical layer structure, space group D3,—P 3m 
1,a=0.313 nm, c = 0.474 nm, Z= 1, cleavage 
parallel to (0001). 


Physical Properties 
Mohs hardness 2.5 
Density 2.38 g/cm? 


Refractive index n, 1.566, n, 1.581 


Enthalpy of formation (298 K) ~15 800 kJ/kg 
Dissociation energy (298 K) +570 kJ/kg 
Hydration energy -386 kJ/kg 
Solubility in cold water 0.0009% 


Toxicity. Magnesium oxide and hydroxide are 
not toxic. Precautions for handling dust must 
be observed when products with a small parti- 
cle size are used. 
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20.11.3.2 Production of 
Magnesium Oxide 


Caustic and sintered magnesia are gener- 
ally obtained from magnesium carbonate or 
magnesium hydroxide. The production of the 
latter starting materials is described in the four 
next subsections. The burning and sintering 
processes are dealt with in the fifth subsection. 
The production, properties, and uses of fused 
magnesia are described in Section 20.1] 1.3.5. 


Production from Magnesite [104] 


The production of magnesium oxide from 
magnesite began over 100 years ago in Aus- 
tria, after the development of processes for the 
manufacture of steel from high-phosphorus 
pig iron in crucibles lined with sintered dolo- 
mite (CaO -MgO). 


Occurrence of Magnesite. Magnesite is pro- 
duced from macro- and cryptocrystalline mag- 
nesite. Metamorphic macrocrystalline 
magnesite occurs in two Alpine mountain 
chains in varying degrees of purity. The rocks 
mainly consist of the isomorphous carbonate 
mineral (Mg,Fe)CO, (breunnerite), whose cal- 
cination results in the inclusion of 1-10% 
Fe;O, in the periclase lattice. In addition, they 
contain small amounts of dolomite (CaCO; 
MgCO,) calcite (CaCO ), phyllosilicates 
(e.g., talc, mica, chlorites, or clay minerals), 
graphitic particles, and sometimes quartz. 
Similar magnesite deposits are exploited in 
Czechoslovakia, in the Pyrenees, in Ural 
(Satka), South Manchuria (Liaoning), East 
Brazil, and Canada, both by open-cast and un- 
derground mining. The macrocrystalline rocks 
are always subjected to some form of process- 
ing before calcination. 


In contrast to the macrocrystalline magnes- 
ites, which form extensive or lenticular depos- 
its, cryptocrystalline magnesite deposits are 
irregular and often veined. The rocks are 
mostly snow white, even if they are not com- 
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posed of high-purity MgCO,. They are re- 
garded as being formed by the alteration of 
ultrabasic rocks (e.g., serpentines) through 
the action of water containing carbon dioxide. 
Deposits of this type occur in former Yugosla- 
via, Greece (Chalkidike and Euboa), Turkey, 
India, Nepal, and South Africa. They contain 
chalcedony (finely divided SiO,), various 
magnesium silicates, and dolomite as accom- 
panying minerals. The deposits are exploited 
mainly by open-cast mining, but also by un- 
derground mining. 

Sedimentary deposits of cryptocrystalline 
magnesite have been identified in the last 20 
years. They are often associated with deposits 
of hydromagnesite and huntite. The sedimen- 
tary deposits are formed in semi-arid basins 
associated with strongly weathered ultrabasic 
rocks, The material washed into the basin dis- 
solved and then recrystallized on the basin 
rim, mostly in the form of porous concretions. 
A more recent formation of this type has been 
found in Southwest Turkey [105], while an 
older deposit has been reported in North 
Greece [106, 107]. A large deposit of this type 
was discovered in Australia (Kunwarara) in 
1985. The Queensland magnesia project has 
been planned for the production of sintered 
and fused magnesia [108, 109]. 


Magnesite Beneficiation. The insufficient 
purity of the magnesite and the stringent spec- 
ifications for the uniformity of sintered mag- 
nesia mean that beneficiation of the magnesite 
is usually necessary. The steps used in the ben- 
eficiation process depend on the ore being 
processed and the required carbonate purity. 
The highest quality magnesites, particu- 
larly those for refractory applications, are 
needed for a magnesia product with a high 
MgO content, а CaO: SiO, mass ratio of 2-3, 


. and low contents of Fe,O, and Al,O,. The 


presence of accompanying, low-melting min- 
erals can adversely affect the properties of the 
sintered magnesia (Table 20.11). 
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Table 20.11: Minerals accompanying periclase in sintered magnesia. 

Mineral Formula Abbreviation* C:s* mp, °C 
Forsterite 2MgO:SiO, MS 0 1890 
Monticellite CaO-MgO-:SiO, CMS 0.94 1495 
Merwinite 3CaO-MgO-2SiO, C,MS, 1.40 1575 (decomp.) 
Dicalcium silicate" 2Са0- SiO, C,S 1.87 2130 
Tricalcium silicate 3CaO- SiO, C48 > 1.87 1900 (decomp.) 
Magnesioferrite MgO-Fe;O, MF 
Dicalcium ferrite 2CaO- Fe, C;F > 1.87 : 1435 


* Abbreviations as used in the cement industry: M = MgO, C = CaO, S = SiO;, F = Ее,О,. 
* Mass ratio of CaO to SiO, (dissolution of smal] amounts of CaO in the MgO is neglected). a 


* Several modifications. 


Preliminary sorting of the ore can be 
achieved by selective mining. The ore is then 
subjected to selective coarse grinding in im- 
pact crushers. The tailings can be separated 
from the ore by taking advantage of the differ- 
ence in hardness; the ore is selectively crushed 
and removed by screening. Crushing is usu- 
ally performed in several stages. The final par- 
ticle size for calcination in shaft kilns is 20- 
200 mm, while a particle size of 2-60 mm is 
required for the more commonly used rotary 
kilns. 

The difference in color between the cryp- 
tocrystalline magnesite ore and the tailings is 
usually So pronounced that sorting can be cár- 
ried out by hand on a conveyor belt or with an 
automatic optical system. 

The coarsely ground material is often 
washed and subjected to wet desliming to re- 
move fine particles. Ore that is intended for di- 
Tect caustic calcination is separated from fine 
material (often lamellar silicate particles) by 
screening. ` 

When the magnesite is not intimately inter- 
grown with its accompanying minerals, lump 
material for rotary kilns can be sorted by grav- 
ity separation. This is carried out in one or two 
stages in a dense-medium separator or cyclone 
to give particles of sizes of 10-40 or 4-60 mm 
respectively. Since the differences in density 
are small (magnesite 2.95-3.05, dolomite 
2.90, calcite 2.70, lamellar silicates 2.5—2.95, 
quartz 2.65, graphite 2.1-2.2 g/cm), separa- 
tion depends on exact control of the density. 
Finely divided ferrosilicon is generally used as 
the dense medium; the impurities are removed 
as floats. The throughput in modern plants is 
50—150 t/h. 


If the degree of intergrowth of the magnes- 
ite with its accessories lies in the range 0.03-1 
mm, separation can only be achieved after 
thorough grinding of the ore (particle size be- 
low ca. 0.2 mm) to expose the accompanying 
minerals. The currently most effective separa- 
tion and enrichment process for this material 
is flotation which exploits the differing wetta- 
bilities of the various minerals. The process 
must be optimized for each deposit. 

The magnesite is finely ground in rod or 
ball mills and should have as narrow a particle 
size distribution as possible (ca. 0.09 mm for 
coarsely crystalline magnesite). This 15 
achieved by combining milling with gravity 
classification and classification cyclones. Flo- 
tation is usually preceded by desliming to re- 
move the finest particles, which would 
otherwise cause problems in the flotation step. 

The removal of talc, Mg,(OH),S1,0,5, is 
straightforward. Upon mixing with air in the 
presence of weak collectors-frothers (e.g., 
pine oil and primary aliphatic fatty amines), 
the talc particles float to the surface on bub- 
bles and are removed by skimming. 

The main problem in flotation is the separa- 
tion of magnesite from dolomite, calcite, and 
silicates other than talc. Separation 1s achieved 
by direct magnesite flotation which entails the 
use of nonspecific, anionic collecting agents 
(that also act as frothers) and selective de- 
pressing agents for dolomite, calcite, and sili- 
cates. The flotation cells have a capacity of 
0.5-3 mi The operational conditions in the 
flotation cells must be optimized (tempera- 
ture, pH value, reagent dosing). In large-scale 
flotation plants, several series of cells are run 
in parallel. The typical throughput of a series 
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is 20 t/h of magnesite, corresponding to 60 m? 
of suspension with a density of 1.25 g/cm’. 


The magnesite concentrate is removed as a 
foam, then thickened, and brought to a resid- 
ual water content of 8-12% in centrifuges or 
filters. The product is then briquetted and 
burned. The waste slurries from the desliming 
and flotation stages are treated in thickeners, 
filters, and settling basins. 


An important sorting process for high-iron 
sintered magnesia 1s magnetic separation. The 
isomorphic inclusions of iron in the magnesite 
crystal cannot be removed by mechanical sep- 
aration. After sintering and subsequent cool- 
ing, they are converted to magnetic 
magnesioferrite (MgO-Fe,O,), either in the 
periclase lattice or at its crystal boundaries 
(Figure 20.21B). Calcite and dolomite usually 
do not contain iron in the carbonate lattice; the 
calcination of large crystals gives large pieces 
of very. pure, usually only lightly sintered, 
nonmagnetic CaO or CaO and MgO. These 
oxides can be separated, together with non- 
magnetic silicates, from the sintered iron-rich 
magnesia in magnetic drum separators. 


Recently developed magnets are reported 
to be able to remove pieces of sintered magne- 


Table 20.12: Typical analyses of sintered magnesia. 


Composition, % 


142 

Type of magnesia" - A. CAD SE 
1 9.5 15 45 ıl 
2 890 24 05 78 
3 880 25 06 86 
4 91.3 1.9 0.5 6.0 
5 жо 07 07 02 

6 9712 19 05 x02 
7 964 20 11 04 
8 972 20 04 03 
9 985 07 015 05 

10 990 07 01 «01 


*1) Lump sintered magnesia with a high silicate (and iron) content: 


2) High-iron sintered magnesia produced from flotation concentrate. 


3, 4) Lump high-iron sintered magnesia. 

5) Sintered magnesia produced from seawater type 11 (C:8 = 1:1). 
6) Sintered magnesia produced from seawater type 31 (C:S = 3:1). 
7) Lump low-iron sintered magnesia. 


Handbook of Extractive Metallurgy 


sia with a somewhat higher iron content from 
low-iron sinter [108]. 

Table 20.12 lists typical analyses of sin- 
tered magnesia produced from natural magne- 
site (types 14,7). . 


Production from Seawater [110,111] 


Few deposits of pure or easily accessible 
magnesite were known up to the mid-1980s. 
In the 1960s the increasing demand for sin- 
tered magnesia as a refractory lining material 
in the steel industry stimulated new develop- 
ments in methods for production of magnesia 
from seawater. This method was first intro- 
duced on a small scale in 1865 on the French 
Mediterranean coast. Since the 1930s it has 
been employed on a large scale in the United 
States and England (Hartlepool). 

The composition of seawater is given in Ta- 
ble 20.13 [112]. Calculations show that 470 
m? of seawater are required to produce 1 t of 
MgO, in practice 600 m? are needed. The pro- 
cess is based on the precipitation of magne- 
sium hydroxide (solubility in water 0.000994) 
by addition of calcium hydroxide (solubility 
0.185%): 

Mg? + 2C + Ca(OH), 2 Mg(OH),1 + Са?* + 2С 


Bulk density’, Theoretical density, 


AlO, B0, g/cm? g/cm? 
14 014 3.27 3.57 
0.3 3.26 3.64 
03 «00 3.38 3.65 
03 «00 3.40 3.63 
«0.2 0.30 3.28 3.57 
02 005 3.43 3.57 
«01 «001 3.43 3.57 
«01 <0.01 3.42 3.57 
«0.1 0.015 3.45 3.58 
«01 «001 3.43 3.58 


8) Low-iron sintered magnesia with large crystals (LC) produced from flotation concentrate. 


9) Sintered magnesia produced from MgCl, brine. 
10) Sintered magnesia produced from pyrohydralyzed Mert, 
* According to DIN 51065, part 2. 
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Table 20.13: Composition of seawater [112]. 


Concentration Concentration 
Cation mmol Anion mmol 
kg 8 kg 
Sodium 10.47 455.0 chloride 18.97 535.1 
Potassium 0.38 9.7 bromide 0.065 0.81 
Magnesium 1.28 52.5 sulfate 265 276 
Calcium 0.41 10.2 bicarbonate 0.14 2.35 
Strontium 0.013 0.15 borate 0.027 0.44 


Freshwater from rivers contaminated with 
suspended material must not flow into the sea- 
water used for magnesia production. Further- 
more, the seawater to be extracted should not 
be mixed with already extracted seawater, this 
requires a suitable topography and tidal cur- 
rents that run parallel to the coast. A supply of 
freshwater (> 40 m? per tonne MgO) is re- 
quired to wash the Mg(OH), and to produce 
the milk of lime. High-purity limestone or do- 
lomite deposits should be available in the vi- 
cinity; they are calcined and slaked to provide 
Ca(OH), as the precipitating agent and should 
therefore contain minimal quantities of ele- 
ments that form insoluble carbonates, sulfates, 
etc. The MgCO, in dolomite is converted to 
Mg(OH),, and thus provides a further souree 
of magnesia. 


Production of Precipitating Agent. The 
limestone or dolomite is thoroughly washed, 
crushed, and calcined at > 1400 °C in a rotary 
or shaft kiln. The CaCO, must be completely 
decarbonated to CaO (< 0.2% CO,), but 
should be lightly burned, and should contain 
minimal amounts of sulfur and other contami- 
nants. In order to achieve rapid, complete re- 
action of the seawater, the calcined lime 
(quicklime) or dolomite (dolime) is ground, 
slaked to form Ca(OH), and then converted 
into milk of lime or dolomitic slaked lime 
(containing ca. 20% solids). 


The seawater is pumped to the plant and 
suspended material is removed. Seawater con- 
tains dissolved carbon dioxide and must there- 
fore be treated with sulfuric acid to prevent the 
subsequent formation of insoluble calcium 
carbonate on addition of Са(ОН): 


DÉI A 
Ca(HCO,), + H,SO, — CaSO,} + 2Н,0 + 2CO, 
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The freshwater is also partially decarbonated. 


To ensure maximum removal of carbon di- 
oxide, the water is pumped through a trickling 
installation into the reactor containing the 
milk of lime. The water leaving the reactor is 
pumped back into the sea; it has a low magne- 
sium content, a high calcium content, and a pH 
of 10.5. In modern plants using the overliming 
process (see below) the extracted water is first 
pumped into settling basins where the'excess 
lime is diluted with fresh seawater to precipi- 
tate more Mg(OH), and to lower the pH to 
more ecologically acceptable values. 


Precipitation. The aqueous suspension of 
finely precipitated Mg(OH), is seeded with 
larger Mg(OH), crystals in large, flat settling 
tanks to convert it into a thick, dense slurry for 
filtering. The slurry is removed from the bot- 
tom of the tank and fed into tanks where it 1s 
washed with decarbonated seawater and de- 
carbonated fresh water to remove most of the 
alkali metal, chloride, and other ions. The wa- 
ter content of the Mg(OH), slurry is then re- 
duced to « 50% by filtration (vacuum disk or 
drum filter). The product is used as a starting 


material for caustic and sintered magnesia. 


Unless specially treated, caustic and sin- 
tered magnesia produced from seawater usu- 
ally contain ca. 0.2% В,О, and small amounts 
of CaO, Si0., ALO,, and Fe;O, derived from 
the limestone or wastes in the seawater. The 
contaminants and the CaO:SiO, (C:S) ratio 
have a pronounced effect on the behavior of 
the magnesia during sintering and in its subse- 
quent applications. The C:S ratio is therefore 
adjusted to the desired value (3—4 or more for 
the high-quality sinters used in oxygen metal- 
lurgy). The B40, content of the magnesia is 
also generally lowered to ca. 0.05% by using a 
5-12% excess of lime for precipitation (over- 
liming); this increases the pH to 12 and mini- 
mizes the adsorption of boron. Addition of 
small quantities of Na,CO, prior to sintering 
further decreases the В.О, content to 0.03% 
due to the formation of volatile sodium borate 
during sintering. Prolonged sintering at the 
maximum temperature decreases the B,O, 
content. Ion exchange can also be used to 
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lower the boron content of the seawater and 
thus of the sintered product. 

Typical compositions of the two most com- 
mon types of magnesia sinter derived from 
seawater are given in Table 20.12 (types 5 and 
6). 


Production from Brines 


Precipitation of Magnesium Hydroxide. 
Large marine and terrestrial salt deposits were 
formed in various geological periods. Fossil 
mineral salt deposits have been mainly mined 
for their potassium salts: magnesium salts or 
magnesium brines are obtained as waste or as 
a by-product. 

Magnesium salts are formed in arid areas 
by evaporation of brines in flat basins, their 
composition often differs from those obtained 
from seawater Magnesia is obtained from 
magnesium (potassium) brines of varying ori- 
gin: 

e Synthetic brines produced during solution 
mining (e.g., Veendam, Netherlands) 


e Spent liquors obtained in salt production 
from natural brines (e.g., Dead Sea potash 
production; Laguma de Rey, Mexico, so- 
dium sulfate production) 

e Spent liquors obtained in salt production 
from salt deposits (e.g., Teutschenthal, Ger- 
many) 

In the Netherlands (Veendam Ost-Gronin- 
gen), purified freshwater 1s forced into an anti- 
cline at a depth of 1500 m to dissolve the 
bischofite (MgCl,-6H,O) апі carnallite 
(KCl: MgCl,-6H,O) [113]. The brine is then 
pumped to the surface and contains 2096 
MgCl, and small amounts of alkali chlorides 
and MgSO,. After removal of the sulfate, the 
magnesium is precipitated as Mg(OH), with 
dolomitic slaked lime, thickened, and then sin- 
tered. The advantage of this deposit is that the 
bicarbonate and boron contents of the result- 
ing brines are much lower than those of sea- 
water and do not have to be removed by 
complex methods. 


Pyrohydrolysis of Magnesium Chloride 
[114, 115]. In pyrohydrolysis, metal (M) ha- 
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lides (especially chlorides) are thermally de- 
composed in the presence of superheated 
steam at 300-1000 °C to give a pure, fine 
metal oxide precipitate: 


MNCL, + rHjO ~ MO + 2HCI + (n – 1)H,O 


Pyrohydrolysis was originally used to re- 
cover hydrochloric acid in the pickling of steel 
but it can also be employed for the large-scale 
production of metal oxides. Magnesium oxide 
is produced from natural or synthetic MgCL, 
brines. Complete hydrolysis of MgCL, by con- 
ventional methods is not possible because 
evaporation leads to precipitation of bischofite 
(MgCl,:6H,0) which, on further heating, 
melts or dissolves in its own water of crystalli- 
zation. Complete pyrohydrolysis of MgCL, is 
achieved in a spray reactor without hydrolysis 
of CaCl, and alkali chlorides (Aman process). 
Table 20.14: Composition (in grams per liter) of brines 


used in the production of magnesia by the spray roasting 
method. 


: Brine for pyrohydrolysis 
Component Natural brine after KCl extraction 
Mg” 41 102 
Ма? 40 2 
Ca” 17 . 9 
K* 7.5 2 
cr 215 319 
Br 5 6 
SO; 0.7 
Total 326 440 
MgCl, 163 400 





The Aman process has been used since 
1973 in an industrial plant with a current ca- 
pacity of 70 000 t/a near the Dead Sea. The 
starting material for this process is the spent li- 
quor (brine) obtained after extraction of KCl 
from a magnesium- and alkali-chloride-rich 
natural brine. The compositions of these 
brines are given in Table 20.14. 

The brine is purified to remove bromide 
and traces of boron and then fed via steel pipes 
into the spray nozzles of the reactor. It is 
sprayed into the cylindrical, externally insu- 
lated reactor at ca. 600 t. The reactor is lined 
with refractories, it also has a conical base and 
tangentially positioned burners. which ensure 
rotating circulation of the reactants. The ex- 
haust gases leave the top of the reactor at 


Magnesium 


450 °C. The water evaporates from the atom- 
ized brine droplets leaving a perforated chlo- 
ride crust which reacts with the steam to form 
MgO and НСІ. The hollow spherical MgO ag- 
glomerates are removed from the bottom of 
the reactor via a gas lock, together with non- 
pyrolyzed, water-soluble potassium, sodium, 
and calcium salts. 


The crude product is washed with water 
and hydrated in a stirred tank, and then con- 
centrated in a thickener. The resulting slurry is 
difficult to filter and is washed and dewatered 
in a two-stage vacuum drum filter. The cal- 
cined product typically contains 2 99.5% 
MgO, < 1% CaO, < 0.05% SiO,, < 0.05% 
Ее,О,, € 0.005% ALO,. and < 0.01% В,0;; 
its specific surface area is 2—50 m?/g, the loose 
bulk density ranges from 0.8 to 0.2 g/cm?. 


Most of the MgO dust in the hydrogen 
chloride exhaust gas is removed with a cy- 
clone. The hot gas is then used to heat the 
fresh MgCl, solution in a wash recuperator 
where any remaining MgO dust is collected. 
The НСІ gas is scrubbed with water in an ab- 
sorption column. After removal of the com- 
bustion gases and steam, 20% hydrochloric 
acid is obtained which is used to dissolve local 
phosphate deposits; this makes the process 
economically viable. 


Pyrohydrolysis of Magnesium-Containing 
Waste. The principle of the above method can 
also be used for the pyrohydrolysis of chloride 
solutions obtained from impure magnesium 
minerals such as magnesite, tailings, dust, as- 
bestos, talc, and other magnesium silicate 
waste [116]. The hydrochloric acid by-product 
is recycled within the process (former Yugo- 
slavia, Nepal, Austria, and Germany). 


The magnesium is dissolved with hydro- 
chloric acid in a two-stage process. Neutraliz- 
ing agents (filter dust or crude MgO), 
oxidizing agents (air, chlorine gas), and sulfate 
ions are then added. Heavy-metal hydroxides, 
calcium sulfate, and other contaminants pre- 
cipitate out and are filtered off to leave a 
MgCl, solution that is concentrated in a vac- 
uum evaporator and sprayed into the reactor. 
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Miscellaneous Processes 


Sulmag П Process [117]. The Sulmag П pro- 
cess was developed by Sulzer for producing 
light-burned caustic magnesia in a gas suspen- 
sion kiln from low-magnesite ores. Dissolved 
magnesium chloride is obtained by selective 
extraction with recycled NH,CI solution: 


2NH,CI + MgO + H,O + Contaminants ~ 
2NH,OH + MgCl, + Tailings id 


After filtration and washing, needle-shaped 
crystals of nesquehonite are precipitated out in 
the reactor and filtered off: 


MgCl, + (NH,),CO, +3H,O > 
MgCO,.3H,O0l +2NH,Cl 
Nesquehonite 


Caustic magnesia with a high specific surface 
area is obtained by directly heating the 
nesquehonite with oil or gas and briquetting 
while still hot. The product is then sintered. 
This process is reported to produce significant 
energy savings and is environmentally favor- 
able due to the almost complete recycling. A 
pilot plant has been in operation in Switzer- 
land for several years and a plant designed to 
produce 30 000 t/a of sintered magnesia is un- 
der construction for Tamilnadu Magnesite in 
India. 


Other Processes. Processes have been de- 
scribed in which dolomite is decarbonated to 
form a mixture of CaO and MgO and the CaO 
is then chemically extracted. Patents also de- 
scribe the partial decarbonation of dolomite, 
slaking of the MgO, and recarbonation. The 
product consists of large nesquehonite crystals 
(МЕСО, :ЗН,О) which are separated from the 
microcrystalline CaCO, by flotation. The ac- 
cessory calcite and dolomite can also be ex- 
tracted from magnesite rocks because they are 
readily soluble in acid. 

Magnesia can also be prepared from Epsom 
salt (MgSO,:7H,O) or kieserite (MgSO, 
HO) but this technique is not used industri- 
ally at present. 


MgO and CaO Production by Sintering of 
Dolomite. Complete decarbonation of dolo- 
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mite theoretically leaves a finely crystalline 
mixture of MgO (42%) and CaO (58%). 
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Figure 20.21: Polished sections of sintered dolomite (A), 
sintered magnesia (B-G), and fused magnesia (H). A) 
Sintered dolomite: white areas are MgO, gray areas CaO, 
and black areas pores; B) High-iron magnesia sintered in 
lumps: white domains are 2CaO-Fe,O, and MgO-Fe,0,, 
dark gray areas are pores that run parallel to the carbonate 
cleavage planes (type 4 in Table 20.12); C) Briquetted 
high-iron sintered magnesia with a high porosity (type 2 
in Table 20.12); D) Low iron magnesia sintered in lumps 
(type 7 in Table 20.12); E) Seawater magnesia "31" (type 
6 in Table 20.12); F) Sintered magnesia from brine (type 9 
in Table 20.12); G) Low-iron C sintered magnesia (type 8 
in Table 20.12); H) Fused magnesia with periclase cleav- 
age planes. 


Since large supplies of natural, high-purity 
dolomitic rocks are available, removal of con- 
taminants by beneficiation is not economical. 
The high-purity lump dolomite is calcined, 
and sintered in a rotary or shaft kiln. In a spe- 
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cial procedure the dolomite is decarbonated, 
*briquetted, and sintered at a lower temperature 
"than the lump material to give a high-density 


st ^ product. The CaO and MgO crystals in sin- 


tered dolomite lie directly adjacent to one an- 
other (Figure 20.21A); despite the intense 
burning they are much smaller than those of 
sintered magnesia because they mutually 
hinder one another's crystal growth. 


Calcination of Caustic and Sintered 
Magnesia 


Caustic magnesia is a very reactive, finely 
crystalline material that is produced by calcin- 
ing MgCO, or Mg(OH), slightly above the de- 
composition temperature. The decomposition 
curves for Mg(OH}, MgCO, and MgCO,: 
3H,O are shown in Figure 20.22. Caustic 
magnesia may be the end product of magnesia 
production or may be further burned to give 
sintered magnesia. 

Caustic magnesia is produced industrially 
by calcining lump MgCO; (up to 50 mm) or 
liner material at 600—1000 °C in shaft, rotary, 
or multiple-hearth (Herreshoff) kilns Heat-ex- 
change kilns are also employed. In the case of 
Mg(OH),, dewatered filter cakes are usually 
calcined in lump form at ca 950 °C in multi- 
ple-hearth kilns. These kilns generally con- 
tain ten shelves (hearths), one above the other, 
each hearth is provided with four bumers in 
the vertical cylindrical kiln wall. The material 
is fed continuously into the top of the kiln and 
its residence time can be adjusted via the rake 


that rotates above each hearth. The calcining. 


conditions must be carefully adapted to the 
contaminants in the feed, otherwise overburn- 
ing results in excessive growth of the reactive 
MgO crystallites which lowers their activity. 
In modern gas suspension furnaces, Mg(OH), 
or flotation concentrate can be converted into 
homogeneous caustic magnesia, energy con- 
sumption is low [118]. 

Caustic magnesia was formerly produced 
exclusively from cryptocrystalline magnesite 
with a low iron content but is now also ob- 
tained from all types of magnesite and 
Mg(OH),. Its MgO content ranges from ca 65 


Magnesium 


to 99%, and may even reach 99.9%. The mag- 
nesia is often ground prior to use. Extremely 
reactive caustic magnesia may have a surface 
area of up to 160 m?/g. 
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Figure 20.22: Differential thermal curves for Mg(OH), 
(А), МЕСО, (B), and MgCO,-3H,0 (C) [133]. 

Depending on the calcining temperature, 
the product is termed light burned (870— 
1000 °С) or hard burned (1550-1650 °С). 
Light-burned caustic magnesia becomes hy- 
drated in cold water and is soluble in dilute 
acid. It has a loose bulk density of 0.3-0.5 
g/cm? and a specific surface area (BET) of 10- 
65 m*/g. Hard-burned caustic magnesia has a 
loose bulk density of 1.2 g/cm? (bulk density 2 
g/cm’). 


Sintered Magnesia. Most (ca. 85%) MgCO, 
and Mg(OH), is converted into sintered mag- 
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nesia (also known as magnesia clinker or 
dead-burned magnesia, Figure 20.21B-G). 
Typical analyses and densities of sintered 
magnesia are given in Table 20.12. Uses are 
described in Section 20.11.3.3. Sinter quality 
depends not only on chemical composition but 
also on the bulk density or porosity; a high 
density gives a better product. Sintering capa- 
bility decreases considerably with increasing 
purity, making a high density diffieult to 
achieve. In the early 1960s lump magnesite 
with a low iron content could not even be sin- 
tered to a density of 3.40 g/cm? (porosity ca. 5 
vol96). Although some briquetted, low-iron, 
C,S-containing sinters have densities of up to 
3.46 g/cm? (porosity ca. 3.5 vol%), the density 
is usually in the range 3.35-3.40 g/cm?. The 
final bulk density of the sinter depends on 
chemical composition, sintering temperature 
and time, and the degree of compression of the 
material prior to sintering (briquetting is there- 
fore used and not pelletizing or granulation). 
The material is usually sintered in lump form. 

Caustic magnesia (preferably hot, 200— 
500 °C) is compressed into briquettes on high- : 
pressure roller presses (pressure 4-15 t/cm). 
The briquettes are then screened and dried or 
hardened. The screened fines are mixed with 
fresh caustic magnesia and briquetted. 

Binding and adhesive agents are added to 
fine magnesite flotation concentrates prior to 
briquetting; magnesium sulfate solution, sul- 
furic acid, lignin sulfonates, and reactive MgO 
flue dust are usually used. Magnesite concen- 
trates are also used to produce double-burned 
sinter. Here the concentrates are first calcined 
to reduce the mass and the resulting gas pres- 
sure; they are then briquetted and sintered. 

In some cases dewatering of magnesium 
hydroxide slurries is so efficient (high-perfor- 
mance filter presses) that pieces of the hard fil- 
ter cake can be fed directly into a rotary kiln. 
This saves a considerable amount of energy 
and the sintered magnesia product usually has 
a sufficiently high bulk density. In most mod- 
ern plants, however, the hydroxide slurry is 
first calcined and then briquetted. 

Shaft kilns are heated with coke, gas, or oil 
(with or without oxygen) and must be fed with 
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large pieces of material due to the pattern of 
gas circulation and movement of material 
within the shaft. Today, shaft furnaces can be 
better controlled than was the case a few years 
ago [119]. Smaller lumps (0.5-60 mm, prod- 
uct 0-30 mm) are used in rotary kilns to mini- 
mize abrasion and guarantee even movement 
of the material from the rotating kiln wall. Ro- 
tary kilns are generally oil- or gas-fired, some- 
times with addition of coal dust or petroleum 
coke. Depending on the content of fluxing 
agents, sintering is performed at 1700 to > 
2000 °C for 2-15 h (rotary kiln) or ca. 20 h 
(shaft kiln). The sinter from rotary kilns is 
generally homogeneous but has a smaller par- 
ticle size and contains more dust than that 
from shaft kilns; this can lead to undesirable, 
round particles and an excess of fines during 
brick production. Cryptocrystalline magnes- 
ite with a low content of fluxing agents gives a 
sinter with a needle-like structure also after 
sintering in a rotary kiln. 

Energy consumption for the burning of 
high-quality sintered magnesia from various 
starting materials depends on kiln design and 
the water content of the Mg(OH), slurry; typi- 
cal values are as follows (MJ/kg MgO): 
Magnesite: single-stage burning 

(magnesite — sinter) 4.5-12 
Magnesite: double-stage burning 
` (magnesite — caustic magnesia — sinter) 8-16 


Seawater magnesia [Mg(OH), — caustic magnesia 
— sinter, value includes energy required for 


production of precipitation agent] 22-32 
Sulmag II process 23 
Magnesia produced by pyrohydrolysis 40 


In an effort to improve sinter quality, manu- 
facturers first turned their attention to increas- 
ing the size of the periclase crystallites by 
adding sinter-promoting agents, such as ZrO,. 
Burning conditions were subsequently modi- 
fied. In larger crystallites the MgO is less eas- 
ily reduced by carbon at high temperatures 
(ep, in magnesia graphite bricks; see also 
Figure 20.21G). 

. Modification of Sinter Composition. In the 
case of concentrates, slurries, or caustic mag- 
nesia, the final composition of the sinter can 
be modified by mixing in small amounts of ad- 
ditives such as CaO, SiO,, and Fe,O, prior to 
briquetting. Magnesite concentrates obtained 
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by flotation and fine Mg(OH), or MgO can 
also be mixed with large quantities of other 
fine substances (primarily chromium ores, cal- 
cined lime or dolomite), briquetted, and sin- 
tered to form coclinker. In refractory bricks 
made from pure sintered magnesia and low- 
silicate chromium ores, the chromium ore 
only becomes fully integrated with the peri- 
clase at high temperature (> 1700 °C) and in a 
suitable atmosphere. In briquettes made from 
magnesia and fine chromium ore, however, 
sintering results in complete dissolution of the 
mixed spinels of the ore in the periclase. On 
cooling, fine crystalline spinels or skeleton 
crystals precipitate in the periclase; some idio- 
morphic spinels (Mg,Fe™)O(Cr,Fe**,Al),0, 
are evenly deposited between the periclase 
crystallites. 


20.11.3.3 Uses 


The use of magnesium oxide and hydroxide 
as intermediates in the production of magne- 
sium metal is described elsewhere. 


Use of Sintered Magnesia as а 
Refractory 


Oxides are best suited as “vessel linings” 
for most industrial high-temperature pro- 
cesses. Magnesium oxide has the highest 
melting point of the moderately priced oxides 
and is therefore an important raw material for 
refractory bricks and other materials. It is the 
only material apart from ZrO, that can with- 
stand long-term heating above 2000 ?C. Re- 
fractory construction materials based on 
magnesia (with chromium ore or CaO) are 
also resistant to neutral and basic slags and 
gases. 

The boom in the production of low-iron 
sintered magnesia occurred after it was dis- 
covered that the use of refractory magnesia 
linings in steelmaking vessels (open-hearth 
furnace, electric arc furnace, and basic oxygen 
furnaces) allowed phosphorus and sulfur to be 
removed in the basic slag. 

Sintered magnesia is converted into fired 
bricks by techniques used for traditional ce- 
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ramics. It is first broken up, ground, and clas- 
sified. Batches (1 to > 2 t) of individual 
fractions are mixed with a temporary aqueous 
binder (e.g., lignin sulfonates) and pressed 
into bricks of the desired shape weighing up to 
ca. 35 kg. After drying, the bricks are usually 
fired at 1500-1800 °C in a tunnel kiln. They 
have a final porosity of 12—20 vol%. 

Bricks (especially those that are to be used 
in basic oxy gen furnaces) may then be inipreg- 
nated with pitch to prevent the slag from infil- 
trating them and dissolving their surface. 
Fired magnesia bricks have a high thermal ex- 
pansion coefficient and a relatively low ther- 
mal shock resistance, especially during 
periodic operation. Fired bricks made from 
sintered magnesia and chromium ore (or alu- 
mina or spinel) are more resistant to thermal 
shock. 

A large proportion of the magnesia bricks 
are not fired (1.е., do not form a ceramic bond) 
but are bonded with pitch or resin. The indi- 
vidual particle fractions are mixed with hot 
pitch, compressed into bricks, and tempered at 
200—500 °C. When the bricks are used, a coke 
structure is formed which makes them more 
elastic than the ceramic-bonded bricks. Addi- 
tion of 5—20% flake graphite increases heat 
transfer, lowers thermal expansion and attack 
by the slag, and improves thermal shock resis- 
tance. This development is applied in electric 
arc furnaces, converters, and metal ladles for 
secondary steelmaking processes. The low- 
oxygen atmosphere formed in these bricks 
during use can cause significant reduction of 
the magnesia. To prevent this, manufacturers 
have recently developed high-quality magne- 
sia with larger periclase crystals and a low in- 
ternal sinter surface area [120]. 

Chemically bonded bricks with chrome ore 
contain chemical bonding agents (e.g., Epsom 
salt, MgSO,-7H,O) and are produced in the 
same way as fired magnesia bricks up until the 
drying stage. The bonding agents decompose 
and form a ceramic when the bricks are used at 
high temperature. 

Pig iron mixers, transport vessels, and sec- 
ondary refining ladles used in the steel indus- 
try are lined with magnesia bricks. Sliding 
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gates and nozzles are also made from sintered 
magnesia. 

On account of their high refractoriness (re- 
fractoriness under load and low creep in com- 
pression), resistance to alkali, and high heat 
storage capacity, magnesia bricks are used in 
the crowns, port linings, and the hot parts of 
the checkerwork in glass-melting tanks. Mag- 
nesia chrome or magnesia spinel bricks are 
more suitable for the sintering zones of rotary 
cement kilns due to their good stress deforma- 
tion behavior. Magnesia bricks are preferred 
for lime shaft kilns. Large quantities of sin- 
tered magnesia are used for unshaped repair 
materials. 

The increased demands made on refractory 
materials as a result of higher operating tem- 
peratures and shorter tap to tap times in metal- 
lurgical furnaces and reactors can only be met 
by pure, high-density magnesia sinters. Small 
quantities of “contaminants” are disadvanta- 
geous if they form low-melting eutectics with 
MgO (е.р., with CMS at 1485 °C or with C;F 
at 1200 °C, Table 20.11) because this leads to 
deterioration of mechanical properties (e.g., 
strength and volume stability) at high temper- 
atures. High-quality sinters therefore have a 
low content of high-melting silicate phases 
(such as С,5), a low В.О; content, and a high 
degree of. direct periclase-periclase contact 
(without intermediate silicate phases). 


Use of Sintered Magnesia as a Heat- 
Storage Medium 


Magnesia bricks have a high heat storage 
capacity (about 160% that of chamotte) and a 
high thermal conductivity [121]. They are 
used in efficient off-peak storage heaters. The 
heat generated by a heating element is trans- 
ferred to the magnesia brick and increases its 
temperature. 

The most suitable bricks are fired and have 
the following properties: a high bulk density 
(up to 3.10 g/cm?) and thus a high degree of 
sintering, a high thermal conductivity (up to 9 
W nr'!K^! at 600 °C), and a high specific heat 
(1.1 kJkg'K™ at 600 °С). The influence of 
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large pieces of material due to the pattern of 
gas circulation and movement of material 
within the shaft. Today, shaft furnaces can be 
better controlled than was the case a few years 
ago [119]. Smaller lumps (0.5-60 mm, prod- 
uct 0—30 mm) are used in rotary kilns to mini- 
mize abrasion and guarantee even movement 
of the material from the rotating kiln wall. Ro- 
tary kilns are generally oil- or gas-fired, some- 
times with addition of coal dust or petroleum 
coke. Depending on the content of fluxing 
agents, sintering is performed at 1700 to > 
2000 °C for 2-15 h (rotary kiln) or ca. 20 h 
(shaft kiln). The sinter from rotary kilns is 
generally homogeneous but has a smaller par- 
ticle size and contains more dust than that 
from shaft kilns; this can lead to undesirable, 
round particles and an excess of fines during 
brick production. Cryptocrystalline magnes- 
ite with a low content of fluxing agents gives a 
sinter with a needle-like structure also after 
sintering in a rotary kiln. 
Energy consumption for the buming of 
"high-quality sintered magnesia from various 
starting materials depends on kiln design and 
the water content of the Mg(OH), slurry; typi- 
cal values are as follows (MJ/kg MgO): 
Magnesite: single-stage burning 
(magnesite — sinter) 4.5-12 
Magnesite: double-stage burning 
` (magnesite — caustic magnesia — sinter) 8—16 


Seawater magnesia [Mg(OH), — caustic magnesia 
~ sinter, value includes energy required for 


production of precipitation agent] 22-32 
Sulmag II process 23 
Magnesia produced by pyrohydrolysis 40 


In an effort to improve sinter quality, manu- 
facturers first turned their attention to increas- 
ing the size of the periclase crystallites by 
adding sinter-promoting agents, such as ZrO). 
Burning conditions were subsequently modi- 
fied. In larger crystallites the MgO is less eas- 
ily reduced by carbon at high temperatures 
(ep. in magnesia graphite bricks; see also 
Figure 20.21G). 
~ Modification of Sinter Composition. In the 
case of concentrates, slurries, or caustic mag- 
nesia, the final composition of the sinter can 
be modified by mixing in small amounts of ad- 
ditives such.as CaO, SiO,, and Fe,O, prior to 
briquetting. Magnesite concentrates obtained 
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by flotation and fine Mg(OH), or MgO can 
also be mixed with large quantities of other 
fine substances (primarily chromium ores, cal- 
cined lime or dolomite), briquetted, and sin- 
tered to form coclinker. In refractory bricks 
made from pure sintered magnesia and low- 
silicate chromium ores, the chromium ore 
only becomes fully integrated with the peri- 
clase at high temperature (2 1700 °C) and in a 
suitable atmosphere. In briquettes made from 
magnesia and fine chromium ore, however, 
sintering results in complete dissolution of the 
mixed: spinels of the ore in the periclase. On 
cooling, fine crystalline spinels or skeleton 
crystals precipitate in the periclase; some idio- 
morphic spinels (Mg,Fe*)O(Cr,Fe**,Al),0; 
are evenly deposited between the periclase 
crystallites. 


20.11.3.3 Uses 


The use of magnesium oxide and hydroxide 
as intermediates in the production of magne- 
sium metal is described elsewhere. 


Use of Sintered Magnesia as a 
Refractory 


Oxides are best suited as “vessel linings” 
for most industrial high-temperature pro- 
cesses. Magnesium oxide has the highest 
melting point of the moderately priced oxides 
and is therefore an important raw material for 
refractory bricks and other materials. It is the 
only material apart from ZrO, that can with- 
stand long-term heating above 2000 °C. Re- 
fractory construction matenals based on 
magnesia (with chromium ore or СаО) are 
also resistant to neutral and basic slags and 
gases. 

The boom in the production of low-iron 
sintered magnesia occurred after it was dis- 
covered that the use of refractory magnesia 
linings in steelmaking vessels (open-hearth 
furnace, electric arc furnace, and basic oxy gen 
furnaces) allowed phosphorus and sulfur to be 
removed in the basic slag. 

Sintered magnesia is converted into fired 
bricks by techniques used for traditional ce- 


Magnesium 


ramics. It is first broken up, ground, and clas- 
sified. Batches (1 to > 2 t) of individual 
fractions are mixed with a temporary aqueous 
binder (e.g. lignin sulfonates) and pressed 
into bricks of the desired shape weighing up to 
ca. 35 kg. After drying, the bricks are usually 
fired at 1500-1800 °C ір a tunnel kiln. They 
have a final porosity of 12—20 vol%. 

Bricks (especially those that are to be used 
in basic oxygen furnaces) may then be inipreg- 
nated with pitch to prevent the slag from infil- 
trating them and dissolving their surface. 
Fired magnesia bricks have a high thermal ex- 
pansion coefficient and a relatively low ther- 
mal shock resistance, especially during 
periodic operation. Fired bricks made from 
sintered magnesia and chromium ore (or alu- 
mina or spinel) are more resistant to thermal 
shock. l 

A large proportion of the magnesia bricks 
are not fired (i.e., do not form a ceramic bond) 
but are bonded with pitch or resin. The indi- 
vidual particle fractions are mixed with hot 
pitch, compressed into bricks, and tempered at 
200-500 °C. When the bricks are used, a coke 
structure is formed which makes them more 
elastic than the ceramic-bonded bricks. Addi- 
tion of 5-20% flake graphite increases heat 
transfer, lowers thermal expansion and attack 
by the slag, and improves thermal shock resis- 
tance. This development is applied in electric 
arc furnaces, converters, and metal ladles for 
secondary steelmaking processes. The low- 
oxygen atmosphere formed in these bricks 
during use can cause significant reduction of 
the magnesia. To prevent this, manufacturers 
have recently developed high-quality magne- 
sia with larger periclase crystals and a low in- 
ternal sinter surface area [120]. 

Chemically bonded bricks with chrome ore 
contain chemical bonding agents (e.g., Epsom 
salt, MgSO,-7H.O) and are produced in the 
same way as fired magnesia bricks up until the 
drying stage. The bonding agents decompose 
and form a ceramic when the bricks are used at 
high temperature. 

Pig iron mixers, transport vessels, and sec- 
ondary refining ladles used in the steel indus- 
try are lined with magnesia bricks. Sliding 
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gates and nozzles are also made from sintered 
magnesia. 

On account of their high refractoriness (re- 
fractoriness under load and low creep in com- 
pression), resistance to alkali, and high heat 
Storage capacity, magnesia bricks are used in 
the crowns, port linings, and the hot parts of 
the checkerwork in glass-melting tanks. Mag- 
nesia chrome or magnesia spinel bricks are 
more suitable for the sintering zones of rotary 
cement kilns due to their good stress deforma- 
tion behavior. Magnesia bricks are preferred 
for lime shaft kilns. Large quantities of sin- 
tered magnesia are used for unshaped repair 
materials. 


The increased demands made on refractory 
materials as a result of higher operating tem- 
peratures and shorter tap to tap times in metal- 
lurgical furnaces and reactors can only be met 
by pure, high-density magnesia sinters. Small 
quantities of "contaminants" are disadvanta- 
geous if they form low-melting eutectics with 
MgO (e.g., with CMS at 1485 °C or with C;F 
at 1200 ?C, Table 20.11) because this leads to 
deterioration of mechanical properties (e.g., 
strength and volume stability) at high temper- 
atures. High-quality sinters therefore have a 
low content of high-melting silicate phases 
(such as С,5), a low B,O, content, and a high 
degree of. direct periclase-periclase contact 
(without intermediate silicate phases). 


Use of Sintered Magnesia as a Heat- 
Storage Medium 


Magnesia bricks have a high heat storage 
capacity (about 160% that of chamotte) and a 
high thermal conductivity [121]. They are 
used in efficient off-peak storage heaters. The 
heat generated by a heating element is trans- 
ferred to the magnesia brick and increases its 
temperature. 


The most suitable bricks are fired and have 
the following properties: a high bulk density 
(up to 3.10 g/cm) and thus a high degree of 
sintering, a high thermal conductivity (up to 9 
МК" at 600 °C), and a high specific heat 
(1.1 kIkg?K~ at 600 °С). The influence of 
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impurities on these factors is not as critical as 
in refractories. 


The bulk density depends on the chemical 
composition, the sinter porosity and the 
method used to produce the bncks. Thermal 
conductivity is increased by a high periclase 
content and a low porosity. The specific heat is 
only slightly lowered by SiO, and Al,O,, but 
is significantly lowered by CaO, Cr;O,, and 
Fe;O,. The bricks should not contain free CaO 
(risk of hydration) or crystal phases with dif- 
ferent modifications. 


Uses of Caustic Magnesia 


Agriculture. In the 1970s and 1980s the use 
of caustic magnesia increased the most in fer- 
tilizers and animal feeds [122-125]. Magne- 
sium is а constituent of plant chlorophyll and 
also plays a role in enzyme activity. It is re- 
garded as an essential plant nutrient and is 
used in fertilizers. Magnesium deficiency 
(symptoms: chlorosis, necrosis) became espe- 
cially common after fertilizers containing a 
high percentage of potassium replaced potas- 
sium-magnesium fertilizers based on kainite 
(КСІ: MgSO,:3H,O). In countries with salt 
deposits (e.g., Germany), magnesium is sup- 
plied in the form of kieserite, magnesia lime 
(> 10% MgO), and calcined dolomite. In all 
other countries (e.g., Netherlands, UK, USA), 
caustic magnesia (particle size 4 mm, > 70% 
MgO) and magnesite are used. 

Ground caustic magnesia (particle size X 2 
mm, 2 8596 MgO) is used as a supplement for 
animal feeds. Magnesium is usually present in 
green fodder, but cattle and sheep feeding on 
fodder from slightly acid soils may suffer from 
“grass staggers” in spring which is caused by 
magnesium deficiency. 


Building Industry. Caustic magnesia mixed 
with concentrated solutions of magnesium 
salts and a small amount of sodium phosphate 
becomes extremely hard and sets in air (e.g., 
with MgCl, solutions it forms 3MgO-MgCl1,° 
11H40). However, the hardened material is 
not stable in water and is therefore not a true 
cement (which inust set in air and water) but a 
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magnesia binder. These binders were origi- 
nally referred to as Sorel cement or as stone- 
wood (xylolith) when mixed with sawdust as a 
filler. Since their high chloride content can 
corrode metals and other construction materi- 
als, magnesia binders must never be rein- 
forced. They can be used as mastics or 
protective coatings at room temperature. 
Large quantities of caustic magnesia derived 
from carbonate are used for stonewood or 
plaster flooring in the Eastern Bloc. The low- 
iron caustic magnesia generally used for this 
purpose contains 75-87% MgO and is ground 
(40-45% < 10 иш). 

An important use of caustic magnesia is in 
lightweight construction boards (Heraklith) 
for thermal and acoustic insulation (thickness 
5-100 um). The boards are produced on fully 
automatic lines at ca. 60?C from finely 
ground caustic magnesia (MgO content 65- 
80%, starting material magnesite containing 
silicates and dolomite), MgSO, solution as a 
binder, and impregnated pinewood chips. 
Mineral wool is also used as a filler. Subse- 
quent hardening results in highly nonflamma- 
ble boards which can be made fire-retardant 
and resistant to moisture and microorganisms 
by coating one side with plaster. The prefabri- 
cated boards are used to make formworks for 
concrete, and large quantities are used in com- 
bination with polystyrene in laminated boards. 


Other Uses. Caustic magnesia containing ca. 
70-99% MgO is used in wastewater treatment 
in prevention of corrosion, as a buffer, in pre- 
parative chemistry, and in the pharmaceutical 
industry. 

Caustic magnesia can be used to remove 
heavy metals and silicate from wastewater. 
Ammonia can be precipitated and removed in 
the form of Mg: NH,:PO,:6H4O following 
addition of phosphoric acid and caustic mag- 
nesia [126]. The magnesium ammonium phos- 
phate can be used as a fertilizer. This principle 


` is also used to remove phosphate. Caustic 


magnesia is a mild base and neutralizes acids 

and acidic water, it also acts as a weak buffer. 
Low-iron caustic magnesia is used as a 

filler in the plastics and rubber industries and 


Magnesium 


allows adjustment of viscosity and stiffness. It 
also acts as a chlorine accepter in chlorinated 
hydrocarbon polymers and stabilizes them. 


Large quantities of pure magnesium oxide 
are used in the chemical industry for the syn- 
thesis of magnesium compounds. Basic mag- 
nesium sulfonates and finely dispersed MgO 
are used as lubricant and motor fuel additives 
to neutralize combustion residues. Magne- 


.sium oxide in fuels binds sulfur and other 


compounds and prevents formation of acidic 
exhaust gases. 


Large quantities of caustic magnesia are 
used in the paper and cellulose industries 
(magnesium bisulfite digestion). Caustic mag- 
nesia with graded particle size is also used as a 
polishing agent. 

Caustic magnesia, magnesium carbonate 
(precipitated from caustic magnesia), and 
high-purity magnesia are utilized in prepara- 
tive chemistry and cosmetics. In the pharma- 
ceutical industry magnesium oxide (2 98% 
MgO) is used as an antacid, as a powder base, 
and for magnesium substitution therapy. ° 


A potential use of caustic magnesia is as a 
slag additive to reduce the dissolution of MgO 
from refractory bricks in the steel industry. 
Treatment of the surface of grain-oriented 
steel transformer sheets decreases magnetic 
losses. A suspension of caustic magnesia is 
applied to the sheet and annealed. 


Uses of Magnesium Hydroxide 


The most important use of magnesium hy- 
droxide is as an intermediate in the production 
of magnesia. In Japan it is used to replace 
polyhalogenated diphenyl ether as a flame re- 
tardant in thermoplasts processed at 200- 
350 °C. Hydrated alumina cannot be used at 
these temperatures because of its low decom- 
position temperature. This application is being 
tested in Germany [127]. Well-dispersed sin- 
gle Mg(OH), crystals seem to be more suit- 
able than agglomerates. 
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Table 20.15: Production capacities for sintered and caus- 
tic magnesia in 1988/1989 (10$ t/a) [108]. 


Sintered magnesia Caustic magnesia 


Country Natural Seawater Natural Seawa- 
magne- and magne- terand 
site brines site brines 
EEC 0.6 0.5 0.3 0.1 
Western Europe 
(not EEC) and 
Asia Minor 0.9 0.14 0.2 «0.1 
Eastern Bloc 2.8 
North and South 
America 0.4 0.7 0.2 >0.1 
Asia 2.0 0.6 0.3 <0.1 
Australia «0.1 «0.1 
Africa « 0.1 « 0.1 
World total 6.8 1.9 1.0 0.4 


20.11.3.4 Economic Aspects 


Developments in the production capaci- 
ties, production, and consumption of magne- 
sia can be briefly summarized as: 

1974 World magnesia shortage [128] 
1977 From shortage to surplus [129] 


1981 Agricultural oversupply and industrial underde- 
mand for caustic magnesia [123] 


1982 Contraction of refractory magnesia and stagna- 
tion of caustic magnesia [130] 
1984 China, the magnesite giant [131] 


1987 The world magnesia industry, smaller but fitter 
and purer [132] 


1989 Magnesia markets — fit for optimism [108] 
These changes reflect the dependence of 
economics on the economic and technological 
developments in the steel industry. The dis- 
covery of highly pure magnesite deposits in 
Australia in 1985, which will allow magnesia 


. to be obtained directly from the carbonate, has 


led not only to optimism for producers there, 
but also to concern among those using the en- 
ergy-intensive process via magnesium hy- 
droxide. 

Recent developments are aimed at reducing 
energy consumption by improving the filter- 
ability of precipitated products, optimizing 
kiln design, and increasing the size of the peri- 
clase crystallites and the bulk density of sin- 
tered magnesia. The estimated production 
capacities for caustic and sintered magnesia 
are given in Table 20.15. The estimated pro- 
duction of crude magnesite ore increased from 
16 x 106 t/a in 1981 to 20 x 105 t/a in 1988. 
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20.11.3.5 Fused Magnesium Oxide 


Properties 


Fused magnesia is crystalline magnesium 
oxide (mp 2800 °C) that has been melted in an 
electric arc. It has the same crystal structure as 
sodium chloride (i.e., face-centered cubic) and 
occurs naturally as periclase. No phase 
changes take place on heating up to the melt- 
ing point. 

Pure fused magnesia is white, although the 
presence of iron impurities impart a greenish 
color due to the presence of the mixed crystal 
compound magnesiowüstite (Mg,Fe)O. When 
the pale green fused magnesia is heated in air, 
the color changes to brown owing to the for- 
mation of magnesioferrite (MgFe,0,) [134]. 

Fused magnesium oxide has a much lower 
tendency to undergo hydration than sintered 
magnesium oxide or caustic calcined magnes- 
ite [135], and is essentially stable towards the 
atmosphere. Thus, polished crystal faces of 
periclase only begin to lose their luster after 
several weeks, depending on atmospheric 
moisture content and temperature. Reaction 
with atmospheric carbon dioxide to form basic 
carbonates is also noticeable only after several 
weeks or months. Fused magnesia is stable in 
an oxidizing atmosphere up to ca 2200 °C, 
above which vaporization and partial dissocia- 
tion take place. Theoretical vapor pressures of 
magnesium oxide and partial pressures of its 
dissociation products in the temperature range 

1227—2727 °C are given in [136]. 

In a reducirig atmosphere (e.g., in the pres- 
ence of carbon), fused magnesia is stable only 
up to ca 1700 °C. This temperature is also the 
limit for vacuum use because of the resultant 
vapor pressure [137]. 

The most important physical properties of 
fused magnesia (e.g, thermal conductivity 
and electrical resistivity) depend on the den- 
sity, purity, particle size distribution, type, and 
distribution of the foreign mineralogical 
phases present. Consequently, data obtained 
from measurements on single magnesium ox- 
ide crystals [138] or pure, polycrystalline 
magnesium oxide (> 99%) cannot be regarded 
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as characteristic of commercial fused magne- 
sia. 

The following data (see also Section 
20.11.3.1) are therefore partly based on infor- 
mation from manufacturers of fused magnesia 
and include the grades most commonly avail- 
able today (MgO content > 92%, particle size 
0-400 um): 

Density of pure periclase (theoretical)3.56—3:58 g/cm? 


Knoop hardness 370 
Mohs hardness 6 
Linear thermal expansion coefficient 
(1000 °C) 14x10* Kt 
Specific heat (c,) 
100 °C 


0.96 кек”! 
1.21 


1800 *C 
Thermal conductivity (1000 ?C) for densities of 
3.0-3.58 g/cm? са. 2.9-8.4 Wm"! K"! 
Dielectric constant, & 
(30 Hz-1 MHz) 11 


Electrical resistivity (technical grades, 
manufacturers' data) 


600°С Žž > 2x 10°-10! Q-cm 
800 °C 3x 108-2 x 10? 
1000 °C 10-9 x 107 
Electrical resistivity of MgO single crystals 
(for comparison) і 
500 °С 2x10P Q-cm 
1000 *C 6x 10° 
Production 


Fused magnesia is mainly produced from 
naturally occurring magnesite (MgCO,) that 
has been calcined at 1200—1400 °С (“dead 
burned"). The calcined product usually con- 
tains > 92% MgO, 14% 510,, 0.5-2% CaO, 
0.1-2% ALO}, up to 0.2% Fe,0,, and traces 
of ZrO,, NiO, Na,O, K,O, В.О, and S. Mag- 
nesite from seawater, containing > 97% MgO, 
is also used as a raw material. 

When fused magnesia is used as an electri- 
cal insulator for heating applications (tubular 
elements), the amount of conductive impuri- 
ties in the raw material must be minimal. 
Therefore magnesites that contain, for exam- 
ple, iron oxides or sulfur in appreciable 
amounts cannot be used. Contamination with 
sulfur is avoided by calcining the magnesite in 
wood-fired furnaces. 

Fused magnesia is usually produced in a 
batch process by melting the raw material at 
2800—3000 °C in electric arc furnaces [139]. 


Magnesium 


The furnaces are heated by either single- 
phase or, more usually, three-phase a.c. cur- 
rent (Higgins furnace, block-making pro- 
cess). They have a moving base and a conical, 
water-cooled steel cover. The raw material is 
added batchwise and acts as a refractory lining 
for the furnace walls, and the furnace base is 
usually lined with magnesite bricks or a 
rammed graphitic material bonded with bitu- 
men. The furnaces are heated by either two or 
three graphite electrodes. The arcs are struck 
onto a layer of coke and the electrodes can be 
vertically adjusted to suit the height of the 
molten bath. 

The current in, for example, a 1000-kW a.c. 
electric arc furnace (Higgins furnace) is 6000— 
9000 A at 90-150 V. The electric power re- 
quired to produce the fused blocks is ca. 
2000-4000 kWh/t [139]. 

In addition to the traditional block-making 
process (Higgins furnace), tilting furnace 
technology is also used for the industrial pro- 
duction of fused magnesia [140]. The melting 
process is continuous, and the molten product 
is poured intermittently into water-cooled or 


- refractory-lined molds. Manufacture of fused 


magnesia by an electric arc trough melting 
process [141] and in a high-frequency plasma 
[142] has also been described. 

On completion of melting, the electrodes 
are withdrawn and, after a cooling period, the 
furnace cover is removed. The fused magnesia 
blocks can weigh as much as 20 t. After cool- 
ing to room temperature, preliminary size re- 
duction is carried out. This is followed by 
further size reduction of the large broken 
pieces. The blocks are not homogeneous with 
respect to structure or chemical composition, 
and their surface is covered with a coating or 
crust of agglomerated sintered magnesia. 

The impurities in the raw product consist of 
compounds formed from the quatemary sys- 
tem MgO-CaO-S10,—Fe.O,, e.g., magnesium 
silicates such as forsterite (Z2MgO-SiO,, тр 
1890 °C) and monticellite (CaO-MgO- S10,, 
mp 1500°C, imcongruent melting) whose 
melting points he far below that of pure mag- 
nesium oxide. The foreign phases are mainly 
concentrated locally 1n the surface zone of the 
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fused block and constitute the *melt residues" 
along with imperfectly melted magnesium ox- 
ide (the sintered crust). They are hand sepa- 
rated from the fused product which is a white 
to pale green crystalline periclase with crystal- 
lite sizes from several hundred micrometers 
up to several centimeters. Hand sorting is the 
normal industrial method of impurity removal, 
no better method has yet been found. How- 
ever, some of the silicate impurities asséciated 
with the raw material form inclusions of for- 
eign phases in the crystals of the pulverized 
magnesium oxide end product. This is because 
the rate of growth of the magnesium oxide 
crystals in certain regions of the solidifying 
melt is greater than the migration rate of the 
melt residues. Thus, magnesium oxide blocks 
from a Higgins furnace contain foreign phases 
(monticellite and forsterite) deposited at the 
grain boundaries, while magnesium oxide pro- 
duced by casting from a tilting furnace usually 
exhibits an intracrystalline distribution of 
these phases (Figure 20.23). Further treatment 
of the hand-sorted, size-reduced, fused prod- 
uct includes several size reductions with jaw 
crushers, roller crushers, and gyratory crush- 
ers. Iron particles produced by abrasion and 
other magnetic impurities are removed by 
high power magnetic separators. Finally, the 
finely grained material is classified into parti- 
cle size ranges using a series of sieves. Fused 
magnesia intended for electrical heating appli- 
cations is heated in an oxidizing, neutral, or re- 
ducing (although пої  carbon-forming) 
atmosphere at 1100—1400 °C [143] to remove 
moisture and carbon (originating from break- 
down of the electrodes) and to reduce surface 
and lattice defects of the magnesium oxide 
particles. 


Uses 


Fused magnesia is mainly used as an insu- 
lating material in the electrical heating indus- 
try. The particulate material is packed into the 
Space between the heating coil and the outer 
tube in a heating element for air or liquids 
[144]. Such elements are used in IR heaters, 
grill elements, tubular hot plates, and tubular 


1028 


heating elements for ovens, storage heaters, 
radiators, continuous-flow heaters, washing 
machines, coffee machines, electric irons, and 
industrial liquid heating equipment. 











igure 20.23: Photomicrograph of polished sections of 
fused magnesia (dark areas: MgO; light areas: foreign 
phases monticellite and forsterite). A) Magnesia produced 
in a Higgins furnace: foreign phases deposited at the grain 
boundaries; B) Magnesia produced by casting in a tilting 
furnace: foreign phases occur mainly as intracrystalline 
material. 


The most important factor in this applica- 
tion of fused magnesia is its combination of 
high electrical resistance with high thermal 
conductivity. This is superior to that of other 
refractory oxides or other materials. 


The grade of magnesium oxide recom- 
mended depends on the application for which 
the heating element is used (surface tempera- 
ture of the tube) and the electrical insulation 
requirements. The grades usually have a size 
range of 0400 um and a tap density of 2.2- 
2.7 g/cm?. The product must have well-de- 
fined flow properties, which can be influenced 
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by modifying the particle shape by treatment 
in a fluidized bed [145]. 

The electrical and thermal properties of 
fused magnesia can be improved by adding 
synthetic or natural minerals (е.р., pyrophyl- 
lites [146], fused zircon sand [147], enstatite 
[148], cordierite [149], or magnesium alumi- 
num silicates [150]) to the prepared mixture of 
magnesia particles. The mechanism of action 
of these additives has not yet been explained. 

The chemical composition of some of the 
industrial grades of fused magnesia (electrical 
grade) are given in Table 20.16. The important 
properties of the mixture of fused magnesia 
particles (as used for electrical heating, i.e., 
thermal conductivity, long life time, sinter in- 
dex, specific electrical impedance, leakage 
current, tap density, flow rate, grain size distri- 
bution) are tested by standard methods 
(ASTM D2858, D2900, D3026, D3215, 
D3347; DIN 44872). 

Fused magnesia has a further application as 
a refractory material, especially as a lining for 
induction furnaces and crucibles. Induction 
furnace linings based on fused magnesia do 
not shrink (unlike those based on sintered 
magnesia) owing to the low porosity of the 
fused material. Magnesia graphite bricks with 
an addition of fused magnesia [151] are used 
in ultrahigh-power furnaces for steel produc- 
tion. The low porosity of the fused magnesia 
and the size of the periclase crystals consider- 
ably improve the corrosion resistance of the 
refractory lining. The refractory-grade mate- 
ral has a lower SiO, content and a higher 
CaO: SiO, ratio than the electrical-grade fused 
magnesia (i.e., for electrical heating, see Table 
20.16). In special applications, fused magne- 
sia is also used as a molding material for preci- 
sion casting, as a raw material for magnesium 
oxide ceramics and as single crystals [152] for 
optical windows and lenses. 


Economic Aspects 


The most important countries and compa- 
nies producing fused magnesia are: 
France Pechiney Electrométallurgie 
Germany Hüls AG 


Magnesium 
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Table 20.16: Chemical composition (typical) of some commercially available fused magnesia grades. 


Producer Grade MgO,96 SiO, 0 Ca0,% Fe,0,,% SUE, Density, 
ratio g/cm 
Pechiney, France Са 250? 95.5 (min.) 2.2 1.5 0.008 0.68 2.395 
Hüls, Germany Dynatherm*1246 CS ` 963 2.0. L5 0.10(max.) 0.75 2.36-2.40° 
Thermal Syndicate, UK Magie IGN1 . 96.8 2.3 0.8 0.10 0.35 ` 235-2.40* 
Universai Abrasives, UK M 70° 93.1 3.7 1.6 0.16 0.43 2.36-2.40% 
Muscle Shoals Minerals, ` 
USA 228R* 96.0 3.1 0.8 0.07 026 238241 
Pechiney, France URI AT ` * 98.0 0.5 11 0.15 2.2 3.504 
Baymag, Canada Electromag* 96.7 0.2 2.2 0.5 П 3.504 
Tateho, Japan KMA“ 98.5 0.35 0.9 0.15 2.6 3.574 


* Electrical grades for high-duty tubular heating elements. 

> Tap density according to ASTM D3347, grain size 40-325 mesh. 
“Refractory grades. 

4 Apparent density. 


United Kingdom Universal Abrasives, Thermal Syndi- 
cate 

Austria Osterreichisch Amerikanische Magnesit 
AG (refractory grades) | 

United States Muscle Shoals Minerals, Tateho Amer- 
ica (formerly CE-Minerals), Insultherm 

Canada Baymag (refractory grades) 

Japan . Tateho Chemical Ind. 

Further information on these manufacturers 

(e.g., production capacities) is given in [153]. 

The world consumption of fused magnesia 

for electrical heating (electrical grade) is esti- 

mated to be ca. 35 000-40 000 t/a. There are 

no figures available for refractory grade mate- 

rial because the grades of fused magnesia are 


not listed separately in the statistics. 


20.11.4 Magnesium Sulfate 


Magnesium sulfate does not occur in nature 
in anhydrous form. It is found in the form of 
hydrates and double salts in salt and potash de- 
posits (e.g., in the Unites States, Germany, and 
the former Soviet Union). Magnesium sulfate 
also occurs in dissolved form in salt lakes. 


20.11.4.1 Properties 


The transformation temperatures of the sta- 
ble magnesium sulfate hydrates and their solu- 
bilities in water are given in Table 20.17. 
Table 20.18 lists the molecular masses, the 
specific heats, refractive indices, and crystal 
classes of the anhydrous salt and some of the 
hydrates [154, 155]. Anhydrous magnesium 
sulfate can be obtained without decomposition 


by dehydrating the hydrates at 400—500 °C. At 
700 °C, however, the compound decomposes 
to give magnesium oxide, sulfur dioxide, and 
oxygen. This accounts for the fact that the 
melting point of magnesium sulfate cannot be 
accurately determined, it is between 1120 and 
1150 °C. 

Table 20.17: Stable magnesium sulfate hydrates. 


Transforma- Solubility, 


Hydrates tion temper- е MgSO,/ 

atur, С 100g H,O 
Ice-MgSO,:12H,O | -3.9 22.0 
Mag, 12H,O-MgSO,:7H,O Lë 272 
MgSO,-7H,O-MgSO, -6H,O 48.1 49.5 
MgSO,-6H,0-MgSO,:H,O 67.5 56.6 


Table 20.18: Properties of magnesium sulfate and its hy- 
drates. ` 


Compound heat, sity, Crystal Refractive 


kJkg"K^ gem’? class index . 
MgSO, 0.800 2.66 ortho- 
rhombic 
MgSO,-H,O 1.047 2.57 mono- 1.523, 
clinic 1.535, 1.586 
MgSO,:2H,0 1.124 
MgSO,4H,O 1.305 2.01 mono- 1.490, 
clinic — 1.491, 1.497 
MgSO,6H,0 1.525 1.75 1.456, 
1.453, 1.426 


MgSO,7H,O 1.546 1.68 ortho- 1.432, 
rhombic 4.4554, 
1.4609 


Magnesium sulfate 1s hygroscopic and ab- 
sorbs water to form hydrates, finally the hep- 
tahydrate. Various hydrates can be obtained by 
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stepwise dehydration of higher hydrates or by 
crystallization from aqueous solution. Hy- 
drates of analogous composition can be pro- 
duced by these two methods, but X-ray 
crystallography shows that their structures dif- 
fer due to destruction of the crystal lattice dur- 
ing dehydration. 

Five stable hydrates can be crystallized 
from aqueous solutions: MgSO, 12H,0, 
MgsO,:7H,O (Epsom salt, epsomite, Bitter- 
salz), MgSO,-6H,O0 (hexahydrate), MgSO,: 
"LO (°/, hydrate or synthetic kieserite) and 
MgSO,°H,O (Kieserite). Three metastable 
forms also occur: a second form of the hep- 
tahydrate, MgSO,5H,O (allenite), апа 
MgSO, -4H,0 (leonardite). Stepwise dehydra- 
tion yields hydrates with 1, */,, 2, 3, 4, and 6 
molecules of water. The solubility of kieserite 
decreases with increasing temperature due to 
its negative heat of dissolution. Its dissolution 
rate increases with increasing temperature and 
decreasing pH. 

The acid sulfates MgSO,-H,SO, and 
MgSO,°3H,SO, crystallize when MgSO, is 
dissolved in sulfuric acid. Magnesium sulfate— 
ammine hydrates (MgSO,-3NH;°3H,0, 
MgSO,°2NH,-4H,0, and MgSO,2NH, 
2Н,О) are produced when Epsom salt reacts 
with gaseous ammonia. On reaction with al- 
kali, magnesium hydroxide precipitates out; a 
precipitate of nesquehonite (MgCO,-3H,0) 
1s formed with sodium carbonate. After addi- 
tion of sulfite, phosphate, or stearate solutions, 
insoluble magnesium sulfite, magnesium 
phosphate, or magnesium stearate precipitates 
out. Magnesium chloride reacts with magne- 
sium oxide to form oxychlorides, magnesium 
sulfate reacts in the same way to form oxysul- 
fates (MgSO,-3MgO-11H,O and MgSO, 
5MgO-8H40): it can therefore be used as а 
slower type of sulfate Sorel cement binder. 
Magnesium sulfate forms double salts with 
other salts, most of which also occur in nature: 
KCI-MgSO,3H,O kainite 

K,SO,2MgSO, langbeinite 
K,SO,MgSO,4H,O leonite 
K,SO,MgSO, 6H,O schónite (picromerite) 
Na,SO,MgSO,4H,O  astrahkanite (bloedite) 
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6Na,SO,"7MgSO,:15H;,O loeweite 
K,SO,MgSO, 2CaSO,2H,O  polyhalite 


20.11.4.2 Occurrence and Raw 
Materials 


The most important source of MgSO, in 
Germany is kieserite, which is a constituent of 
raw potash salt. In the United States, MgSO, is 
obtained from langbeinite and in Italy from 
kainite. The raw salts used by the potash in- 
dustry in the former Soviet Union (Stebnik, 
Kalush) contain magnesium sulfate salts. 
Magnesium sulfate is also found in the brines 
of the Great Salt Lake and the Kara-Bogaz 
Gulf of the Caspian Sea. Seawater bitterns 
provide a further source (Epsom salt), the 
MgSO, is obtained by cooling. In many coun- 
tries MgSO, is also produced from magnesite, 
dolomite, seawater magnesia, or other magne- 
sium minerals. | 


20.11.4.3 Production 


Production of Kieserite (MgSO, HO) 


Production of Kieserite by Selective Disso- 
lution of Residues from Potash Salt Produc- 
tion, The raw material for this process is a 
crude salt that contains kieserite (hard salt, 
camallitite). The sodium chloride is selec- 
tively dissolved from residues of potash salt 
production. The filtered or centrifuged resi- 
dues obtained during the production of potas- 
sium chloride are first washed with a partially 
saturated NaCl solution from a subsequent 
washing step. The NaCl in the residues is 
readily soluble and dissolves in the NaCl solu- 
tion until it becomes saturated; the. kieserite, 
however, remains largely undissolved due to 
its slow dissolution rate. Kieserite and residual 
NaCl are separated from the washing medium 
with a bucket conveyor or elevator The 
kieserite-NaCl mixture 1s then washed with 
water in a second stage to dissolve any resid- 
ual NaCl. Washing is performed in pipes lined 
with fused basalt that are several hundred 
meters long. The quantity of NaCl solution 


Magnesium 


produced can be minimized by using the elec- 
trostatic production process (see below). 


Ecological Aspects. The saturated NaCl solu- 
tion contains 280—300 g NaC] per liter. Its dis- 
posal entails considerable ` ecological 


' problems. Large quantities have been stored in 


jointed rock formations (platy dolomite) that 
are filled with slightly salted groundwater, but 
with only limited capacity [156]. 


Production of Kieserite by Flotation. 
Kieserite can be separated from rock salt by 
flofation. Prestaminol, oleic acid, fatty alcohol 
sulfates, or oxystearic acid are used as flota- 
tion agents for kieserite and anhydrite 
(CaSO,) [157]. The kieserite can be further 
purified by separating it from the anhydrite 
and/or langbeinite. This is achieved by using 
oleic acid or a fatty acid amine as a flotation 
agent for the kieserite [158—160]. 


Electrostatic Separation of Kieserite. The 
electrostatic production process (ESTA pro- 
cess) developed by Kali und Salz AG (Ger- 
many) eliminates the formation of the large 
quantities of NaC] solution produced in the se- 
lective dissolution process (see above) (161, 
162]. 

Kieserite can be electrostatically Separated 
in one or two stages. In the one-stage process 
the raw salt is treated with aliphatic or a mix- 
ture of aliphatic and aromatic monocarboxylic 
acids that are combined with ammonium salts 
of aliphatic carboxylic acids, usually ammo- 
nium acetate. The salt is then heated at a de- 
fined relative humidity and electrostatically 
charged [163]. The kieserite becomes posi- 
tively charged with respect to the potassium 
chlonde and sodium chloride. Repeated sepa- 
ration of the kieserite deposited at the negative 
electrode yields MgSO, in an extremely pure, 
marketable form. 


In the two-stage process rock salt is first 
separated and then the highly pure kieserite. 
The raw salt is first treated with aromatic 
monocarboxylic acids, heated at a defined rel- 
ative humidity, and then charged [164]. The 
rock salt becomes positively charged with re- 
spect to the potassium chloride and the 
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kieserite. The rock salt is removed and the 
KCl-kieserite mixture separated at the posi- 
tive electrode. The mixture is treated with ali- 
phatic monocarboxylic acids, heated once 
again at a defined relative humidity, and 
charged [163]. The kieserite now becomes 
positive with respect to the potassium chlo- 
ride. Repeated separation of the kieserite de- 
posited at the negative electrode gives an 
extremely pure, marketable product. | 


The potassium chloride fraction is still con- 
taminated with kieserite and sodium chloride; 
it is used for the production of potassium salts 
[165, 166]. 


Production of Granulated Kieserite. After 
addition of 3 parts of a solution containing 
preferably 18% Na,SO, or 20% NaPO; to 47 
parts of kieserite, the product can be pressed in 
a moist state and then ground [167]. After ad- 
dition of ammonium sulfate and hot magne- 
sium sulfate solution, kieserite can also be 
granulated with a dish granulator [168]. 
Mono-, di-, or polysaccharides (usually lac- 
tose) are highly suitable additives for prepar- 
ing these rolled granulates. The kieserite 
should have a broad particle size range: at 
least 20% of the particles must be less than 
0.09 mm in diameter [169]. Addition of phos- 
phate allows production of a rolled granulate 
of high strength even without drying [170]. 


Production of Epsom Salt 


Production of Epsom Salt from Kieserite. 
Kieserite is dissolved in hot water (90 °C) to 
give a clear solution. Dissolution is performed 
in single large vats with capacities of up to 500 
m? that have a sieve base covered with coco- 
nut mats. The process has the disadvantage 
that the throughput is very low and the sieve 
plate gradually becomes encrusted with anhy- 
drite and double salts. Kali und Salz AG there- 
fore uses a multichamber cascade with slow 


. stirring; the slurry density in the chambers is 


70%. Hot water is added from below and 
kieserite from above. The solution produced at 
the top of the cascade contains 400 g/L 
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Mes, At the bottom the residue containing 
anhydrite can be removed at intervals [171]. 


The hot concentrated solution is cooled in 
multistage vacuum coolers in which large 
crystals of Epsom salt are formed. After thick- 
ening, the Epsom salt is either filtered or cen- 
trifuged. The moist salt is dried in drum driers 
with air at ca. 50 °C. 


Production of Epsom Salt from Magnesia, 
Magnesite, and Other Materials. Magne- 
sium sulfate solution can be produced by treat- 
ing seawater magnesia (MgO) or magnesite 
(MgCO,) with sulfuric acid. Waste sulfuric 
acid contaminated with organic compounds 
may be used [172]. The resulting solution is 
clarified, evaporated to a density of 1.35-1.36 
kg/L, and processed as described above. The 
product can be spray dried at 150 °C. Dolo- 
mite, olivine, serpentine, or peridotite can also 
be reacted with sulfuric acid. Magnesium sul- 
fate can also be obtained by adding MgO to 
pyrite during roasting and subsequent extrac- 
tion [173]. 

Waste serpentine from asbestos production 
can be reacted with ammonium sulfate above 
250°C and the reaction mixture extracted 
with water [174, 175]. The resulting solution 
is evaporated and the Epsom salt crystallizes 
out. 


Production of Epsom Salt from Seawater 
Bitterns or Salt Lakes Brines. Pure Epsom 
salt can be obtained directly from seawater 
bitters and from brines from salt lakes with a 
high MgSO, content (e.g., Kara-Bogaz Вау) 
by diluting with water and cooling to -10 °C 
[176, 177]. 


Production of Epsom Salt from Langbein- 
ite. Langbeinite (K,SO,-2MgSO,) is decom- 
posed by treating with water for 6 h at 50— 
60 °C to produce MgSO,:6H.O. On cooling 
the mother liquor to 20-35 °C the Epsom salt 
crystallizes out [178]. 


Production of Epsom Salt from Magnesite 
or Dolomite and Gypsum. A mixture of 
ground dolomite and gypsum is treated with 
steam at 1.5—3.0 MPa and filtered to remove 
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the CaCO, from the MgSO, solution [179]. 
Magnesite is calcined at 760-835 °C, hy- 
drated in the presence of gypsum at 56-60 °C, 
and carbonized with carbon dioxide. The 
MgSO, solution is filtered to remove the 
CaCO, [180] and processed to obtain Epsom 
salt. 


Production of Anhydrous Magnesium 
Sulfate 


Anhydrous MgSO, does not occur in nature 
and can only be produced by dehydrating 
MgSO, hydrates. Kieserite is purified by re- 
moving anhydrite and langbeinite in a special 
electrostatic procedure. It is subsequently 
washed with water to remove residual chloride 
[181]; langbeinite and anhydrite may also be 
removed: by flotation. It is then dehydrated by 
heating at ca. 500 °C in a gas-heated calcina- 
tion drum and finally cooled [182]. If Epsom 
salt is used as starting material instead of 
kieserite, six molecules of water of crystalliza- 
tion can be removed at « 70 ?C and the re- 
maining molecule at 500 °C. 


20.11.4.4 Quality Specifications 
and Analysis 


Magnesium sulfate is sold as kieserite (73— 
8396 MgSO,), 99.9%-pure Epsom salt (48.8% 
MgSO,), and anhydrous MgSO, (> 98% 
MgSO,). Epsom salt is marketed as a chemi- 
cally pure product, as a clinical product that 
complies with pharmacopeia specifications, 
and as an analytical grade reagent. Maximum 
contamination limits for clinical grades vary 
according to the pharmacopeia: chloride 100— 
300 mg/kg, iron 20 mg/kg, and heavy metals 
10 mg/kg. Maximum limits for arsenic, sele- 
nium, and other substances may also be speci- 
fied. 


The analytical procedures used for quality 
control are the same as those employed for 
magnesium chloride. Sulfate, however, is de- 
termined by a gravimetric method [183]. 


Magnesium 


20.11.4.5 Transportation and 
Storage 


Depending on the atmospheric humidity, 
Epsom salt can lose or absorb water during 
storage and thus tends to harden. It is therefore 
preferably supplied in Clupack valve sacks. 
Kieserite is transported in railroad cars and 
trucks, both in bulk and in valve paper sacks. 
Anhydrous MgSO, is also supplied in bulk 
and in sacks. 


20.11.4.6 Uses 


Large quantities of kieserite and Epsom salt 
are used in Germany for the production of po- 
tassium sulfate. Kieserite is used in fertilizers, 


either as an additive in multinutrient fertilizers ` 


or directly to combat magnesium deficiency. 
In multinutrient fertilizers kieserite aids gran- 
ulation and improves granulate properties. In 
cases of acute magnesium deficiency, Epsom 
salt is an especially effective foliar fertilizer. 


Magnesium sulfate is a component of mag- 
nesium binders (Sorel cement) and can also be 
used as a binding agent in the production of 
magnesia bricks. Addition of MgSO, and 
Al,(SO,); leads to the formation of spinels 
during firing of refractory products. Decom- 
position of MgSO, in refractory products at > 
1100 °C results in the formation of sulfur di- 
oxide and thus gives a light product. Magne- 
sium sulfate is also used in the production of 
Portland cement from blast furnace slag and as 
an additive in gypsum-containing building 
materials. 

Magnesium sulfate is employed in the 
sugar industry for refining the sugar liquor and 
for improving the sugar yield from molasses 
(Quentin procedure) [184]. It is utilized in fer- 
mentations for the production of amino acids, 
antibiotics, bakers’ yeast, biomass, and citric 
acid. It increases the activity of glucose 
isomerase, the enzyme which converts glu- 
cose to fructose. 


In the aluminum industry, a mixture of 
kieserite and calcium oxide or hydroxide is 
used to precipitate contaminants from alumi- 
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nate solutions. Magnesium sulfate is also em- 
ployed in fixative baths used to color 
aluminum surfaces by means of anodic oxida- 
tion. Itis a component of the electrolytic baths 
used for chrome plating, zinc plating, copper 
plating, nickel plating, and the electroplating 


. of tungsten, manganese, vanadium, cobalt, 


and cobalt alloys. It is also used in the phos- 
phating of iron. 


In the glass industry, sinters with a defined 
porosity can be obtained by incorporating 
MgSO, of a defined particle size and then 
leaching it. Magnesium sulfate is used as an 
additive in enamels and pigments. In the deter- 
gent industry it prevents gel formation during 
spray drying; magnesium silicate synthesized 
from MgSO, stabilizes peroxides and thus im- 
proves bleaching. Magnesium sulfate is also 
used as a make-up chemical in the sulfite pulp- 
ing process and as a stabilizer for cellulose 
during oxygen bleaching of pulp. In the paper 
industry it is used in the preparation of paper 
for coating and in the deinking of recycled 
printed paper. 

Other uses include treatment of waste and 
wastewater and soil stabilization. The com- 
pound is also used as an additive in drilling 
fluids, lead acid batteries, oil and coal fuels, 
ore preparation, “electrolyte” beverages, low- 
NaCl salt mixtures, cosmetics, bath salts, infu- 
sions, photographic developers, dye baths, and 
animal feeds. 


In the plastics industry MgSO, is employed 
as a coagulant, polymerization catalyst, stabi- 
lizer, and flame retardant. In the petrochemical 


. Industry it is employed together with manga- 


nese chloride for cracking petroleum. Use of 
MgSO, in the leather industry makes the 
leather more supple, increases its weight, and 
removes calcium carbonate. Magnesium sul- 


fate 1s also used as a heat storage medium and 


as a raw material for the production of magne- 
sium aluminate, magnesium alumosilicate, 
and other magnesium compounds. One of the 
important applications of Epsom salt is as a 
laxative. 
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20.11.4.7 Economic Aspects 


Epsom salt is produced in many countries, 
the most important being Germany, Japan, and 
the United States. It is usually consumed in the 
country in which it is produced. Only Ger- 
many and China export the compound. Other 
commercially available products are kieserite, 
anhydrous MgSO,, and fertilizers containing 
kieserite (Germany) and langbeinite (USA). 
Estimated production figures are given in Ta- 
ble 20.19. 


20.11.4.8 Toxicology and 
Occupational Health 


Magnesium sulfate and its hydrates are not 
dangerous to human health when handled in 
accordance with the appropriate regulations. 
The LDL¢ (mouse, oral) for MgSO, is 5000 
mg/kg. Magnesium sulfate is not listed in the 
EEC directive of May 5th, 1976 concerning 
the discharge of harzardous substances into 
water, -it is classified as а nonhazardous sub- 
stance in the EEC directive of June 12th, 1987 
(WGK:O). 

Table 20.19: Estimated production and consumption of 
magnesium sulfate products in 1988 (103 t). 
Consump- Consump- 


Product Production ` tion in tion in 
fertilizers other areas 

Anhydrous 110 40 70 
Kieserite 

(MgSO,-H,O) 2300 2250 50 
Epsom salt 

(MgS0,-7H,0) 280 180 100 
Sulfate of potash 

magnesia 1000 1000 
Total 3690 3470 220 
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21.1 Introduction 


Aluminum is the most abundant metallic 
element in the earth’s crust. It is normally 
found combined with other elements, and oc- 
curs rarely, if at all, in its pure state. However 
elemental aluminum particles have been dis- 
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covered in lunar soil and small amounts of na- 
tive aluminum have been reported in Russia 
and China. Aluminum appears in a wide vari- 
ety of minerals combined with oxygen, sili- 
con, the alkali and alkaline-earth metals, and 
fluorine, and as hydroxides, sulfates, and 
phosphates. Aluminum has become the pre- 
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dominant nonferrous metal in use, yet it is one 
of the newest of the common metals. Alumi- 
nous minerals are quite stable; large amounts 
of energy and high temperatures are required 
to reduce these compounds to metal. This ex- 
plains why the metal has been isolated and 
produced commercially only in relatively re- 
cent times. 

In the late 18th and early 19th centuries 
many famous scientists worked at isolating 
aluminum, including Lavoisier, DALTON, BER- 
ZELIUS, Davy, and @rstep. In 1825 Hans 
CHRISTIAN СЕвѕтер discovered a method to pre- 
pare anhydrous aluminum chloride, a com- 
pound that was to play an important role in the 
production of the metal. СЕкѕтер is sometimes 
credited with the discovery of aluminum but 
often that honor is accorded to FRIEDRICH 
Wouter. His isolation of aluminum in 1827 
was based on the reaction in a porcelain cruci- 
ble of anhydrous aluminum chloride with po- 
tassium. 

In 1854, Н. SamrE-CLAmE DEVLLE im- 
proved the method of preparing aluminum by 
substituting sodium for potassium as the re- 
ductant for aluminum chloride. He was the 
first to record that fused cryolite serves as a 
solvent for aluminum oxide. DEVILLE emerges 
as the outstanding figure in aluminum technol- 
ogy in the period after its discovery and before 
commercialization of the Hall-Héroult pro- 
cess. His development of the chemical reduc- 
tion process raised aluminum from a 
laboratory curiosity to a useful metal. 

The chemical production process was fur- 
ther refined throughout the second half of the 
]9th century and the aluminum industry grew 
significantly during this period. Chemical pro- 
duction of aluminum by reduction of cryolite 
or aluminum fluoride with sodium or potas- 
sium was also under development in the late 
19th century. The metal exhibited at the Paris 
Exposition of 1889 was produced at Alliance 
Aluminium of London, probably by sodiother- 
mic reduction of cryolite. Reduction methods 
were used into the 1890s, when electrolyte 
production became dominant. 

In the late 19th century many unsuccessful 
attempts were made to electrolyze aluminum 
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from aqueous solutions. Aluminum was first 
prepared electrolytically by a method discov- 
ered independently in 1854 by Овуш in 
France and Bunsen in Germany. A sodium 
chloride-aluminum chloride fusion was elec- 
trolyzed in a porcelain crucible using carbon 
electrodes. Production based on this electroly- 
sis of aluminum chloride was begun in 1975 
by the Aluminum Company of America but 
operation was abandoned in 1982 for eco- 
nomic reasons. 


For a discussion of the Hall-Héroult pro- 
cess, see Section 21.4.1. 


21.2 Properties of Pure 
Aluminum 


Certain physical and chemical properties of 
aluminum depend primarily on purity. There 
is no generally accepted nomenclature for the 
degrees of purity of aluminum. The following 
classification is suggested: 





% Aluminum Designation 
« 99.0 Low grade 
99.0—99.9 Commercial purity 
99.90—99.95 High purity 
99.95-99.996 Super purity 
> 99.996 Extreme purity 





The aluminum produced by the Hall- 
Héroult process is of commercial purity. Iron 
and silicon are the predominant impurities. 
Aluminum of super purity, produced by the 
three-layer electrolytic process, first became 
available in 1920 (see Section 21.5). The 
properties of this grade of metal have been 
studied extensively. Methods for preparing 
aluminum of even higher purity include zone 
refining, fractional crystallization, and prepa- 
ration from aluminum alkyls. Electrical resis- 
tivity at low temperatures is employed as a 
measure of purity for high purity and super pu- 
rity aluminum. Newer methods for analysis of 
trace impurities, including activation analy- 
sis, have improved the sensitivity and scope of 
analyses for very pure materials. Aluminum 
purer than 99.9999 % has been prepared and 
characterized [14]. 


Aluminum 


Many applications of aluminum and its al- 
loys are ^ased upon its inherent properties of 
low density, high electrical and thermal con- 
ductivities, high reflexivity, and great resis- 
tance to corrosion. Pure aluminum is soft and 
lacks strength, but it can be alloyed with many 
other elements to increase strength and impart 
a number of useful properties. Alloys of alu- 
minum are light, strong, and readily formable 
by many metal-working processes; they can 
be cast, joined, or machined easily and accept 
a wide variety of finishes. 


21.2.1 Mechanical Properties 


Some mechanical properties of aluminum 
of several purities are given in Table 21.1 [15]. 
The data are from different sources and cau- 
tion should be exercised in any direct compar- 
ison. Difficulties occur because of problems in 
analysis, temper of the specimen, and test 
methods: However, even small amounts of im- 
purities present in commercial aluminum raise 
the tensile strength and hardness over that of 
the purest aluminum in the table. 


Table 21.1: Mechanical properties of pure aluminum at 
room temperature. 


Tensile strength ` Elongation in 50 mm, 








Parity, S. o ps ksi? % 
99.99 45 65 50 
99.8 60 8.7 45 
99.6 70 102 43 


?kips (1000 pounds) рег square inch. 


21.22 Physical Properties 


The physical properties of pure aluminum 
are summarized as follows [15]: 


mp 660.5 °C 

bp 2494 °C 
Heat of fusion 397 J/g 
Heat of vaporization 10.8 kI/g 
Heat capacity 0.90 Jg! K“ 


Density (solid) 
theoretical, based on lattice 


spacing 2699 kg/m? 
polycrystalline material 2697-2699 
Density (liquid) 
at 700 °C 2357 keim? 
at 900 °C 2304 
Thermal neutron cross section (2.32 + 0.03) x 1075 
ст? (0.232 + 0.003 barn) 
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Lattice constant (length of unit 
cube) at 25 °C 4.0496 x 107!? m 
Coefficient of expansion at 20 °С 23 x 10$ К! 
Thermal conductivity at 25 °C 2.37 Wenr! K^! 
Volume resistivity 2.655 x 105 Qm 


Magnetic susceptibility at25 °C — 16x 10? mm^?mor'! 
Surface tension at mp 8.68 x 10? N/cm 
Viscosity at mp 0.0012 Das 

Atomic Structure, Nuclear Properties [15]. 
Aluminum has an atomic number of 13 and 
atomic mass of 26.98154 based on PC. The 
only abundant isotope, 2А], is stable and con- 
sists of 14 neutrons and 13 protons. Except for 
a single isotope, 25А], which has a half-life of 
108 years, all isotopes have half-lives of less 
than 8 s and are of negligible abundance. The 
naturally occurring isotope has a low cross 
section for thermal neutrons of 2.3 x 10? 
cm’, increasing in an irregular manner to 6 x 
10725 cm? at 700-800 MeV. The nuclear mag- 
netic moment is 1.84 x 1076 A. m?. 


Crystal Structure. Aluminum crystallizes in 
a face-centered cubic lattice that is stable from 
—269 °C to the melting point. The coordina- 
tion number is 12 with four atoms to the unit 
cell. The edge length of the unit lattice cube 
for pure aluminum is 4.049596 x 107? m at 
25 °C. Hence, the atomic diameter of alumi- 
num is 2.86 x 107 m and its atomic volume 
9.999 x 106 m?/mol. The lattice parameter is 
affected only slightly by impurities. 


Thermal Expansion. Values for the coeffi- 
cient of thermal expansion are given in Table 
21.2 [15]. The coefficient of thermal expan- 
sion is probably isotropic, meaning it is the 
same in all directions. 


Table 21.2: Thermal expansion coefficient of pure alumi- 
num. 








gie o (x 105 К^!) eras a (x 105 К^!) 

25 0.5 400 24.9 
50 3.5 500 26.5 
75 8.1 600 282 
100 12.0 700 30.4 
150 17.1 800 33.5 

200 20.2 900 37.3 

293 23 





Thermal Conductivity. Above 100 К the 
thermal conductivity of well-annealed 
99.99% aluminum is relatively insensitive to 
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the impurity level. Below 100 K thermal con- 
ductivity becomes highly sensitive to the level 
of impurities. Values for thermal conductivity 
are given in Table 21.3 [15]. 

Table 21.3: Thermal conductivity of aluminum. 


Tempera- Thermal conduc- Tempera- Thermal conduc- 
тше, К tivity, Wer K^ ture, К tivity, Wem™!K7 


Solid 2982 2.37 
0 0 300 2.37 
1 41.1 400 2.40 
2 81.8 500 2.36 
3 121 600 2.31 
4 157 700 2.25 
5 188 800 2.18 
9 239 900 2.10 
10 235 933.52 2.08 
20 117 Liquid 
30 49.5 933.52 0.907 
40 24.0 1000 0.930 
50 135 1100 0.964 
100 3.02 1200 0.994 
150 2.48 1300 1.02 
200 2.37 1400 102 
250 2.35 1500 1.07 
273.2 2.36 


Electrical Resistivity. The application of alu- 
minum as an electrical conductor depends 
upon the low electrical resistivity of unalloyed 
aluminum. The electrical conductivity of pure 
aluminum at room temperature is 64.94% of 
that specified for copper in the International 
Annealed Copper Standard (LACS). At tem- 
peratures below 50 K, the electrical resistivity 
of aluminum is less than that of copper and sil- 
ver of very high purity. Aluminum becomes 
superconducting below 1.2 K. 

The resistivity of aluminum below 100 K is 
highly sensitive to purity. The residual resis- 
tivity ratio (RRR), or the ratio of electrical re- 
sistivity at room temperature to that at 4.2 K 
(boiling point of helium), is sometimes used as 
a measure of purity. Resistivity ratios of more 
than 3 x 10° have been reported for 99.999 % 
aluminum. 

Values for the electrical resistivity of alu- 
minum are given in tabular form (Table 21.4) 
and schematically (Figure 21.1). 


21.3 Chemical Properties 


The 13 electrons in the aluminum atom are 
distributed: 1522522р®3523р!. With few excep- 
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tions the valence of aluminum in chemical 
compounds is 3+. At elevated temperatures 
aluminum is monovalent in gaseous mole- 
cules, such as AIC], AIF, and Al,O. Such spe- 
cies disproportionate at lower temperatures 
into the normal trivalent condensed com- 
pounds and elemental aluminum. 


Table 21.4: Electrical resistivity of pure aluminum. 


Tempera- Resistivity, 
Symbol ture, K H. em Sample 


^ 1.65 9.25 x 10? 99.9998% alumi- 
4.22 9.25 x 10? num, single crystal, 
14 2.61 x 10^ large diameter (= 10 
20.4 7.53x 10% mm) 
58 8.70 x 107 


63.5 0.117 
77.4 0.210 
90.31 0.351 
111.6 0.614 
е 273 2.50 99.9 % aluminum, 
373 3.62 0.05 % silicon, 127- 
473 4.78 pm diameter wire 
573 6.00 
673 7.29 
773 8.63 
873 10.10 
923 10.90 
о 933 10.95 (s) 99.99 % aluminum 
933 242 (1) 
1173 2775 
1273 29.2 
1473 32.15 
--- 42 5.7x10? 99.999% aluminum 
77 0.22 annealed at 150 °C 
42 23x10? for4h 
71 0.22 99.9999 % alumi- 
num annealed at 
150 °C for 4h 





21.3.1 Oxidation of Aluminum 


Although aluminum is one of the most re- 
active of the common commercial metals, it is 
remarkably stable in many oxidizing environ- 
ments. It owes its stability to the continuous 
film of aluminum oxide that rapidly grows on 
a nascent aluminum surface exposed to oxy- 
gen, water, or other oxidants. The molecular 
volume of the oxide is about 1.3 times greater 
than that of the aluminum consumed in the ox- 
idation reaction. The surface layer, therefore, 
is under compressive stress and rapidly heals 
when damaged. In dry oxygen, the surface 
layer attains a limiting thickness that is a func- 
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tion of temperature. At room temperature this 
thickness is about 2.5—3.0 nm. 
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Figure 21.1: Electrical resistivity of aluminum [15]. 


Film thickness is also a function of the 
amount of water vapor present. At room tem- 
perature and 100% relative humidity, about 
twice as much oxide is formed as in dry oxy- 
gen. In both cases, however, the same rate 
laws apply. Two film layers generally form in 
wet environments; the continuous oxide layer 
closest to the metal surface changes to a hy- 
droxylated film at the solid—gas interface. At 
higher temperatures and on aluminum alloys, 
especialy those containing magnesium and 
copper, more complex film structures develop, 
and oxide growth no longer can be described 
by simple time laws [16]. 
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21.3.2 Reactions with Aqueous 
Solutions 


Large pieces of aluminum of purity greater 
than 99.95% resist attack by most acids but 
dissolve in aqua regia. Therefore, aluminum is 
used to store nitric acid, concentrated sulfuric 
acid, organic acids, and many other reagents. 
However, its oxide film dissolves in alkaline 
solutions; corrosion is rapid, producing solu- 
ble alkali-metal aluminate and hydrogen: 


2Al + 20H" + 6H,0  2[AKOH),T + ЗН, 


Aluminum is amphoteric and can react with 
mineral acids to form soluble salts and evolve 
hydrogen: 


2Al + 6H,O* + 6H,O — 2[AI(H,O),]* + ЗН, 


Molten aluminum can react explosively 
with water. The mechanism of the reaction is 
not well understood. Molten aluminum should 
not be allowed in contact with moist tools or 
containers. 


21.3.3 Reactions at High 
Temperatures 


Molten aluminum reduces many com- 
pounds containing oxygen. These reactions 
are used in the manufacture of certain metals 
and alloys by the thermite reaction, which is 
the reaction of a metal oxide with aluminum to 
produce aluminum oxide (ALO,) and the free 
metal. Aluminum reduces silicates, particu- 
larly glasses. The reaction can start well below 
the melting point of aluminum. 


21.3.4 Corrosion 


Atmospheric corrosion is generally electro- 
chemical in nature, depending on current flow 
between anodic and cathodic areas. Attack is 
often nonuniform and limited to specific areas 
of the surface. The corrosion resistance of 
some alloy sheet can be improved by cladding 
the sheet with a thin layer of unalloyed alumi- 
num; however, the aluminum must be anodic 
to the base metal. Aluminum performs poorly 
in direct contact with more noble metals in the 
presence of an electrolyte; galvanic attack of 


1044 


aluminum may take place near the contact 
area. 


21.3.5 Gases and Aluminum 


Hydrogen is appreciably soluble in both 
solid and molten aluminum. Other gases re- 
ported to be present occur when nonmetallics 
in the metal react with the environment. Mol- 
ten aluminum reacts readily with carbon mon- 
oxide and carbon dioxide; it also reacts with 
water vapor in the atmosphere, adsorbed wa- 
ter, water present in hydrated oxide films on 
scrap, and water adsorbed on or combined in 
refractories. Solid aluminum reacts with mois- 
ture in the atmosphere of a furnace to form ox- 
ides and hydrogen. Hydrogen is considerably 
less soluble in solid than in molten aluminum. 
The gas diffuses out of the metal at a rate de- 
termined by the temperature. However, when 
the reaction of aluminum with water vapor 
leads to a high activity of hydrogen at the 
solid-gas interface, the concentration gradient 
can be reversed. As a result, the rate of outgas- 
sing is decreased and a higher level of hydro- 
gen is retained in the metal. In solid 
aluminum, hydrogen in excess of the solution 
limit can precipitate as H, at grain boundaries, 
thus lowering the hydrogen ion concentration 
and in turn further facilitating the diffusion of 
hydrogen ions from the interface into the 
metal. 


21.4 Production 


The only method now used industrially to 
produce primary aluminum is the Hall- 
Héroult process. Production of aluminum be- 
fore its development was discussed previously 
in this article. Alternate means of producing 
aluminum are treated in Section 21.4.5. 


21.4.1 History of the Electrolytic 
Reduction of Alumina 


The technological elements of the process — 
electrolysis of fused salts to produce metals 
(including aluminum), the use of cryolite as a 
flux to dissolve alumina, and the use of carbon 
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electrodes — had been exploited for some time 
prior to 1886. The workable electrolytic pro- 
cess was discovered independently, and al- 
most simultaneously, in early 1886 by 
CHARLES Martin Hatt in Oberlin, Ohio, and 
PauL L. T. Héroutt in Gentilly, France. Both 
these young scientists were familiar with the 
work of SAINTE-CLAIRE DEVILLE. 

In less than three years, the invention had 
been implemented industrially in North Amer- 
ica and in Europe. In November 1888 alumi- 


` num was first produced commercially by the 


electrolytic reduction of alumina by HALL and 
others in a company that later was to become 
the Aluminum Company of America. At about 
the same time, HÉROULT was associated with a 
company (later to be known as Alusuisse) that 
operated aluminum electrowinning cells at 
Neuhausen, Switzerland. 
10 


Tonnes 
E 
Q 


Figure 21.2: Annual world production of primary alumi- 
num 1854—1996. : 

KanL JoseF BAYER, an Austrian chemist, 
was issued a patent, DE 43977, in July 1887 
for an improved method of producing alumina 
from bauxite. Bauxite, discovered by P. BEn- 
THIER in 1821, is named for Les Baux, the vil- 
lage in the south of France near which it was 


Aluminum 


first found. With the development of a process 
to produce pure aluminum oxide from this 
abundant ore, the technology was then com- 
plete to spur rapid growth of the aluminum in- 
dustry in Europe and North America in the last 
decade of the 19th century. The increase in the 
production of primary aluminum during the 
past hundred years is shown in Figure 21.2. 


а 


21.4.2 Raw Materials 


Carbon. In the industrial electrowinning (sep- 
aration by electrolysis) of aluminum, part of 
the energy for reducing alumina is supplied as 
electricity and part comes from consumption 
of the carbon anode. Carbon is also used as the 
cathode lining. Because 0.4—0.5 kg of anode is 
consumed for each kilogram of aluminum pro- 
duced, this represents the major carbon re- 
quirement. Because the ash from the carbon 
will contaminate either the aluminum pro- 
duced or the electrolyte, high-purity carbon is 
desirable. Certain impurities, such as vana- 
dium, are particularly harmful in that they cat- 
alyze air burning of the carbon. Other 
impurities, such as phosphorus, accumulate in 
the electrolyte and undergo cyclic redox reac- 
tions (partial reduction followed by reoxida- 
tion), consuming electric current without 
producing product. The coke residue from pe- 
troleum refining is quite pure and, therefore, 
has been the major source of carbon for an- 
odes. The structure of petroleum coke varies 
depending on the nature of the petroleum 
feedstocks used at the refinery, the refinery 
flowstream, and the coking conditions used. 
This coke produced at about 500 °C requires 
calcining at about 1200 ?C to remove volatile 
constituents and increase its density before it 
is blended into the anode mix. After calcina- 
tion, the coke is ground and mixed with 
crushed spent anodes and sufficient coal-tar 
pitch to allow molding into anode blocks by 
pressing or by vibrating. They are baked at 
1000—1200 °C, causing the pitch to carbonize, 
forming strong carbon blocks. These blocks 
are made with one or more sockets into each 
of which is fastened a steel stub by pouring 
cast iron around it. These stubs both conduct 


1045 


electric current into the anode and support the 
anodes in the cell. The cost of prtroleum coke 
for prebaked carbon anodes in the United 
States was about $0.20/kg ($0.09/pound) in 
1996. 

Anthracite has been the major constituent 

in the cell cathode blocks, although graphite 
and metallurgical coke have been used to 
some extent. The anthracite is calcined at 
1200 °C or higher, crushed and sized; mixed 
with coal-tar pitch, molded into blocks, and 
baked. These blocks, mortared together with a 
carbonaceous seam mix, form the pot lining, 
which is the container for both the aluminum 
and the electrolyte. High purity is not as im- 
portant for the cathode blocks because leach- 
ing of impurities is very slow. Consumption of 
cathode carbon amounts to 0.02-0.04 kg of 
carbon per kilogram of aluminum produced. 
The life of a pot (typically 2-6 years) gener- 
ally is terminated by failure of the carbon pot 
lining. 
Aluminum Oxide. Depending on its purity 
and losses in handling, 1.90—1.95 kg of alu- 
mina are consumed in producing 1 kg of alu- 
minum. The cost of alumina at United States 
smelting facilities was $0.16—0.20/kg ($0.07— 
0.09/pound) in 1996. The preparation of met- 
allurgical alumina and its required physical 
and chemical properties are discussed in Sec- 
tion 21.10.1. 


Electrolyte Materials. The electrolyte for 
electrowinning aluminum is basically a solu- 
tion of aluminum oxide in cryolite. The pres- 
ence of cryolite is essential for dissolution of 
alumina. Cryolite usually comprises more 
than 75% of the electrolyte which typically 
also contains calcium fluoride (4—8 %), excess 
aluminum fluoride (5—15 %), alumina (1—6 95), 
and sometimes lithium fluoride (0—5 %) and 
magnesium fluoride (0—5 %). These additives 
lower operating temperature and increase cur- 
rent efficiency. 

The mineral cryolite is the double fluoride 
of sodium and aluminum and has a stoichio- 
metry very near the formula Na,AIF, and a 
melting point of about 1010 ?C. It has been 
found in substantial quantities only in Green- 
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land, and was mined extensively there in the 
early 20th century but now is essentially ex- 
hausted. Synthetic cryolite can be produced by 
reacting hydrofluoric acid with an alkaline so- 
dium aluminate solution: 


6HF + 2NaOH + NaAIO, > Na,AIF, + 4H;0 


Cryolite also can be recovered from used 
pot linings. The lining is crushed and treated 
with dilute sodium hydroxide solution to dis- 
solve fluorides. After being filtered, the solu- 
tion is neutralized with carbon dioxide to 
precipitate the cryolite. 

Cryolite is produced directly in reduction 
cells by reaction of the soda impurity in the 
feed alumina with added aluminum fluoride: 
ЗМ№а,О + 4AIF, э 2Na, AIF, + ALO, (1) 

Electrolyte generated by the above reac- 
tion must be tapped from the cells periodi- 
cally. In modern smelters with dry scrubbing 
equipment for fume treatment and cell lives 
greater than 3 years, cryolite is a by-product 
rather than a raw materia] in producing alumi- 
num. Synthetic cryolite could be purchased in 
the United States for $500—600/t in 1983. 


Aluminum fluoride, АЈЕ,, may comprise as 
much as 15% of the electrolyte in excess of 
the amount represented by the cryolite compo- 
sition. Aluminum fluoride is consumed during 
normal operation by three major mechanisms. 
First, losses of aluminum fluoride by vapor- 
ization are appreciable; the most volatile spe- 
cies present in the electrolyte is sodium 
tetrafluoroaluminate, NaAIF,, having a partial 
pressure of 200—600 Pa over the operating 
melt, depending on composition and tempera- 
ture. Second, aluminum fluoride is depleted 
by hydrolysis: 

2AIF, + ЗН,О э 2ALO, + 6HF 


Aluminum fluoride is also consumed by the 
evolution of carbon tetrachloride during anode 
effects. 

And finally aluminum fluoride is con- 
sumed by reaction with the soda present in 
feed alumina (Equation 1). 

Fume capture and scrubbing efficiencies 
have improved in recent years at aluminum 
smelters. Fluoride previously lost by vaporiza- 
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tion of NaAIF, and hydrolysis of bath is now 
almost completely recycled to the cells. Nev- 
ertheless, aluminum fluoride consumption 
amounts to 0.01—0.04 kg AIF, per kilogram of 
aluminum product. In 1996 technical anhy- 
drous aluminum fluoride could be purchased 
in the United States for about $350/t. 


21.4.3 Hall-Héroult Cell 


All commercial production of aluminum 
today is done in Hall-Héroult cells. Two ma- 
jor types of cells are currently in use: those 
employing prebaked carbon anodes and those 
employing self-baking Sdderberg anodes. 
The Hall-Héroult cell with prebaked anodes 
is shown in Figure 21.3. Essentially pure alu- 
mina is fed into the previously discussed cryo- 
lite base electrolyte. Electric current deposits 
aluminum into a pool of molten aluminum 
held under the electrolyte in the carbon lined 
cavity of the cell. Oxygen from the alumina 
deposits electrolytically onto the carbon anode 
dipping into the electrolyte and reacts with 
(burns) the anode. Cells typically range from 9 
to 14 m long, 3 to 5 m wide, and 1 to 1.2 m 
high. Thermal insulation surrounds the carbon 
lining of the cell to control heat losses. Al- 
though carbon is the material known to with- 
stand best the combined corrosive action of 
molten fluorides and molten aluminum, even 
carbon would have a very limited life in con- 
tact with the electrolyte at the sides of the cell 
were it not protected by a layer of frozen elec- 
trolyte. The thermal insulation is adjusted 
carefully to maintain a protective coating on 
the walls but not on the bottom, which must 
remain substantially bare for good electrical 
contact. Steel collector bars in the carbon cath- 
ode conduct electric current from the cell. 
These bars are inserted into holes that have 
been sized carefully so that thermal expansion 
forms a tight electrical contact, or cemented in 
place with a carbonaceous cement containing 
metal particles, or bonded in place with cast 
iron. 


Aluminum 





Motten aluminum 


ipu cm 





Figure 21.3: Hall-Héroult cell with prebaked anodes: a) 
Carbon anode; b) Electrolyte; c) Insulation; d) Carbon lin- 
ing; e) Current collector bar; f) Thermal insulation; g) 
Steel shell; h) Carbon block; i) Ledge; j) Crust; k) Alu- 
mina cover; 1) Removable covers; m) Anode rods; n) 
Fume collection; o) Air cylinder; p) Feeder; q) Current 
supply; r) Crust breaker. 
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Figure 21.4: Aluminum electrolyzing cell with Sóderberg 
anode: a) Manifold gas; b) Steel shell; c) Current collector 
bars; d) Frozen ledge; e) Molten electrolyte; f) Coke and 
tar paste; g) Current supplying pins. 





The electrical resistivity of prebaked an- 
odes ranges from 0.005 to 0.006 Ост. Cur- 
rent density at the anode race is 0.6-1.3 
A/cm?. 

The Sóderberg anode (Figure 21.4) uses a 
premixed “paste” of petroleum coke and coal- 
tar pitch. This mixture is added at the top of a 
rectangular steel casing that is typically 6-8 m 
long, 2 m wide, and 1 m high. Heat from the 
electrolyte and heat from the electric current 
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passing through the anode bakes the carbon- 
aceous mix as it progresses through the casing. 
The baked portion extends past the casing 
and into the molten electrolyte. Baked mix re- 
places anode being consumed at the bottom 
surface. Electric current enters the anode 
through either vertical or sloping steel spikes. 
These spikes are pulled and reset to a higher 
level as they approach the lower surface. 
Söderberg anodes have an electrical resistivity 
about 30% higher than that of prebaked an- 
odes. Because of the resulting lower power ef- 
ficiency and the greater uifficulty in collecting 
and disposing of baking fumes, Sóderberg an- 
odes are being replaced by prebaked anodes, 
even though the former save the capital, labor, 
and energy required to manufacture the latter. 
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Figure 21.5: The Na,AIF,-AIF,-ALO, system [17]. 


21.4.3.1 Electrolyte 


Pure cryolite melts at about 1010 °C. Alu- 
mina and other additives lower the melting 
point, allowing operation at 940—980 °C. The 
cryolite-aluminum fluoride-alumina system 
(Figure 21.5) [17] has binary eutectic points at 
961 °С and 694°C and a ternary one at 
684 °С. Calcium fluoride and lithium fluoride 
further reduce the liquidus temperature (Fig- 
ures 21.6 [18] and 21.7 [19]). Calcium fluo- 
ride is seldom added intentionally. Because of 
a small amount of calcium oxide impurity in 
the alumina, it attains a steady-state concen- 
tration of 3-846 in the melt. At this level cal- 
cium is codeposited into the aluminum and 
emitted in the off-gas at a rate equal to its in- 
troduction. Magnesium fluoride accumulates 
to 0.1—0.3 %, in the electrolyte by the same 
mechanism as calcium fluoride. Some opera- 


1048 


tors add up to 5% MgF, because it expels car- 
bon dust from the electrolyte by decreasing 
the electrolyte's ability to wet carbon. 
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Figure 21.6: The Na,AIF;-ALO,-CaF, system [18]. 
Al,03 





"у de 


ZE ae 

Le 773 
МазАІЕ, — NagLiAlF, NEUTRO ЗАР 
(1012) (543d) (6930) (790) 





Molar fraction, 7s 

Figure 21.7: The Na, AIF.-Li,AIF;-ALO, system [19]. 
Calcium fluoride, in addition to lowering 
the liquidus temperature, decreases the vapor 
pressure and solubility of reduced species in 
the electrolyte for better current efficiency. 
Detrimentally, it lowers alumina solubility and 
electrical conductivity and increases density, 
viscosity, and surface tension of the electro- 
lyte. Lithium fluoride in addition to lowering 
the melting point, decreases the vapor pres- 
sure, density, reduced species solubility, and 
viscosity; it also increases electrical conduc- 
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tivity. The only negative effect appears to be 
lowered alumina solubility. Its high cost, how- 
ever, requires that its benefits be weighed 
against the price. Aluminum fluoride decreases 
solubility of reduced species and lowers sur- 
face tension, viscosity, and density. It has the 
undesirable effects of decreasing alumina sol- 
ubility and electrical conductivity and increas- 
ing vapor pressure. Aluminum fluoride acts as 
a Lewis acid with sodium fluoride acting as a 
Lewis base. Neutrality has been defined arbi- 
trarily as a molar ratio of sodium fluoride to 
aluminum fluoride of 3:1. Control of electro- 
lyte acidity or the NaF: AIF, molar ratio, re- 
ferred to as the cryolite ratio (К) is of 
importance to cell operation. Lithium fluoride 
is a slightly weaker Lewis base than sodium 
fluoride. Magnesium fluoride is a weak Lewis 
acid. 


Ionic Structure of the Melt. There is general 
agreement that molten cryolite is completely 
ionized to sodium ions and hexafluoroalumi- 
nate ions: 


N2,AIF, > 3Na* + [AIF] 


Also itis well established that the hexafluoro- 
aluminate ion dissociates further: 


[AIF,P- — [AIF] + 2F- 


At 100 °C, [AIF, ^" is about 25% dissociated 
[20]. Dissociation increases with decreasing 


. cryolite ratio [20]. 


The nature of the species formed when alu- 
mina is added is not so well established. Com- 
bination of the results of сгуоѕсоріс 
measurements, Raman spectrographic data, 
and equilibrium studies and vapor pressure 
measurements (reviewed in [20]) leads to the 
conclusion that [Al,O,F,]*" and [A1,OF,]* are 
the two major oxygen-containing ions in the 
melt. Possible reactions for their formation 
are: 


2A1,0, + 2[AIF,]* — 3[ALO;F,- 
ALO, + 4[AIF,]> — 3[Al,OF,]* + 6F- 


21.4.3.2 Electrode Reactions 


Cathode Reaction. Even though Na* is the 
principal current carrier, it does not discharge 


Aluminum 


at the cathode. The reversible electromotive 
force for the formation of liquid aluminum is 
about 0.24 V lower than that for the formation 
of sodium: gas at 101.3 kPa (1 atm) for the 
range of compositions and temperatures used 
industrially. Aluminum-containing ions, 
mainly AIF;, must diffuse to the cathode inter- 
face where they are reduced, leaving behind 
fluoride ions. Electrical neutrality is main- 
tained by the electrical transport to the cáthode 
of sodium ions (and lithium ions when LiF is 
present). This results in a diffusional flux of 
NaF away from the cathode and an increase in 
the NaF: AIF, ratio at the cathode interface. 

The cathode overvoltage can be repre- 
sented by [21]: 


.. RT(1375 – 0.125R,) in—t 
$ 1.5F 0.257 


where R is the gas constant, T is the tempera- 
ture (К), R, is the mole ratio NaF: AIE, F is 
the Faraday constant, and i is the electrode's 
current density (in A/cm?). 

Although this relationship mathematically 
looks like activation overvoltage, actually the 
cathode overvoltage is caused by an increase 
in the NaF: AIF, ratio at the aluminum surface 
[22]. Using Fick's first law, the resulting con- 
centration gradients were calculated and good 
agreement was found between the measured 
overvoltages and the electromotive forces be- 
tween the two aluminum half-cells, one con- 
taining electrolyte of the bulk composition and 
the other, electrolyte corresponding to the cal- 
culated interfacial composition. 


(2) 


Anode Reactions. The primary anode reac- 
tion can be written: 


C 420, 2 CO, He” 


However, O, ion is not present in the bulk 
electrolyte; instead, oxygen is present as xit 
turally large complexes, i.e., [ALOF,]* an 
[ALO;F,]^. Thermodynamically, oxygen Pa 
positing onto carbon at 950-1000 °C should 
equilibrate to about 99% CO and 1% CO,. 
However, based on either net carbon con- 
sumption or the volume of gas produced, the 
primary anode product is essentially all CO,. 
The high anodic overvoltage implies that reac- 
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tion kinetics cause this surprising displace- 
ment from thermodynamic equilibrium. 
Rotating disk [23] and impedance [24] mea- 
surements indicate that there is a small diffu- 
sional overvoltage, probably caused by 
reaction within the pores of the electrode. Us- 
ing the general treatment for heterogeneous 
reaction control [25], overvoltage data can be 
expressed by the relationship: 


е 
Nsa = SE G) 
where v is the number of executions of rate — 
controlling steps to produce one overall step, p 
is the reaction order, n is the number of elec- 
trons transferred in one overall step, and i? is 
the reaction-limiting current density. 


The reaction order, p — 0.57, was found 
from measurements of overvoltage versus cur- 
rent density [26]. In industrial practice, the re- 
action order ranges from 0.4 to 0.6, varying 
with carbon reactivity and porosity. The reac- 
tion-limiting current density i? goes from 
0.0039 to 0.0085 A/cm? as alumina concentra- 
tion varies from 2 to 845. The reaction order 
also has been determined [26] from the rate of 
change of the limiting current with reactive 
species concentration and a similar value ob- 
tained: 


0 
р = A — 056 


dinc A, 


Measurements [27] of the ordinary com- 
bustion of graphite have shown that when ox- 
ygen reacts both in pores and on the surface, a 
chemical reaction of approximately half-or- 
der results. Linear sweep voltammograms 
showed voltage peaks with increasing current 
density corresponding to discharge of CO. 
COF,, and CF, [28]. 


The following anode reaction mechanism is 
consistent with these observations. Oxyfluo- 
ride ions dissociate within the double layer to 
oxygen ions: 


[ALO;F,] — O^ + ALOF, 


ALOF, + [ALOF,]* = [ALO;F,]- + 2AIF, 
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Oxygen ions discharge upon the carbon 
surface (surf) forming an activated complex, 
CO: 


Се + О 9 CFO” went € 
C*O Lun > CFO ы) + € 

The activated complex converts very 
slowly to СО („у through an adsorbed (ads) in- 
termediate: 
C*O 
CO 


беле) Э CO, slow 
ау Э CO,, slow 


Carbon burning in pure oxygen at 940— 
970 °C has a combustion rate equivalent to be- 
tween 0.1 and 0.2 mA/cm?. One would expect 
this reaction to proceed at a similarly slow 
rate. As available surface sites become cov- 
ered with C*O, oxygen is deposed at higher 
energy (overvoltage) onto a carbon site al- 
ready bonded to oxygen, producing unstable 
[C*O,T, which breaks carbon to carbon bonds 
almost immediately as it is formed: 


C*O ау + OF 9 [С*О Tug + E 
[C*O;T (eur) э СО, ау + € 
СО») > CO; 


The adsorbed CO, quickly desorbs as 
CO; o This mechanism explains both the high 
anodic overvoltage and the primary produc- 
tion of CO, instead of the thermodynamically 
favored CO. 

When there is insufficient alumina dis- 
solved in the electrolyte, the cell experiences a 
phenomenon called anode effect. Bubbles 
grow larger and larger on the anode until the 
electrolyte no longer wets the anode. With a 
constant potential the current falls to a low 
value; but with the constant current source 
used industrially, the cell potential rises to 2 
30 V. Current then penetrates the gas film by a 
multitude of small electric arcs or sparks. The 
gas produced at the anode changes from CO, 
to CO, with significant quantities (3-25 95) of 
CF, and minor amounts of C,F, generated. 
Fluorocarbon compounds most likely deposit 
on the surface of the anode and trigger the an- 
ode effect. As alumina is depleted, anode ov- 
ervoltage increases. At about 1.2 V anode 
overpotential, sufficient thermodynamic ac- 
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tivity of fluorine is produced to cause fluorine 
to bond to the carbon. Even though these low- 
surface-energy carbon-fluorine compounds 
decompose on the surface to CF, and C;F, at 
cell temperature, their rate of formation can 
exceed the rate of thermal decomposition, pro- 
ducing high coverage. Once the cell is on an- 
ode effect, restoring the alumina concentration 


is not sufficient to return it to normal opera- ` 


tion. The gas film must be broken by splashing 
aluminum, by interrupting the current momen- 
tarily, or by lowering the anodes to expose 
new areas not contaminated with fluorine. 


21.4.3.3 Current Efficiency 


According to Faraday’s law, 1 kA-h of 
electric current should produce 0.3356 kg of 
aluminum, but only 85-96 % of this amount is 
obtained. The principal loss mechanism is re- 
combination of anodic and cathodic products. 
Reduced species go into solution in the elec- 
trolyte at the aluminum-electrolyte interface 
(Figure 21.8). The equilibrium (Equation 4) 
produces a thermodynamic activity of sodium 
in the melt, whereas Equation (5) produces an 
activity of aluminum monofluoride. 


Alan + 3N@F „у ^ SNA goin + ALF us (4) 


2Aly + АІР, шд) = ЗАЈЕ soin) б) 


ПОЕ 
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Figure 21.8: Current efficiency loss by metal reoxidation. 
Metal going into solution must first diffuse 
through the metal—electrolyte boundary layer 


(Figure 21.8). The metal is then transported by 
convection to the vicinity of the anode. Here it 


Aluminum 


reacts with carbon dioxide. Chemical reac- 
tions appear to be fast compared to mass trans- 
port. The rate-controlling step is usually 
assumed to be diffusion of dissolved metal 
through the boundary layer at the metal-elec- 
trolyte interface. However, mixed control, 
with diffusion at both the aluminum-electro- 
lyte interface and the bubble—electrolyte inter- 
face being important, has been reported [29]. 

There are several mechanisms accounting 
for additional minor losses in current effi- 
ciency. New cell linings absorb sodium, with 
Equation (4) maintaining an equilibrium ac- 
tivity of sodium. Fortunately, the lining satu- 
rates early in the cell's life but until this 
Occurs, current efficiency is low. The sodium 
metal dissolved in the electrolyte imparts elec- 
tronic conductivity to the electrolyte [30]. 
This may cause between 1 and 3% loss in cur- 
rent efficiency, the higher value being associ- 
ated with higher ratios of NaF:AIF,. Such 
elements as phosphorus and vanadium, which 
can be reduced partially at the cathode and 
then reoxidized at the anode, may lower effi- 
ciency. 


r 


21.4.3.4 Cell Voltage 


The voltage of a Hall-Héroult cell is made 
up of a number of components: 


Ean = Е + Nea + Nec + Tsa + Tse 

— KR, Ry + Rc t Ry) 
where E? is the thermodynamic equilibrium 
voltage described in Section 21.4.4; Te is the 
concentration overpotential at the anode; nsa 
is the surface overpotential at the anode de- 
scribed by Equation (3); тсс is ће concentra- 
tion overpotential at the cathode described by 
Equation (2); ns. is the surface overpotential 
at the cathode, generally negligible; / is the to- 
tal cell current; R, is the electrical resistance 
of the anodes or anode; R, is the effective re- 
sistance of the bath, allowing for fanning out 
of current as it flows from anode to cathode 
and the increased bath resistivity caused by 
gas bubbles; Кү. is the cathode resistance; and 
Ry is the resistance external to the cell but in- 
cluded in calculating power consumption. 
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The anode concentration overpotential can 
be calculated by: 


= RT n 
Nea = оршу 27 
The quantity i, is the concentration-limited 
current density and it varies between 1.0 + 0.5 
A/cm? at 1% Al,O, and 15 A/cm? at 8% 
ALO, The specific power consumption in 
kilowatt-hours per kilogram of aluminum can 
be calculated: 


Wh/kg = 298 ge Zeg. 

% CE 
where % CE is the percentage current effi- 
ciency or Faraday efficiency апа E, is the 
cell voltage. 


Anode 
30-35% Crust 
10-15% 





~ Sidewall 
35-45% 


Cell bottom 
10-15% 
Figure 21.9: Cell heat loss distribution [33]. 


21.4.3.5 Heat Balance 


Heat balance considerations are important 
in designing and operating a cell at the opti- 
mum temperature. Calculation is complicated 
by simultaneous heat flow and heat generation 
in conductors that carry electric current into 
and out of the cell. More than 50% of the heat 
loss may occur through the anodes and tap 
crust. The sidewalls must be protected from 
erosion by a ledge of frozen electrolyte main- 
tained by extracting the exact amount of heat 
required for the desired ledge thickness. These 
calculations have been described [31, 32]. The 
complex geometry and the interaction be- 
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tween heat flow and electrical flow generally 
require a computer using either a finite ele- 
ment or finite difference technique for heat 
balances. Figure 21.9 (33] shows a typical 
heat loss distribution for a center-fed cell and 
Figure 21.10 [33], the typical temperature dis- 
tribution. 


Cathode 


Collector bar 


Alumina 





Figure 21.10: Cell lining isotherms [33]. Dashed line: 
measured profile. 


21.4.3.6 Fluid Dynamics 


The large electric currents used in modern 
cells generate relatively strong magnetic fields 
within the cell. These magnetic fields interact 
with electric currents and exert Lorentz forces, 
producing movement of liquid conductors. 
Three types of magnetic disturbances have 
been observed: a vertical or static displace- 
ment of the metal pad, a circulating flow 
within the metal pad with velocities as high as 
20 cm/s, and finally a wave motion in the 
metal pad. The last is probably the most harm- 
ful because waves may lead to electrical short 
circuiting. Calculation of the magnetic fields 
and electric current flow patterns is compli- 
cated. Computer programs have been de- 
signed to make these calculations and describe’ 
the fluid-dynamic consequences. These calcu- 
lations have been refined to the point where 
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today, cells of over 3.0 x 10° A have been de- 
signed and operated with high efficiency. Nat- 
ural convection caused by temperature 
gradients or composition differences in the 
electrolyte are insignificant compared with the 
movement induced by magnetic forces and 
gas bubbles. Gas bubbles produce significant 
stirring in the electrolyte and are the dominant 
force in bath movement, whereas electromag- 
netic forces predominate in metal pad move- 
ment. 


21.4.4 Thermodynamic 
Considerations 


Thermodynamic data used in the following 
section are from the JANAF Thermochemical 
Tables [34]. 

For pure o-alumina, reduction to aluminum 
can be represented: 


1/,0-А1,О, ау > Alp 4,044 


At 960 °С (1233 K), AC = +642.1 КІ and 
АН = +845.6 KJ 


In the industrial production of aluminum, a 
portion of the energy is supplied by the com- 
bustion of carbon anodes to carbon dioxide. 
The overall cell reaction can be represented: 


I-A Oso + Су > Alp + Tt Dag (6) 
At 960 °C, AH? = +549 kJ 

Additional energy is required to heat alu- 
mina and carbon from room temperature to 
operating temperature. The alumina fed to the 
cell usually is not pure o-alumina. For y-alu- 
mina, the overall process can be represented: 


36) 


Wer Alt, 298) + "lC, зову Э Al 1233) + "Dan, 1233) 

Tbe enthalpy requirement for transforma- 
tion of the reactants at 25 °C (298 K) to prod- 
ucts at 960 °C (1233 K) is: 


AH 35) AN TT, — Biest AL, 
IL Hia — Но) = 606.4 KI 

This value corresponds to a theoretical energy 
requirement of 6.25 kWh per kilogram of alu- 
minum produced. 

The reversible cell potential (decomposi- 
tion voltage) for Reaction (6) can be calcu- 
lated from the relation: 


Aluminum 


AG э, = MF Esa, 1233 (7) 


where ДС? — is the Gibbs free energy change 
for reaction (6), 3.448 x 10° J; nis the number 
of electrons per unit cell reaction, i.e., 3; F is 
the Faraday constant, 96.487 kJ V-'mol"; and 
E? a 1233 18 the standard electrode potential, in 
volts, at 960 °C for the reaction with all reac- 
tants and products at unit activity. Substituting 
the appropriate values into Equation (7) and 
solving for the cell potential: 


ES, 37 1.191 V 


The above decomposition potential applies 
to electrolyte saturated with alumina at 
950 °C. The decomposition potential from 
melts with alumina activity less than unity can 
be calculated [21] from the equation: 

T 
г? = Emt baus 

The activity of alumina in cryolite-base 
melts can be approximated [21] from the 
equation: 


адо, = (сло, CALO ) 


where сло, is the concentration of alumiha 
in the electrolyte, in %, c ALO is the saturation 
concentration of alumina, in %, and n = 1.5 for 
CALO, ? 0.45 CALO, and n = 3 for dilute solu- 
tions. 


21.4.5 Alternate Processes 


Although the Hall—Héroult process has 
gained industrial dominance, it has several in- 
herent disadvantages. The most serious are the 
large capital investment required and the high 
consumption of costly electrical power. There 
are also the costs of the Bayer alumina refin- 
ing plant and of the carbon anode plant. Many 
of the aluminum-producing countries must 
import alumina or bauxite. The supply of pe- 
troleum coke is limited. These deficiencies 
have spurred research to find alternate pro- 
cesses. 

The earliest commercial process for pro- 
ducing aluminum was sodiothermic reduction 
of aluminum halides. Reduction of aluminum 
chloride by manganese has been studied and 
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reviewed [35]. However, neither can compete 
with the Bayer/Hall-Héroult process. Many 
attempts have been made at direct carbother- 
mic reduction of alumina but these have re- 
sulted in very low yields, owing to the 
formation of solid aluminum carbide, alumi- 
num suboxide vapor, and aluminum vapor that 
reacts with carbon monoxide as the tempera- 
ture drops on the way from the furnace. Yields 
as high as 67% can be obtained by staging the 
reactions to produce aluminum carbide at 
1930-2030 *C, which then reacts with alu- 
mina to produce aluminum and carbon mon- 
oxide at 2030-2130 °C [35]. 

Better yields result from adding to the fur- 
nace a metal (or a metal oxide that is subse- 
quently reduced to a metal), such as iron, 
silicon, or copper, to alloy with the aluminum 
and lower its vapor pressure. Of course it is 
then necessary to extract the aluminum from 
the alloy. In principle this can be accom- 
plished by electrolytic refining, by fractional 
crystallization, or by monohalide distillation. 
In the latter process the aluminum extraction 
takes place at 1000-1400 °C: 


AICI, + 2А лу) — ЗАЈСІ,, 


The AICI] gas is transported to a cooler 
zone, 600—800 °C, where pure aluminum is 
formed: 


ЗАІСІ „у — 2А) + AICI, 


These combined processes to date have 
proved noncompetitive. Selective solution of 
aluminum from the alloy by using a volatile 
metal, such as mercury, lead, bismuth, cad- 
mium, magnesium, or zinc, has been investi- 
gated. Following extraction, the volatile metal 
is distilled, leaving pure aluminum. If FeAL, 
TiAl, or ALC, is formed, neither electrolysis 
nor volatile metal extraction will remove the 
aluminum from the compound. 

The aluminum vapor pressure can be low- 
ered also by alloying the aluminum with alu- 
minum carbide. Over 40% aluminum carbide 
is soluble in aluminum at 2200 *C [35]. This 
Observation led to a process in which an alloy 
of aluminum and aluminum carbide was pro- 
duced at 2400 *C. When this alloy was tapped 
from the furnace and allowed to cool slowly, 
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the aluminum carbide crystallized into an 
open lattice, the interstices of which were 
filled with pure aluminum. Pure aluminum 
was then removed either by leaching with 
molten chloride fluxes or by vacuum distilla- 
tion. The aluminum carbide residue was recy- 
cled to the arc furnace. Alternately, the 
aluminum carbide could be distilled destruc- 
tively above 2200 °C to produce aluminum 
and a residue of pure graphite. 

In a joint project with the U.S. Department 
of Energy concluded in 1983, Alcoa investi- 
gated producing aluminum-silicon alloy in a 
blast furnace. The required high temperature 
was obtained by using a pure oxygen blast. 
Using a low-pressure blast furnace to produce 
an aluminum-silicon alloy was found to be in- 
feasible because of severe bridging and inter- 
ruption of the burden movement caused by 
total reflux of Al, Al,O, and SiO vapors. Addi- 
tion of iron improved operation but required 
an improved technique for extracting the alu- 
minum from the dilute aluminum alloy. An al- 
loy having higher aluminum content could be 
obtained if a significant portion of the process 
energy was supplied by electrical power. The 
aluminum blast furnace concept aims for a 
low-silicon, high-iron alloy. This improves the 
blast furnace efficiency but complicates ex- 
traction of pure aluminum from the alloy. 

In 1976 Alcoa described a smelting process 
wherein aluminum chloride, dissolved in a 
molten sodium chloride-lithium chloride elec- 
trolyte, was electrolyzed in.a bipolar electrode 
cell to produce aluminum and chlorine. The 
chlorine was recycled to a fluid-bed chemical 
reactor, where it reacted with alumina, pyro- 
lytically coated with carbon from fuel oil, to 
produce aluminum chloride, carbon dioxide, 
and carbon monoxide. This reaction was 
highly exothermic. The aluminum chloride 
was desublimed to separate it from the gas and 
recycled to the cel] to produce more aluminum 
and chlorine. This process required 30% less 
electrical power than their best Hall-Héroult 
cells. Because the entire process is a closed 
system, it was also environmentally more at- 
tractive than the Hall-Héroult process. Prob- 
lems with the chemical plant and high 
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maintenance caused the demonstration plant 


_to be shut down in 1982. 


21.5 High-Purity Aluminum 


The Hall-Héroult process has produced 
aluminum with a purity as great as 99.95%. 
Other techniques, such as electrolytic refining 
or fractional crystallization, are required to 
produce purer metal. Alcoa developed a three- 
layer electrolytic aluminum-refining cell in 
the 1920s. Copper was added to the bottom 
layer of impure aluminum to increase its den- 
sity above that of the fused salt electrolyte. 
The electrolyte contained 25-30% sodium 
fluoride, 30—38 % aluminum fluoride, and 30— 
38% barium fluoride to increase the electro- 
lyte's density so that pure aluminum would 
float to the top. Electric current entered the an- 
ode alloy through carbon or graphite blocks at 
the bottom of the cell and left through graphite 
electrodes dipping into the high-purity alumi- 
num on top. Aluminum was transported pref- 
erentially. Metals more difficult to oxidize 
than aluminum remained in the anode or alloy 
layer, and metals more difficult to reduce than 
aluminum remained in the electrolyte. A ledge 
of frozen electrolyte on the carbon sidewalls 
prevented electrical short circuiting between 
the floating pure aluminum layer and the car- 
bon wall. The cell operated at 950-1000 °C 
and produced 99.98 % pure metal. 


In 1932 the Pechiney Company in France 
operated a cell using a fluoride-chloride elec- 
trolyte and nonconducting magnesia brick 
sidewalls. The electrolyte consisted of 17% 
sodium fluoride, 23% aluminum fluoride, and 
60% barium chloride. The cell operated at 
750 °C and produced 99.995 % pure alumi- 
num. An all-fluoride electrolyte (18% sodium 
fluoride, 48% aluminum fluoride, 16% cal- 
cium fluoride, 18% barium fluoride) also can 
be used in magnesia-lined cells. Modern elec- 
trolytic refining cells (Figure 21.11) add a seg- 
regation sump [36]. The sump, normally 
operated at least 30 °C cooler than the alumi- 
num alloy anode, serves as a charging port for 
aluminum and permits impurity removal. As 
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impurities concentrate in the bottom layer. sat- 
uration is reached and crystals form in the 
cooler sump area, where they can be removed. 
This procedure greatly extends the operating 
life of the cell. 


Fractional crystallization also is used com- 
mercially to refine aluminum. As aluminum 
freezes most impurities preferentially concen- 
trate in either the liquid or the solid. A molten 
zone is moved along an aluminum bar in zone 
refining. Impurities that lower the melting 
point of aluminum concentrate at one end of 
the bar, whereas impurities that raise the melt- 
ing point concentrate at the other end. After 
several passes the ends.are removed, leaving a 
middle portion of high-purity aluminum. 

Super-purity aluminum is produced by an- 
other fractional crystallization process (37]. In 
the first step, peritectic elements are removed 
from molten aluminum by reacting them with 
boron to form borides, which are precipitated 
and settled before the metal is transferred to a 
second furnace. Here the surface of molten 
aluminum is cooled with forced air, causing 
metal to crystallize. When the furnace is 
nearly filled with crystals, the remaining im- 
pure aluminum is drained. Then the crystals 
are remelted to yield very pure metal. Alumi- 
num of purity higher than 99.995 % has been 
produced from 99.9% pure smelting-grade 
aluminum by this process. 
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Figure 21.11: Longitudinal and cross sections af 15 000- 
ampere aluminum refining cell: a) Anode (carbon blocks); 
b) Cathode (graphite electrodes); c) Refined aluminum; d) 
Electrolyte; e) Alloy serving as anode; f) Segregation 
sump; g) Magnesia brick; h) Refractory block; i) Iron 
shell. 
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21.6 Aluminum Casting: 
Remelt Ingot 


Metal tapped from the Hall-Héroult cell 
may be treated in one of several ways. First, it 
may be transported in the molten state to a 
holding furnace, where, along with solid 
Scrap, it is alloyed, fluxed, filtered, and cast 
into a form suitable for fabrication by rolling, 
forging, etc., or for remelting by a foundry. It 
may be transported further (over distances up 
to 200 km) on trucks, equipped with well-in- 
sulated containers to prevent freezing, to a 
foundry where it is alloyed and used to make 
shaped castings. Both these methods of utiliz- 
ing the molten metal are favored because en- 
ergy required for remelting is conserved. 

Alternatively, where ingot casting facilities 
or foundries are not nearby, metal is cast using 
cast iron molds into "primary" ingots for re- 
melting. Generally, these unalloyed remelt in- 
gots come as stackable 22-, 340-, or 680-kg 
ingots. Casting machines, such as the one il- 
lustrated in Figure 21.12, are often fully auto- 
mated, with production rates of up to 20 000 
kg/h. An important consideration is metal 
transfer from the ladle to the mold, which 
must be as quiescent as possible in order to 
minimize oxide contamination. Unalloyed in- 
got is sold in various purity grades, such as 
P0506 or P1520, depending on the maximum 
Si and Fe levels; e.g., P0506 is aluminum with 
0.05 % Si and 0.06% Fe maximum. 

The larger sizes of unalloyed remelt ingot 
may be cast on semicontinuous DC (direct 
chill) casting equipment with a “Т” cross sec- 
tion for ease of handling and stacking. This in- 
got usual is cut into lengths weighing 
approximately 340 kg. 

Primary metal producers also make remelt 
ingot, which is prealloyed for the foundry in- 
dustry. This is known as foundry ingot and 
generally is alloyed so that its composition lies 
within the limits of the alloy desired in the fi- 
nal shaped casting. Foundry ingot may be cast- 
into open molds or continuously cast, cut to 
length, and stacked (Figure 21.13). The most 
common masses for this ingot, which is re- 
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melted in furnaces smaller than those used by 
wrought alloy producers, are approximately 
14 kg and 22 kg. The general practice, where 
applicable, is to premodify and grain refine 
this foundry ingot. Also the molten metal is 
filtered and fluxed in a manner similar to that 
employed for wrought alloy ingot in order to 
insure optimum metal quality for the foundry 
user 









Figure 21.12: Casting machine for the production of 
open-mold remelt ingot (courtesy Gautschi Electrofours 
SA). 





Figure 21.13: Different types of aluminum castings: a) 
Continuously cast "T" section bar-lok; b) Open-mold 
foundry ingot. 

21.7 Environmental 
Protection 


In the primary production of aluminum 
there are three principal areas of environmen- 
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tal concern: air emissions, wastewater dis- 
charges, and solid waste. In the early years of 
the aluminum industry, most of the effort was 
directed toward controlling fluoride emission 
from the cells. The technology for fluoride 
control is now well established throughout the 
industry. Other significant air emissions from 
the anode production process have been con- 
trolled in recent years, or will be controlled 
through the Primary Maximum Achievable 
Control Technology (MACT) rule. 


Wastewater effluent usually is not a major 
problem, except in those plants where wet pro- 
cesses are still used to scrub the air emissions 
from the cells and anode baking furnaces. 


Cathode linings in aluminum cells are re- 
moved when lining failure occurs and large 
amounts of this material, called spent pot lin- 
ing, must be discarded. Historically, spent pot- 
liner has been reclaimed for fluoride value, 
stockpiled, or landfilled. One company is now 
offering incineration treatment for potliner 
and many others are investigating incineration 
or fluoride recovery methods. 


21.7.1 Air Emission 


Cell Room Emission. Atmospheric emissions 
produced by an aluminum cell consist of par- 
ticulate and gaseous fluoride (predominately 
HF), alumina, carbon dust, sulfur dioxide, car- 
bon dioxide, and carbon monoxide. Typical 
values for total fluorides generated by the cell 
related to aluminum production range from 20 
to 30 kg/t. Approximately the same amounts 
of alumina and carbon dusts also are pro- 
duced. Sulfur dioxide varies according to the 
sulfur content of the coke used to prepare the 
anodes, whereas carbon monoxide emissions 
generally are less than 30 x 10% parts by vol- 
ume. 


Control of Cell Emissions. To control cell 
emissions, each cell is equipped with a closely 
fitted hood to collect the evolved gases, which 
are then ducted to pollution-control equip- 
ment. After air dilution the cell gas tempera- 
ture ranges from 85 to 125 °C, depending on 
the ambient temperature. Both wet and dry 
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systems are employed to treat cell gas. Some 
of the older smelters use a combination of 
electrostatic precipitators for solids removal 
following by spray towers for removing hy- 
drogen fluoride gas and some sulfur dioxide. 
Wet precipitators also are quite effective for 
collecting both gaseous and particulate fluo- 
rides; some sulfur dioxide also may be col- 
lected by wet precipitators. 


a 


Because of inherent disadvantages in wet 
systems, not the least of which is potential wa- 
ter pollution, new smelters employ dry scrub- 
bers for controling cell emission. A dry 
scrubber uses either a fluidized bed or direct 
injection of metal-grade alumina into the gas 
stream to remove the hydrogen fluoride gas by 
sorption. The larger the specific surface area 
of the alumina, the greater is its sorptive ca- 
pacity for hydrogen fluoride. 


The alumina usually is recovered from the 
gas stream by a fabric filter, which also re- 
moves the other entrained particulate species. 
Dry scrubber efficiencies are generally greater 
than 98 % for both the gaseous fluoride and the 
particulate matter. Dry scrubbers are consid- 
ered to be state of the art control technology. 
The aluminum fluoride that is recycled to the 
cells represents a significant material recovery 
value. 


Emissions from Anode Preparation. In the 
production of anodes, coke dust and pitch 
fumes are generated at the mixers and at the 
anode forming equipment. These emissions 
have historically been collected and exhausted 
from the area for worker protection. Current 
regulatory requirements in the US will require 
that these emissions be scrubbed using fluid 
coke or injected coke fines and baghouses. 
The collected pitch volatiles and coke will be 
recycled into the anode mix. 


Pitch fumes, coke dusts, and fluorides are 
the chief pollutants in the waste gases from the 
anode baking furnaces. In most countries, lim- 
its are established for aluminum fluorides 
(0.05 kg per ton of aluminum) and particulate 
(dust) emissions, or opacity limits are set in 
lieu of particulate limitations. 
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Control Systems for Anode Baking Fur- 
naces. The control systems for the baking fur- 
nace emissions are similar to those described 
for the cell, with both wet and dry systems be- 
ing utilized. Fluidized alumina beds and alu- 
mina injection systems are used to control 
gaseous fluorides and hydrocarbons from 
most new furnaces. A major difference, how- 
ever, is the need to cool the baking furnace gas 
in order to condense the hydrocarbons Фо that 
they can be extracted by the dusts on the bag 
filter. 


21.7.2 Wastewater Discharge 


Fume Collection Systems. Wastewater gen- 
eration has been reduced drastically in recent 
years with the development of dry systems for 
controlling emissions. Some older facilities 
still rely on wet collection devices, which re- 
sult in a wastewater stream contaminated with 
acid, fluoride, and organic material. Conven- 
tional treatment involves addition of lime and 
prolonged retention times (12 h to several 
days) for neutralization and removal of the 
calcium fluoride precipitate and a significant 
portion of the dissolved organic compounds, 
e.g., benz[a]anthracene, benzofluoranthene, 
benzo[a]pyrene, chrysene, and phenanthrene. 
At least 98 % of these can be removed by bio- 
logic treatment in a facultative lagoon that em- 
ploys aerobic as well as anaerobic bacteria. 
Partial decomposition of the organic material 
occurs in the anaerobic bottom layer, whereas 
the aerobic bacteria present in the upper levels 
complete the degradation process. Other or- 
ganic removal mechanisms in the facultative 
lagoon include skimming, adsorption, and 
sedimentation. 


Sodium hydroxide and alum are used in 
place of lime for fluoride removal at some 
plants. This treatment creates a fluoride sludge 
that, after drying, can be used as a cryolite re- 
placement in the aluminum cell. 


Pot Wash Water. After failure of a cathode 
lining, most of the metal and bath are tapped 
from the cell and materials remaining within 
the shell are removed. This “pot digging” op- 
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eration can be done either “wet” or “dry”. In 
*wet digging", water is applied to the pot to 
shock thermally and to fracture the bath, 
metal, and lining material that remain in the 
pot. 

The best approach to handling pot wash 
water is to minimize the amount of wastewater 
generated through good management prac- 
tices during the soaking operation. Excess wa- 
ter is collected in a sump and used as makeup 
to the next pot brought in for relining. Under 
no circumstances is this water discharged to a 
receiving stream because it may contain cya- 
nide (10-200 mg/L total CN) and fluoride 
(100—600 mg/L). 


Plant Runoff. Although aluminum smelting 
is a dry process, some water is required for 
services, such as boiler makeup, various 
equipment cooling needs, and area wash wa- 
ter. A major source of wastewater at a smelt- 
ing plant is stormwater runoff. Although 
intermittent, the contaminant loading is signif- 
icant if efforts are not made to keep courtyards 
relatively free of dust and to protect spent pot 
linings from the elements. To minimize the en- 
vironmental impact of storm water and the 
other miscellaneous flows, many primary alu- 
minum plants direct their storm sewers 
through an equalization/holding basin before 
discharge. This basin is designed to remove 
suspended solids and floating matter (oil and 
grease) and also to equalize the fluoride con- 
centration. 


21.7.3 Solid Waste 


Eventually, the lining of an operating alu- 
minum smelting pot, due to physical deterio- 
ration and both impregnation, either falls or 
needs to be replaced because of poor perfor- 
mance or metal quality. This lining, once re- 
moved from the pot, is known as "spent 
potlining" or SPL. SPL is the largest-volume 
solid waste generated by aluminum smelters, 
roughly 2% to 4% by weight of aluminum 
produced. 

SPL consists of mostly carbon, sodium alu- 
minum fluoride, and various compounds of 
aluminum, sodium, fluorides, and less than 
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1% cyanides. The heat value of SPL ranges 
from 5000 to 8000 BTU per pound. Grey to 
black in appearance, SPL is very hard and its 
size distribution is extreme: large chunks to 
very fine powder. It often has an ammonia 
odor. 


The United States Environmental Protec- 
tion Agency has listed SPL as a hazardous 
waste due to cyanide content. As of early 


1997, U.S. regulations require treatment of ` 


SPL prior to land disposal. Other countries of 
the world regulate SPL or are considering 
such regulation. 


After removal from the pot, SPL is tempo- 
rarily stored in containers or piles inside build- 
ings, protected from wind dispersal and 
precipitation. Typical treatment for SPL de- 
stroys the cyanides using thermal technology 
and renders the fluorides less soluble with 
chemical fixation or stabilization. Recycling 
options for SPL generally recover or use its 
heat or fluoride value. SPL has been used to 
manufacture cement, mineral wool, bricks, as- 
phalt materials, and as flux in the steel indus- 
try. Research is continuing with goals to 
minimize SPL generation and further develop 
recycling options that are economical, techno- 
logically sound, and protective of the environ- 
ment and health. 


21.7.4 Regulatory Requirements 


Regulatory limits throughout the world 
have been summarized in an International Pri- 
mary Aluminum Institute publication [38]. In 
the United States new carbon bake furnace 
emissions are limited to 20% opacity and the 
total fluoride as a function of aluminum pro- 
duced is set at 0.05 kg/t. New potroom emis- 
sions are limited to 10% opacity and 0.95 kg/t 
Al of Total Fluoride in the US by New Source 
Performance Standards. MACT (Maximum 
Achievable Control Technology) standards for 
existing sources regulate Total Fluoride for 
various sources from 0.95 to 1.5 kg/t Al (de- 
pending on source type) and also limit POM 
emissions from Sóderberg reduction plants. 
MACT standards are also being set for new 
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and existing carbon baking furnaces and an- 
ode mixing and forming processes. 

In the United States, effluent limitation 
guidelines have been promulgated for alumi- 
num smelting that control toxic and other pol- 
lutants. These regulations are found in the 
Code of Federal Regulation, Title 40 — Pro- 
tection of the Environment, Part 421, Subpart 
B — Primary Aluminum Smelting (40 CFR 
421). Limitations are based on the level of 
production at each facility discharging waste- 
water. The pollutants regulated under the 
guidelines are benzo(a)pyrene, antimony, 
nickel, aluminum, fluoride, oil and grease, to- 
tal suspended solids, and pH. The wastewater 
sources for which these limitations are appli- 
cable include: 

e Anode and cathode paste plant wet air pollu- 
tion control; 

e Anode bake plant wet air pollution control; 

e Cathode reprocessing; 

e Anode and briquette contact cooling; 

e Potline wet air pollution control; 

e Potline SO, wet air pollution control; 

e Potroom wet air pollution control; 

e Pot repair and pot soaking. 


21.8 Toxicology and 
Occupational Health 


The American Conference of Governmen- 
tal Industrial Hygienists continues to recom- 
mend a 10-mg/m? TLV for aluminum metal 
and alumina dust, the same as for nuisance or 
biologically inert materials [39]. They also 
have established a lower limit applicable to 
aluminum pyro powder and sluminum weld- 
ing fumes, 5 mg/m?. This concentration is 
consistent with limits for nuisance materials 
with particle sizes in the respirable range. 
Health regulatory agencies in Australia, Ger- 
many, the Netherlands, Sweden, and many 
other countries consider aluminum oxide 
dusts to be nuisance particulates [40]. No 
MAK values have been set. 

The bulk of the epidemiologic literature 
confirms that, in humans, aluminum and its 
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compounds exhibit a very low order of toxic- 
ity [41—44]. Whether taken into the body by 
ingestion or by inhalation, very little alumi- 
num finds its way into body tissues. The alu- 
minum content of the adult human body is 50— 
150 mg [45, 46]. Because of its ubiquitous na- 
ture, aluminum also is found in many foods 
that make up our normal diets. The amount in- 
gested ranges from as little as 1 to > 100 mg/d 
[47]. The use of aluminum cooking utensils 
and food packaging does not contribute signif- 
icantly to the amount that is ingested normally 
[48, 49]. Regardless of the route of intake, 
most of the aluminum absorbed systemically 
is excreted in the urine. 


For many years aluminum, in the form of 
Al(OH)3, was used widely at high dosages as 
an antiacid, with no apparent ill effects. Al- 
though aluminum is known to have neurotoxic 
properties [50—53], it does not exhibit these 
properties in normal human beings because it 
is eliminated readily from the body. On the 
other hand, for those who have impaired renal 
function, it can be neurotoxic. There are 
strong implications that aluminum is a major 
factor in dialysis encephalopathy, an ulti- 
mately fatal condition that sometimes occurs 
in those with renal failure who undergo dialy- 
sis. The major symptoms are speech difficul- 
ties, dementia, and seizures. Traces of 
aluminum in the water used for the prepara- 
tion of dialysis fluid can accumulate in the pa- 
tient because the impaired kidneys are unable 
to eliminate it. 


Aluminum toxicity with neurologic effects 
has been reported in patients with renal insuf- 
ficiency not receiving dialysis who chroni- 
cally ingested aluminum-containing 
phosphate-binding gels [54]. Likewise, pre- 
mature infants with immature renal systems 
have developed Al toxicity as a result of Al- 
rich IV infusions, formula, and medications 
[55, 56]. 


Those with renal failure, whose aluminum 
serum levels are elevated as a result of dialysis 
or the oral administration of aluminum com- 
pounds, are also at special risk of developing 
osteomalacia, a softening of the bone that re- 
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sults in pain and an increased incidence of 
bone fractures. 

Although aluminum has been implicated 
as being associated with Alzheimer's disease, 
a condition of premature senility [57, 58], the 
evidence to date suggests that it is not causal. 
Aluminum’s role, if it plays a part at all, ap- 
pears to be secondary to some unknown pri- 
mary agent [59, 60]. | 

With a few exceptions, most of the litera- 
ture dealing with inhalation exposures of hu- 
mans and experimental animals to aluminum 
andits compounds shows these materials to be 
relatively innocuous. However, there are re- 
ports contending that sluminum and alumi- 
num oxide dusts are fibrogenic. Critical 
examination of the original references reveals 
that the evidence for this contention is incon- 
sistent and mitigated by compounding vari- 
ables. 

Cases of pulmonary fibrosis attributed to 
aluminum powder exposures have been re- 
ported in the literature [61—66]. In most of 
these instances, environmental conditions 
were poor, dust exposures were extremely 
high, materials other than aluminum were 
known or suspected to be present, smoking 
and work histories of those affected were not 
given, and the types of fibrosis seen were not 
always consistent. Of these cases, 47 in all, 
one was reported from Japan and the remain- 
der from Europe. No case has been reported 
from North America, even though similar pro- 
duction operations were conducted there over 
the same period of time. 

An unusual form of pulmonary fibrosis has 
been reported in workers exposed during the 
manufacture of fine aluminum dust (“py- 
ropowder") used in explosives and pyrotech- 
nics. First reported in Germany during and 
after World War II, it was later described in 
England [67—69] but has never been described 
in North America. 

That disorder has been related to manufac- 
turing methods in which aluminum powder is 
coated with a lubricant to prevent its spontane- 
ous oxidation [70]. The traditional lubricant 
used for this purpose was stearic acid, a fatty 
acid which reacts with aluminum to form sta- 
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ble aluminum stearate. Less often, mineral oil 
was used. 

Fibrosis developed only in those exposed to 
metallic aluminum coated with mineral oil 
[71, 72]. Unlike stearic acid, mineral oil does 
not react with aluminum and can be readily re- 
moved. Following inhalation, mineral oil- 
coated particles are ingested by alveolar mac- 
rophages which remove the mineral oil coat- 
ing, allowing the aluminum to oxidize and 
cause pulmonary injury leading to pulmonary 
fibrosis [73, 74]. This particular lung disease 
has not been reported since methods of pro- 
duction changed more than 20 years ago. 

A study of 125 employees involved in a 
powder stamping operation in the United 
States failed to show any evidence of fibrosis 
[75]. Their exposure times ranged from 6 to 23 
years (mean average of 12). Furthermore, a 
therapeutic administration of heavy doses of 
aluminum powder, by inhalation, to silicotics 
over a period of 30—50 weeks showed no detri- 
mental effects to the patients [75]. A report in 
1973 indicated that the failure of inhaled me- 
tallic aluminum powder to cause pulmonary 
fibrosis in experimental animals “parallele the 
clinical experience in the United States but it 
leaves unexplained the occurrence of fatal pul- 
monary fibrosis in England from the inhala- 
tion of pyro aluminum powder’ [76]. 
Worldwide, no case has been reported since 
1962. 

In 1947 cases of pulmonary fibrosis were 
attributed to aluminum oxide fume exposure 
[77]. Subsequent investigations demonstrated 
the presence of silica in these fumes [78]. Sil- 
ica generally is accepted today as the principal 
cause. 

Pulmonary exposure to nearly all forms of 
aluminum oxide (alumina) are without ad- 
verse effects [70, 79]. However, one specific 
transitional gamma form of alumina caused 
pulmonary fibrosis in animals after intratra- 

cheal injection, but not after inhalation [80— 
82]. That alumina is rarely encountered in alu- 
minum production and has little relevance to 
occupational health concerns. 

In humans, there is no systematic evidence 
that bauxite or alumina cause pulmonary. fi- 
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brosis. Review of mortality experience for 
nearly 6000 aluminum smelter workers found 
no deaths due to fibrosis, although deaths from 
other respiratory diseases were increased [83]. 
Bauxite refinery workers had increased risk of 
obstructive pulmonary changes, consistent 
with industrial bronchitis from dust exposure, 
but the effect was less than that attributeable to 
smoking [84, 85]. Moreover, none of the 
cross-sectional studies of aluminum smelter 
workers has found evidence of significant re- 
strictive ventilatory defects, decreased pulmo- 
nary compliance or pneumoconiosis on chest 
x-ray [72]. 


21.9 Major Markets 


By far the greatest part of aluminum ship- 
ments is in the form of aluminum alloys, and 
production of primary aluminum and con- 
sumption of aluminum are the best indicators 
of the importance of aluminum alloys. 


[86, 87] 


World production of primary aluminum is 
summarized in Table 21.5, which shows aver- 
age annual production for two five-year pefi- 
ods. In the interval between these periods, 
production increased in almost every country: 
the world increase exceeded 280%. In the lat- 
est period, the United States was the largest 
producer, with about 30% of the world total, 
followed by the former Soviet Union (12%), 
Canada (7%), Japan (6%), and West Germany 
(5%). 


Per capita consumption of aluminum in se- 
lected countries is summarized in Table 21.6, 
which shows average annual per capita con- 
sumption for two five-year periods. Where 
data are available for both periods, consump- 
tion increased 1.3-7.0 times. For the latest pe- 
riod, the United States had the highest 
consumption, followed by Norway, West Ger- 
many, Japan, and Australia. 


The major markets for aluminum products 
are shown in terms of use by major industries 
in the United States in Table 21.15. To elimi- 
nate duplication, the figures exclude intra-in- 
dustry shipments for further fabrication. 


1061 


Table 21.5: Average anaual world primary aluminum pro- 
duction in kilotons. 





Country 1978-1982 1960-1964 
Argentina 116 — 
Australia 316 33 
Austria 93 73 
Bahrain 135 — 
Brazil 248 20 
Cameroon 42 50 
Canada 1034 667 
China? 365 96 
Czechoslovakia 37 53 
Egypt 116 — 
West Germany 732 189 
France 409 285 
East Germany? 61 48 
Ghana 166 — 
Greece 145 — 
Hungary 73 33 
Iceland 74 — 
India 206 37 
Tran 12 — 
Italy 270 91 
Japan 856 190 
North Korea? 10 — 
South Korea 19 — 
Мехісо 43 — 
Netherlands 260 — 
New Zealand 156 — 
Norway ' 644 206 
Poland* 80 43 
Romania^ 226 — 
South Africa 85 — 
Spain . 324 41 
Suriname 52 — 
Sweden 82 19 
Switzerland 83 51 
Turkey 35 E 
Taiwan 42 12 
United Kingdom 332 32 
United States 4266 1978 
USSR? 1771 801 
Venezuela 237 — 
Yugoslavia ` 177 30 





* Estimated by the U.S. Bureau of Mines, Dept of the Interior. 
"Includes secondary unalloyed ingot. 
“Includes primary alloyed ingot. 


The weight shipped to the containers and 
packaging industry increased almost eight- 
fold between the two periods, compared with 
increases of 1.5—2 for other industries. This is 
a striking shift in market distribution: contain- 
ers and packaging moved from 7% to 24% of 
the market and is now the major market for 
aluminum products. This rapid growth reflects 
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the growth of the metal-can market, with alu- 
minum capturing an ever-increasing share of 
that market. The impressive growth in ship- 
ments of aluminum sheet for cans is shown in 
Figure 21.14. 


Table 21.6: Average annual per capita aluminum con- 
sumption (kg per person) in selected countries. 





Country 1978-1982 1960-1964 
Argentina 24 — 
Australia 17.0 5.5 
Austria 11.5 — 
Bahrain 7.9 — 
Belgium 8.7 34 
Brazil 2.7 0.6 
Cameroon 2.0 — 
Canada 15.9 6.6 
Denmark 14.5 — 
El Salvador 0.3 — 
Finland 74 ЕЕ 
West Germany 20.7 7.4 
France Ы 12.4 5.2 
Greece 7.1 — 
Iceland 9.9 2.5 
Ireland 4.4 — 
Italy 12.7 3.4 
Japan 19.5 2.8 
Mexico 24 — 
Netherlands 11.0 2.7 
New Zealand 8.1 — 
Norway 21.8 6.7 
Panama 0.9 0.3 
Philippines 0.5 — 
Saudi Arabia 8.7 — 
Singapore 9.4 — 
South Africa 3.6 — 
Spain 5.6 1.3 
Sweden 16.0 6.9 
Switzerland 15.1 8.6 
Taiwan 6.3 0.7 
Turkey 1.1 — 
United Kingdom 10.1 7.8 
United States 26.9 13.8 
Venezuela 5.8 1.2 





21.10 Compounds 
21.10.1 Aluminum Oxide 


21.10.1.1 General Aspects 


The first reference to an aluminum com- 
pound dates back to the fifth century B.C., 
when Heropotus mentioned alum. PLiNv de- 
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scribed the use of "alumen" as a mordant 
around 80 A.D. The term alumina is probably 
derived from the word alumen. In 1754 MARG- 
GRAF showed that a distinct compound existed 
in both alum and clays. GREVILLE (1798) de- 
scribed a mineral from India that had the com- 
position ALO, and named it corundum, 
believing that this was the native name for this 
stone. Haüy (1801) called a mineral “di- 
aspore", whose composition, Al,O,-H,O, was 
determined by VAUQUELIN in 1802. Gibbsite 
was found by Dewey in 1820; Torney (1822) 
showed this mineral to be Al,O,- ЗН,О. The 
name hydrargillite was given to a similar min- 
eral found later in the Ural Mountains. The lat- 
ter term is used more widely outside the 
United States. 

By X-ray diffraction, Boum and NICLASSEN 
[97] identified y-AlO(OH), later named böh- 
mit (boehmite). Boum discovered a second 
type of Al(OH), a year later. Fricke [98] sug- 
gested the name bayerite for this material. 
Only a few, uncertain finds of natural bayerite 
have been mentioned in the literature [99]. 
vAN NORDSTRAND et а]. [100] reported a third 
form of trihydroxide, which was later named 
nordstrandite in his honor. 
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Figure 21.14: Shipments of aluminum sheet for cans.. 


Aluminum Hydroxides 


A general classification of the various mod- 
ifications of aluminum hydroxides is shown in 
Figure 21.15. The best defined crystalline 
forms are the three trihydroxides, Al(OH),: 
gibbsite, bayerite, and nordstrandite. In addi- 
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tion two modifications of aluminum oxide hy- еге is controversy as to whether they are 
droxide, AlO(OH), exist boehmite and truly new phases or simply forms with dis- 
diaspore. Besides these well-defined crystal- torted lattices containing adsorbed or inter- 
line phases, several other forms have been de- lamellar water and impurities. 

scribed in the literature [89, 90]. However, 


Aluminum hydroxides 


Crystalline А Gelatinous 
2 
x-ray Pseudoboehmite 
Oxide-hydroxides ^ indifferent {gelatinous boehmite) 
Trihydroxides ALO(OH) (amorphous) 
ALOH) 
Boehmite Diaspore 
( y- aluminum (a-aluminum 


axide hydroxide) 


oxide hydroxide | 





Gibbsite Bayerite 
(y-aluminum 
trihydroxide 
hydrargillit el 


Nordstrandite 
(/7- aluminum 
trihydroxide) 


{к- aluminum 
trihydroxide) 


Figure 21.15: Classification of aluminum hydroxides (All figures courtesy of Aluminum Company of America). 
Table 21.7: Mineralogical properties of oxides and hydroxides [90]. 


Refractive index nj? 
р “Cleavage Brittleness мор 





Phase ———————————————————————— 
a В Y Average hardness Luster 
Gibbsite 1.568 1.568 1.587 — (001) perfect tough 2.5t03.5 pearly vitreous 
Bayerite — — — 1583 — — — — 
Boehmite 1.649 1.659 1.665 c (010) — 3.5 to 4 — 
Diaspore 1.702 1.722 1.750 — (010) perfect brittle 6.5to 7 brilliant pearly 
£ [^] Average 
Corundum 1.7604 1.7686 — none tough when compact 9 pearly adamantine 
Table 21.8: Structural properties of oxides and hydroxides [90]. 
Mole- Unit axis length, x 10-' mm А 
Phase Formula СУЗА sys: — Space ` ole рег ^77 ————— Angle Density, 
tem BIOUP nit cell a b c gem 
Gibbsite Al(OH), monoclinic C3 4 8.68 5.07 9.72 94°34’ 2.42 
Gibbsite Al(OH), triclinic — 16 17.33 10.08 9.73 94°10’ — 
92°08’ 
90°0’ 
Bayerite Al(OH), monoclinic C. 2 5.06 8.67 471 90°16’ 2.53 
Nordstran- Al(OH), triclinic С} 4 9875 5.07 10.24 109°20/ — 
dite 97°40’ 
88°20 
Boehmite AIO(OH) orthorhom- DY 2 2.868 12.227 3.700 — 3.01 
bic 
Diaspore AIO(OH) orthorhom- DX 2 4.396 9.426 2.844 — 3.44 
bic 
Comndum ALO, hexagonal D$, 2 4.758 — 12.991 — 3.98 


(rhomb.) 
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Gelatinous hydroxides may consist of pre- 
dominantly X-ray indifferent aluminum hy- 
droxide or pseudoboehmite. The X-ray 
diffraction pattern of the latter shows broad 
bands that coincide with strong reflections of 
the well-crystallized oxide hydroxide boeh- 
mite. 

Identification of the different hydroxides 
and oxides is best carried out by X-ray diffrac- 
tion methods [90]. Mineralogical and struc- 
tural data are listed in Tables 21.7 and 21.8. 

The aluminum hydroxides found abun- 
dantly in nature are gibbsite, boehmite, and di- 
aspore. Gibbsite and bayerite have similar 
structures. Their lattices are built of layers of 
anion octahedra in which aluminum occupies 
two thirds of the octahedral interstices. In the 
gibbsite structure, the layers are somewhat 
displaced relative to one another in the direc- 
tion of the a axis. The hexagonal symmetry of 
this lattice type (brucite type) is lowered to 
monoclinic. Triclinic symmetry was found in 
larger gibbsite single crystals from the Ural 
Mountains [101]. This investigation revealed 
that the layer packets were slightly shifted in 
the direction of the b axis as well. 

In bayerite the layers are arranged in ap- 
proximately hexagonally close packing. Be- 
cause of shorter distances between the layers, 
the density is higher than in the case of gibb- 
site. The crystal class and space group of bay- 
erite have not yet been established clearly. 

The individual layers of hydroxyl ion octa- 
hedra in both the gibbsite and the bayerite 
structure are linked to one another through 
weak hydrogen bonds only. Bayerite does not 
form large single crystals. The most com- 
monly observed growth forms are spindle- or 
hourglass-shaped somatoids. The long axis of 
these somatoids stands normal to the basal 
plane, i.e., the somatoids consist of stacks of 
АКОН), layers (Figure 21.16). The effect of 
alkali ions on the structures of AI(OH), types 
was investigated by several workers [90, 102, 
103]. 

Gibbsite crystals of appreciable size are not 
uncommon. Clear pseudohexagonal platelets 
about 1 mm in diameter are known from Aro 
in Norway. Prismatic crystals of 0.5-1 mm 
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length are occasionally produced in the Bayer 
process. 





Figure 21.16: Somatoids of bayerite. : 


Nordstrandite, the third form of Al(OH),, 
was described by van NonpsTRAND [100] and 
others [104]. The structures of nordstrandite 
and bayerite were investigated [105] and com- 
pared with those of the monoclinic and tri- 
clinic gibbsite, which had been determined 
previously [101]. 

The lattice of nordstrandite is built of the 
same, electrically neutral Al(OH), octahedral 
layers that form the structural elements of 
gibbsite and bayerite [98]. The lattice period 
amounts to 1.911 nm in the direction of the 
normal to the layer. This corresponds to the 
sum of identical layer distances of bayerite 
plus gibbsite. The ideal nordstrandite structure 
consists of alternating double layers, in which 
the OH octahedra are arranged once in the 
packing sequence of bayerite, and then in that 
of gibbsite. Material containing continuous 
transitions from bayerite via nordstrandite to 
gibbsite has been prepared through the proper 
selection of precipitation conditions [102]. 

Tucanite, which contains about 0.5 % SiO,, 
has the composition Al,O,-3.5H,O [106]. Pre- 
liminary X-ray diffraction data show a resem- 
blance of the tucanite structure to triclinic 
gibbsite. Yet, the layer spacing seems to be 
somewhat larger than in triclinic and mono- 
clinic y-Al(OH),. Incorporated water mole- 
cules may be the cause of this. 

A similar influence of water molecules on 
layer spacing has been observed in the oxide 
hydroxide boehmite [105]. 
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Pseudoboehmite is formed during aging of 
X-ray indifferent hydroxide gels as a precur- 
sor of trihydroxide. The reflexes of pseudo- 
boehmite are broadened not only because of 
the very small particle size, but also because 
of variable distances of the AIO(OH) double 
chains, which form the structural element of 
pseudoboehmite as well as of well-crystal- 
lized y-AlO(OH). The lattice spacing in the di- 
rection of the c axis increases by 0.117 nm for 
each mole of excess water [105]. 


Aluminum Oxide Hydroxides 


The AI,O,-H,O System. Under the equilib- 
rium vapor pressure of water, crystalline 
Al(OH), converts to AIO(OH) at about 375 K. 
The conversion temperature appears to be the 
same for all three forms of Al(OH),. At tem- 
peratures lower than 575 K, boehmite is the 
prevailing AIO(OH) modification, unless di- 
aspore seed is present. Spontaneous nucle- 
ation of diaspore requires temperatures in 
excess of 575 K and pressures higher than 20 
MPa. In the older literature, therefore, di- 
aspore was considered the high-temperature 
form of AIO(OH). The first reaction diagram 
of the phase transitions in the А1,О,-Н,О sys- 
tem was published in 1943 [107]. These work- 
ers determined the gibbsite —  boehmite 
conversion temperature to be 428 K. Boeh- 
mite transformed to diaspore above 550 K; di- 
aspore converted to corundum, Q-ALO,, at 
725 K. Similar results were reported in 1951 
[108]. 

The system was reinvestigated in 1959 
[109] and in 1965 [110]. A phase diagram 
based on these data is shown in Figure 21.17. 
Diaspore is the stable modification of 
AIO(OH); boehmite is considered metastable, 
although it is kinetically favored at lower tem- 
peratures and pressures. This is because the 
nucleation energy is lower for boehmite than 
for the considerably more dense diaspore. In 
addition, ‘y-Al(OH), and ү-А1О(ОН) have sim- 
ilar structures. Nucleation is, therefore, addi- 
tionally facilitated by the possibility that 
boehmite can grow epitaxially on Al(OH),. In 
the А1,О,-Ғе,О,-Н,О system, the presence of 
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the isostructural goethite, @-FeO(OH), lowers 
the nucleation energy for diaspore so that this 
AIO(OH) modification crystallizes at temper- 
atures near 373 K [111]. This observation ex- 
plains the occurrence of diaspore in clays and 
bauxite deposits that have never been sub- 
jected to high temperatures or pressures. 


Boehmite Diaspore Corundum 
100 | | 7 i я 





= 
о 


Boehmite 
mefastable 


Pressure, MPa 


0 100 200 300 400 500 
Temperature, °С ——— 


Figure 21.17: The Al,O,-H,O system. Dashed lines 
[108], solid lines [109, 110]. 


Structure. Boehmite consists of O, OH dou- 
ble layers in which the anions are in cubic 
packing. The aluminum ions are octahedri- 
cally coordinated. These layers are composed 
of chains of [AIO(OH)], extending in the di- 
rection of the a axis [112]. The double layers 
are linked by hydrogen bonds between hy- 
droxyl ions in adjacent planes. Boehmite crys- 
tals exhibit perfect cleavage parallel to the 
(010) plane. 


In the diaspore structure the oxygen ions 
are nearly equivalent, each being joined to an- 
other oxygen through a hydrogen ion. The an- 
ions are hexagonally close packed [113]. The 
position of the hydrogen ion has been estab- 
lished by neutron diffraction [114]. The O-H- 
O distance is 0.265 nm. 


By infrared studies, the bond energy for the 
hydrogen bridges in diaspore was determined 
to be 28.7 kJ/mol, compared with 20.1 kJ/mol 
for boehmite [115]. 


1066 


Nomenclature. Although there is fairly good 
agreement in the more recent literature on 
phase fields and structures of the crystalline 
phases in the Al,O,—H,O system, the nomen- 
clature is still rather unsystematic. 

Bayerite, gibbsite (hydrargillite), and nord- 
strandite are trihydroxides of aluminum, and 
not oxide hydrates. The designation “alumi- 
num oxide monohydrate" for boehmite and di- 
aspore is also incorrect. Both are true oxide 
hydroxides. Molecular water has been deter- 
mined in poorly crystallized, non-stoichiomet- 
ric pseudoboehmite only. 

The sodium ions have been removed from 
the lattice of the so-called B-alumina, Na,O- 
11A1,0,, by leaching with H,SO,, and the ions 
replaced with H,O molecules [117]. This is to 
date the only case in which the existence and 
structure of an alumina hydrate have been 
confirmed. As an intercalation compound, 
however, this hydrate has no phase field in the 
А1,0;-Н,О system. 

The designation of the modifications of 
aluminum hydroxides and oxides lacks unifor- 
mity just as much as does the nomenclature of 
the compounds. According to the general us- 
age in crystallography, the most densely 
packed structures are designated as a-modifi- 
cations [90]. Bayerite, diaspore, and corun- 
dum fall within this class. The compounds 
with cubic packing sequence, gibbsite and 
boehmite, have been designated by the symbol 
y. Nordstrandite can be classified as B- 
Al(OH), when regarding this compound not as 
an intergrowth of bayerite and gibbsite, but as 
an independent modification. 


Aluminum Oxide, Corundum 


The hexagonally closest packed o-Al,O, 
modification is the only stable oxide in the 
ALO;-H,O system. Corundum is a common 
mineral in igneous and metamorphic rocks. 
Red and blue varieties of gem quality are 
called ruby and sapphire, respectively. The lat- 
tice of corundum is composed of hexagonally 
closest packed oxygen ions forming layers 
parallel to the (0001) plane. Only two thirds of 
the octahedral interstices are occupied by alu- 
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minum ions. The structure may be described 
roughly as consisting of alternating layers of 
A] and O ions. The corundum structure was 
determined in the early 1920s [118]; numer- 
ous workers later confirmed and refined these 
data [90]. Properties of corundum are listed in 
Tables 21.7 and 21.8. 


Thermal Decomposition of Aluminum 
Hydroxides 


When aluminum hydroxides or oxide hy- 
droxides are heated in air at atmospheric pres- 
sure, they undergo a series of compositional 
and structural changes before ultimately being 
converted to о-А1,О,. These thermal transfor- 
mations are topotactic. Despite a loss of 34 or 
15% of mass for the trihydroxides or oxide 
hydroxides, respectively, the habit of the pri- 
mary crystals and crystal aggregates changes 
very little. This leads to considerable internal 
porosity, which may increase the specific sur- 
face area of the material to several hundred 
mie, Structural forms develop that, although 
not thermodynamically stable, are well repro- 
ducible and characteristic for a given tempera- 
ture range and starting material. These 
transition aluminas have been the subject of 
numerous investigations because of their sur- 
face activity, sorptive capacity, and usefulness 
in heterogeneous catalysis. The literature in 
this field of physical chemistry has been re- 
viewed up to 1972 [90]. 

The simplest transformation is that of di- 
aspore to corundum. As the structures of these 
two compounds are very similar, the nucle- 
ation of o-Al,O, requires only minor rear- 
rangement of the oxygen lattice after the 
hydrogen bonds are broken. A temperature be- 
low 860—870 K is sufficient for complete con- 
version. The newly formed corundum grows 
epitaxially on the decomposing diaspore, with 
the (0001) plane of ALO, parallel to the (010) 
plane of AIO(OH) [119]. 

The thermal transformation, at ambient 
pressure, of 0-АЈО(ОН) and the trihydroxides 
to о-А1,О, requires considerably more struc- 
tural rearrangements and is generally not com- 
pleted until the temperature reaches at least 


Aluminum 


1375—1400 K. The first step in the reaction se- 
quence is the diffusion of protons to adjacent 
OH groups and the subsequent formation of 
water [120, 121]. This process begins at a tem- 
perature near 475 K. If this water cannot dif- 
fuse rapidly out of larger trihydroxide 
particles, hydrothermal conditions may de- 
velop locally, resulting in the formation of y- 
AlO(OH). With increasing loss of water, a 
large internal porosity develops. The lattice 
voids left by the escaping water are not readily 
healed because of the slow diffusion in this 
low temperature range. The voids are oriented 
parallel and perpendicular to the basal plane of 
the trihydroxide crystals (Figure 21.18). 








Figure 21.18: Gibbsite heated to 573 K. 


The highest surface area and lowest crystal- 
line order of the solid (not counting newly 
formed boehmite) is obtained at a temperature 
around 675 K. With increasing temperature 
the surface area decreases, while the density of 
the solid shows progressively higher values 
(Figure 21.19). This trend is the result of pro- 
gressive reordering and consolidation of the 
solid. 


During the thermally activated consolida- 
tion and reordering, the solid goes through 
structural stages that are influenced by the na- 
ture of the starting material as well as by heat- 
ing rates, furnace atmosphere, and impurities. 
The general reaction paths are illustrated in 
Figure 21.20. 
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Figure 21.19: Specific surface area, loss on ignition 
(LOD), and density of heated Al(OH),. 
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Figure 21.20: Decomposition sequence of aluminum hy- 
droxide. 

Transition oxides formed at lower tempera- 
tures are’ mostly two-dimensionally, short- 
range ordered domains within the texture of 
the decomposed hydroxides. Extensive three- 
dimensional ordering begins at about 1050 K. 
Until completely converted to corundum, the 
solid retains considerable amounts of OH- 
ions. Most likely protons are retained to main- 
tain electroneutrality in areas deficient of cat- 
ions. The presence of protons therefore may 
retard the reordering of the cation sublattice. 
Addition of fluorine to the furnace atmosphere 
removes protons. As a result, rapid transition 
to a-Al,O, occurs at temperatures as low as 
1150 K. Markedly tabular corundum crystals 
form, possibly because the preceding transi- 
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tion alumina is mostly two-dimensionally or- 
dered [122]. 

Transition forms other than the ones shown 
in Figure 21.20 can be obtained by hydrother- 
mal treatment [90]. The structures of various 
transition forms have been investigated [123, 
101, 105]. 


Aluminates and Related Compounds 


Sodium oxide forms several compounds 
with aluminum oxide. These so-called B-alu- 
minas represent a group of aluminates having 
the same, or very similar, structures but vari- 
able chemical composition. Their molar ratios 
(М№а,О:А1,О,) can vary between 1:1 and 1:11. 
The 1:1 sodium aluminate, NaAIO,, exists in 
at least two allotropic modifications. Orthor- 
hombic B-NaAlO, is stable below 750 К; the 
higher-temperature ү modification is tetrago- 
nal. For preparation and properties of techni- 
cal sodium aluminate, see Section 21.10.3.1. 

The 1:11 B-ALO, crystallizes from melts 
containing aluminum oxide and sodium oxide 
or other sodium compounds. A 1:5 B-alumina 
has been prepared by heating a-Al,O, with 
NaAlO, or Na,CO, at about 1325 К. 

Several other B-aluminas containing CaO, 
BaO, or SrO іп 1:6 ratio also have been re- 
ported [90]. 

Recent interest in B-alumina is related to its 
use as a solid electrolyte in sodium sulfur sec- 
ondary batteries. 


21.10.1.2 Bauxite, the Principal 
Raw Material 


Definition and Geology 


The term bauxite is used for sedimentary 
rocks that contain economically recoverable 
quantities of the aluminum minerals gibbsite, 
boehmite, and diaspore. The name derives 
from the description by BERTHIER, in 1821, of a 
sediment that occurred near the village of Les 
Baux in the Provence, France. Originally as- 
sumed to be a dihydrate of aluminum oxide, 
bauxite was later recognized to be composed 
of aluminum hydroxide, iron oxide and hy- 
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droxide, titanium dioxide, and aluminosili- 
cate minerals [89]. 

. Early in this century, major bauxite depos- 
its were found in various parts of the Tertiary 
and Cretaceous limestone formations of the 
European Alpidic mountains; also in several 
locations on the North American continent, 
e.g., in Arkansas, Alabama, and Georgia. 
Since the 1920s, extensive deposits have been 
discovered in the tropical and subtropical cli- 
mate belts. 

The oldest known bauxites developed in 
the Precambrian; the youngest are of recent 
origin. Deposits may occur as extensive, flat 
bodies blanketing areas of many square miles; 
they may form irregularly shaped fillings of 
dolinas in old karst surfaces, or lenses several 
hundred meters in diameter and tens of meters 
thick. Allochtonous, i.e., displaced bauxites, 
are also common; erosion of primary deposits 
and redeposition of the detritus in valleys or 
along mountain slopes has frequently led to 
mineable accumulations of ore. 

Many of the geologically younger bauxites 
are covered only by thin layers of soil; others 
are buried by coastal or alluvial sediments. 
Older deposits, especially in the Balkans or 
the Ural Mountains, often are overlain by car- 
bonate rocks hundreds of meters thick. Re- 
gardless of their geologic age, all bauxites 
were formed during continental periods [124]. 


Composition and Properties 


The chemical composition of bauxites of 
various origin is given in Table 21.9 [89]. Alu- 
minum oxide, iron oxide, and titanium and sil- 
icon dioxides are the major chemical 
components of all bauxites. Alkali and alka- 
line earth compounds are rarely found. 

Gibbsite, y-Al(OH),, is the predominant 
aluminum mineral in the geologically young 
bauxites of the tropical climate belt. Mesozoic 
and older bauxite contain mostly boehmite (y- 
AIO(OH)) or diaspore (a-AlO(OH)). Since 
their formation, many of the older bauxites 
have been buried under considerable layers of 
younger sediments and often were subjected 
to tectonic stress. Boehmite and diaspore for- 
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mation appears to be related to an increasing 
degree of metamorphism. However both min- 
erals also occur in young deposits, although in 
minor quantities. The chemical environment 
obviously plays as important a role in the for- 
mation of boehmite and diaspore as do pres- 
sure and stress [124]. 


Table 21.9: Principal chemical constituents of various 
bauxites, %. 








А n Losson 

Country and location ALO, SiO, Fe;O, TiO, ignition 
Australia 

Darling Range 37 265 164 11 19.3 

Weipa 58 45 69 25 26.8 
Brazil 

Trombetas 52 5.1 139 12 28.1 
France 

Souther districts 57 46 226 2.9 15.1 
Guyana 

Mackenzie 59 49 29 24 30.4 
Guinea 

Friguia 49 61 142 16 281 

Boké 56 15 79 37 301 
Hungary 

Halimba 52 66 235 29 181 
India 

Orissa 46 2.7 224 11 242 
Indonesia ; Р 

Bintan 53.5 39 121 16 29.2 
Jamaica 

Clarendon 47.8 26 17.6 23 27.3 
Suriname 

Onverdacht 59 43 3.1 25 30.9 

Moengo 54 42 104 28 28.9 
United States 

Arkansas 51 112 66 22 284 
Former USSR 

Severouralsk 54 62 148 24 15.7 
Fonmer Yugoslavia 

Mostar 52 3.9 212 27 16.2 


Dissolution of gibbsite requires the mildest 
conditions in the Bayer process. Higher tem- 
peratures and alkali concentrations are neces- 
sary for the digestion of boehmite and 
diaspore. Technically, both oxide hydroxides 
can be processed without difficulties. The cur- 
rent abundance of high-grade gibbsitic baux- 
ites, however, has made boehmite- and 
diaspore-rich ores economically less attrac- 
tive. 

Goethite, a@-FeO(OH), and hematite, œ- 
Fe,O,, are the most prevalent iron minerals in 
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bauxites. They are practically inert under the 
conditions of the Bayer process. In both min- 
erals, some of the iron may be replaced iso- 
morphically by aluminum ions. This amount 
of aluminum is included in the chemical anal- 
ysis of the bauxite but is normally not ex- 
tracted in the digest. Magnetite (Fe,O,) is 
found in some European bauxites; pyrite 
(FeS,) and siderite (FeCO,) also may occur. 
Decomposition of pyrite may lead to high sul- 
fur levels in the process solutions. 

Anatase, TiO,, is the titanium mineral 
found most frequently in bauxites. Rutile, 
TiO,, occurs in some European deposits; 
FeTiO, is also present in minor quantities, es- 
pecially in titanium-rich bauxites. Titanium 
dioxide minerals are attacked under only the 
most severe conditions of the Bayer process. 

Silicon dioxide may occur as quartz, as in 
the bauxites of the Darling Range in Western 
Australia. Most commonly, however, SiO, is 
associated with the clay minerals kaolinite, 
halloysite, or montmorillonite. These alumi- 
nosilicates react with sodium aluminate solu- 
tions to form insoluble sodium aluminum 
silicates during digest, causing loss of sodium 
hydroxide and extractable alumina. The 
amount of the so-called reactive silica is one 
of the major factors determining quality and 
price of the ore. 

Minor constituents, such as chromium, va- 
nadium, zinc, and gallium, have little effect on 
the Bayer process or on the quality of the final 
product. Some tend to accumulate in the recir- 
culated process solutions (e.g., gallium and 
vanadium) and must be removed periodically 
by appropriate treatments. 

The physical properties of bauxites, i.e., 
texture, hardness, and density, can vary 
widely. Geologically old diaspore bauxites, 
especially those high in iron oxide, are very 
hard and can reach densities of 3.6 g/cm’. 
Young tropical deposits, in contrast, may have 
an earthy, soft texture and a density around 
2.0-2.5 g/cm?. Allochtonous bauxite often 
consists of hard nodules embedded in a soft, 
usually clayey matrix. Porous textures also oc- 
cur. The color of bauxites is largely deter- 
mined by the type and particle size of the 
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prevalent iron mineral. Highly dispersed goet- 
hite tends to be yellow to orange, whereas 
dark brown tones usually are associated with 
coarser hematite. Colors can vary greatly 
within a single ore body. 

Hardness, texture, and the amount of over- 
burden determine the methods applied for 
bauxite mining. Deposits in Greece, former 
Yugoslavia, Hungary, and former USSR re- 
quire deep mining to depths of several hun- 
dred meters, often complicated by the 
difficulties of controlling water levels in the 
porous limestone formations. Tropical baux- 
ites frequently are located so close to the sur- 
face that they can be recovered with normal 
earth-moving equipment. 


Genesis of Bauxites 


Many of the geologically young bauxite de- 
posits are located in the savannah region, 
which extends north and south of the tropical 
rain forest belt. The climate of this region is 
characterized by a high mean annual tempera- 
ture and abundant precipitation during the 
rainy season. Deposits occur on gently sloping 
hills or on peneplains. The stratigraphic evi- 
dence shows that these bauxites have formed 
in situ. Parent rocks may be coarse-grained, 
igneous rocks such as syenite, phonolite, ba- 
salt, or gabbro. However, large deposits also 
developed on kaolinitic sandstones, on phyl- 
lites, and on schists. A layer of kaolinitic clay 
is frequently found between the ore body and 
the parent rock. 

Bauxite probably forms during long peri- 
ods of low geologic activity when the combi- 
nation of high temperature, abundant 
precipitation, and good vertical drainage fa- 
vors intensive chemical weathering. The se- 
quence of leaching begins with removal of 
alkali followed by the removal of alkaline 
earths. Oxides of iron, aluminum, titanium, 
and silicon are mobilized and reprecipitated as 
hydroxides and oxides. Aluminum hydroxide 
and silica form kaolinite, Al,(OH),Si,Ojp. 
This sequence first leads to the formation of 
tropical soils (laterites). Bauxitization follows 
when the climatic, chemical, and topographic 
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conditions prevail long enough to allow the re- 
moval of silicon dioxide as well. 

The bauxite deposits of the Mediterranean 
region, the Caribbean Islands, and many other 
locations that are associated with tertiary and 
older limestone formations (karst bauxites) 
were formed by a similar weathering process. 
Parent materials were lateritic soils and clays 
transported into the karst region and deposited 
in depressions. During extended terrestrial pe- 
riods, high mean temperatures, copious pre- 
cipitation, and good vertical draining through 
the porous limestone bedrock facilitated a 
thorough desilification. In the older literature, 
the parent material for karst bauxitization was 
reported to be clayey residue left after weath- 
ering of substantial layers of carbonate rocks 
[125]. Researchers have shown conclusively 
that igneous rocks were the source of this ma- 
terial [126—128]. 

Comprehensive reviews of the geology. 
mineralogy, and genesis of bauxites have been 
given (124, 129]. 

Table 21.10: World bauxite reserves and production, x 
10° t [130]. 


Mine production Reserve 


Conny 1982 1983 base 
Australia 23 621 23000 4600 000 
Brazil 4186 3900 2300000 
Greece 2853 3100 650 000 
Guinea 10908 29000 5900000 
Guyana 953 800 900 000 
Hungary 2627 2800 300 000 
India 1854 2000 1200000 
Jamaica 8380 7400 2000000 
Suriname 3059 2700 600 000 
United States 732 700 40 000 
Former USSR 4600 4600 300000 
Former Yugoslavia 3668 3600 400 000 
Other market economy 

countries 4820 5000 3100000 
Other centrally planned 
countries 2180 2300 200000 


World total (rounded) 74441 71000 22 500 000 


Major Bauxite Deposits 


Until the 1950s, the European aluminum 
industry was supplied from the karst bauxite 
deposits of France, Hungary, Yugoslavia, and 
Greece. United States sources (Arkansas) and 
ore from Suriname provided the raw material 
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for North American production. Since then, 
the picture has changed drastically. The four 
largest bauxite producers of 1982, namely, 
Australia, Guinea, Jamaica, and Brazil (Table 
4) [130], hardly would have been mentioned 
in 1950. Today, they provide more than half of 
the world's total bauxite output (even at the 
depressed levels shown for 1982, which are 
more than 10? t lower than the production in 
1981). Е 

Africa. The savannah region covers an area 
of the African continent that has experienced 
low geologic activity for a long time. In this 
belt, which stretches from the Ivory Coast to 
Madagascar, very large bauxite deposits were 
found. The major production is currently con- 
centrated in Guinea and Ghana. Cameroon, Si- 
erra Leone, Mali, and the Congo region, 
among other areas, have substantial reserves. 

Australia. Major deposits are located in the 
Darling Range in Western Australia, on the 
Gove Peninsula in the Northern Territory, and 
on the Cape York Peninsula in Queensland. 
Bauxite also occurs in New South Wales, in 
Victoria, and on the island of Tasmania. The 
Australian deposits developed between the 
Eocene and Pliocene epochs on substrates 
ranging from Precambrian sandstones to Ter- 
tiary basalts. Gibbsite is the predominant alu- 
minum mineral, although some boehmite 
occurs in all but the Western Australian depos- 
1ts. 

South America. On the outer slopes of the 
old Guyana Shield, many economically im- 
portant deposits have been found. They are lo- 
cated in the Amazon Basin of Brazil, in 
Colombia, Venezuela, Suriname, Guyana, 
and French Guyana. Suriname and Guyana 
have been producing for more than 60 years, 
whereas the Brazilian Amazon deposits have 
been mined only recently. Bauxite also is pro- 
duced in the Pocos de Caldas area in Southem 
Brazil state of Minas Gerais. The South 
American bauxites generally are geologically 
young, gibbsitic ores. 

Caribbean. Yamaica and the Dominican 
Republic have major reserves of karst bauxites 
that occur on Tertiary limestones under gener- 
ally very thin overburden. Although gibbsite 
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is the main aluminum mineral, some boehmite 
also is present. Jamaica has been one of the 
world's leading bauxite producers for the past 
20 years. 


North America. 'The only economically im- 
portant deposit is located in Arkansas, where 
gibbsitic bauxite developed on nepheline sy- 
enite during the Eocene. Less than 5 x 10’ t of 
bauxite remain, and the grade is declining. 


Europe. Except for a few commercially in- 
significant occurrences, all European bauxites 
are of the karst type. The oldest deposits (De- 
vonian/Mississippian) are those of the Tikhvin 
area in the USSR; the youngest are the Eocene 
bauxites of Yugoslavia. Most European depos- 
its developed during the Lower and Upper 
Cretaceous, e.g., the diaspore and boehmite 
bauxites of France, Greece, and Romania, and 
the gibbsite and boehmite bauxites found in 
Hungary, Yugoslavia, and Italy. Today, all Eu- 
ropean mines combined contribute only about 
17 % of world production. 


Asia. Major deposits of gibbsite bauxites 
occur in India; the island of Kilimantan (Indo- 
nesia) has large potential reserves. Numerous 
bauxite deposits, most of them containing 
geologically old, diaspore-rich ore, were 
found in China. Substantial deposits also are 
located in Western Siberia. 


Economic Aspects 


The proved reserves of bauxite shown in 
Table 21.10 are sufficient to supply the world 
aluminum industry for a few centuries. Total 
resources are estimated by the U.S. Geological 
Survey at 40 to 50 x 10? t. Because of the 
worldwide distribution of significant ore de- 
posits, a disruption of bauxite supply for polit- 
ical reasons appears highly unlikely. In 1974 
several major bauxite-producing nations 
formed the International Bauxite Association 
(IBA) with the intent of increasing control 
over the exploitation of their bauxite deposits. 
Although levies were increased substantially, 
competition from countries not associated 
with the IBA helped maintain a reasonable 
price structure. 
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Economic and political considerations cur- 
rently favor refining of bauxite near the de- 
posit and shipment of either alumina or 
aluminum ingot Brazil, Suriname, and Austra- 
lia have smelters, although their refining ca- 
pacity by far exceeds the demands of domestic 
metal production. Jamaica and Guinea refine a 
substantial portion of their own bauxite pro- 
duction. 

About 25 % of all bauxite mined is used for 
producing abrasives, catalysts, adsorbents, 
and other industrial chemicals. 


21.10.1.3 Bayer Process 


History and Procedure 


Pure ALO, became the raw material for 
aluminum production upon development of 
the Hall-Héroult cell. The first alumina was 
prepared by thermal decomposition of alumi- 
num salts and by sintering bauxite with soda 
(Le CHATELIER). This changed when in 1887 
the Austrian chemist, KARL JosEer BAYER, de- 
veloped the process that bears his name. His 
first work was done in an experimental plant 
in Russia. Construction of the first large com- 
mercial Bayer plant was begun in 1901 in East 
St. Louis, Illinois. Since that beginning, plants 
have been built in at least 25 countries, and the 
present world capacity is over 4 x 10" t/a [88— 
93]. 

The important features exploited in the 
Bayer process are that boehmite, gibbsite, and 
diaspore can be dissolved in NaOH solutions 
under moderate conditions; the solubility of 
ALO, in NaOH is temperature dependent; 
most other components of the bauxite are 
quite inert in the process; and the silica that 
does dissolve subsequently forms a nearly in- 
soluble compound. These features permit for- 
mation of a sodium aluminate solution, 
physical separation of the impurities, and pre- 
cipitation of pure AI(OH), from the cooled so- 
lution. 

Figure 21.21 shows the flow sheet of the 
process as it is now practiced. 

Each operation in the process is carried out 
in a variety of ways. The process begins with 
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preparation of the bauxite by blending for uni- 
form composition followed by grinding. In 
most plants the bauxite is ground while sus- 
pended in a portion of the process solution. 
This slurry is mixed with the balance of the 
heated NaOH solution, then treated in a di- 
gester vessel at well above atmospheric pres- 
sure. The digest reaction is: 


АКОН); + Na* + OH” э Na* + АКОН); 


Additional reactions convert impurities 
such as SiO,, Р,О,, and CO, to relatively in- 
soluble compounds. The other bauxite constit- 
uents remain as solids. The slurry leaves the 
digester at a temperature above its atmo- 
spheric boiling point and is cooled by flashing 
off steam as the pressure is reduced in several 
stages. The flashed steam is used to heat the 
slurry and the solution going to the digester. 
The bauxite residue solids are separated from 
the sodium aluminate solution in two steps so 
that the coarse fraction is processed separately 
from the fine. Both residue fractions are 
washed and discarded. The solution, being 
free of solids, is cooled and seeded with fine 
crystals of Al(OH),; this causes the Al(OH); 
ions to decompose to Al(OH);, thereby revers- 
ing the reaction that previously had taken 
place in the digester. Again, the heat removed 
in cooling the solution is used to heat a colder 
stream in the process. After the precipitation 
reaction has proceeded to the point that about 
half of the Al,O, in the solution has been re- 
moved, the mixture of solids and solution is 
sent to classifiers. The fine Al(OH), particles 
are returned to the process to serve as seed. 
The coarse particles are washed and calcined 
to ALOO,. Excess solution introduced in wash- 
ing the product and the residue must be re- 
moved by evaporation. In some cases the 
solution is treated to remove both organic and 
inorganic impurities before the solution is re- 
cycled through the plant. 


Bauxite Preparation 


The bauxite entering the refinery must be 
uniform and sufficiently fine that extraction of 
the ALO, and that the other operations are 
successful. The chemical composition of 
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bauxite varies. Uniformity is improved by 
blending material mined from several pits and, 
if necessary, by adding bauxite from storage 
piles. A more recent development is to store 
ground bauxite slurry in surge tanks before it 
is pumped to digestion. These agitated tanks 
are operated so that plant feed is uniformly 
blended for several hours. Sometimes bauxites 
are dried to improve handling or washed to re- 
move clay. Н 

Hard bauxite is reduced to particles finer 
than 2 cm in roll or cone crushers and ham- 
mermills. Before it enters the process it is 
ground further to less than 0.15 cm. 
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Figure 21.21: Bayer process flow sheet. 
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Previously, fine grinding was done in dry 
mills operating in closed circuit with vibrating 
Screens. Such operation required very dry 
bauxite to avoid blinding the screens. This re- 
sulted in a dusty working environment. In 
most modern plants, the bauxite is mixed with 
a portion of the process solution and is ground 
as a slurry. Rod mills and ball mills are used 
most frequently. The ground slurry ‘may be 
passed over screens or through cyclones, with 
the fine particles progressing and the coarse 
ones being returned to the mills. 
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In all-wet grinding the bauxite feed and the 
flow of solution are controlled to keep the sol- 
ids content of the slurry between 45 and 55%. 
The power consumed by the mill drive is an 
indicator of the amount of grinding being done 
and may be used to control the feed to the mill. 
On a longer time scale the particle size of the 
product can be used to make changes in the 
grinding operation. 


Digestion 


In digestion, all of the Al,O, in the bauxite 
must be extracted. A solution is produced that 
contains the maximum ALO, concentration 
that can remain stable through the rest of the 
process. This must be accomplished while us- 
ing a minimum amount of energy. 


The conditions for digestion can and do 
vary widely. The first consideration is whether 
the available А1.О; is present as gibbsite, 
boehmite, diaspore, or a mixture of these min- 
erals. The dissolution rates of the three are 
quite different. Generally, if the bauxite con- 
tains mixed phases, the digestion conditions 
will be chosen on the basis of the least soluble 
compound. Any Al(OH), or AIOOH left un- 
dissolved can act as seed in the clarification 
step, causing precipitation of АКОН); while 
the residue is still in contact with the solution. 
Tn the sweetening process, boehmitic bauxite 
is digested under relatively mild conditions, 
producing an intermediate Al,O, concentra- 
tion. In a separate vessel, gibbsitic bauxite is 
added to the flow from the first digest to raise 
the Al4O, concentration to the desired level. 
Another approach is to digest only the gibbsite 
in a mixed baunite. The residue is separated 
from the solution and redigested under more 
severe conditions to recover the boehmite. 
This method reduces the flow to the high-tem- 
perature digest and so requires lower capital 
and operating costs. 


Handbook of Extractive Metallurgy 








NaOH 


Ма›0,% 








NaOH NN 
{mp 321°C) А A\OOH 
90 М 


Na20,% Al203,% 


10 30 50 70 90 


Figure 21.22: Phase diagram Na,O—AI,0,-H,0. 


The solubility data (Figure 21.22) show 
that the Al,O, concentration in the process so- 
lution can be increased by increasing either 
the temperature, the NaOH concentration, or 
both [88—91]. As a result, operating conditions 
in plants vary widely. Higher digest tempera- 
tures result in higher pressures, making the 
equipment more expensive. There also is the 
need for more heat-exchange equipment, 
which further increases capital costs. High 
concentrations, on the other hand, permit in- 
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creased production from a given flow rate and, 
hence, from a given plant installation. Precipi- 
tation is thought to occur better at lower con- 
centrations, but use of low precipitation 
concentrations while digesting at high concen- 
trations requires dilution and additional oper- 
ating costs for subsequent evaporation. 
Choosing digester conditions involves balanc- 
ing these physical factors with local econom- 
ics, together with the designer’s experience. 
This has resulted in the spectrum of operating 
conditions given in Table 21.11. 


Table 21.11: Commercial digestion conditions. 


Bauxite type TS Смон E/L Final Cato, + 


gL 

gibbsitic 380 260 165 
415 105-145 90-130 
boehmite 470 150-250 120-160 
510 105-145 90-130 
diaspore’ 535 150-250 100—150 


* CaO is added to digests to accelerate dissolution of diaspore. 


The conditions listed in the first line of Ta- 
ble 21.11 are those for digesting bauxite at the 
atmospheric boiling point. Quite high alkali 
concentrations are required and the evapora- 
tion requirement is an extraordinary 5.3 t of 
water for a ton of Al,O,. Most plants digesting 
gibbsitic bauxite use the conditions on the sec- 
ond line of Table 21.8. Boehmitic bauxite is 
digested using one of two general sets of con- 
ditions. The first is European practice, in 
which higher concentrations and dilution prior 
to precipitation are preferred to higher digest 
temperatures. When American companies be- 
gan processing boehmitic bauxite from the 
Caribbean area, most chose the same concen- 
trations used for gibbsitic bauxites; therefore, 
a higher temperature was required. The sec- 
ond important reaction in digestion is desilica- 
tion. In the equation below, kaolinite 1s used to 
illustrate the reaction of siliceous minerals 
with the process solution: 


Al,O,-2SiO, -H,O +6NaOH —> 
SE 
kaolinite 


2NaAIO, + 2Na,SiO, + 5,0 


The soluble products react to form a series 
of precipitates with zeolite structure, having a 
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composition of approximately Na,AI,Si,O,, 
(ОН). | 

Depending on temperature and concentra- 
tion, the ratio of AL,O4:SiO, in the zeolite 
(tectosilicate) structure can vary. For each Al** 
replacing Si* in the lattice, one Na* is taken 
up to maintain charge neutrality. Anions, such 
as SOZ- or COF may substitute for OH" in the 
structure. The formation of the zeolitic desili- 
cation product (DSP) therefore leads tò costly 
loss of sodium hydroxide. This reaction, how- 
ever, is necessary for lowering the level of dis- 
solved 810, to less than 0.6 g/L, the maximum 
acceptable concentration. 

The rate-determining step in the desilica- 
tion reaction is the nucleation and crystalliza- 
tion of the desilication product. Therefore, the 
presence of seed particles is important; with- 
out seeds, solutions containing 0.75 g/L SiO, 
will not react in 40 min at 415 K. This has led 
to the paradoxical situation that some bauxites 
contain too little reactive 510, for good desili- 
cation. The slurry blending and storage opera- 
tion discussed earlier can be an important part 
of the desilication process. If the storage tem- 
perature is above 355 K, about 80% of the re- 
action takes place in 8 h. More important, seed 
is formed so the desilication reaction in the di- 
gester is not delayed. Very low SiO, concen- 
trations can be achieved if an excess of CaO is 
charged. At high temperatures, and with the 
lime additions, a less soluble desilication com- 
pound (cancrinite) is formed. European plants 
use longer holding times during or after diges- 
tion to facilitate desilication. 

Some CaO is added to the digest even when 
extreme desilication is not required. The cal- 
cium reacts with the carbonate and phosphate 
compounds as follows: 

CaO + H,O — Са(ОН), 
Ca(OH), + Na,CO, — CaCO, + 2NaOH (causticization) 
5Ca(OH), + 3Na,PO, > Ca,(PO,),0H + 9NaOH 


The last reaction controls the level of phos- 
phates in the process solution; this impurity 
can affect clarification adversely. Causticiza- 
tion in the digest was more important when 
prices were such that the sodium required by 
the process was supplied more cheaply as 
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Na4CO,. Its current importance is in control of 
the COF concentration, which, at high levels, 
can affect precipitation. In modern practice, 
the causticization reaction is carried out on di- 
lute process solutions outside the digester. 
Maintaining low concentrations and having 
much of the NaOH combined as NaAIO, are 
favorable to more complete reaction of CO 
with Ca”. 


Equipment 


The equipment for digestion includes the 
reactor vessel, heat-exchange equipment, and 
pumps. The first reactors were horizontal ves- 
sels with crude agitators mounted on axial 
shafts. These were filled with a slurry of baux- 
ite, lime, and process solution. They were 
closed and heated individually by injecting 
high-pressure steam. At the end of the desig- 
nated holding time, a discharge valve was 
opened and the slurry was forced into another 
vessel at atmospheric pressure. Only a small 
portion of the steam flashing from the slurry as 
the pressure was reduced could be recovered. 
Continuous operation was introduced in the 
1930s in which heat could be exchanged be- 
tween the hot stream leaving the digester and 
the cooler, incoming stream. This greatly re- 
duces the energy requirements. 

Reactors. Digester vessels, whether batch or 
continuous, provide intimate contact between 
the bauxite and the solution for a period long 
enough to complete the extraction and desili- 
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Figure 21.23: High-temperature digestion and heat recovery. 
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cation processes. The equipment designed for 
this purpose is quite diverse. Agitated hori- 
zontal vessels have been replaced by vertical 
units to avoid the mechanical problems with 
sealing the agitator shaft. Both designs have 
used a series of vessels to minimize short cir- 
cuiting of the flow. European practice includes 
use of a series of vertical agitated vessels, each 
operating at a higher temperature than the pre- 
ceding one. These units are heated by flashed 
steam in internal steam coils. A German di- 
gester design uses concentric pipes; the liquid 
being heated flows through the inner pipe 
while the hot slurry from the digester is re- 
turned through the outer pipe. This tube di- 
gester has been modified by placing several 
tubes for the cold slurry in parallel inside a 
larger outer tube. This reduces the length of 
the unit. The vanety of digester design is illus- 
trated in Figures 21.23 and 21.24. The flow 
through single-digester units may be as high 
as 12 m?/min. 


The usual construction material for digest- 
ers is mild (low-carbon) steel, despite data 
showing that, at the temperatures and NaOH 
concentrations involved, there may be stress 
corrosion cracking resulting from alkali em- 
brittlement. The presence of the Al(OH); ions 
reduces the activity of OH" in the solution. 
Finely divided Fe,O, in the bauxite quickly 
saturates the solution with Fe?*, suppressing 
corrosion of the metal. Some digestion equip- 
ment has been nickel plated for safety. 
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Figure 21.24: Tube digester: a) Piston pump; b) Heat; c) 
Condensate; d) Flow control valve; e) Steam. 

Flashing. In most plants the hot slurry from 
the digester 1s flashed in a series of pressure 
vessels until it reaches the atmospheric boiling 
point. The steam generated in flashing is used 
in heat exchangers to heat the flow of liquor 
and bauxite coming to the digester. Flashing 
also removes water from the process stream, 
thereby accomplishing a significant portion of 
the evaporation needed. Normally, heaters are 
tubular, but coils of tubing also are used. As 
few as three stages of flashing may be needed 
when the digestion temperature is 418 K, and 
this may be increased to ten stages for a unit 
operated at 515 К. Figure 21.23 is a schematic 
diagram of a high-temperature digestion unit. 


Heat Exchangers. Operating practice has 
been divided as to whether the bauxite slurry 
should be heated separately or whether it 
should be mixed with the rest of the solution 
and then heated. These two modes of opera- 
tion have been designated the single- and the 
double-stream processes. Those favoring sep- 
arate heating of the bauxite slurry, the double- 
stream option, feared rapid deposition of de- 
silication product on the heat-transfer sur- 
faces. Experience has shown that, particularly 
if the bauxite slurry is stored for blending, 
those fears are unfounded. The rate of fouling 
is no higher than for heating clean liquor. In 
both options there is slow deposition of desili- 
cation product on the heat-exchanger surface 
because the desilication reaction does not 
reach equilibrium in the digester and contin- 
ues at a slow rate wherever the solution tem- 
perature is raised. The encrustation must be 
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removed periodically by washing with dilute 
НСІ or H48O,, or by mechanical means to 
maintain a high heat-transfer rate. 

In some plants using the double-stream sys- 
tem, the bauxite slurry is heated in contact 
heaters. These heaters are designed much like 
barometric condensers. The liquid is forced to 
fall through the steam in the heater in droplets 
or in thin films. The large surface area ex- 
posed results in high heat-transfer ratés, and 
because there is no metallic surface, there is 
no fouling. The penalty is higher dilution. 

The heat needed to raise the temperature 
above that achieved in the flashing system can 
be introduced by direct injection of steam. 
More often the final heating to the digest tem- 
perature is done in a separate heat exchanger, 
with the energy coming from steam, hot oil, or 
molten salts. 


Pumps. Centrifugal pumps are used in most 
digester systems. Those used for pumping 
slurries are built of wear-resisting alloys. A 
great deal of maintenance is required to keep 
the shaft seals operating well. In some plants, 
concern about pump wear has led to the use of 
diaphragm pumps. In such pumps a check 
valve admits the slurry to a chamber on one 
side of a flexible diaphragm. When that cham- 
ber is full, oil at high pressure is forced into a 
chamber on the other side of the diaphragm. 
This moves the slurry through another check 
valve into the digester. Therefore, no rapidly 
moving parts are in contact with the slurry. In 
a Japanese modification, called the Hydro- 
hoist, the diaphragm is replaced by a sphere 
that is free to move the length of a cylinder. 
Slurry is kept in one end of the cylinder and 
the drive fluid, which is clean process solu- 
tion, is in the other end. Because of this choice 
of drive fluid, leakage past the sphere is of no 
consequence and tight clearances are not re- 
quired. 


Measurement and Control. Operating vari- 
ables that must be controlled are temperature, 
solution concentration, and degree of desilica- 
tion. The holding time is fixed by the design of 
the digester vessels. As noncondensable gases 
are formed by the reaction of the solution with 
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organic materials in the digest, it is necessary 
to vent these gases so that the digester remains 
full. Venting can be controlled by sensing the 
liquid level with a float or a radioactive sensor. 
Temperature measurement and control are rel- 
atively simple because only the temperature 
from the final heater is critical. Concentration 
control comes from blending the bauxite and 
careful proportioning of the slurry and clean 
solution flows. Originally, feedforward con- 
trol was used in which the composition of the 
incoming materials was used to set the rates at 
which they were added. In modern practice 
feedback control is based on the composition 
of the exiting solution. Chemical analyses of 
the solution can be used, but the time lag in- 
volved makes this control imprecise. Nearly 
real-time control has been achieved by using 
the fact that the conductivity of the solution at 
a given temperature is a linear function of the 
mass ratio of Al,O, and NaOH. This is the 
variable of interest. In modern plants the out- 
put of the sensor goes to a computer, which in 
turn controls the amount of bauxite slurry 
pumped. Such control has reduced the vari- 
ance in concentrations to about a third of the 
values experienced earlier. This permits oper- 
ation closer to the maximum safe concentra- 
tion with less risk of premature precipitation 
of A1,0, in clarification. 


Clarification 


The next step in the process is the separa- 
tion of bauxite residue solids from the solu- 
tion. There is a wide variety of equipment and 
procedures used in this operation. The meth- 
ods chosen depend on the quantity and proper- 
ties of the residue. 


The particle size distribution of the residue 
solids is usually bimodal. The coarse fraction 
over 100 um in diameter is termed sand, 
whereas the rest of the solids are finer than 10 
um. The sand fraction may range from 5 to 
nearly 50% of the total. The lowest amounts 
are in the Caribbean bauxites and the highest 
are in the residue from Western Australian 
bauxite. In the plant the sand fraction is sepa- 
rated from the process stream in liquid-solids 
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cyclones or in more primitive settling devices. 
A variety of equipment, including Dorr, Hard- 
inge, and Aikens classifiers, have been used to 
wash the sand free of process solution before it 
is discarded. In all of these units the sand 
moves countercurrently to the wash water so 
that a maximum of washing is done with a 
minimum of water. The wash solution is added 
to the balance of the process flow and pro- 
ceeds to further clarification steps for removal 
of the fine solids. 

In most plants the fine residue fraction is 
settled in raking thickeners of the type illus- 
trated in Figure 21.25. These vessels may ex- 
ceed 49 m in diameter. Some older plants used 
multideck thickeners. Difficulties in keeping 
the multideck units in balanced operation have 
led to almost exclusive use of single-deck 
units in new construction. 

The desanded slurry is fed at the center of 
the thickener and clarified solution overflows 
at the perimeter. As the solution flows radially 
across the thickener both the horizontal and 
vertical velocities become very low. The sol- 
ids, having a higher specific gravity than the 
solution, sink to the bottom of the thickener. A 
settling rate of 1.5 m/h is sufficient for com- 
mercial operation. The solution overflowing 
the thickener usually contains less than 0.3 g/L 
solids, whereas the underflow ranges from 15 
to 35% solids. The rotating mechanism has 
plows mounted at an angle to the arm. These 
slowly move the settled pulp across the bot- 
tom of the thickener to a discharge port. A few 
units have been designed with the discharge at 
the perimeter rather than at the center. 

The objective was to avoid the need to ele- 
vate the units to provide access to a center dis- 
charge. 

The fine solids behave as a relatively stable 
colloidal suspension, so they settle slowly if 
not treated further. The addition of flocculants 
improves the clarity of the thickener overflow, 
the settling rate of the solids, and the solids 
content of the underflow pulp. Flocculants act 
by binding the very fine particles into flocs 
that may be several millimeters in diameter. 
The ratio of mass to drag forces is increased so 
the flocs settle more rapidly. 
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Figure 21.25: Residue thickener: a) Feedpipe; b) Feedwell; c) Motorized lifting device; d) Liquid level; e) Overflow 
launder, f) Weir; g) Off-tank support; h) Tank; i) Cone scraper, j) Discharge cone. 


Starch from either grains or roots was the 
first flocculant; the dosage varied from 0.5 to 
3 kg per ton of bauxite. The amount required 
increases as the surface of the residue in- 
creases and 1s affected by the mineral compo- 
sition of the residue. Starch has the advantages 
of being inexpensive and ubiquitous. It does 
react with the NaOH in the solution to add or- 
ganic compounds to the solution. In the 1950s 
water-dispersible polymers were proposed as 
flocculants. The first compounds were effec- 
tive when added at 10% of the starch charge, 
but they were expensive so they offered no 
economic advantage. More recently, floccu- 
lants based on acrylate-acrylamide copoly- 
mers have begun to replace starch. The 
functional groups of these anionic flocculants 
can be modified to suit specific operating con- 
ditions. Different materials may be used in the 
thickeners and in the washing operation. In 
some cases a small amount of starch is added 
to the synthetic flocculant to improve over- 
flow clarity. These synthetic materials now of- 
fer an economic advantage because they have 
been made less expensive and more effective. 


With the residue concentrated in the thick- 
ener underflow, the next task is to wash it free 
of process solution so that it can be discarded. 
This is usually done in countercurrent decan- 
tation systems using washing thickeners that 
are similar in design to those used for settling. 
The washing operation is done in as many .as 
seven stages with the solids moving counter- 
current to the wash stream. This is illustrated 


in Figure 21.26. An equation can be written 
for each stage expressing a material balance 
between soluble materials and dilution. Com- 
puter models of the washing system allow ac- 
curate prediction of performance. 
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Figure 21.26: Flows at stage n in countercurrent decanta- 
tion (O = overflow; U = underflow). 
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In residue washing, the objective is to mini- 
mize both the value of the soluble salts lost 
and the cost of evaporating the added wash 
water. The solubles in the discarded pulp can 
be reduced by increasing the solids content of 
the underflow. This reduces the amount of sol- 
ubles carried from one stage to the next so that 
dilution is more effective and can be accom- 
plished by using more flocculant or by in- 
creasing the holding time in the thickener. 
There is some risk in the latter change. If some 
undissolved gibbsite or boehmite remains in 
the residue, it may induce precipitation with a 
resulting loss of Al.O3. 

In some plants vacuum drum-type washing 
filters are used to replace some or all of the 
washing thickener stages. The solids content 
of the residue may be increased to 50-60% by 
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filtration. Therefore only about 3396 as much 
solution is needed compared to plants using 
thickeners and this results in a great increase 
in the effectiveness of washing. Calculations 
for countercurrent washing show that two 
stages discharging at 5596 solids are more ef- 
fective than six stages operating at 20% sol- 
ids. 

Another approach only recently introduced 
into plant practice is called the deep thickener. 
This equipment was developed in the British 
coal industry to concentrate the slimes from 
coal washing. In the deep thickener, increased 
quantities of flocculant are used and a column 
of residue pulp up to 10 m deep is maintained. 
The hydraulic pressure of the deep column ap- 
pears to densify the pulp so that underflow sol- 
ids approaching the concentration of filter 
cake are obtained. The overflow from these 
units contains more solids than the flow from 
standard thickeners, but the units are finding 
use in concentrating residue for washing and 
for disposal. The simplicity of the equipment 
adds to its appeal. 

The final stage of clarification is polish fil- 
tration of the solution, sometimes called clear 
pressing. Most of the residue solids have been 
removed from the process solution in the pre- 
vious steps, but product purity must be pro- 
tected by removing the few particles of solids 
remaining. Filter presses are used most 
widely. 

Another approach to polish filtration 1s use 
of a stationary filter in which the medium 1s 
uniform, fine sand a meter deep. Gravity pro- 
vides the force to move the solution through 
the sand bed. During operation, the fine solids 
are mixed with the sand, from which they are 
elutriated at the end of the cycle. Such filters 
can be automated and are especially effective 
with residues that are difficult to process. 

Close attention is required to keep the sol- 
ids content of the filtrate down to 0.5 mg/L to 
protect product purity. Light transmission of 
the filtrate is used as an index of clarity. Purity 
originally was determined visually, but 
nephelometers are used now. If evidence of 
solids is found, the filtrate from each filter is 
scanned to locate the source. Some solids may 
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pass through the filter cloth before a layer of 
solids forms to serve as a barrier, so it is com- 
mon practice to recycle the first portion of fil- 
trate. 


Control in clarification has two major ob- 
jectives; the solids must be removed and the 
washed residue must be prepared for discard, 
using a minimum of wash water. The first ob- 
jective is achieved by measuring the cloudi- 
ness of the filtrate. High solids in the 
underflow are dependent in part on the reten- 
tion time in the thickener, so measurements 
must be made of the pulp level in the unit. Au- 
tomatic determination of the interface be- 
tween clarified liquid and pulp has been done 
by ultrasonic and by optical scanning. The 
density of the underflow pulp is monitored by 
a device measuring absorption of radiation or 
by gravimetric measurement. If the pulp is too 
dilute the rate of withdrawalis decreased. This 
control can be overridden if the pulp level in 
the unit rises too high so that there is concern 
that the solids in the filter feed may become 
excessive. The flows of solids and wash water 
also must be measured and proportioned for 
efficient operation. 


Precipitation 


The filtered solution is at a temperature of 
375 K and it must be cooled to 335—345 K be- 
fore precipitation. This cooling is usually done 
in a flashing system analogous to that used in 
recovering heat in digestion. Because the tem- 
peratures are below the atmospheric boiling 
point, the flash vessels and the heat exchang- 
ers must operate under vacuum. This requires 
a method for removing noncondensable gases 
from the system. Usually a steam jet pump is 
used. Most heat removed by flashing is trans- 
ferred to the colder solution returning from 
precipitation. Heat from the final cooling 
stage is ejected to the atmosphere or, prefera- 
bly, to wash water entering the plant. Baro- 
metric condensers can be used for this final 
cooling. À recent development is to cool the 
solution further midway through the precipita- 
tion operation. This allows higher recovery of 
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ALO, without using conditions that lead to ex- 
cessive nucleation of product. 


Recovery of the Al(OH), from the process 
solution is known as precipitation, decomposi- 
tion, or Ausrührung. The reaction is the re- 
verse of the digester reaction given earlier. 
The cooling done after digestion and filtration 
has moved the solution into an area of the sol- 
ubility diagram known as the metastable re- 
gion. The concentration and temperature are 
such that the solution is supersaturated with 
Al(OH), but is not saturated enough for spon- 
taneous crystallization. This is illustrated by 
Figure 21.27. At the digest temperature, T}, 
the Al,O, concentration is increased to point P 
on the diagram. Cooling to temperature 7, ге- 
sults in crossing the solubility curve into the 
metastable region. Addition of АКОН), seed 
at this point causes precipitation and the con- 
centration of Al,O, approaches the solubility 
curve at Ta. The additional cooling recently 
adopted moves the solution conditions further 
to the left in the diagram above a lower point 
on the solubility curve. 


The kinetics of the precipitation reaction 

are represented by the equation: 
E 

fie = ke RTA(c,—c..)? 
where: с = А.О; concentration in g/L, k = 
constant, E = activation energy, about 59 000 
J/mol, А = 8.31441 Imol'K", Т = tempera- 
ture in К, А = seed area in m?/L, o = concen- 
tration at equilibrium. 


The reaction is second order, i.e., the rate is 
affected by the square of the difference be- 
tween the actual Al.O, concentration and the 
equilibrium concentration. The operating tem- 
perature affects the equilibrium concentration 
and the reaction rate. Because seed area is im- 
portant, the seed charge must be as high as can 
be maintained while meeting other operating 
objectives. 
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Figure 21.27: Generalized solubility curve. 


The first objective in precipitation is to pro- 
duce Al(OH), that, when calcined, meets the 
specifications for metallurgical alumina. 
These specifications are discussed in Section 
21.10.1.5. The second objective is to obtain a 
high yield from each volume of solution. This 
increases the plant capacity and reduces the 
amount of energy spent in heating and pump- 
ing the solution. At the same time, the pro- 
cesses serving to create new Al(OH), particles 
must be controlled so that the number of seed 
particles created equals the number of parti- 
cles leaving the system as product. This re- 
quires balancing nucleation, agglomeration, 
growth, and particle breakage, so a combina- 
tion of science and art has developed. 

About 2 x 10!? nuclei must be formed in 
each liter of solution to balance the process. 
The rate of nucleation is a strong function of 
both the degree of supersaturation and of tem- 
perature. Very few nuclei are formed if the 
temperature is above 350 K. A change in the 
operating temperature of only five degrees 
will change a system from a net producer to a 
net consumer of nuclei. Temperature changes 
of two to three degrees are the most frequently 
used control measures. 

The nuclei grow slowly by accumulation of 
Al(OH), on their surface if they become large 
enough to be viable seeds. The rate of growth 
can be as high as 9 um/h, but it is generally 
much lower. The growth rate is independent of 
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the particle diameter. Particles also increase in 
size by agglomeration. By a process that is not 
well understood, the nuclei form clusters in 
the first few hours of the cycle in batch precip- 
itation. When the supersaturation is low, this 
agglomeration does not occur. Some speculate 
that when the rate of precipitation is high, the 
Al(OH), is not well crystallized when it is first 
deposited on the seed. This later may serve as 
the bond for agglomeration. At low supersatu- 
ration the deposited material is better ordered. 
The action of mechanical equipment in precip- 
itation can break fragments off crystals or 
break up agglomerates. creating secondary nu- 
clei, but this is not a major factor in most 
plants. 


Figure 21.28 is an electron micrograph of 
some Al(OH), produced in a plant operation. 
The particles are obviously the result of ag- 
glomeration. Those agglomerates having 
fewer particles can be shown by thin-section 
micrographs to have grown radially from an 
agglomerate of relatively few nuclei. 





Figure 21.28: Technical aluminum hydroxide (gibbsite), 
200 x. 


In Figure 21.29, the AL,O, concentrations 
in experimental precipitations is shown as a 
function of time and temperature. The slopes 
of these curves indicate the rates at which pre- 
cipitation is progressing. All curves show a 
high rate at the start and appear to be ap- 
proaching a final value asymptotically. The fi- 
nal concentrations were well above the 
saturation level, but in these as in plant opera- 
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tion the rate became unusually low, so the pro- 
cess was terminated. 
110 
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Figure 21.29: Effect of temperature on precipitation. 


Precipitators are vertical cylinders; the 
height, which may be 30 m, is usually 2.5-3.0 
times the diameter. The seeded slurry is circu- 
lated to maintain intimate contact between sol- 
ids and solution. Early precipitators circulated 
the material by means of a central air lift pipe. 
Air introduced at the bottom of the pipe re- 
duced the apparent density of the slurry within 
the pipe. This caused slurry to flow into the 
bottom of the pipe to establish circulation. 
Modern precipitators are circulated mechani- 
cally by impellers up to 3 m 1n diameter oper- 
ating in a draft tube. In these units the flow 1s 
downward through the tube, so the tank bot- 
toms are nearly flat to reverse the flow and 
cause upward motion of the slurry. Tanks with 
air lifts have conical bottoms to direct the flow 
to the central air lift. 

Originally, precipitators were filled indi- 
vidually in batch operation. This method had 
several disadvantages, chief of which was the 
need for many operators because the operating 
cycle of a single precipitator required at least 
15 separate operations. Control was difficult 
and batch operation left equipment out of ser- 
vice part of the time. 

Nearly all plants built in the last 30 years 
have used the continuous system. Up to 13 
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tanks are placed in senes so that the flow of 
seed and solution moves by gravity through 
channels connecting the tank tops. Continuous 
flows are much easier to measure and to auto- 
mate. The number of flows is reduced, so con- 
trol is better and the labor requirement is 
reduced. There are some operating problems. 
One is to avoid passage of the slurry across the 
tank tops, thereby reducing the retention time. 
Movement of solids from tank to tank is also a 
problem. An ideal system would retain fine 
particles in the tanks and move only the coarse 
material to the.discharge. This is not possible, 
so a compromise method of operation must be 
found. Precipitation takes place at constant 
conditions in each tank instead of following a 
continuous curve, as in Figure 21.30. This 
tends to decrease production per tank, but the 
loss is more than recovered because the tanks 
are always in use. 
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Figure 21.30: Al.O, concentration profiles in batch ad 
continuous precipitation. 

Several patterns have been used to supply 
the seed for precipitation. The earliest was to 
neutralize a portion of the solution. An 
АКОН), gel was precipitated that changed 
into fine crystallites on aging. This very fine 
material was grown through at least one cycle 
to provide an active seed for product precipita- 
tion. The more common approach is to use 
fine particles, produced in the operation, as 
seed. The slurry leaving precipitation is classi- 
fied into a coarse product fraction and one or 
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more fine fractions. The fines are returned to 
the process to grow to product size. Classifica- 
tion is done by controlling the flow rate 
through tanks so that the fines are elutriated. 
Liquid solid cyclones are coming into use be- 
cause they provide more accurate separations. 
The seeding and classification systems have 
become increasingly complex. In modern 
plants at least three fractions are separated. In 
some plants the agglomerates formed from 
fine seed must pass through the system once 
more before becoming product. This reflects 
the belief that the agglomerates must be made 
tougher by deposition of additional Al(OH), 
so that they do not disintegrate in calcination 
and subsequent handling. 

In a recently disclosed modification [131], 
a relatively small charge of fine seed is added 
to the first tank in a series. This promotes ag- 
glomeration. Then, additional coarser seed is 
added to the second or third tank to provide 
the large seed area needed for high production. 
As indicated previously, cooling may be done 
between units in а-ѕепеѕ to increase the super- 
saturation in the final tanks, thereby increas- 
ing the production rate. A further change in 
modern plants is to filter the seed slurry being 
recycled. This decreases the amount of spent 
solution returning to the system and increases 
both the Al,O, concentration in the first tank 
of the series and the overall production. 


The control variables available to the pre- 
cipitation operator are the temperatures in the 
system; the flow per unit, which translates into 
holding time; the amount of seed; and the par- 
ticle size of the seed. Some of these variables 
are difficult to control, so the system usually 
cycles slowly from coarser than desired to 
finer. There is enough inventory in the process 
so that minor cycles can be tolerated without 
affecting plant output. 


Impurities 


The impurities in the product А1.0; are af- 
fected by all of the foregoing operations, in- 
cluding selection of the bauxite. There are at 
least three classes of impurities. The first is 
residue solids that are not removed in clarifi- 
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cation. The large surface area of Al(OH), in 
precipitation effectively sweeps up these sol- 
ids into the product. The preventive measure is 
increased vigilance in filter maintenance and 
operating. The second class is materials that 
are in true solution, such as sodium and gal- 
lium. The third group includes materials that 
are in solute form at the temperatures of diges- 
tion but precipitate later in the process. Their 
solubilities may be only milligrams per liter 
and return of the solution to equilibrium at 
lower temperatures may be slow. If precipita- 
tion is not completed before filtration, the re- 
maining impurities appear in the product. 
There are also other impurities that do not fall 
neatly into these categories. 

Sodium is the main component of the pro- 
cess solution and is also the largest contami- 
nant of the product. The Na,O content of 
alumina can be decreased by increasing the 
seed charge and by increasing the precipita- 
tion temperatures. The real variable that these 
operating changes help control is the rate of 
crystal growth. Higher temperatures, greater 
seed area, and lower AL,O, concentrations all 
slow growth and give impurities more time to 
diffuse from the surface. By proper control of 
these variables an order of magnitude decrease 
in the Na,O content of a commercial product 
has been achieved. Some sodium is lost in the 
Hall—Héroult cells during smelting by absorp- 
tion into the cell lining and by conversion to 
sodium metal, so complete absence of sodium 
in metallurgical alumina is not necessary. The 
target 1s to balance the input to the cells with 
the losses. This requires Al,O, containing 
about 0.4—0.5 % Na,O. 

Gallium is a ubiquitous component of alu- 
minous ores. Its chemistry is similar to that of 
aluminum, so it accumulates in Bayer process 
solutions until an equilibrium is reached at 
about 0.2 g/L. The gallium content of ALO, is 
a linear function of the gallium concentration 
in the solution. Therefore, the amount leaving 
in the product equals the input. Because gal- 
lium is in true solution, the same changes that 
lower the Na,O content of the product lower 
the gallium content. Only in the production of 
high-purity metal has there been concem 
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about the gallium content of alumina. About 
10 t/a of gallium is recovered from Bayer pro- 
cess solutions. This is the best source for the 
production of gallium. 

Silicon is a component of many aluminum 
alloys, yet the specification for Al,O, is less 
than 0.02% SiO,. This value is only 25% of 
that specified 50 years ago. The SiO, is in so- 
lution, but it appears to be added to the prod- 
uct through a slow continuation of the 
desilication reaction. There is also evidence 
that if the rate of ALO, deposition on seed is 
not high, the seed surface becomes at least 
partially covered with desilication product, 
thereby becoming less active as a seed for 
Al(OH), precipitation and more active toward 
SiO,. This impurity is controlled by driving 
the desilication reaction nearer to completion. 
Lowering the SiO, concentration of the solu- 
tion below 0.1 g/L gives a product containing 
less than 0.003 % 51О,. 

Potassium is undesirable in the AL,O, be- 
cause it may destroy the graphite in Hall- 
Héroult cells by intercalation, i.e., it diffuses 
between the layers of the graphite structure, 
thus expanding its volume. Although it is solu- 
ble in Bayer solutions, there has not been a re- 
corded instance of K,O concentrations 
becoming high enough to affect the ALO, 
quality. 

Iron(IIl) oxide (Fe,O,) as an impurity in 
AlO; has been the subject of much investiga- 
tion. It is soluble up to = 1 g/L in the solutions 
at digest temperatures (400—500 K), but only 
to = 0.001 g/L at 333 K [132]. This reconciles 
the observations that Fe,O, behaved at times 
as if it were in solution and as a colloid at oth- 
ers. There are several iron minerals that can 
serve as sources for the impurity. Hematite (o- 
Fe,O,) and goethite (a-FeO(OH)) are present 
in most bauxites. Goethite is slowly converted 
to hematite in high-temperature digests, par- 
ticularly if CaO is present. This conversion 
improves clarification because hematite set- 
tles better than goethite. The mineral siderite 
(FeCO,) present in some bauxites not only is a 
source of iron but also reacts with NaOH to in- 
crease the amount of causticization needed. 
Pyrite (FeS,) is almost insoluble in Bayer so- 
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lutions; its adverse effects occur when the sul- 
fur is oxidized to sulfate in the presence of air 
and water. The sulfate will react with NaOH to 
form Na,SO, which has to be removed period- 
ically. 

Paradoxically, there is less difficulty with 
Fe,O, as an impurity in processing bauxites 
containing a large amount of iron oxides. This 
is probably because the iron oxides serve as 
seed and hasten hydrolysis of the NaFeO, 
formed in the digest. Running the solution 
over iron oxide particles before filtration has 
beén effective in controlling this impurity. An- 
other process for lowering the iron content of 
A1,0, is termed step precipitation. The filtered 
Bayer solution is lightly seeded with Al(OH), 
for a short time to precipitate up to 3 g/L 
ALO,. The seed and the small amount of pre- 
cipitation effectively sweep the colloidal iron 
hydroxide particles from the solution, leaving 
an Fe,O, concentration of less than 0.005 g/L. 

Calcium also is a common impurity. The 
presence of increasing amounts of Na,CO, in 
the Bayer solution seems to increase the CaO 
in the product. The CaO is not harmful to the 
aluminum produced; there is calcium in the 
Hall-Héroult cell bath. As with sodium, addi- 
tions to the cells should not exceed the losses 
to avoid buildup in the electrolyte. Calcium 
can be controlled by step precipitation or by 
lowering the carbonate content of the solution. 
Another alkaline metal, lithium, also is accept- 
able in Hall--Héroult cells. It can be removed 
by step precipitation. 

The other metallic impurities that appear in 
many bauxites in small amounts are chro- 
mium, copper, manganese, titanium, vana- 
dium, and zinc. Generally, these impurities are 
not so concentrated that removal processes are 
required. Sulfide salts have been added to pre- 
cipitate copper and zinc. The chromium is a 
problem only if it is oxidized; the organic salts 
in the solution are usually a sufficient reduc- 
tant. The addition of manganese compounds 
as oxidants for organic material has been re- 
ported. 

Anions, such as carbonate. chloride, fluo- 
ride, and sulfate, are known to interfere with 
Al(OH), precipitation. The carbonate ion is 
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controlled by addition of lime, although pro- 
cesses have been reported in which Na,CO, is 
removed by evaporative crystallization or by 
cooling the solution to 260 K. The sulfate and 
chloride ions usually are controlled naturally, 
as their salts are incorporated in the desilica- 
tion product in sufficient quantities to main- 
tain an equilibrium. There are commercial 
operations in which the sulfate salt is removed 
by evaporation and crystallization The least 
soluble salt is schairerite (Na,SO,-NaF), and 
when the fluoride ion is depleted, burkeite 
(2Na,SO,-Na,CO,) appears. The fluoride ion 
is almost never present in quantities large 
enough to be harmful. 

Many bauxites contain phosphate minerals. 
Apatite (3Ca;P,O,- CaF,) does not react in the 
process; indeed, this compound or its hydroxy 
counterpart is formed when soluble phos- 
phates react with calcium in the digest. Alumi- 
num phosphates, such as wavellite (A4 AIPO,- 
Al(OH);-9H,O) do react, forming Na,PO, as 
the soluble phosphate. The phosphate ion in- 
terferes with flocculation of bauxite residues 
containing goethite, probably by competing 
for attachment sites [133]. The concentration 
of phosphates never is high enough to inter- 
fere with ALO, purity. Addition of CaO to the 
digest is the control measure. 

The organic matter in bauxite, whether it 
be roots and twigs from plants or humic acids 
from decayed matter, reacts in the digest to 
form a wide variety of organic compounds. 
Some operation process streams have ex- 
ceeded 15 g/L organic carbon in solution. 
There is evidence that larger molecules are ox- 
idized in the process all the way to Na,CO, 
and sodium oxalate (№а,С,О,). In addition 
some, but not all, of the organic compounds 
may interfere with precipitation [91]. 

The effect of sodium oxalate on processing 
has not been quantitatively determined, yet 
many plants incorporate equipment for crys- 
tallization of the oxalate salt from the solution. 
Others wash this salt from the Al(OH), seed 
and recover it from the wash water. The evi- 
dence is overwhelming that operations are im- 
proved by the oxalate removal techniques. 
Early removal processes included evapora- 
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tion to high concentrations followed by cen- 
trifugal separation of the gelatinous salt mass. 
In other plants, a portion of the solution was 
mixed with bauxite or AI(OH), and heated to 
1280 K. This destroyed the organic com- 
pounds and formed NaAlO,, which could be 
recovered in the process. À German process 
adds magnesium salts to the digest to remove 
the deleterious organic compounds. Still oth- 
ers are investigating methods of oxidizing the 
organic material in the solution [134]. 


Calcination 


The final operation in production of alu- 
mina is calcination. The temperature of the 
Al(OH), is raised above 1380 K resulting in 
the reaction: 


2AYOH), > ALO, + 3H,O 


As discussed in Section 21.10.1.2, this re- 
action can take several pathways and several 
transition forms may appear. The end of all 
pathways is o-alumina. In older European 
practice, a major portion of the alumina was 
converted to the a-phase, sometimes by the 
addition of a fluoride salt to lower the temper- 
ature of transformation. In American practice, 





Wash water 


Figure 21.31: Alcoa flash calciner: a) Filter; b) Flash dryer; c) Cyclone; d) Fluidized-bed dryer; e) Holding vessel; f) 
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calcination always has been less severe; so, 
normally, € 20% of the alumina is in the a- 
phase. 


Before calcination, it is necessary to wash 
the process solution from the coarse AI(OH),. 
This is done countercurrently, using storage 
tanks and filters. As in residue washing, in- 
creasing the number of washing stages and the 
concentration of solids leaving each stage im- 
proves the effectiveness of washing. Vacuum 
filters of several designs have been used for 
the final separation. The early Oliver and Dorr 
drum filters have been replaced by horizontal 
rotary filters because better washing can be 
achieved. The quality of the wash water is of 
some concern because such impurities as cal- 
cium and magnesium can be adsorbed on the 
surface of the AI(OH),. 


Previously, calcination was done in rever- 
beratory furnaces. These had neither the ca- 
pacity nor the thermal efficiency required, so 
they were soon replaced by rotary kilns. These 
kilns are cylinders that may be 3.5 m in diame- 
ter and over 80 m long. They are mounted on 
bearings and rotate about an axis inclined at a 
small angle to the horizontal. 
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Furnace; g) Cyclone; h) Multistage cyclone cooler; i) Fluidized-bed cooler; j) Electrostatic precipitator. 
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Damp Al(OH), from the filters enters the 
upper end and slowly tumbles toward the 
lower end, traveling against a stream of hot 
gas formed by combustion of natural gas or oil 
at the discharge end. Early kilns were less than 
40 m long, but longer units have better thermal 
efficiency and higher capacity. 

Product coolers were added to kilns so that 
part of the heat in the incandescent product 
could be transferred to the combustion air. 
Early coolers followed designs developed in 
the cement industry and were themselves ro- 
tary units much like, although smaller than, 
the kilns. Improved coolers fluidize the prod- 
uct ALO, around heat-exchange surfaces, of- 
ten in several stages. In such coolers, the heat 
can be recovered in combustion air or in wash 
water and the product can be cooled readily to 
425 K. The best rotary kilns require about 
4800 MJ per ton of product. | 

Rotary kilns are being replaced by station- 
ary calciners. In stationary calciners, a combi- 
nation of fluid beds and stages in which the 
solids are transported in suspension is used. 
Figure 21.31 is a schematic diagram of a com- 
mercial unit capable of calcining 1500 t/d. * 

The Al(OH), is washed and dewatered on 
the filter (a) and is conveyed into the flash 
dryer (b), where it encounters hot gas from cy- 
clone (g). The gas evaporates the free water 
from the particle surfaces. Because the tem- 
perature exceeds 480 K, a portion of the water 
of hydration also is driven from the crystals. 
Cyclone (c) separates the solids from the gas. 
The gas, cooled almost to its dew point, leaves 
the unit through the electrostatic precipitator 
(j), where dust is recovered. Vessel (d) serves 
as a surge buffer to smooth the flow of solids 
through the unit. The solids are separated in 
cyclone (g) to enter the vessel (f) where com- 
bustion of fuel is taking place. Vessel (e) al- 
lows a holding time at the calcination 
temperature so that the water content of the 
product is low. A small amount of fuel can be 
burned in this vessel if a higher temperature is 
desired. In this design the flow of solids is 
counter to the flow of the gas. 

The solids are cooled, also in counterflow, 
by the combustion air in unit (h). Final cooling 
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is in a fluidized-bed unit (i). In the fluidized 
unit a small amount of air is introduced 
through a membrane at the bottom. This lifts 
but does not entrain the solids, so they behave 
much like a fluid. Heat is transferred at high 
rate to air or water flowing through tubes sub- 
merged in the bed. The product AL,O, can be 
cooled below 400 K with all of the recovered 
energy being used in the process. 

The great advantage of the stationafy units 
is that the heat required for calcination is 3250 
MI The capital costs are lower than for ro- 
tary kilns of equal capacity and the mainte- 
nance costs are lower primarily because the 
refractories are not subjected to rotational 
stresses. Because the capacity per unit is high 
and automation is quite easy, the labor require- 
ments are low. The stationary units are being 
installed in retrofitting older plants as well as 
in new construction. 

Alumina calcined in stationary kilns has a 
lower a-alumina content and a higher surface 
area than alumina calcined at the same tem- 
perature in a rotary kiln. This reflects the 
shorter residence time and the absence of a 
high-temperature flame in the static units. 
Photomicrographs show that the rapid temper- 
ature rise creates vapor pressure within the 
particles that tends to fracture large crystals. 

The characteristics of the metallurgical alu- 
mina are controlled mostly by the time and 
temperature of calcination. The important 
control is the relation between the Al(OH), 
feed and the flow of fuel. The fuel must be free 
of impurities that can contaminate the alu- 
mina. Sulfur and vanadium in fuel oil are lim- 
ited by concern for product purity. The amount 
of combustion air must be sufficient to burn 
the fuel completely without the use of a great 
excess that increases the gas flow and thereby 
reduces the thermal efficiency. 


Evaporation 


As is shown on the flow sheet for the Bayer 
process (Figure 21.21), the solution continu- 
ously cycles through the plant. Consequently, 
any wash water used must be evaporated so 
that the solution volume can be controlled. 
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About 10% of the flow is evaporated in the 
two cooling areas by being flashed into steam. 
In high-temperature digesters, the amount of 
flash evaporation is even larger. At least one 
plant processing high-grade bauxite was de- 
signed without any additional evaporation ca- 
pacity. In most cases, the economics require 
installation and operation of evaporators. The 
objective is to minimize the summed costs of 
evaporation and the value of the soluble salts 
lost by incomplete washing. The minimum is 
usually attained with a net dilution of the resi- 
due of 1.5-2.0 kg/kg. 

Table 21.12 lists the input and exit streams 
that compromise the dilution balance in an op- 
erating plant. Efficiency demands that all of 
these flows be monitored. 


Table 21.12: Dilution balance. 








Inputs Losses 
residue wash evaporation 
sand wash — 
Al(OH), wash heat interchange flash 
free moisture in bauxite Al(OH), to calcination 


water in gibbsite and boehmite free water with Al(OH), 

injected steam water with residue 

purge water vapor from solution 
surfaces 

sodium hydroxide 

cleanup water (maintenance) 

uncontrolled dilutions 





Several evaporator designs are used in 
Bayer plants, but nearly all designs are used in 
multiple-effect configurations. In such units 
each stage operates at a lower pressure than 
the preceding one. Therefore, the vapor evap- 
orated from the solution in the first stage is ata 
temperature high enough to heat the solution 
in the second stage, causing it to boil. This 
continues to the final stage, where the vapor is 
condensed. The condenser operates under vac- 
uum so a jet pump is necessary to remove non- 
condensable gases from it. The more times the 
latent heat is used, i.e., the more stages that are 
present, the more water can be evaporated by 
the fuel steam used in the first effect. With 
Bayer solutions the maximum number of ef- 
fects is six. This is because the boiling point of 
the solution is elevated 5—8 K by the dissolved 
solids. This reduces the steam temperature in 
each effect; with many effects there is little 
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temperature difference available to cause 
evaporation. 


An unconventional design called continu- 
ous regenerative evaporators has been used in 
some plants. These units are similar to the 
heating and flashing equipment used in diges- 
tion in that the feed is heated through up to ten 
stages without evaporation; the hot solution is 
then flashed through an equal number of 
stages and the steam is used for heating the 
feed. These units are not as efficient as most 
multiple-effect evaporators. The design choice 
is based on economics. Special evaporator de- 
signs may be used when it is necessary to crys- 
tallize organic or inorganic salts from the 
solution. In such designs pumps are used to in- 
crease the thermally induced flow through the 
tubes in the heaters. The heat-transfer surfaces 
in evaporators must be cleaned periodically to 
remove encrustations of desilication product 
and soluble salts. 


Evaporators are controlled primarily by 
changing the amount of steam used. The flow 
of feed solution is regulated so that crystalliza- 
tion of soluble salts is either induced or 
avoided, depending on the operating mode. 
Temperature readings at each effect are com- 
pared to design values to indicate operating 
difficulties. 


Residue Disposal 


The most important environmental problem 
in the Bayer process is disposal of the bauxite 
residue. The solution left with the residue after 
an economical amount of washing is still very. 
alkaline and cannot be allowed to contaminate 
ground water. Furthermore, the desilication 
product in the residue which is in contact with 
water has the capacity to exchange sodium for 
hydrogen. An aqueous slurry of the residue 
that had been washed with 1000 times its mass 
of distilled water still reached a pH value of 
10.5 on standing. The undrained fine residue, 
even after years of consolidation, does not 
have enough strength to support buildings or 
equipment. These properties make disposal a 
difficult problem. 


Aluminum 


Previously, disposal was to a marine envi- 
ronment where the alkalinity was diluted by 
large quantities of water. This method has 
been used in the seas off Europe and Japan and 
in a river in the United States. Studies by envi- 
ronmentalists have indicated little damage to 
flora or fauna by the residue in a disposal area 
[135]. Today, however, environmental con- 
cern is so great that any new refinery is un- 
likely to be permitted to use marine disposal. 

Early inland refineries simply dammed a 
convenient valley or built retaining dikes on 
flat land to form residue disposal areas. In 
some cases, the sandy portion of the residue 
was used to build the dikes. This method can 
be effective and cheap if care is taken to pro- 
tect the surroundings by proper sealing tech- 
niques. The compacted residue has a lower 
permeability than many clays; yet, there have 
been isolated leaks into aquifers from such im- 
poundments. Improved designs have been de- 
veloped. 

In Germany, retaining dikes are built with a 
portion of the structure designed to be porous. 
The dilute solution draining from the residue 
is channeled by the porous sections into watef- 
treatment facilities before being discarded. In 
some cases, the dike material exchanged ions 
with the solution so that little treatment was 
needed. The draining allowed consolidation of 
the residue so that it could support equipment. 
An American firn used a drained lake in 
which the bottom of the disposal area was cov- 
ered with sand in which draining pipes were 
laid. The residue was pumped to these areas in 
the traditional manner as a dilute slurry. Most 
of the conveying water was decanted, while 
some percolated through the deposit to the 
drains. This design has two advantages: the 
residue consolidates better, so the storage ca- 
pacity of an area is increased, and the hydrau- 
lic head on the bottom is reduced to zero, so 
that leakage is unlikely. Recent lakes have 
been built using the sand drains on top of seals 
of clay and plastic film for additional environ- 
mental safety. 

Another modern disposal method, called 
dry stacking, takes advantage of the thixotro- 
pic nature of the residue. By some method, 
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usually vacuum filtration, the residue is con- 
centrated to 35—50 76 solids. The slurry is agi- 
tated to reduce its viscosity by as much as two 
orders of magnitude and pumped to a disposal 
area. There it flows in lava-like fashion over 
the surface, establishing a slope away from the 
discharge point. In the absence of shear, the 
viscosity of the slurry increases and flow 
stops. Water does not separate from the slurry 
and the slope causes rain to run off rapidly, so 
the surface usually is losing water to the atmo- 
sphere. The surface becomes deeply fissured, 
further assisting drying. In about 90 days the 
residue may dry to 75% solids, far drier than 
in any of the other disposal methods. In this 
state, it can support heavy earth-moving 
equipment and can be recovered or used for 
increasing the height of retaining dikes. This 
method maximizes the storage capacity of a 
given area and seems to pose the minimum 
threat to the environment. It does require con- 
struction of a permanent lake area for water 
storage and for cooling water. If any use is to 
be made of the residue, recovery is relatively 
easy. 

In some countries there is a requirement 
that the area devoted to residue disposal be re- 
turned to productive use. Some Australian res- 
idue areas have been covered with the sandy 
fraction of the residue. By the addition of or- 
ganic matter and fertilizer, the area has been 
returned to agriculture. At the University of 
Georgia, microorganisms given the proper nu- 
trients grew in the residue and produced sim- 
ple organic acids that neutralized the alkalinity 
of the residue. Draining was needed so that 
high concentrations of sodium were washed 
away, then the residue could support plant and 
simple animal life. The addition of gypsum 
hastened the neutralization process, probably 
by forming the neutral Na,SO,. Agricultural 
use of residue areas is therefore possible after 
some effort and expense. The bearing strength 
of dry-stacked residue is sufficient to support 
homes and light industrial buildings. 

Many investigations have been directed to- 
ward finding a commercial use for bauxite res- 
idue. The high iron content of some residues 
suggested production of pig iron. The quality 


1090 


of the iron was poor and the amount of slag 
formed exceeded the original amount of resi- 
due. Similarly, chemical processes have been 
developed for recovery of ALO, Na,O, and 
TiO, from residue. Although all are techni- 
cally possible, none has been feasible eco- 
nomically. Small quantities of residue have 
been used in making Portland cement, and 
smaller quantities have been used as a mold 
wash, as an insulating material, and, after re- 
action with H,SO,, as a water treatment. No 
chemical use is likely to consume a significant 
part of the residue [88, 92]. 

The residue is claylike and can be used in 
ceramic materials. The sodium causes forma- 
tion of glasses at 1450 K, giving a vitreous 
bond. Bricks have been made commercially, 
but economic factors and other shortcomings 
of the brick have eliminated this use. Sintering 
the residue into aggregate for concrete may be 
economical where natural aggregate is not 
available. 

In Texas, agronomists have shown that the 
residue can be used to neutralize acidic soil, 
replacing limestone. The cost of preparing the 
material for application and the logistics argue 
against extensive use. The conclusion is that 
large-scale use of bauxite residue is unlikely, 
so efforts should be directed toward reclama- 
tion of disposal areas. 


Energy in the Process 


Approximately 16 MJ are required to pro- 
duce a kilogram of ALO,. The worldwide 
range is 7.4—32.6 MJ/kg [136]. Variations in 
the quality of bauxite, plant design, and the 
size of the plants are the reasons for the wide 
differences. Even with existing plants, large 
improvement in energy usage can be made. 
The Aluminum Association (USA) reports 
that the energy used per unit of alumina pro- 
duction in 1980 was 68 % of the energy used in 
1972 [137]. The energy used in mining is less 
than 5 % of the total and is difficult to change. 
The energy for transporting bauxite is double 
that for mining it, because the average ton of 
bauxite used in the United States is trans- 
ported 4700 km. The situation worldwide is 
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different because much of the bauxite is re- 
fined close to the mines. 

Within the refinery, more than half of the 
energy is used for pumping and heating the so- 
lution and for evaporation. The previous dis- 
cussion has shown that plant design can affect 
heat recovery and minimize energy use. Em- 
phasis is being placed on increasing the 
amount of ALO, recovered from less than 50 
g/L to over 65 g/L; some claim yields as high 
as 80 g/L. Because energy is more closely re- 
lated to the flow of solution than to yield, the 
energy savings are large. The static calciners 
are nearly as efficient as they can be made be- 
cause the temperatures of the gas and of the 
product leaving the units are very low. The 
change from rotary kilns has made up a large 
portion of the savings. There are still opportu- 
nities to improve operating practice and de- 
sign to reduce energy consumption [138]. 


Economic Aspects 


The largest cost elements in alumina pro- 
duction are raw materials, energy, and capital- 
related costs for the production equipment. 
Labor, operating supplies, and miscellaneous 
costs are much smaller than these three. 

Bauxite is the most important raw material. 
Its cost includes those for mining, transport, 
levies, and taxes. In addition, the relative qual- 
ity of the bauxite ore influences the expendi- 
tures for necessary reagents. Mining is 
relatively inexpensive because most deposits 
are covered with only a shallow overburden 
and can be mined with efficient equipment. 
Since the formation of the International Baux- 
ite Association (IBA), levies and taxes have 
become a large part of the cost of bauxite. 
These costs have become relatively stable be- 
cause most are related to the selling price of 
aluminum. The availability of bauxite from 
outside the IBA countries has allowed the ef- 
fect of supply and demand to influence this 
cost. Where levies are not imposed, some sys- 
tem of taxation provides income to the pro- 
ducing nation. Transportation costs vary from 
very small to as much as half the delivered 
cost of the bauxite. Some bauxite travels less 
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than 5 km by truck or conveyor belt to the re- 
finery. Other bauxite may travel more than 
halfway around the world. The characteristics 
of bauxite most important in influencing its 
value are the available alumina and the reac- 
tive silica contents. The latter quantity has a 
great effect on the amount of sodium hydrox- 
ide and lime required in processing. Bonuses 
are given for high available alumina values, 
and penalties are charged for excessive silica. 


In the previous section, values were given 
showing the fourfold range in energy used to 
produce alumina. The most important vari- 
ables are the plant design and the quality of the 
bauxite being processed. The most energy-ef- 
ficient bauxites are gibbsitic, with very low 
residue content. 


The capital costs also show wide variation. 
In 1980 U.S. dollars, new installations may 
cost from $400 to $800 per annual ton of ca- 
pacity. The variables are design factors, loca- 
tion, capacity, and the properties of the bauxite 
to be processed. Much of the world capacity 
was constructed before construction costs 
were inflated and so has lower capital costs. 
The effect of capacity is also large, and plants 
producing 2 x 10° t/a have costs well below 
those of plants producing less than 105 t/a. 


There is more capacity for producing met- 
allurgical alumina than there is smelting ca- 
pacity. Not all smelters have alumina capacity 
dedicated to them; they buy alumina on con- 
tract. Long-term contracts are common. In 
other instances, alumina is bought when 
needed at spot market prices. Since 1980, alu- 
mina has sold on the spot market for less than 
$150/t to over $280, reflecting a change in the 
relationship between supply and demand. 
Economics do not always control production 
because many corporations own refineries to 
supply their smelters. In other instances, na- 
tional governments own a significant portion 
of a refinery and for political reasons may 
choose to operate in a noncompetitive situa- 
tion. Costs per ton of alumina can, under unfa- 
vorable conditions, exceed $200, although 
efficient plants may produce at roughly half 
this figure. 
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21.10.1.4 Other Processes for 
Alumina Production 


Raw Materials 


Many investigators have sought processes 
to replace the Bayer process using raw materi- 
als other than bauxite [89]. Clay, primarily ka- 
olinite, has been most considered beéause it 
can contain up to 39% ALO,. Other materials, 
including anorthosite, nepheline, coal wastes, 
and fly ash, have been candidate raw materi- 
als. Yet, less than 2% of the world supply of 
alumina is not made by the Bayer process. 
This happens only where use of a domestic 
raw material and production of a desirable by- 
product change the economic picture. Alu- 
mina from ores other than bauxite normally 
costs 1.5-2.5 times that from the Bayer pro- 
cess. 


Because aluminum is amphoteric, both acid 
and alkaline processes have been developed. 
Most of the processes in each class follow the 
same general flow sheets. 


Alkaline Processes 


Sodium compounds, such as Na,CO,, react 
at 1280 K with the ALO, in aluminous ores to 
produce water-soluble NaAlO,. This com- 
pound can be leached from the sinter with wa- 
ter and the solution treated to remove 
impurities; the purified solution is neutralized 
with CO, to recover Al(OH). The last step re- 
generates the Na,CO, for recycle. Difficulty 
arises because the aluminous ores contain 
SiO,, which also reacts in the sinter to form 
soluble Na,SiO,. In processing, the desilica- 
tion reaction discussed earlier takes place, so 
the net recovery of ALO, is small or zero. If 2 
mol of CaO, usually as limestone, is charged 
for every mole of SiO, in the raw material, in- 
soluble calcium silicate compounds are 
formed. Under proper leaching conditions the 
NaAlO, can be recovered from such sinters 
with only slight loss. 
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to waste Bayer process 
Figure 21.32: Lime/soda sinter process flow sheet. 

This process has been used commercially 
in two American plants to recover most of the 
Na,O and ALO, lost in the desilication prod- 
uct formed while treating high-silica native 
bauxite. A schematic flow sheet is given in 
Figure 21.32. The same process was investi- 
gated by the U.S. Bureau of Mines in a large 
pilot plant using anorthosite as the raw feed 
[139]. [Anorthosite is a mixture of the miner- 
als anorthite (CaAl,SiO,) and albite 
(NaAISi4O,).] Unless the composition, sinter- 
ing, and leaching were closely controlled, the 
residue formed a gel in leaching and became 
very difficult to filter. 

In a variation of the sintering approach, cal- 
cium replaces the sodium so that calcium alu- 
minate (3CaO- ALO,) is formed as well as 
calcium silicate (CaSiO,). The calcium alumi- 
nate reacts with Na,CO, in an aqueous leach 
to form NaAIO,. 
3CaO- ALO, + 3Na,CO, + 2H,0 > 

2NaAlO, + 4NaOH + 3CaCO, 

In carbonation, Al(OH), is formed and the 
Na,CO, solution is regenerated. Nepheline, 
(Na,K)AISiO,, is treated by this process in 
former USSR. The calcium silicate residue is 
processed to make about 10 t of cement per 
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ton of alumina. The two products make the 
process viable here. 


In the Pedersen process, the sinter is re- 
placed with a reducing fusion so that ferric 
ions in the ore were reduced to metal. Iron and 
the calcium slag were separated by decanta- 
tion. During cooling, the CaSiO, passes 
through a crystalline phase change and the re- 
sulting stresses reduce the slag to powder [88, 
89]. 

The sinter processes suffer economically 
for several reasons. The energy for sintering 
and for evaporation of the leach solution must 
be added to the energy required from opera- 
tions analogous to those in Bayer processing. 
The capital investment is increased by the 
need for sintering equipment, and although 
limestone is inexpensive, the quantity required 
is so large that the expense is considerable. 


Acid Processes 


All of the acid processes follow the general 
flow sheet given in Figure 21.33. The clay is 
prepared by grinding and by roasting it to 
about 1000 K. The roasting changes the ka- 
olinite to meta-kaolin, from which the alumi- 
num can be dissolved as the acid salt. The 
roasted clay is leached in an acid solution, 
usually at the atmospheric boiling point. Some 
investigators have chosen to leach at elevated 
temperatures for processing advantages even 
though corrosion problems become more se- 
vere (88]. The siliceous residue is separated 
using sedimentation and filtration as in the 
Bayer process. Small amounts of iron salts re- 
main in the clarified solution. These salts are 
removed by extraction with an organic com- 
pound that forms a complex with the iron but 
not with the alurninum salts. The organic solu- 
tion is decanted from the aqueous phase and is 
treated to separate the iron salt and to regener- 
ate the organic extractant. 


Aluminum 
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Mud 
separation 
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H20 
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Acid | 
regeneration 








Fuel 
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Figure 21.33: Generalized acid process flow sheet. 


A/hydrated aluminum salt is recovered 
sona aqueous solution, usually by evapo- 
ration and cooling to cause crystallization. In 
the hydrogen chloride process, advantage is 
taken of the low solubility of AICl, in НСІ. 
The НСІ gas is absorbed in the solution both to 
regenerate the acid for leaching and to precipi- 
tate AICI,- 6H.O. In all acid processes the hy- 
drated salt is decomposed to ALO, by heating 
to 1300 K. Both water and the acid radical are 
driven off, and the acid is absorbed for recy- 
cling. 

The U.S. Bureau of Mines sponsored a co- 
operative effort with several aluminum com- 
panies to investigate acid processes for 
recovery of alumina from clay [139]. For sev- 
eral reasons the НСІ process was preferred: 
the reagent is inexpensive, processing condi- 
tions are not severe, the salt can be recovered 
without evaporation. The НСІ is not decom- 
posed in calcination, and the water content of 
the acid salt is half that of other acid salts. De- 
spite these features the process is not competi- 
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tive economically with the Bayer process. A 
major fault is the amount of energy used to 
roast the clay, to evaporate the solution, and to 
decompose the acid salt. The investment is in- 
creased because of the corrosive solutions. A 
process disadvantage is that the ALIO, is phys- 
ically different from Bayer alumina. so smelt- 
ing practice has to be changed for this 
aluminum source. 

Pechiney and Alcan jointly operated a pilot 
plant using the H* process, a modification of 
the НСІ process in which H,SO, is added to 
the digest [140]. The combination of acids 
eliminated the need to roast the clay. Other 
proces.ses use H,SO, Н,50,, HNO, or 
NH,HSO, as reagents to attack the clay, but no 
commercial use has been made of any of them. 

Clay is a major impurity of coal, so the ash 
from coal may be considered an overroasted 
clay. The acid processes, with minor modifica- 
tions, will extract alumina from ash [140]. An- 
orthosite that is high in anorthite reacts with 
boiling HCl; this approach has been investi- 
gated in Norway and Canada [141]. So far, all 
of these methods have served only to enrich 
the technical literature. 

Two aluminous minerals that do not contain 
silica have attracted attention and, because of 
their composition, require different technol- 
ogy. Alunite, K,SO,- AL(SO4),: 2A1,0,-6H,O 
has been used commercially in Russia. Both 
H,SO, and K,SO, are useful by-products of 
alumina production by this method. The 
alunite is heated to drive off the hydrated wa- 
ter; additional heating under reducing condi- 
tions decomposes the aluminum sulfate 
without adversely affecting alumina recovery. 
The solid residue from the roast is a mixture of 
K,SO,, ALO,, and gangue. The K,SO, is dis- 
solved in water and recovered. Alumina is ex- 
tracted from the gangue in a modification of 
the Bayer process. In other approaches using 
alunite. the solutions are kept acidic so the alu- 
mina is recovered as a salt [142]. 

Dawsonite, Na,O-Al,0,-2CO,-2H,0, is 
found in some oil shales. The temperatures 
used to recover the oil from the shale decom- 
pose the dawsonite to NaAIO,, which is solu- 
ble in dilute NaOH. The Al(OH), and Na,CO, 
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can be recovered from the solution by carbon- 
ation. The economics are such that recovery of 
the oil must be competitive before mining and 
by-product recovery can be considered. 


21.10.1.5 Metallurgical Alumina 


Aluminum production is the principal ap- 
plication for alumina; more than 92 % of world 
alumina production is used for this purpose. 
The property requirements for commercial 
metallurgical alumina therefore are of consid- 
erable importance to the alumina industry. 
Specifications have responded to changes in 
energy costs, aluminum cell design, cell gas 
scrubbing techniques, environmental regula- 
tions, working conditions in smelters, and the 
technology for alumina calcination. In gen- 
eral, there has been a shift away from rela- 
tively small-particle-size, highly calcined, 
*floury" alumina to a coarse, free flowing, 
dust-free, less calcined, "sandy" alumina of 
narrower particle sizing and higher chemical 


purity. 


Alumina Properties Required for 
Electrolysis 


Five developments have had a significant 
impact on alumina properties. 


Cell Design. New, high current efficiency, 
prebaked anode cells with automatic center- 
feed systems require that the alumina be con- 
sistent, with trouble-free handling properties 
to insure proper conveying and volumetric 
metering from the feeder. These criteria are 
best met by a free-flowing, moderate- to low- 
calcined alumina with relatively coarse and 
narrow particle size distribution. 


Cell Gas Dry Scrubbing. The use of dry 
scrubber systems employing cell-feed alumina 
as adsorbent for fluorides in effluent gas from 
the cells dictates other requirements for metal- 
lurgical alumina: ; 


e High adsorption capacity for hydrogen fluo- 
ride. This property is closely related to the 
specific surface area of the alumina. which 
is higher for the lower calcined aluminas. 
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e Attrition resistance. 
e Free flowability. 


e Higher chemical purity to compensate for 
capture in the dry scrubber of impurities 
which are recycled to the cell. 


Pot Room Working Conditions. Use of low- 
calcined, high surface area alumina as a cover 
for the cell bath reduces fluoride evolution 
within the pot room. Working conditions in 
the smelter are degraded by dust caused by 
fine particles of alumina. Reduction of the 
fines fraction (< 44 um) in the alumina and 
high attrition resistance are important for re- 
ducing dust. 


Use of Stationary Calciners and Pneumatic 
Handling Systems for Alumina. The re- 
placement of rotary alumina kilns by the en- 
ergy-efficient stationary calciners has resulted 
in producing a different type of calcined alu- 
mina for smelter feed. This difference is re- 
flected in the interrelationship between degree 
of calcination (measured by the mass loss on 
ignition), specific surface area, and the Q- 
ALO, content [143]. 


The strength of the alumina particles has 
become of concern not only because of rela- 
tively higher breakdown in the stationary cal- 
ciners, but also because of attrition occurring 
in pneumatic unloading and conveying equip- 
ment and in fluid-bed dry-scrubbing systems. 
The generation of fine particles in such equip- 
ment, apart from causing unacceptable dusting 
conditions in the smelters, often results in 
troublesome segregation problems in alumina 
storage bins and bunkers. 


Electrolyte Composition and Temperature. 
The trend to operating cells at lower tempera- 
tures with electrolyte having a lower bath ratio 
(NaF:AIF,) has decreased the solubility and 
rate of dissolution of alumina in the electro- 
lyte. The rate of dissolution is greater for alu- 
minas having higher surface areas and low 
content of a-Al,O,. Both properties can be 
achieved by a low degree of calcination. 


Aluminum 


Typical Specifications for 
Metallurgical Alumina 


The considerations discussed above have 
contributed to the evolution of the general 
specifications used in production and interna- 
tional trading (Table 21.13). These values are 
only representative and considerable varia- 
tion exists in actual practice depending on 
price, availability, smelting practices, and 
many other factors. 


Table 21.13: Typical properties of metallurgical alumina. 


Physical property 
Particle size distribution, % 
+ 100 mesh (Tyler) <5 
+325 (44 um) >92 
~ 325 >8 
Bulk density, kg/L 
loose 0.95-1.00 
packed 1.05-1.10 
Specific surface area, m?/g 50-80 
Moisture (to 573 K), 95 «10 
Loss on ignition (573-1473 К), % «1.0 
Attrition index increase in « 44 
(modified Forsythe-Hertwig шт particles 4— 
method) 15% 
о-А1,О, content r 


(by optical or X-ray method), % <20 
Chemical analysis, % 


Fe,0, « 0.020 
SiO, < 0.020 
TiO, « 0.004 
CaO « 0.040 
Na,O « 0.500 


21.10.1.6 Industrial Alumina 
Chemicals 


Alumina, in various forms, is one of the in- 
organic chemicals produced in greatest vol- 
ume today. Although production of aluminum 
metal currently consumes = 90% of all alu- 
mina, an increasing amount is being applied in 
the chemical industry for fillers, adsorbents, 
catalysts, ceramics, abrasives, and refracto- 
ries. With the development and growth of ap- 
plications and markets for alumina chemicals, 
all the major alumina producers have, over the 
years, converted a part of their capacity to pro- 
duce various alumina chemicals. In fact, some 
of the older, smaller alumina refining plants 
have been totally converted to alumina chemi- 
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cals production in order to be economically vi- 
able. Chemical uses account for nearly 895 of 
the world production. 


Aluminum Hydroxides 


Aluminum hydroxides constitute a versatile 
group of industrial chemicals. Important uses 
requiring large quantities are as fillers in plas- 
tic and polymer systems and for the roduc- 
tion of aluminum chemicals. A moderate 
amount is used for the production of alumina- 
based adsorbents and catalysts. 

Aluminum hydroxide meets most of the re- 
quirements for an eífective filler: white or 
near-white color; large volume production 
base, resulting in price and supply stability; 
consistency of physical and chemical proper- 
ties; a wide range of particle size distributions 
chemical inertness; and nontoxicity. However, 
its increasing popularity as a plastics filler is 
strongly related to its fire-retardant and 
smoke-suppressant properties, which justify 
the somewhat higher price compared with cal- 
cium carbonate and other mineral fillers. Alu- 
minum hydroxide acts as a fire retardant by 
adsorbing heat through endothermic dehydra- 
tion and dilution of pyrolytically produced 
combustion gas by the released steam. Dehy- 
dration and water release processes become 
significant at temperatures above 500 K. The 
smoke-inhibiting activity of aluminum hy- 
droxide filler has been attributed to promotion 
of solid-phase charring in place of soot forma- 
tion. Although offering these desirable fea- 
tures, aluminum hydroxide has certain 
disadvantages that impose some limitations on 
its uses as a filler. Like other nonreinforcing 
mineral fillers, it generally lowers strength. 
Because it undergoes thermal decomposition, 
it is not suitable for processing above 500 K. 
These factors are responsible for the larger use 
of aluminum hydroxide in latex carpet back- 
ings and in glass-reinforced polyesters, where 
processing temperatures below about 480 K 
generally are used. These are also chemically 
cross-linked or fiber-reinforced systems, in 
which loss of strength caused by a nonrein- 
forcing filler may not be very important. Alu- 
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minum hydroxide filler has been used less 
extensively in thermoplastics, e.g., poly(vinyl 
chloride) and polyethylene, and elastomeric 
materials. For use as a filler, the crystalline 
aluminum hydroxide from the Bayer process 
is dried and ground to particles € 10 [tm size. 
Special grades with increased whiteness and a 
variety of both particle size ranges and chemi- 
cal purity also are available commercially. 


Fine, precipitated aluminum hydroxide. 


having a uniform particle size (= 1 рт) is used 
in paper making as a filler pigment and as a 
coating. As a filler, it disperses rapidly with 
low sedimentation. Improved printing proper- 
ties are reported for the hydroxide-filled pa- 
per. The application of fine, platy aluminum 
hydroxide as a paper coating is well estab- 
lished in the paper industry. It gives a coating 
of high brightness, opacity, and gloss. 

Technical aluminum hydroxide obtained 
from the Bayer process is 99.5% pure. It dis- 
solves readily in strong acids and bases. For 
these reasons, aluminum hydroxide is the pre- 
ferred raw material for the production of a 
large number of aluminum compounds. These 
include pure, iron-free aluminum sulfate (used 
in the paper industry and for water purifica- 
tion), aluminum fluoride, synthetic zeolites, 
and sodium aluminate. Aluminum hydroxide 
also is used in the glass industry and in cos- 
metic and pharmaceutical preparations. An 
important cosmetic use of aluminum hydrox- 
ide is in toothpaste. The mildly abrasive hy- 
droxide cleans and polishes teeth. 

The price of aluminum hydroxides ranged 
from $0.20 to $0.60 per kg in 1982, the price 
range reflecting the cost of additional process- 
ing of the usual Bayer process product to suit 
application requirements. These include 
grinding, higher purity, classification, surface 
treatment, etc. Pharmaceutical-grade gel hy- 
droxides were at the top of the price range. 


Adsorbent and Catalytic Aluminas 


Activated aluminas represent another group 
of technically important alumina chemicals. 
Principal uses are as drying agents, adsor- 
bents, catalysts, and catalyst carriers. These 
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products are obtained by thermal dehydration 
of different aluminum hydroxides in the 250— 
800 °C temperature range. 


Preparation of Activated Aluminas 


Bayer aluminum hydroxide is the chief 
source of commercial activated alumina prod- 
ucts. Powder forms of activated alumina are 
produced by heating the hydroxide directly at 
515-1825 К in ovens or in rotary or fluidized- 
bed calciners. The products have surface areas 
of 200-350 m?/g and losses on ignition of 3— 
12% (at 300-1200 °C). Such products are 
used as decolorizing agents for organic chemi- 
cals and as starting material for the production 
of aluminum fluoride. Other uses include 
chromatographic and catalytic applications in 
organic chemistry. 

Granular activated alumina produced from 
Bayer plant crust is one of the oldest commer- 
cial forms of this product and still is used 
widely. A flow sheet of the production process 
is shown in Figure 21.34. The activated mate- 
rial is a hard, nondusting product. Table 21.14 
lists some properties of a commercial product 
of this type (Alcoa F-1). A similar granular 
product has been produced by compacting 
Bayer hydroxide by mechanical pressure 
(Martinswerk GmbH, Germany). The process 
utilizes a roll-type compactor. The product 
from the compactor is broken up and sieved to 
the required size fractions and activated at 
450-600 °C in a rotary calciner. 






Storage 


Cammercial sizes 


Figure 21.34: Flow sheet for production of activated alu- 
mina from Bayer plant crust. 
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Table 21.14: Typical properties of Alcoa activated aluminas. 





% ALO, 

% Na,O 

% SiO, 

% Fe,O, 

% LOI 

Loose bulk density 
g/cm? 
Ъз 


Packed bulk density я 
g/cm? 
lb/ft? 


Pore characteristics and surface area of typical Alcoa activated aluminas 


Helium (true) density, g/cm? 
Mercury (particle) density, g/cm? 
Micro pore volume (pores < 3.5 nm), cm?/ g 
Macro pore volume (> 3.5 nm), cm?/g 
Total pore volume, cm?/g 
Total porosity, % 
Pore diameter at 50% total pore volume, nm 
Primary pore size range, nm 
BET surface area, m?/g 
Pore diameter, nm 
105-10? Pore volume, cm?/g 
105—108 
10*-10° 
10?-10* 
102-103 
35-10? 
2-35 


Fast dehydration of Bayer aluminum hy- 
droxide, either by vacuum or by exposure to 
high-temperature gas (780-1000 °C) for a few 
seconds, has been used for the production of 
ball-shaped, activated alumina having proper- 
ties superior to the granular product. This pro- 
cess results in the formation of nearly 
amorphous р-А1,О,. The product is finely 
ground and using water as binder, formed into 
spherical agglomerates in a rotating pan ag- 
glomerator. Rehydration of p-AL,O, with wa- 
ter leads to crystallization of bayerite, causing 
the agglomerates to harden. Reactivation of 
the hard balls at 400—500 °C produces the ac- 
tivated product (5—20 mm in diameter) having 
a surface area of 320-380 m?/g. 

Alumina gels also have been used for the 
manufacture of activated aluminas. These gels 
are produced by neutralization of aluminum 
sulfate or ammonium alum by NH,OH, or 
from sodium aluminate by neutralization with 
acids, CO,, NaHCO,, and Al,(SO,),. The ge- 
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F-1 H-151 S-100 
92 30 95 
0.58 1.6 0.35 
0.12 2.0 0.03 
0.06 0.03 0.05 
7 6 5 
0.83 0.82 0.80 
52 51 50 
5 
0.85 0.85 0.75 
55 53 47 
3.25 3.40 3.15 
1.42 1.38 1.24 
0.017 0.023 0.012 
0.023 0.020 0.037 
0.40 0.43 0.49 
56.3 59.4 60.6 
17.7 3.5 4.7 
0-10 000 0-40 0-500 
250 360 260 
0.0031 0.0003 0.0000 
0.0045 0.0001 0.0001 
0.0059 0.0001 0.0004 
0.0029 0.0004 0.0033 
0.0045 0.0093 0.0047 
0.0021 0.0099 0.0289 
0.0165 0.0232 0.0115 
0.0.95 0.0433 0.0489 


latinous aluminum hydroxide precipitate is fil- 
tered and thoroughly washed and dried. The 
dried product is activated, milled, and agglom- 
erated to a spherical product. Other forming 
processes, such as extrusion, pelletizing, and 
tableting, also can be used. The product is fi- 
nally activated at 400-600 °C to a loss on igni- 
tion value of about 6%. Although gels of 
various textures can be prepared, the usual in- 
dustrial adsorbent products have very small 
pores (less than 4 nm in diameter) and surface 
areas in the range of 300-400 m?/g. A flow 
sheet of a manufacturing process is shown in 
Figure 21.35. Table 21.14 reports data on a 
commercial, gel-based product (Alcoa H- 
151). 

Aluminum oxide hydroxide (boehmite), a 
by-product from the Ziegler process for linear 
alcohol production, is another source of acti- 
vated alumina. The high purity of this material 
favors its use in catalytic applications. The 
fine particle boehmite is normally extruded to 
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various shapes. The material is claimed to 
serve as its own binder when peptized with 
glacial acetic acid. The extrudate is cut to the 
required size, dried, and activated at 500- 
600 °C. The surface area of the activated prod- 
uct is 185-250 m?/g. Commercial bayerite 
also has been used to produce activated alu- 
mina; the product is preferred in some cata- 
lytic applications. 


us Gel precipitation 
Wash water 
ERIS 


Filtration 






———— 


See 
| d 
Packaging [ | |] Г] 


Figure 21.35: Production of gel-based activated alumina. 


Final activation 


Adsorbent Applications 


A major application of activated alumina is 
in the field of adsorption, where its high sur- 
face area, pore structure, strength, and chemi- 
cal inertness favor its use. The alumina 
performs important technical functions, such 
as gas and liquid drying, water purification, 
and selective adsorption in the petroleum in- 
dustry. 

Gases that have been dried successfully by 
alumina desiccants are: 


acetylene ethylene natural gas 
air freon nitrogen 
ammonia furnace gas oxygen 
argon helium propane 
carbon dioxide ^ hydrogen propene 
chlorine hydrogen chloride sulfur dioxide 
cracked gas hydrogen sulfide 

ethane methane 


In many applications an alumina desiccant can 
dry gas to a lower dew point than any other 
commercially available desiccant. The static 
water adsorption capacities of two typical acti- 
vated aluminas (Alcoa F-1 and H-151) in con- 
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tact with air at different relative humidity 
conditions are shown in Figure 21.36. 






Alumina gel H-151 


Water adsorbed, wt-% 
NA 
un 


Activated alumina F-1 


Lack, | L нЕ | 
0 20 40 60 80 100 
Relative humidity, % 





Figure 21.36: Static water adsorption capacity of typical 
commercial activated alumina at 25 °C. 

Moist gas usually is dried by passing it 
through a column (or tower) packed with the 
adsorbent. Adsorption of water on activated 
alumina is strongly exothermic, releasing be- 
tween 45 and 55 kJ of heat per mole of water 
adsorbed. This factor must be considered in 
the design of the drying tower. Both granular 
and spherical forms of activated alumina can 
be used in desiccant beds. Sizes from 2 to 20 
mm are available commercially. The granular 
products have lower surface areas and their 
application is based on low cost per kilogram, 
low water load, and low stream pressure. 
Spherical products, produced by either the gel 
or the fast dehydration processes, have larger 
surface areas, a narrower pore structure, and a 
high adsorption capacity, and they are rela- 
tively more expensive than the granular vari- 
ety. The spherical kind usually is specified for 
high-pressure, high-moisture removal duties. 
The alumina desiccant is regenerated by pass- 
ing a current of hot, dry gas (200 °C) through 
the bed, usually countercurrent to the main gas 
flow. 


Liquids that can be dried with activated alu- 
mina include aromatic hydrocarbons, higher 
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molecular mass alkanes, gasoline, kerosene, 
cyclohexane, power system coolants, lubri- 
cants, and many halogenated hydrocarbons. 
Liquids that are highly adsorbed on alumina 
(e.g., ethyl or methyl alcohol), react or poly- 
merize in contact with activated alumina. 
Those containing components that tend to de- 
posit on the alumina surface cannot be dried 
by activated alumina. Regeneration schemes 
for liquid dehydration units are varied and de- 
pend on the liquid being dried. In some appli- 
cations the liquid being dried is vaporized, 
heated, and passed through the desiccant bed 
to desorb water. Hot, dry gases also are used 
for regeneration. 


An evolving application of activated alu- 
mina is in water purification. Several impor- 
tant contaminants have been removed from 
water successfully and economically in pilot- 
plants as well as in large-scale treatment 
plants. These include reduction of fluoride 
concentration in drinking water and in some 
industrial effluents, and removal of color and 
odor from effluent water from dye works and 
paper plants. Removal of phosphate and ar- 
senic also has been investigated. ы 

Activated alumina сап be used to separate 
one or more components from a gas or liquid 
stream by taking advantage of differences in 
adsorption or desorption kinetics. For exam- 
ple, a short cycle process has been used to re- 
cover heavy hydrocarbons from a stream of 
lighter hydrocarbons. Often a regeneration 
scheme can be devised that permits cyclic use 
of the alumina. In other instances, such as re- 
moval of catalyst in polyethylene and hydro- 
gen peroxide production, it is more 
economical not to recycle the alumina. 


Catalytic Applications 


Alumina is used in many industrial cata- 
lytic processes, both as the catalyst and as a 
support for catalytically active components. In 
many instances, the alumina support contrib- 
utes to catalytic activity and so assumes an es- 
sential role in the catalyst system. Other 
catalytic uses of alumina take advantage of its 
strength, heat resistance, and inertness. 
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Although the common adsorbent aluminas 
derived from Bayer hydroxide have many cat- 
alytic applications, high-purity materials (e.g., 
boehmite from the Ziegler process for linear 
alcohol production) are sometimes preferred. 
Because of the lower cost of Bayer process- 
based products, such techniques as water and 
acid washing of the activated product have 
been employed to reduce the alkali (Na,O) 
content of the Bayer material. The sodium ox- 
ide is known to have a negative influence in 
many catalytic processes. Catalyst-forming 
methods include tableting, pelletizing, com- 
pacting, ball forming (agglomeration), and ex- 
trusion. Such factors as purity, surface area, 
pore volume, and size distribution, and rate of 
deactivation influence catalyst performance 
and selectivity. In addition, crushing strength 
and resistance to attrition of the catalyst pel- 
lets are important considerations in practical 
operation of catalytic reactors. Although 
these physical aspects of alumina catalysts are 
well characterized, the surface structure and 
chemistry responsible for catalytic activity 
still remains unclear. Many investigators have 
attributed catalytic activity to the intrinsic 
acidity of the surface of activated alumina. 
First, the combination of two neighboring 
ОН groups to form water during the dehydra- 
tion process leaves behind an exposed AP* 
ion, which, because of its electron deficiency, 
behaves as a Lewis acid site. In addition, hy- 
droxyl groups are retained during thermal de- 
composition of aluminum hydroxide. These 
OFT ions on the surface may act as proton-do- 
nors (Brgnsted acids). These Lewis and Brgn- 
sted acid sites have been looked upon as the 
active catalytic centers. Further “defect” struc- 
tures are formed with increasing degree of de- 
hydration [144]. Of the types of defects 
created during dehydration, those assumed to 
have the greatest catalytic importance are the 
triplet vacancies. They provide unusual expo- 
sure of the aluminum ions in the underlying 
layer and constitute strong acid sites. 

Catalytic applications of alumina are exten- 
sive. Important industrial processes employ- 
ing alumina as a catalyst by itself include 
alcohol dehydration and the Claus process for 
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sulfur recovery. Dehydration of alcohols over 
activated alumina is one of the oldest catalytic 
processes.. The products are olefins and/or 
ethers. Typical reaction conditions for olefin 
production are 300—400 °C and atmospheric 
pressure. Lower temperatures favor the forma- 
tion of ethers. The most suitable aluminas for 
alcohol dehydration catalysis are those that 
have large surface areas (150—200 m?/g) and 
possess good thermal and hydrothermal stabil- 
ity. Coke formation occurs over a period of 
several hundred operating hours and the cata- 
lyst must be regenerated by burning off the 
carbon with hot air at 500—600 °C. 


The largest present-day catalytic applica- 
tion of activated alumina itself is in the Claus 
process, which is used to recover sulfur from 
hydrogen sulfide (H,S). 


2H,S-- S0, > 2Н,0 +35 AH--147 KJ 


The reaction is carried out catalytically in 
two or more conversion stages using alumina 
catalysts. Reaction temperature in the first 
stage is around 350 °C. At this temperature, 
the conversion of H,S is only about 65 %. Sub- 
sequent lower temperature catalytic stages are 
used to further reduce the HS concentration. 
Spherical, high-strength activated alumina 
catalysts are used in the Claus converters. Ser- 
vice life as high as 5 years has been reported. 
Deactivation of the alumina catalyst occurs by 
sulfation. thermal aging, and carbon and/or 
sulfur deposition. Regeneration of Claus cata- 
lyst involves removal of sulfur and burning off 
of carbon deposits. 


Alumina-supported catalysts are used ex- 
tensively in the petroleum and chemical indus- 
tries. In general the petroleum industry 
catalysts have high surface area and high po- 
rosity; the support is mostly activated alu- 
mina. On the other hand, many typical 
chemical process catalysts (e.g., ammonia 
synthesis, steam reforming) are characterized 
by lower surface area (« 20 m?/g) and are non- 
porous or have very large diameter pores. The 
carrier in this case is inert and consists mostly 
of calcined or sintered alumina products. 
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Two different methods have been used 
commonly for preparation of alumina-sup- 
ported catalysts: impregnation and coprecipi- 
tation. The alumina support used in the 
impregnation process generally has been 
formed into its final shape (extrudates, tablets) 
prior to the impregnation step. Impregnation 
with a salt solution of the active species is then 
carried out, followed by drying and thermal 
decomposition of the salt. In the coprecipita- 
tion procedure, hydroxides of aluminum to- 
gether with the active component are 
precipitated from a salt solution by neutraliza- 
tion with ammonia or alkali. The washed pre- 
cipitate is dried, powdered, and processed 
(e.g., by extrusion) to the desired shape and fi- 
nally activated by thermal dehydration. The 
coprecipitation method is used when the ac- 
tive species must be present in high concentra- 
tions or when more uniform distribution of the 
active component is desired. 


The technical and patent literature contains 
innumerable examples of the use of alumina 
as a catalyst support. Some important exam- 
ples are the catalytic dehydration of n-butane 
to butadiene (used in synthetic rubber), using a 
chromia-impregnated alumina catalyst, cobalt 
molybdenum-alumina catalysts, used in hy- 
drorefining operations (e.g., desulfurization) 
in petroleum refining; and pelleted catalysts 
containing platinum, palladium, and rhodium 
on an alumina base, used in automobile ex- 
haust catalytic converters. 


United States production of adsorbent- 
grade activated aluminas, both granular and 
spherical, amounted to nearly 250 000 t in 
1980. Price of the cheaper, granular product 
was quoted around $0.40—0.50 per kg. Price of 
the spherical product ranged from $0.55 to 
$0.65 per kg. Total catalytic applications of 
alumina in the United States were estimated to 
be around 400 000 t in 1980. Price of pre- 
formed alumina for catalytic applications 
ranges from $0.60 to $4.00 per kg, depending 
on source and purity. Alumina-based Claus 
catalyst was priced between $3.00 and $3.50 
per kg. 
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21.10.1.7 Ceramic Uses of 
Alumina 


Alumina is used extensively as a ceramic 


material. Products range from relatively low- 


calcined grades of polishing aluminas to the 
extremely hard, fused alumina and syntheti- 
cally produced sapphire. The characteristics 
that make alumina valuable in ceramic appli- 
cations are high melting point (2050 ?C), 
hardness (9 on the Mohs scale), strength, di- 
mensional stability, chemical inertness, and 
electrical insulating ability. These, together 
with availability in large quantities at moder- 
ate prices, have led to extensive and varied 
uses of alumina as a ceramic material. 


Calcined Alumina 


Ceramic aluminas are generally produced 
by calcining Bayer aluminum hydroxide at 
temperatures high enough for the formation of 
о-А1,О,. By control of calcination time and 
temperature and by the addition of mineraliz- 
ers, such as fluorine and boron, the crystallite 
size in the calcined product can be varied fróm 
0.2 to 100 дш. These calcined aluminas can be 
categorized broadly according to their sodium 
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content. There are two general types: those 
having about 0.5 % Na,O and low-soda grades 
with a content < 0.1%. 


Reactive alumina is a material manufac- 
tured by dry grinding calcined alumina to par- 
ticle sizes smaller than 1 дш. The large 
surface area associated with very fine particles 
and the high packing densities obtainable con- 
siderably lower the temperatures required for 
sintering. g 

Tabular aluminas are manufactured by 
grinding, shaping, and sintering calcined alu- 
mina. The thermal treatment at 1630-1880 °C 
causes the oxide to recrystallize into large, 
tabular crystals of 0.2-0.3 mm. 


Fused Alumina 


For ceramic applications and for the pro- 
duction of abrasives, fused aluminas are man- 
ufactured by melting a suitable raw material in 
an electric arc furnace. Calcined alumina from 
the Bayer process is used as a starting material 
for the highest quality fused alumina. Bauxites 
with varying levels of iron oxide, silicates, and 
titanium minerals are melted to produce the 
brown or less pure black qualities. 


Table 21.15: Average annual net shipments by major markets in the United States. 








Average annual net shipments, kt 


Market distribution, % 














Industry 
1978-1982 1960-1964 1978-1982 1960-1964 

Containers and packaging 1522 192 243 73 
Building and construction 1241 666 19.8 25.3 
Transportation 1115 549 17.8 20.8 
Electrical 627 305 10.0 11.6 
Consumer durables 436 284 6.9 10.8 
Machinery and equipment 387 190 6.2 7.2 
Other 277 229 44 8.7 
Statistical adjustment 65 — 1.0 — 

Domestic total 5670 2415 90.4 81.9 
Exports 601 218 9.6 92 
Total 6271 2633 100.0 100.9 








Table 21.16: Solubility of aluminum sulfate as a function of temperature (grams of anhydrous salt per 100 g water). 





tC 


Reference 





0 10 20 30 40 50 


31.3 33.5 3615 40.36 45.73 52.13 
31.2 33.5 36.4 40.4 46.1 52.2 
27.5 27.6 28.0 28.8 29.9 
23.9 25.0 26.9 31.5 





60 70 80 90 100 


59.10 6623 73.14 80.83 89.11 [145] 
59.2 66.1 73.0 80.0 89.0 [146] 
31.0 21.8 36.6 38.74 46.85 [147] 
36.4 41.7 47.0 [148] 
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Figure 21.37: Production of aluminum sulfate by the Giulini process [154]. 


21.10.2 Aluminum Sulfate and 
Alums 


21.10.2.1 Aluminum Sulfate 


Aluminum sulfate is the second most im- 
portant industrial compound of aluminum, af- 
ter aluminum oxide. Aluminum sulfate was 
first used in Paris in 1844 to replace potassium 
alum. Today, it has taken over almost all areas 
of application that potassium alum originally 
had. 


Properties 


Aluminum sulfate is almost insoluble in an- 
hydrous alcohol but readily soluble in water; 
aqueous solutions are acidic. Literature data 
on solubility and the structure of the precipi- 
tate in water differ markedly and should be 
used with caution (Table 21.16). Previously, 
Al,(SO,),-18H,O was thought to crystallize 
from aqueous solution under normal condi- 
tions (20 °C, 1 bar). This is now doubted, be- 
cause such factors as hydrolysis, 
oversaturation, shifts in equilibrium, and, par- 
ticularly, poor crystal formation make defini- 
tive characterization difficult [149]. The 
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common form of aluminum sulfate, generally 
considered to be AL(SO,),-18H,O, occurs in 
nature as alunogen (hair salt) and can be crys- 
tallized from hydrochloric acid solution as mi- 
croscopically small, white needles. However, 
some researchers ascribe a hydrate water con- 
tent of 17 mol to this form of aluminum sulfate 
[150]. A hydrate containing 27 mol of water 
can be prepared readily and in high purity 
[145]. Other well-defined aluminum sulfates 
contain 16, 10. and 6 mol of water. A total of 
39 basic and 3 acidic aluminum sulfates, as 
well as 13 different hydrates of the neutral 
salt, are described in the literature [151]. The 
existence of aluminum sulfates with 14, 13, 
12, 9, 7, 4, 2, and 1 mol of water can be con- 
cluded from the vapor-pressure curves and the 
dehydration curves of the Al,(SO,),-H,O and 
AL(SO94-AI(OH),-H,O systems [152, 153]. 

In industrial practice, the hydrate water 
content is unimportant because "crystalline" 
aluminum sulfate is a ground, microcrystalline 
solid with variable water content, which is ob- 
tained from a melt. The desired ALO, content 
is adjusted within certain limits by heating. At 
a temperature above 340 °C, anhydrous alu- 
minum sulfate is formed, a white powder, p 
2.71 g/cm’, that decomposes above 770 °C to 
aluminum oxide [153]. 


Production 


In Germany and most European countries 
today, aluminum sulfate is produced on a large 
scale only from aluminum hydroxide and sul- 
furic acid by the Giulini process. In this pro- 
cess, aluminum sulfate is obtained relatively 
easily with high purity. Production by the ac- 
tion of sulfuric acid on aluminum-containing 
ores (clays and bauxite with high silicon and 
low iron content, e.g., bauxite with SiO, > 5%, 
Fe,Q, ca. 1%) is still important in some coun- 
tries (Sweden, Spain, UK. USA, former 
USSR, Turkey, Venezuela) but to differing de- 
grees. 


Giulini Process [154]. The Giulini method for 
producing various grades of aluminum sulfate, 
containing between 8 and 23% AI,O,, is 
shown schematically in Figure 21.37. 
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A pressure-resistant, stirred vessel (a) is 
filled with aluminum hydroxide (moist or 
dry). The calculated quantity of warm sulfuric 
acid is added from a preheater, and the mixture 
is stirred. In calculating the sulfuric acid con- 
centration required to obtain an SO; content of 
ca. 1% below stoichiometric, all process steps 
involving the introduction or the removal of 
water must be accounted for. Generally, acid 
of density 1.6 g/cm’ is used. The “reaction 
starts after 60—300 s and is complete after 10— 
12 min. The heat of reaction causes the tem- 
perature to rise to ca. 170 °C, while the pres- 
sure rises to 5—6 bar. The mixture must not be 
stirred for more than 1 h because otherwise the 
aluminum sulfate can hydrolyze to give insol- 
uble basic aluminum sulfate and strongly 
acidic sulfate melt. An autoclave unit allowing 
batches of 2.5 t can produce ca. 50 t of alumi- 
num sulfate in a 10-h shift. 


The melt is led into a copper container 
where it is concentrated by flash evaporation 
(b). From the evaporator, the melt is sucked 
into a well-isolated vacuum tank (c), which is 
evacuated to the vapor pressure of the alumi- 
num sulfate melt. This vacuum cooling avoids 
incrustation of the heat exchanger surfaces. 


The melt falls from the vacuum container 
into the mixer, where it is seeded at 85 "C with 
1-2% aluminum sulfate powder. The pulplike 
product reaches the "crystallization belt", a 
smooth heat-resistant trough-form rubber con- 
veyor belt (е), and crystallizes there in ca. 30 
min. Because of the high heat of crystalliza- 
tion, the material has a temperature of ca. 
90 *C and cannot be broken to fine size in one 
step (f). It passes over aircooled conveyor 
belts until it has cooled to 40 °C after which it 
is ground (h) and sieved (i) The goods are 
filled (j) into paper or jute sacks or transported 
loose in silo cars. Aluminum sulfate with 
17.2% А1,О; produced in this way contains 
only 0.01% insoluble material; therefore, di- 
gestion of the aluminum hydroxide is almost 
complete. For transportation as a solution the 
ALO, content is adjusted to ca. 8% to avoid 
crystallization during transport. 
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Production from Bauxite. Finely ground 
bauxite (for example, 60% ALO, 1.5% 
Fe,O,, 1.6% TiO,, 3.0% SiO,, 32% H,O) also 
can be used as starting material. In this case, 3 
mol H,SO, are charged onto 1 mol ALO,. The 
Fe,O, component in bauxite is disregarded be- 
cause the Al,O, is only 97-98% digested and 
therefore sufficient sulfuric acid is available 
for production of aluminum sulfate containing 
17.5% Al,O,. The aluminum sulfate obtained 
by digestion of bauxite contains ca 0.5% 
Fe,O, and ca. 2.2% insoluble residue. 


Production from Less Pure Starting Mate- 
rials, Acid digestion of predominately silicon- 
rich raw materials gives a solution of alumi- 
num sulfate. The purity depends on the pro- 
cess and starting materials. Iron, which 
strongly interferes, is precipitated with cal- 
cium hexacyanoferrate(IT) as Berlin blue (iron 
hexacyanoferrate(II)), with calcium sulfide as 
iron sulfide, or by hydrolysis as basic iron sul- 
fate. For details, see [155]. The clear solution 
is decanted and sold as a liquid or concen- 
trated to 61.5°Bé, allowed to solidify, and 
milled. The final product, which contains ca. 
0.5% Fe,O, and 0.1% insoluble material, is 
the technical grade. In addition, there is an 
iron-free grade having an Fe,O, content of ca. 
0.005 %. 


The Kretzschmar process is used to pro- 
duce very pure, iron-free aluminum sulfate by 
digestion of clay (for example, 40-43% 
Al,O;, 53-56% SiO,, 2-4% Fe,O,) with sul- 
furic acid. The greater part of the impurities is 
removed and crystals are separated from the 
solution by stirring. The formation of colloids 
is avoided by using vacuum apparatus. Pure, 
large crystals of Al,(SO,),-18H,O (15.3% 
AL,0,) can be separated easily from the im- 
pure mother liquor by centrifuging [156]. The 
residue from the digestion process (SiO,) can 
be converted with lime to calcium hydrosili- 
cate, which increases the hardness of and also 
plasticizes lime mortar. 

In a process developed by the U.S. Bureau 
of Mines, alcohol is used to reduce the viscos- 
ity of the oversaturated aluminum sulfate 
mother liquor [157]. 
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Olin Mathieson Chemical Corp. developed 
an economical process for producing high- 
quality aluminum sulfate from the clay or 
waste shale of coal mines. Large crystals (1.5— 
3 mm) with iron contents of less than 0.03% 
are produced in a patented crystallizer [158]. 
A process for producing aluminum sulfate 
from alum-containing ores is given in [159]. 

Aluminum sulfate is produced from waste 
“red mud” (from the aluminum oxide indus- 
try) by suspending the mud in water and pass- 
ing sulfur dioxide through the suspension until 
pH 2 is reached. After filtration and removal 
of the sulfur dioxide in vacuo to give a pH of 
4.5-5.0, Al(OH)SO, and SiO,-nH,O precipi- 
tate. The precipitate is filtered and treated with 
sulfuric acid, whereby aluminum sulfate dis- 
solves. [160]. 


Commercial Grades. Whereas AL(SO, 
18H,O theoretically contains 15.3% ALO,, 
commercial grades of aluminum sulfate con- 
tain 14-15%, 15-16%, 17-18%, 18%, or 22— 
23% ALO, (Table 21.17). Generally, the alu- 
minum sulfate containing 17—18 % ALO, (wa- 
ter-soluble aluminum content, calculated as 
ALO,) is used most frequently. The calculated 
hydrate water content of this aluminum sulfate 
is 13 mol. The commercial grade containing 
17-18% AL,O, is delivered also with various 
special qualities, such as low arsenic or low 
iron content. 

Table 21.17: Commercial grades of aluminum sulfate. 
Insoluble Basic- 
material, % ity*, % 


8% 8 0.004 — 1 
(solution) 


14-15% 14-15 0.006-0.008 0.04 0.1-1.0 
15-16%  15.1—16.0 0.006—0.008 0.04 0.1-1.0 
17-1896 са.17.2 «0.01 0.03 0.1-1.0 
18% ca. 18.0 <0.01 «0.03  0.8-1.5 
22-23% са. 22.8 <0.02 са. 0.03 1.0-1.8 


Grade — Al,O, 76 Ғе,0,, % 


* Defined in text. 


The basicity of the product is defined as the 
excess in AlO, over the stoichiometric 
SO,:ALO, ratio. The 17-18% AL,O; grade 
has a basicity of 0.11 %, i.e., the Al,O, content 
exceeds the stoichiometric amount by 0.1— 
1%. Occasionally, the term “basicity” is de- 
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fined as the ratio % SO, to Ф ALO. For com- 
mercial aluminum sulfate, this ratio is ca. 
2.30, whereas the theoretical value is 2.35. 
This weakly basic aluminum sulfate has the 
advantage that it is less hygroscopic and there- 
fore hardly affects either the metal parts of the 
apparatus during use Or paper sacks during 
transport. Also, free acid damages cellulose fi- 
bers in the paper industry. 


Uses 


About two thirds of the total aluminum sul- 
fate production is used for treating water. 
About one half of the total production goes 
into the paper industry (paper sizing, pH ad- 
justment wastewater purification) [161, p. 
246]. 


Paper Industry. Aluminum sulfate is used for 
precipitating and fixing sizing agents, wet- 
strength agents, and basic dyes; for improving 
retention; for dispersing resin particles that 
stick together and block sieves; as the starting 
material of a high-quality slip for coating 
glossy paper (satin white); and for the produc- 
tion of lake dyes and wallpaper. For an over- 
view of uses in newspaper factories, see [162]; 
for a detailed discussion on the importance of 
aluminum sulfate in paper production, see 
[149]. Aluminum sulfate with more than 0.2 % 
ҒеО; gives paper a yellow tinge and cannot 
be used for good-quality white paper. 


Water Purification. Aluminum sulfate is an 
important flocculating agent for purifying wa- 
ter [163]. The mechanism is as follows: Posi- 
tively charged aluminum ions, which are 
hydrated or hydroxylated with water via nu- 
merous intermediate stages, neutralize the 
negative charge on the colloidal material in the 
water. As a result of mutual adsorption, the 
material flocculates, sediments at various 
rates. and finally settles as sludge after 15—150 
min. To neutralize the hydrogen atoms formed 
on hydrolysis of aluminum sulfate, some car- 
bonate hardness is consumed: 


AL(SO,), + 6HCO; — 2AI(OH), + 6CO, + 3502- 


For 50 mg/L of the 17-18% ALO, grade 
0.25 mmol/L of carbonate hardness (based on 
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alkaline-earth ions) is consumed. Generally, 
5-50 g aluminum sulfate is sufficient to purify 
1 m? of water. An advantage of using alumi- 
num sulfate is the lack of postflocculation, 
provided the correct amount is added. Disad- 
vantages are the formation of free carbon di- 
oxide, the increase of noncarbonate hardness, 
such as calcium sulfate, and the pH remaining 
between 5 and 7. If no natural bicarbonate 
hardness is present. an alkaline substance that 
also has a dispersing effect, such as lime or so- 
dium aluminate, must be added. Aluminum 
sulfate, used in combination with calcined 
leached clay, is suitable for binding mercury 
ions, for example, in sea water [164]. 


Other Uses. Aluminum sulfate with a very 
low iron content (below 0.01%) is used as a 
mordant in dyeing; a higher iron content is un- 
acceptable because this leads to color changes. 
Further uses are tor pickling of seeds, deodor- 
izing of mineral oils, tawing, and producing 
aluminum hydroxide gel employed, for exam- 
ple, as a filler for synthetic rubber. Aluminum 
sulfate has some importance also as a catalyst 
support. Finally. it is the starting material for 
almost all other aluminum compounds. 


Production and Capacity Data. Aluminum 
sulfate production in the United States was 
1 168 000 t in 1980 and 1 075 000 t in 1982 
[165]; that in Japan was 757 000 t in 1980 
[166]. The main U.S. producer of aluminum 
sulfate is Allied Corp. The main Japanese pro- 
ducers are Nikkei Kako Co. and Scintoma 
Aluminum Smelting Co. 


21.10.2.2 Alums 


Historical Aspects. Alumen, from which the 
word alum is derived, was known to the an- 
cient Greeks and Romans as an astringent and 
also as a mordant in dyeing wool. Alum was 
employed in processing skins, for embalming 
animal and human corpses. and for fireproof- 
ing wood. However, what was known at first 
as alum was not a defined substance but re- 
ferred to both alum-containing minerals and 
mixtures of alum with iron vitriol. PARACELSUS 
was the first to distinguish true alum from iron 


1106 


vitriol. In the years 1776—1798, CHAPTAL and 
VAUQUELIN established that alum was a double 
salt of potassium and aluminum sulfates and 
that the potassium ions could be replaced by 
ammonium ions. The raw material of the an- 
cient alum industry was alum stone (alunite) 
or alum shale. Alum stone contains all compo- 
nents of the alum in the correct ratios and is 
processed by roasting and leaching Roasting, 
aging for several years, and leaching of alum 
shale gave an aluminum solution from which 
the alum was precipitated with alkali. The 
alum industry played an important role during 
the whole of the Middle Ages. 


The industrial production of the alums 
ceased to have particular importance when it 
became possible to produce aluminum sulfate 
economically in high purity. because only the 
aluminum content is of practical importance. 
Most of the alum production methods now 
have only limited. partly only historical, inter- 
est. Clay and other alkali-containing silicates, 
particularly bauxite, were used as raw materi- 
als and were digested using alkali or acid. To- 
day, alums are produced only from aluminum 
hydroxide, which is obtained by the Bayer 
process from bauxite. 


General Properties. Alums are crystalline 
double salts of the general formula (cation 1)* 
(cation 2)**(anion* ),-12H,O. The most useful 
alums are those with trivalent aluminum cat- 
ions and sulfate anions, M*AP'(SO;), 
12H,O. The individual components of the 
alum can be replaced. retaining both the regu- 
lar crystalline form and the hydrate water. Al- 
ums with the following trivalent metals are 
known: iron, chromium, cobalt, manganese, 
titanium, vanadium, gallium, indium, scan- 


Table 21.18: Solubility of some aluminum alums as a function of temperature (grams of anhydrous salt per 100 g water). 
40 50 60 70 80 90 100 


t, "C 0 10 20 30 
Sodium 56.2 60.5 61.5 66.7 
Potassium 3.0 4.0 5.9 7.9 
Ammonium 2.6 4.5 6.6 9.0 
Rubidium 0.71 1.09 1.40 
Cesium 0.2 0.3 0.4 
Thallium 3.05 44 6.2 
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dium, rhodium, and iridium. The monovalent 
component can be an alkali metal, or it can be 
ammonium, alkylammonium, arylammonium, 
or thallium. The existence of a lithium alum is 
uncertain. Known combinations include po- 
tassium-aluminum, cesium-aluminum, potas- 
sium-chromium, and hydroxyammonium— 
aluminum. A selenate alum also is known: 
KAI(SeO,),-12H,O. 


All alums crystallize in strongly refracting 
octahedra or cubes [145]. They have an astrin- 
gent taste and rot-proofing, protein-precipitat- 
ing properties. 

In aqueous solution, alums show all the 
chemical properties that their components 
show separately. Physical properties, such as 
color, electrical conductivity, and freezing- 
point lowering, are the sum of the properties 
of the components, provided the solutions are 
very dilute. At higher concentrations, com- 
plexes, such as [AI(SO,),-(H,O),]°, аге 
formed. The solubilities of the alums in water 
decrease from sodium to cesium (see Table 
21.18). On heating, the alums lose their water 
of crystallization either partially or com- 
pletely. However, part of the water is taken up 
again at normal temperature and humidity. 


Potassium Aluminum Sulfate 


Potassium aluminum sulfate, known as po- 
tassium alum, KAI(SO,),-12H,O, p 1.75 
g/cm’, and ammonium aluminum sulfate are 
the aluminum compounds known longest. Po- 
tassium alum occurs in nature as efflorescence 
on alum shale and in volcanic areas on tra- 
chyte and lava as feather alum. 


11.7 17 25 40 71 109 154 
124 15.9 211 26.9 352 503 70.8 


4.98 21.6 
1.24 53 22.8 


12.6 260 
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Potassium alum crystallizes in large, color- 
less, transparent octahedra, which melt at 
92.5 °C in their own water of crystallization. 
The hardness of the crystals on the Mohs scale 
is 2. The octahedra absorb long-wavelength 
IR radiation almost completely, but are trans- 
parent to visible light. Certain substances (hy- 
droxides, carbonates, borates, carbamides, 
also metals and organic dyes) promote the for- 
mation of basic aluminum sulfate by binding 
free sulfuric acid in the mother liquor. Under 
these conditions, the cubic form is favored 
(cubic or Roman alum). 

Potassium alum is stable in air of normal 
humidity. Dehydration does not begin below 
30 °C, but at 65 °C nine moles of water are 
lost. Literature data on the dehydration are 
contradictory. Recent investigations on ther- 
mal decomposition are given in [167]. Ac- 
cording to these results, K,SO,, y-Al,O,, and 
3K,SO,-AL(SO,), form at 780 °C, whereas 
K,SO,, a-ALO,, and K,O-12ALO, аге pro- 
duced at 1400°C. When heated above its 
melting point, potassium alum dehydrates, 
forming calcined alum (alum  ustum), 
KAI(SO,),. At red heat, SO, is released. — " 

Potassium alum is soluble in dilute acid but 
almost insoluble in anhydrous alcohol. ace- 
tone, and methyl acetate. Because of the 
marked increase in solubility in water with 
temperature, potassium alum can be purified 
more easily than other aluminum salts by re- 
crystallization and, in particular, can be freed 
from iron sulfate. Mixed crystals form readily 
with ammonium sulfate. 

Basic potassium aluminum ` sulfate, 
K[Al(OH),],(SO,),-7/,H,O, occurs in nature 
as lówigite. The compound is made syntheti- 
cally as a rather insoluble, amorphous powder 
by heating aluminum sulfate, water, and an ex- 
cess of potassium sulfate or by heating potas- 
sium alum with water in the ratio 1:4 to 
200 *C [168]. Another basic potassium alumi- 
num sulfate, K[Al,(OH),(SO,),], containing 
less water, is the alum stone (alunite) occur- 
ring in nature. 


Production. Aluminum hydroxide (wet hy- 
drate; Al,O, ca. 57%, Ее,О, 0.016—0.023 96, 
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H,O 42.5%) and sulfuric acid (p = 1.6 g/cm’; 
Fe,O, 0.020—0.040 g/L) react in a stirred, cor- 
rosion-resistant pressure boiler at 5-6 bar to 
form aluminum sulfate as shown in Figure 
21.37. The aluminum sulfate melt is then led, 
with release of pressure, into a copper con- 
tainer. Here, a stoichiometric quantity of po- 
tassium sulfate (as chloride-free as possible) is 
added. The solution is heated to ca. 100 °C for 
2—3 h and adjusted to 40—44 "Be with*mother 
liquor. After filtration from insoluble material, 
the alum melt is left in crystallization boxes 
for 10 days, after which the. alum is removed 
in blocks. The product obtained in this way 
contains < 0.001% Fe,O,, 0.001—0.004 96 
chloride, and « 0.01 % insoluble material. 


For the production of alum crystals, the 
alum melt is brought into a stirred crystalliza- 
tion bath, where it is cooled to ca. 40 °C by air 
bubbles. The pulp is then separated from the 
mother liquor by centrifuging and washed. 
The mother liquor is collected and returned to 
the copper container. The potassium alum is 
dried at 50-60 °C. The salt, which forms lus- 
trous crystals, is sieved and packed in paper 
bags that are lined with polyethylene. 


A process for obtaining potassium alum 
from alum-containing ores is given in [159], 
and the production of basic potassium and so- 
dium alums from synthetic alum is described 
in [169]. 


Uses. As already mentioned, the industrial im- 
portance of potassium alum has declined con- 
siderably. However, it is still employed in 
tawing skins. as a mordant in dyeing, and as a 
coagulating agent for latex. Because of its as- 
tringent and protein-precipitating properties, 
potassium alum is used in the pharmaceutical 
and cosmetics industries. The use of potas- 
sium alum as a styptic pencil, because of its 
blood-stanching property, is very widespread 
and popular. The most important application 
today is in the gypsum industry, which em- 
ploys potassium alum as hardening agent and 
setting accelerator for the production of mar- 
ble cement and alabaster plaster. However, for 
purifying water and sizing paper, potassium 
alum has been replaced completely by alumi- 
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num sulfate. In the paper industry, aluminum 
sulfate is designated traditionally, although in- 
correctly, as an alum. 


Ammonium Aluminum Sulfate 


Ammonium aluminum sulfate, also called 
ammonium alum, NH,Al(SO,),-12H,O, p 
1.64 g/cm?, mp 93.5 °C, occurs in nature as 
shermigite. Crystals doped with other alums 
show birefringence. The solubility of ammo- 
nium alum in water is similar to that of potas- 
sium alum, with which it forms a continuous 
series of mixed crystals. Ammonium alum is 
slightly soluble in dilute acids and glycerol but 
insoluble in absolute alcohol. In aqueous solu- 
tion, ammonium alum is neutral. 

Data on loss of water on heating are in dis- 
agreement. GEL’ Perm and CHEBOTKEVICH 
[170] have reported that water of crystalliza- 
tion is released in three stages: first to give the 
hydrate with 21 mol water, then to that with 3 
mol water and finally to the anhydrous prod- 
uct, so that it is in fact more correct to formu- 
late ammonium alum with 24 mol water. 
Above 193 °C, decomposition with the release 
of ammonia begins. On glowing above 
1000 °C, sulfur trioxide is lost, leaving an alu- 
minum oxide residue. 


Production. Ammonium alum is made today 
mainly by dissolving aluminum hydroxide in 
sulfuric acid and adding ammonium sulfate 
but sometimes by the reaction of ammonia gas 
with aluminum sulfate and sulfuric acid. The 
procedure is analogous to the potassium alum 
process, To obtain a quality particularly low in 
iron oxide or other metal oxides (< 0.0001 % 
Fe,O,; normal quality ca. 0.001 % Fe,O3), as is 
required for production of synthetic gems, 
very pure starting materials must be used. Am- 
monium alum occurs as an intermediate in the 
“aloton” process, which operates in a sulfuric 
acid medium. This process had some impor- 
tance prior to 1945 in Germany and the United 
States for aluminum hydroxide and aluminum 
oxide production. 


Uses. In Europe. ammonium alum is not used 
in large quantities. Applications include those 
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in dressing furs in tanning, in the production 
of very fine aluminum oxide particles for pol- 
ishing metallographic surfaces, and, in some 
countries outside Europe, as a disinfectant. In 
the United States. ammonium alum is impor- 
tant as an additive in baking powder; ca. 500 
t/a are produced for this purpose. More re- 
cently, ammonium alum has gained consider- 
able importance as starting material for the 
production of the finely powdered, loose alu- 
minum oxide of high purity that is required for 
synthesizing corundum gems, such as rubies 
and sapphires. This quality of aluminum oxide 
is made by heating ammonium alum (or am- 
monium aluminum selenate alum) to 1000 °C. 


Sodium Aluminum Sulfate 


Sodium aluminum sulfate, sodium alum, 
NaAI(SO,);- 12H,O, melts at 61 °C in its wa- 
ter of crystallization. In nature, it occurs as the 
mineral mendozite. Again, the data on thermal 
dehydration disagree. Sodium alum is insolu- 
ble in absolute alcohol but is much more solu- 
ble in water than all other alums. Alum 
powder (very fine crystalline form) is not 
available commercially These two facts 
make it difficult to obtain sodium alum free 
from iron. Because of this and also because of 
its strong tendency to age, sodium alum has 
never gained the same importance as the other 
alums. In Europe, its use has been abandoned. 
In the United States, however, sodium alum is 
still utilized in relatively large quantities (ca. 
3000 t/a) in baking powder. 


Production. In the United States. sodium 
alum is produced by adding a clear solution of 
sodium sulfate to aluminum sulfate. After di- 
lution to 30 °Bé and subsequent heating, a 
sludge of potassium sulfate, sodium silicate, 
and caustic soda is added to improve the purity 
of the product. The mixture is pumped into a 
stirred vessel, where it is mixed for several 
hours. During this stage, the ratio of aluminum 
sulfate to sodium sulfate is adjusted to the sto- 
ichiometric amount. Afterwards, the melt is 
pumped into an evaporator and concentrated 
to such an extent that it solidifies to a hard 
cake on pouring into a cooling tank. This so- 
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dium alum cake is then heated and finally 
ground to the desired size (99% through a 
sieve of 100 mesh) [161, p. 250]. 


21.10.3 Aluminates 


Only the aluminates of barium and sodium 
have importance in industry. Aluminates oc- 
cur also in cement and in spinels. 


21.10.3.1 Sodium Aluminate 


Sodium aluminate is an important commer- 
cial inorganic chemical. It functions as an ef- 
fective source of aluminum hydroxide for 
many industrial and technical applications. 
Commercial grades of sodium aluminate are 
available in solid and liquid forms. Pure so- 
dium aluminate (anhydrous) is a white crystal- 
line solid having a formula variously given as 
NaAlO,, Na,O ALO,, or Na, ALO, Commer- 
cial grades, however, always contain more 
than the stoichiometric amount of Na,O, the 
excess being on the order of 1.05 to 1.50 times 
the formula requirement. Hydrated forms of 
sodium aluminate are crystallized from con- 
centrated solutions. d 

Sodium aluminate has no defined melting 
point; it softens above 1700 °C when sodium 
begins to evaporate slowly, leaving aluminum 
oxide. 


Production. The chief commercial process 
for the manufacture of sodium aluminate is the 
dissolution of aluminum hydroxides in so- 
dium hydroxide solution. Aluminum trihy- 
droxide (gibbsite) from the Bayer process can 
be dissolved in 10-30% aqueous NaOH solu- 
tion at a temperature near the boiling point. 
The use of more concentrated NaOH solu- 
tions leads to a semisolid product. The process 
is carried out in steam-heated vessels of nickel 
or steel, and the aluminum hydroxide is boiled 
with ca. 50% aqueous sodium hydroxide until 
a pulp forms. After this is poured into a tank 
and cooled, a solid mass containing about 
70% NaAIO, is formed. After being crushed, 
this product is dehydrated in a rotary oven 
heated either directly or indirectly by burning 
hydrogen. The resulting product contains ca. 
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90% NaAIO, and 1% water together with 1% 
free NaOH. The solubility of the salt produced 
in this way depends strongly on how much ex- 
cess sodium hydroxide is used. 


Alternatively, bauxite can be used directly 
as the alumina source. Bauxites containing 
gibbsite are extracted at 150°C and 5 bar, 
whereas boehmite containing bauxite requires 
higher temperatures (230 °C) and pressures. 
The sodium aluminate solution obtained from 
the digestion process is separated from any 
impurities and then concentrated to the com- 
mercial liquid grade by evaporation. The solid 
product is obtained by drying the liquid. 

The sinter method also has been used to 
produce sodium aluminate. By sintering so- 
dium carbonate directly with Bayer aluminum 
trihydroxide in rotary sintering kilns at 
1000 °C, an essentially anhydrous product can 
be obtained. When sintering bauxite, it is es- 
sential to leach the sinter mass with water and 
separate the impurities. 


Uses. The major use of sodium aluminate is 
for water treatment, including both potable 
and industrial waters. Sodium aluminate is 
used as an adjunct to water softening systems. 
as a coagulant aid to improve flocculation, and 
for removing dissolved silica. Sodium alumi- 
nate dissolves in water to give a solution that 
has a pH value of 8. The aluminum hydroxide 
that precipitates from this solution has excel- 
lent flocculation properties and coagulates 
other impurities present in the water. Depend- 
ing on the impurities, the conditions of precip- 
itation can be improved by adding aluminum 
sulfate [171]. 


In construction technology, sodium alumi- 
nate is employed to accelerate the solidifica- 
tion of concrete, mainly when working during 
frost, under water, and in humid soil (Table 
21.19). Compared to calcium chloride, which 
acts in a similar manner, sodium aluminate has 
the advantage of greater setting acceleration at 
low water-to-cement ratios [172]. Because it 
does not attack the reinforcing metals, it can 
be used for work with steel-reinforced con- 
crete. Too rapid setting can cause cracks in the 
concrete, affecting the final strength of the 
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building. By adding substances such as oxoac- 
ids [173], sugar, naphthene [174], K,CO,, or 
Na,SO, [175] the final strength increases 
without affecting the setting rate significantly. 
Sodium aluminate increases the resistance of 
mortar to water, alkali, and acid. For the pro- 
duction of expanded concrete, sodium alumi- 
nate serves to activate nitrogen-releasing 
substances [176]. To stabilize foam formation 
in the production of light refractory bricks, up 
to 5% (relative to the total dry mass) sodium 
aluminate is added. 

Table 21.19: Acceleration of setting by sodium aluminate 


in a mixture of 6 parts sand, 2 parts concrete, and 1 part 
water. 


rd m Setting started Setting completed 
0 4h30 min 6h 
1 30 min 1h 40 min 
1.5 15 min 30 min 
2 10 min 15 min 
10 instantly 


Increasingly, sodium aluminate is being 
used for the production of synthetic zeolites, 
used as catalyst supports or as catalysts [177— 
180] and as adsorbents. Sodium aluminate is 
one of the principal sources of alumina of the 
preparation of alumina adsorbents and cata- 
lysts. 

In the paper industry, sodium aluminate in- 
creases the opacity [181], retention of fibers 
and filling materials [182],.and the paper 
strength [183]. Also, it stabilizes the pH value 
of the water circulation [184] and increases 
the dispersion stability of titanium dioxide 
[185]. 

Another application of sodium aluminate 
is as a pickle to protect metallic surfaces (cop- 
per [186], aluminum [187], among others). 
This effect is based on the formation of a thin, 
very firmly adhering layer of aluminum hy- 
droxide or, after heat treatment, of aluminum 
oxide on the surface, which does not affect the 
metallic luster. In the enamel industry, sodium 
aluminate is added to enamel mixtures to 
achieve low-melting covers [188]. 

Further applications of sodium aluminate 
are in lithography for the production of print- 
ing inks [189] and print forms [190], in the de- 
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tergent and varnish industries, in the 
production of water-insoluble floor waxes 
[191], as a dispersion agent for production of 
high-purity asbestos [192], as an additive to 
drilling fluids [193], and in the textile industry 
as a mordant in dyeing and in printing cloth. 
Many other uses of sodium aluminate have 
been reported. These include inhibition of 
glass etching by alkaline solutions; protection 
of steel surface during galvanizing; improving 
dyeing, antipiling, and antistatic properties of 
polyester synthetic fibers; as an additive to 
foundry sand molds and cores; and as a binder 
in the ceramics industry. 


21.10.3.2 Barium Aluminates 


The industrially important barium alumi- 
nates are BaO-6ALO,, тр 1915 °С; ВаО. 
ALO, тр 1815 °С; and 3BaO-ALO, mp 
1425 °С [194]. The first two crystallize hexag- 
onally. 

Barium aluminates are produced by melt- 
ing bauxite with coal and barite. Leaching the 
melt gives a solution of barium aluminate, 
from which the salt is obtained by evapora- 
tion. Very pure barium aluminates can be pro- 
duced by sintering mixtures of aluminum 
oxide with barium carbonate. All barium alu- 
minates, including such hydrated compounds 
as BaO-ALO,4EHLO. 2BaO-ALO,.5H,O, 
BaO-ALO,.7H,O, апа ` 7BaO-6ALO,. 
36H,0, hydrolyze in water, forming hydrargil- 
lite (gibbsite), AI(OH),, and relatively soluble 
barium hydroxide. i 

Barium aluminate is used for purifying wa- 
ter because the Bai" ion precipitates both the 
sulfates and the carbonates, whereas the alu- 
minate ions form insoluble calcium aluminate. 
A further use of barium aluminates is as a spe- 
cial cement, for example, as binding agent for 
the production of high-temperature refracto- 
ries, and in the production of radiation shields 
[195]. 


21.10.4 Aluminum Alkoxides - 


Aluminum alkoxides (alcoholates) are solid 
or liquid compounds of covalent character. 


Aluminum 


They are readily soluble in hydrocarbons, but 
sparingly soluble in alcohols. Hydrolysis with 
water occurs readily, giving aluminum hy- 
droxide and the corresponding alcohol. For a 
general review of aluminum alkoxides. see 
[196]. Industrially, only the isopropoxide (iso- 
propylate) and sec-butoxide (sec-butylate) are 
important. These compounds are used to ad- 
just the viscosity of varnishes, to impregnate 
textiles, as intermediates in the production of 
pharmaceuticals, and as antitranspirants in 
cosmetics. In the industrial production of ke- 
tones and aldehydes, aluminum alkoxides are 
employed as reducing agents (Meerwein- 
Ponndorf reaction). 


Aluminum iso-propoxide, A(OCH(CH,),)., 
is a white solid, mp 118 °C, bp 125—130 °C at 
533 Ра, 220 1.0346, flash point 26 °C. It is usu- 
ally produced by direct reaction of aluminum 
and isopropyl alcohol in the presence of mer- 
cury(II) chloride catalyst. In a later version of 
the process [197], the alcohol was heated un- 
der reflux in a column filled with aluminum 
chips; no catalyst was required and nearly 
quantitative conversion was obtained. The 
alkoxide can be purified by distillation. In ‘an 
alternative production method. excess isopro- 
pyl alcohol is added to a solution of aluminum 
chloride in benzene; the hydrogen chloride 
formed is removed by introducing dry ammo- 
nia into the reactor and filtering off the ammo- 
nium chloride that precipitates. 


Aluminum sec-butoxide, Al(OC,H,), is a 
colorless liquid, bp 180°C at 533 Pa, 220 
0.9671, flash point 26 °C, and is produced in a 
manner similar to aluminum isopropoxide. 


21.10.5 Aluminum Chloride 


21.10.5.1 Anhydrous Aluminum 
Chloride 


ØRSTED first prepared anhydrous aluminum 
chloride in 1825 by the reaction of chlorine 
gas with a mixture of alumina and carbon. 
This compound has acquired great signifi- 
cance in organic chemistry as a catalyst, par- 
ticularly for Friedel-Crafts syntheses and 


1111 


allied reactions for the production of alkylated 
aromatics, dyestuffs, pharmaceuticals, and 
perfumery chemicals. For general literature, 
see [145] and [198]. 


Properties 


Physical Properties. In the solid and gas 
phases at temperatures up to 400 °C, alumi- 
num chloride is present as the dimer,-Al,Cl,. 
Dissociation of the dimer progresses with ris- 
ing temperature and is quantitative above 
800 °C. Solid aluminum chloride crystallizes 
to form a monoclinic layer lattice. Pure alumi- 
num chloride is white, but the commercial 
product usually has a yellowish or grayish 
tinge because of small amounts of iron chlo- 
ride or aluminum impurities. Physical proper- 
ties of anhydrous aluminum chloride [199]: 


p at 25 °C 2.44 g/cm? 
Sublimation temperature 

at 101.3 kPa 181.2 °C 
Triple point, at 233 kPa 192.5 °C 


Heat of formation at 25 °C —705.63 + 0.84 kJ/mol 


Heat of sublimation of dimer 


at 25 °C 115.73 + 2.30 kJ/mol 
Heat of fusion 35.35 + 0.84 kJ/mol 
Heat of solution at 20 °C —325.1 kJ/mol 


Chemical Properties. Anhydrous aluminum 
chloride reacts extremely violently with water, 
evolving hydrogen chloride. The hexahydrate, 
AICl,-6H,O, is formed in this reaction. In 
aqueous solution, aluminum chloride is par- 
tially hydrolyzed to hydrochloric acid and alu- 
minum oxychloride, AICIO. For this reason, 
anhydrous aluminum chloride cannot be ob- 
tained by concentrating the solution and cal- 
cining the hydrate. When aluminum chloride 
is heated with y-alumina, aluminum oxychlo- 
ride, AICIO, forms, but this reaction goes in 
the reverse direction at temperatures above 
700 °C: 

AICI, + ALO, = 3AICIO 

If aluminum chloride vapor is passed at 
1000 °C under reduced pressure over molten 


aluminum, volatile aluminum monochloride, 
AICI, is formed, but this decomposes immedi- 
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ately into the elements in cooler zones of the 
reactor. This method has been adopted for pu- 
rifying aluminum. 

Reaction between aluminum chloride and 
other metal halides, such as CaCL,, CrCl,, and 
FeCl,, gives mixed halides. Eutectic melts 
with other metal chlorides are of industrial 
significance, for example, that with sodium 
chloride is used as a solvent in chlorination re- 
actions. 

Anhydrous aluminum chloride dissolves 
readily in polar organic solvents. As a Lewis 
acid it forms addition compounds with numer- 
ous electron donors, such as hydrogen chlo- 
ride, hydrogen sulfide, sulfur dioxide, sulfur 
tetrachloride, phosphorus trichloride, ethers, 
esters, amines, and alcohols. 


Production 


The starting materials are either aluminum 
or pure aluminum oxide. Bauxite now has no 
economic significance as a raw material be- 
cause of the iron chloride always present in the 
product. 


Chlorination of Aluminum [200]. Today, 
most anhydrous aluminum chloride is made 
by chlorinating aluminum. 

Chlorine is passed through molten alumi- 
num in ceramic-lined. tube-shaped reactors. 
The reaction is highly exothermic: 


2А) + Blat > ALCly, AH*--1411kI/mol 


(2 
The temperature in the reactor is maintained at 
670—850 °C by controlling the admission rates 
of chlorine and aluminum and by cooling the 
reactor walls with water. The aluminum usu- 
ally is replenished in the form of lumps. The 
difficulty of controlling the large heat of reac- 
tion can be overcome also by dividing the pro- 
cess into a number of small units. 

The aluminum chloride vapor leaving the 
reactors is passed through ceramic-lined tubes 
into large air-cooled iron chambers. Solid alu- 
minum chloride is withdrawn from the con- 
denser walls at regular intervals, ground 
(insuring exclusion of moisture), and classi- 
fied by sieving. Chlorine in the off-gas is re- 
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moved by conventional methods such as 
absorption in caustic soda solution. 


Chlorination of Pure Aluminum Oxide. 
Chlorination of alumina is advantageous over 
the formerly widely used bauxite process (less 
reactor corrosion and higher-purity product), 
and at the same time it avoids the high raw 
material costs involved in metal chlorination 
[201]. 

Carbon monoxide and chlorine are partially 
converted to phosgene over an activated char- 
coal catalyst. The gaseous reaction mixture 
enters a brick-lined, fluidized-bed reactor, 
where it reacts with finely divided y-alumina 
to yield aluminum chloride. The reaction is 
exothermic enough (ca. 300 kJ/mol, based on 
AICL) to maintain the temperature at 500— 
600 °C without external heat. Consequently, 
the process permits large units, and the low re- 
action temperature insures that the brick lining 
has a long life. 

The aluminum chloride vapor is filtered 
through a bed of coarse pumice chips, con- 
densed, and further processed described 
above. The off-gas contains chlorine, phos- 
gene, and large amounts of carbon dioxide. 
The chlorine is removed by scrubbing, and the 
phosgene is hydrolyzed with water. Extremely 
pure aluminum chloride is obtained by resub- 
limation from molten sodium aluminum chlo- 
ride. 


Quality Specifications and Analysis 


Anhydrous aluminum chloride is ground 
and marketed as powder or granules. Alumi- 
num usually is determined by complexometry; 
the chloride, by argentometry. The assay is 
98-99% A]Cl, The main impurity is iron 
(0.05% max. or 0.01% for resublimed prod- 
uct). Sampling and analysis of anhydrous alu- 
minum chloride must be carried out in an 
atmosphere of dry air or nitrogen. 


Handling, Storage, and 
Transportation 


Because of its corrosive and irritant action, 
anhydrous aluminum chloride is classified as a 


Aluminum 


dangerous substance. National and interna- 
tional regulations must be observed, such as 
67/548/EEC, the key European Economic 
Community directive dealing with the classifi- 
cation, packaging, and labeling of dangerous 
substances. 


Handling. Goggles, gloves, and protective 
clothing must be worn when handling alumi- 
num chloride. A fume cupboard or a respirator 
with filter type B/St against acid gases should 
be used. Because hydrogen chloride is 
evolved when aluminum chloride is exposed 
to water, any spills must be taken up dry, and 
only small, residual amounts can be washed 
away with plenty of water. Sodium bicarbon- 
ate or slaked lime should be used for neutral- 
ization. 


Storage and Transportation. Aluminum 
chloride is dispatched in vented steel drums or 
in tank trucks or rail tankcars that can be emp- 
tied pneumatically with dry air or nitrogen 
(dew point below —40 °C). Because the prod- 
uct tends to cake, it should not be stored for 
more than six months. International marine 
transportation is governed by the IMDG code, 
class 8, UN no. 1726. RID, ADR, ADNR: 
Class 8, no. 11b, Rn 801, 2801, 6801, respec- 
tively. EEC: Yellow Book 78/79, EG no. 013- 
003-00-7. United Kingdom: Blue Book, Cor- 
rosives & IMDG code E 8031. United States: 
DOT regulations, corrosive solid, CFR 49, 
172.101. 


Uses 


Anhydrous aluminum chloride is an impor- 
tant Friedel-Crafts catalyst in the chemical 
and petrochemical industries [202, 203]. A 
principal application is the alkylation of ben- 
zene by alkyl halides to form alkylbenzenes 
that are consumed in the production of syn- 
thetic detergents, such as alkylbenzene- 
sulfonates. Aluminum chloride also catalyzes 
the liquid-phase ethylation of benzene with 
ethylene to yield ethylbenzene, most of which 
is used in the production of styrene. 

Ethyl chloride is produced mainly by the 
reaction of hydrochloric acid and ethylene in 
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the presence of aluminum chloride; the con- 
sumption has significantly decreased because 
of the declining demand for tetraethyl lead as 
an antiknock additive. 


In the dyestuffs industry, aluminum chlo- 
ride is widely used as catalyst in the produc- 
tion of anthraquinone and its derivatives and 
of pigments, such as phthalocyanine green. A 
further application of aluminum chloride is as 
a finish for titanium dioxide pigments, which 
are in this way protected from oxidation by an 
oxide layer. 


Until 1960, aluminum chloride was used 
extensively in petroleum refining for cracking 
and isomerization. but it has now been re- 
placed by zeolite catalysts. It is still employed 
in reforming hydrocarbons, as a polymeriza- 
tion catalyst in the production of hydrocarbon 
resins, and for the production of butyl rubber. 


It is a catalyst also in the production of 
compounds, such as aromatic aldehydes, ke- 
tones, and 2-phenyl-ethanol, used in fra- 
grances. Other applications for anhydrous 
aluminum chloride include the production of 
aluminum borohydride, lithium aluminum hy- 
dride, as well as compounds of phosphorus 
and sulfur. 


Most of these reactions with aluminum 
chloride produce a solution that is often used 
as a flocculating agent in the treatment of 
waste Water. 


Aluminum chloride also is an intermediate 
in the production of aluminum by the Alcoa 
smelting process [204]. 


Data on the consumption of anhydrous alu- 
minum chloride in the United States are given 
in Table 21.20. 


Table 21.20: United States anhydrous aluminum chloride 
consumption in 1993 (not including the amounts con- 
sumed in the production of aluminum) [205]. 


Alkylate detergents 2200t 
Ethylbenzene 4000t 
Hydrocarbon resins 3900t 
Phatmaceuticals 4000t 
Titanium dioxide 2 200 t 
Miscellaneous 4900t 
Total 21 2001 


1114 


21.10.5.2 Aluminum Chloride 
Hexahydrate 


Properties. The white hydrate AlCl,-6H,O 
crystallizes hexagonally and dissolves exo- 
thermally in water (133 g hexahydrate per 100 
g water at 20 °C) [206]. The solubility in- 
creases only slightly with temperature. The 
aqueous solutions are strongly acidic because 
the salt hydrolyzes. Hydrogen chloride is 
evolved on heating concentrated solutions. 
The structure of aqueous solutions of 
AICI, -6H,0O is discussed in [207]. 


Production and Uses. Aqueous solutions of 
AICI,-6H,O can be obtained by dissolving 
aluminum hydroxide in hydrochloric acid: the 
hexahydrate crystallizes when hydrogen chlo- 
ride passes into cold (about 20 °C) saturated 
solution. In this way, impurities, particularly 
iron(II) chloride, can be removed [206]. Alu- 
minum chloride hexahydrate has only minor 
importance as such; for example, it is used for 
hardening photographic layers. However, it is 
of industrial importance as an intermediate in 
the production of aluminum oxide [208, 209]. 


21.10.5.3 Basic Aluminum 
Chlorides 


Properties. Basic aluminum chlorides, alumi- 
num hydroxychlorides, aluminum chloride 
hydroxides, poly(aluminum  hydroxychlo- 
rides), have the general formula AL(OH), , 
CI, HO. The individual compounds are best 
defined either by the molar ratio of aluminum 
to chloride (7/,) or by their basicity, defined as 
(1 — 76) x 100%. Below a minimum water 
content, which depends on n, the compounds 
are unstable; they decompose to aluminum hy- 
droxide and aluminum oxide on heating to 
above 80°C, releasing water and hydrogen 
chloride. All basic aluminum chlorides with n 
= 1—5 can be isolated, and all are white, in 
some cases crystalline substances, partially 
soluble in the lower alcohols [210, 211], but 
readily soluble in water. For example, 170 g of 
the compound Al,(OH),Cl-2.5H,O dissolves 
in 100 g water at 20 °C. However, the viscos- 
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ity of the solution prevents further amounts 
from dissolving. The electrical conductivities 
of the aqueous solutions, shown in Figure 
21.38, are characteristic of the basic aluminum 
chlorides. 
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Figure 21.38: Electrical conductivity of freshly prepared 
basic aluminum chloride solutions: O from Locron L (ca. 
50% aqueous solution of Al,(OH),C1-2.5H,O) and hydro- 
chloric acid at constant aluminum oxide concentration 
(11.5%) and 20°C; А prepared directly from 
AICI,-6H,O. 


Table 21.21: pH values of aqueous solutions of 
AL(OH),CI-2.5H.O at 20 °C (mass fractions, w, in 45). 








w pH 
60 34 
30 4.0 
15 4.2 
10 4.3 

5 4.4 

3 4.4 





Aqueous solutions of basic aluminum chlo- 
rides are acidic because the compounds hydro- 
lyze (Table 21.21). The stability of the 
solutions depends on the basicity: compounds 
with aluminum to chloride molar ratios of ca. 
0.5:1 to about 1.6:1, corresponding to basici- 
ties of ca. 30—75 %, decompose to give insolu- 
ble basic aluminum chloride at a rate that 
depends on the temperature and concentration 
of the solution [212]. On the other hand. com- 
pounds of basicity greater than 7546 are very 
stable in aqueous solution. For example, com- 
pounds with the approximate composition 
Al,(OH), Cl-2-3H,O are so stable at concen- 


Aluminum 


trations > 5046 that no decomposition occurs, 
even on boiling for days. 


In contrast to the aluminum chlorides of 
low basicity (below 65%), the compounds of 
high basicity (above 65%) do not crystallize 
from their aqueous solutions, but form glassy 
masses. When solutions in the basicity range 
30-65% are evaporated. the compound 
AL(OH),,Cl,,.6.05H,O (basicity 62%) al- 
ways crystallizes [213]. On addition of alkali 
to basic aluminum chlorides, aluminum hy- 
droxide precipitates. Hydrochloric acid con- 
verts all basic aluminum chlorides to the 
hexahydrate: 


Al,(OH),Cl + 5НСІ +7H,0 — 2AICI,-6H,O 


Chemical Structure. Basic aluminum chlo- 
rides have been known for a long time [145, p. 
205]. but only recently have investigations 
given significant insight into their chemical 
structures [214-217]. Basic aluminum chlo- 
rides are mixtures of complex compounds of 
various degrees of polymerization. Spectro- 
scopic and kinetic investigations of the basic 
aluminum chlorides and of their solutions 
[214—218] lead to the conclusion that the com- 
plex ion [Al,,0,(OH),,(H,O),,]’* is present 
and is in equilibrium with its polymeric forms. 
Variations observed in the properties of these 
aqueous solutions such as viscosity and pH are 
caused by polymerization and depolymeriza- 
tion (219, 220]. 


Analysis. Basic aluminum chlorides are so 
stable that the aluminum content can be deter- 
mined only after decomposition of the com- 
plex ion [221, 222]. The usual procedure is to 
mix the solution containing aluminum with 
60 % sulfuric acid and 0.1 M disodium ethyl- 
enediaminetetraacetate, followed by ca. 20% 
sodium hydroxide. The pH is adjusted to 4.7— 
4.9 at 60—70 °C. After the solution is cooled to 
about 25 °C and buffer solution (acetic acid, 
ammonium acetate), acetone, and indicator 
(dithizone in ethanol) are added, the solution 
is back-titrated with 0.1 M zinc sulfate. One 
milliliter of 0.1 M disodium ethylenediamine- 
tetraacetate is equivalent to 2.698 mg of alu- 
minum. 
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Production. Basic aluminum chlorides are 
made by dissolving either aluminum hydrox- 
ide or metallic aluminum in hydrochloric acid. 
Aged aluminum hydroxide leads only to com- 
pounds of basicity up to 65 % [212]. To obtain 
aluminum chlorides of high basicity, freshly 
precipitated aluminum hydroxide [223] must 
be used. However, the preferred method is to 
dissolve aluminum in hydrochloric acid either 
thermally or electrochemically: z 

2Al + HCl 5H,0 > AL(OH),CI +3 H, 


This method is exemplified by the following 
process [224]: 

Aluminum electrodes are set up at dis- 
tances of 40 mm in a corrosion-resistant elec- 
trolysis cell. Hydrochloric acid (p 1.04 g/cm?) 
is poured into the cell at a rate such that the re- 
action temperature remains at ca. 80 °C. After 
all the hydrochloric acid has been added, the 
voltage between the first and last electrodes is 
set so that an average voltage of 0.6 V per 
electrode pair is obtained at a current density 
of ca. 170 A/m?. The formation of explosive 


- gas mixtures must be avoided throughout the 


reaction by diluting the hydrogen with air or 
nitrogen to below the explosion limit. After 
about 70 h, the density of the electrolyte in- 
creases to about 1.2-1.3 g/cm’, and the pH 
value to about 3.5. At the same time the cell 
voltage fails. The electrolyte then consists of a 
solution containing aluminum and chloride in 
the molar ratio 2:1, corresponding to a basic- 
ity of 83%. The corresponding bromides as 
well as iodides are obtained by the same 
method. The solid halides are obtained from 
the solutions by careful evaporation or by 
spray drying [225]. Recently, another method 
may be of interest: controlled thermic decom- 
position of АІСІ,:6Н,О) [226]. 


Uses and Quality. The scope of applications 
for basic aluminum chlorides has increased 
considerably in recent years. The most impor- 
tant basic aluminum chloride has the composi- 
tion AL(OH)CI-2-3H,O. Very stringent 
purity specifications apply to this substance. 
The maximum levels permitted are Fe 100 
ppm, SO, 500 ppm, Pb 20 ppm, As 3 ppm. 
These are required for its chief application, 
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namely, that in the cosmetics industry as the 
effective component of antiperspirants [227, 
228]; trade names are Chlorhydrol (Reheis, 
USA), Locron (Hoechst, Germany), and 
Wickenol (Wickhen, USA). Other areas of ap- 
plication for this aluminum chloride are in the 
production of catalysts and highly tempera- 
ture-resistant fibers based on ALO,, as a hy- 
drophobic agent for impregnation of cotton 
textiles, for tanning leather, as a retention 
agent in paper production, as a binding agent 
for fire-resistant ceramic products, and as a 
hardening agent for rapid fixing baths in the 
photographic industry. Aluminum chlorides of 
low and moderate basicities, often known col- 
lectively as poly(aluminum chloride). are used 
particularly in flocculation chemicals for the 
treatment of water (229, 230]. For example, 
trade name of one of such a substance is Povi- 
mal (Hoechst). 


21.10.6 Toxicology 


Aluminum sulfate is classified as nontoxic; 
an LD. value of 6207 mg/kg (mouse, oral) is 
reported [231]. Alum solutions are known for 
their astringent (tissue-contracting) effects. A 
TLV of 2 mg/m? was established for water- 
soluble aluminum salts [232]. 

Anhydrous aluminum chloride has a corro- 
sive and irritant effect on the skin, respiratory 
tract, and eyes. The toxic effect is caused by 
the evolution of hydrochloric acid when the 
product is exposed to moist air. The resulting 
respiratory difficulties vary from mild irrita- 
tion to coughing. The MAK value (1995) and 
TLV (1983) for hydrochloric acid are both 7 
mg/m? [232, 233]. 

The extensive use of the basic aluminum 
chloride AL(OH),CI-2-3H.,O in the cosmetic 
industry worldwide over more than 30 years 
has shown that this compound is not irritating 
to the skin in the concentrations used commer- 
cially. Although intermittent application of 
150 mg AL(OH),CI-2-3H,O over a period of 
3 days was found to cause mild skin irritation 
in humans, a dose of only 7.5 mg of АІСІ,: 
6H,O caused the same degree of irritation 
[234]. 
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21.10.7 Aluminum Benzoate 


Al(C;H;O;), a crystalline powder, is 
slightly soluble in water. Aluminum benzoate 
is used as a stabilizer in poly(vinyl chloride). 


21.11 Pigments 


21.11.1 Ultramarine Pigments 


Blue ultramarine (blue from over the sea) is 
the name which European artists of the Middle 
Ages gave to the pigment derived from lapis 
lazuli a semiprecious stone imported mainly 
from Afghanistan. Ultramarine was the su- 
preme blue of medieval times, but eventually 
it became scarce and very expensive. 

In 1828, J. B. Gumer in France and Cunis- 
TIAN GMELIN in Germany independently de- 
vised similar processes for synthetic 
preparation. Relatively abundant supplies 
soon became available, the price fell dramati- 
cally, and ultramarine was adopted as a gen- 
eral-purpose color. 

Synthetic ultramarines are inorganic pow- 
der pigments, commercially available in three 
colors: 

e Reddish blue, C.I. Pigment Blue 29:77007 
e Violet, C.I. Pigment Violet 15:77007 


e Pink, C.I. Pigment Red 259:77007 
A green variety, once produced in small quan- 
tities, is no longer available. 

Within limits set by stability consider- 
ations, the proportions of the chemical constit- 
uents can vary. The typical lattice repeat unit 
of a blue ultramarine is Na, Al, «Si, ,O,,S, ,. 
The violet and pink variants differ from the 
blue mainly in the oxidation state of the sulfur 
groups. This is reflected in somewhat lower 
sodium and sulfur contents. 


21.11.1.1 Chemical Structure 


Reviews of work on the structure of ultra- 
marine are given in (235, 236]. 

Ultramarine is essentially a three-dimen- 
sional aluminosilicate lattice with entrapped 
sodium ions and ionic sulfur groups (Figure 
21.39). The lattice has the sodalite structure, 
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with a cubic unit cell dimension of ca. 0.9 nm. 
In synthetic ultramarine derived from China 
clay by calcination, the lattice distribution of 
silicon and aluminum ions is disordered. This 
contrasts with the ordered array in natural ul- 
tramarines. 





DO @ Na 
O Si or Al o5 


Figure 21.39: Schematic drawing of the basic structure of 
standard ultramarine showing the available sites for sulfur 
and sodium. 


In the simplest ultramarine structure, equal 
numbers of silicon and aluminum ions are 
present and the basic lattice unit is 
Na,Al,Si,O,, or (Na*),(Al**),(Si*),(O*),, 
with a net ionic charge of zero as required for 
structural stability. 


The nature of the sulfur groups responsible 
for the color is reviewed in [237—239]. There 
are two types of sulfur group in blue ultrama- 
rine, 55 and S7, both being free radicals stabi- 
lized by lattice entrapment. In the 
predominant S3 species, the spacing between 
the three sulfurs is 0.2 nm and the angle be- 
tween them is 103°. Sj absorbs a broad energy 
band in the visible green-yellow orange region 
centered at 600 nm, while S; absorbs in the vi- 
olet-ultraviolet region at 380 nm (Figure 
21.40). 
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Figure 21.40: Spectral reflectance distribution of blue ul- 
tramarine. 

The basic lattice (Na*),(AP*),(Si^9,(07,, 
is derived from SiO, by substituting six of 
the silicon ions by aluminum. Every Al** must 
be accompanied by a Na* so that the overall 
ionic charge for the structure is zero. Hence, 
six of the eight sodium sites are always filled 
by sodiums required for lattice stability and 
the remaining two sites are filled with sodiums 
associated with ionic sulfur groups. This 
means that only one S2- polysulfide ion can be 
inserted into the lattice (as Na,S,) even though 
subsequent oxidation to S; leads to loss of one 
of the accompanying sodium ions. This gives 
a basic ultramarine lattice formula of 
Na,Al,Si,O,,S3. 

To increase the sulfur content and thereby 
improve color quality, the lattice aluminum 
content can be decreased by including a high- 
silicon feldspar in the manufacturing recipe. 
This reduces the number of sodium ions 
needed for lattice stabilization and leaves 
more for sulfur group equivalence. A typical 
product would be Na, , Al, ,Si,,0,,S,, with a 
stronger, redder shade of blue than the simpler 
type. 

In violet (Figure 21.41) and pink (Figure 
21.42) ultramarines, the lattice structure is lit- 
tle changed, but the sulfur chromophores are 
further oxidized, possibly to SCT, S, or Sj. 
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Figure 21.41: Spectral reflectance distribution of violet 
ultramarine. 
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Figure 21.42: Spectral reflectance distribution of pink ul- 
tramarine. 

Ultramarines are zeolites, though lattice 
paths are restricted by 0.4 nm diameter chan- 
nels. The sodium ions can be exchanged for 
other metal ions (e.g., silver, potassium, lith- 
ium, copper). Although this produces marked 
color change, none of the products have com- 
mercial value. 


21.11.1.2 Properties 


The basic ultramarine color is a rich, bright 
reddish blue, the red-green tone varying with 
chemical composition. The violet and pink de- 
rivatives have weaker, less saturated colors 
(see Figures 21.40-21.42, for reflectance 
spectra). 

The color quality of commercial pigments 
is developed by grinding to reduce particle 
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size and thus enhance tinting strength. Mean 
particle size ranges typically from 0.7 to 5.0 
um. Figure 21.43 shows an electron micro- 
graph of a 1.0 um grade. Fine pigments are 
lighter in shade and rather greener than 
coarser grades, but when reduced with white, 
their color is brighter and more saturated. 





Figure 21.43: Electron micrograph of blue ultramarine 
with a mean particle size of 1.0 штп (magnification x 
5800). 


With a refractive index close to 1.5, similar 
to that of paint and plastics media, ultramarine 
gives a transparent blue in gloss paints and 
clear plastics. Opacity is obtained by adding a 
small quantity of a white pigment. Increasing 
quantities of white give paler shades, and a 
trace of ultramarine added to a white enhances 
the whiteness and acceptability. 

In many applications ultramarine blue is 
stable to around 400 °C, violet to 250 °C, and 
pink to 200 °C. All have excellent lightfast- 
ness with a 7-8 rating (full and reduced 
shades) on the International Blue Wool Scale. 
Color fade attributed to light exposure or mod- 
erate heat is almost always caused by acid at- 
tack. Ultramarines react with all acids, and if 
there is sufficient acid, the pigment is com- 
pletely decomposed losing all color to form 
silica, sodium and aluminum salts, sulfur, and 
hydrogen sulfide. Evolution of hydrogen sul- 
fide with acids is a useful test for ultramarine. 


Aluminum 


Grades resistant to transient acidity are avail- 
able, in which the pigment particles are pro- 
tected by a coating of impervious silica. Blue 
and violet grades are stable in mildly alkaline 
conditions, but pink tends to revert to a violet 
shade. 

Ultramarines are insoluble in water and or- 
ganic solvents, so the color does not bleed or 
migrate from paints or polymers. 

Being macromolecular, the fine ultramarine 
particles have a high surface energy and are 
cohesive. The finer grades, with their greater 
surface area, are therefore less easy to disperse 
than the coarser types, and some are available 
with pigment surfaces treated to reduce energy 
and improve dispersibility. 

Ultramarines adsorb moisture on the exter- 
nal particle surfaces and at the internal sur- 
faces of the zeolite structure. External surface 
moisture (1-2% according to particle size) is 
driven off at 100—105 ?C, but the additional 
1% of internal moisture needs 235 °C for 
complete removal. 

Ultramarine particles are hard and can 
cause abrasion in equipment handling either 
dry or slurried pigment. i 

Specific gravity is 2.35, but bulk density of 
the pigment powder is much lower, varying 
with particle size between 0.5 and 0.9 g/cm?. 

Oil absorption also varies with particle size 
(usually 30-40 р%). The pH lies between 6 
and 9. Ultramarine pigments are largely odor- 
less, nonflammable, and do not support com- 
bustion. 


21.11.1.3 Production 


Ultramarine is made from simple, rela- 
tively cheap materials, typically china clay, 
feldspar, anhydrous sodium carbonate, sulfur, 
and a reducing agent (oil, pitch, coal etc.). Use 
of a synthetic zeolite has been proposed [240, 
241], but this method is not known to be in 
commercial use. 


Clay Activation. The clay is heated to about 
700 °C to destabilize the kaolinite structure by 
removing hydroxy] ions as water. This can be 
either a batch process with the clay in cruci- 
bles in a directly f red kiln, or a continuous 
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process in a tunnel kiln, rotary kiln, or other 
furnace. 


Blending and Heating Raw Materials. The 
activated clay is blended with the other raw 
materials and dry-ground, usually in batch or 
continuous ball mills, to a mean size ap- 
proaching 15 рт. Typical recipes (in %) are: 


Green-tone Red tone 


Calcined clay 32.0 30.0, 
Feldspar 70 
Sodium carbonate 29.0 27.0 
Sulfur 34.5 33.0 
Reducing agent : 4.5 3.0 


The ground mixture is heated to about 
750 °C under reducing conditions, normally in 
a batch process. This can be done in directly 
fired kilns with the blend in lidded crucibles of 
controlled porosity, or muffle kilns. The heat- 
ing medium can be solid fuel, oil, or gas. The 
sodium carbonate reacts with the sulfur and 
reducing agent at 300°C to form sodium 
polysulfide. At higher temperatures the clay 
lattice reforms into a three-dimensional 
framework, which at 700 ?C is transformed to 
the sodalite structure, with entrapped sodium 
and polysulfide ions. 


Oxidation. The furnace is allowed to cool to 
ca. 500 °C when air is admitted in controlled 
amounts. The oxygen reacts with excess sulfur 
to form sulfur dioxide, which exothermically 
oxidizes the di- and triatomic polysulfide ions 
то 55 and 55 free radicals, leaving sodium sul- 
foxides and sulfur as by-products. When oxi- 
dation is complete, the furnace cools and is 
unloaded a full kiln cycle can take several 
weeks. The "raw" ultramarine product typi- 
cally contains 75 % blue ultramarine, 23 % so- 
dium sulfoxides, and 2% free (uncombined) 
sulfur with some iron sulfide. 


Purification and Refinement. The purifica- 
tion and refinement operations can be batch or 
continuous. The raw blue is crushed and 
ground, slurried in warm water, then filtered 
and washed to remove the sulfoxides. Reslur- 
rying and wet grinding release the sulfurous 
impurities and reduce the ultramarine particle 
size, often to 0.1—10.0 um. The impurities are 
floated off by boiling or cold froth flotation. 
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The liquor is then separated into discrete 
particle size fractions by gravity or centrifugal 
separation; residual fine particles are re- 
claimed by flocculation and filtration. The 
separated fractions are dried and disintegrated 
to give pigment grades differentiated by parti- 
cle size. These are blended to sales-grade stan- 
dard, adjusting hue, brightness, and strength to 
achieve specified color tolerance. 

Violet ultramarine can be prepared by heat- 
ing a mid-range blue grade with ammonium 
chloride at ca. 240 °C in the presence of air. 
Treating the violet with hydrogen chloride gas 
at 140 *C gives the pink derivative. 

A good ultramarine pigment would meet 
the following specification: 


Tinting strength/standard +2% max. 
Reduced shade/standard 1 CIELAB unit max. 
Free sulfur 0.05 % max. 
Water-soluble matter 1.0% max. 
Sieve residue (45 um) 0.1% max. 
Moisture 
coarse grade 1.0% max. 
fine grade 2.0% max. 
Heavy metals traces 


21.11.1.4 Uses 


The stability and safety of ultramarine pig- 
ments are the basis of their wide range of ap- 
plications which include the following: 

Plastics 

Paints and powder coatings 
Printing inks 

Paper and paper coating 

Rubber and thermoplastic elastomers 
Latex products 

Detergents 

Cosmetics and soaps 

Artists colors 

Toys and educational equipment 
Leather finishes 

Powder markers 

Roofing granules 

Synthetic fibers 

Theatrical paints and blue mattes 
Cattle salt licks 

White enhancement 


Plastics. Blue ultramarine can be used in any 
polymer; violet ultramarine has a maximum 
processing temperature of 250 °C, and pink 
ultramarine has a maximum processing tem- 
perature of 200 °C. With PVC, acid-resistant 
grades must be used if color fades during pro- 


Handbook of Extractive Metallurgy | 


cessing. Surface-treated grades are available 
for enhanced dispersibility. Ultramarines do 
not cause shrinkage or warping in polyolefins. 
Ultramarine pigments are permitted world- 
wide for coloring food-contact plastics. 


Paints. Ultramarine pigments are used in dec- 
orative paints, stoving finishes, transparent 
lacquers, industrial paints, and powder coat- 
ings. They are not recommended for colored, 
air-drying paints for outdoor use in urban at- 
mospheres. 


Printing Inks. Ultramarine pigments can be 
used in inks for most printing processes in- 
cluding hot-foil stamping. Letterpress, flexo- 
graphy, and gravure need high-strength 
grades; lithography needs water-repellent 
grades; any grade is suitable for screen inks, 
fabric printing, and hot-foil stamping. 


Paper and Paper Coating. Ultramarine pig- 
ments are used to enhance the hue of white pa- 
per or for colored paper. They can be added 
directly to the paper pulp, or used in applied 
coatings. When added to the pulp, acid-resis- 
tant grades must be used if acid-sizing is em- 
ployed. They are particularly suitable for 
colored paper for children’s use. 


Detergents. Ultramarine pigments are widely 
used to enhance the effects of optical brighten- 
ing agents in improving whiteness of laun- 
dered fabrics [242]. They do not stain or build 
up with repeated use. 


Cosmetics and Soaps. Ultramarine pigments 
are widely used in cosmetics. Pink is not rec- 
ommended for toilet soaps because of the 
color shift to violet. Advantages are complete 
safety, nonstaining, and conformance to all 
major regulations. 


Artists’ Colors. This traditional use for ultra- 
marine in all types of media is still an impor- 
tant application. Unique color properties, 
stability, and safety are highly prized. 


Toys and other Articles/Materials for Chil- 
dren’s Use. Ultramarine pigments are widely 
used in plastics and surface coatings for toys, 
children’s paints and finger paints, modeling 
compositions, colored paper, crayons, etc. 


Aluminum 


They comply with major regulations and stan- 
dards. 


21.11.1.5 Toxicity and 
Environmental Aspects 


Ultramarines are safe in both manufacture 
and use. Their only known hazard is the evolu- 
tion of hydrogen sulfide on contact with acid. 
Massive exposure of workers in well over a 
century of manufacture, worldwide use for 
whitening clothes, and use in a number of 
countries for whitening sugar have all been 
without reported ill-effects. 


Tests sponsored by Reckitt’s Colours con- 
firm that acute oral toxicity in rats and mice 
(LD,,) is greater than 10 000 mg/kg. Fish tox- 
icity (LC,, in rainbow trout) exceeds 32 000 
mg/L. Ultramarine is nonmutagenic, nonirri- 
tant, and nonsensitizing to skin. 


There is no listed threshold limit value or 
maximum exposure limit for the pigment. 
Normal practice is to consider it a nuisance 
dust with TLV 10 mg/m. The pigment is not 
listed as a dangerous substance in the EC nor 
in any similar national or international classi- 
fication; neither is it classified as hazardous 
for disposal. 


The production process evolves close to 1 t 
of gaseous sulfur dioxide and 0.3 t of water- 
soluble sodium sulfoxides for every tonne of 
pigment produced. These must be disposed of 
in an environmentally acceptable manner. If 
the soluble salts are fully oxidized, they can be 
discharged safely into tidal waters. Future leg- 
islation in all producing countries may require 
removal of sulfur dioxide from the effluent 
gases before discharge to the atmosphere. 


21.11.1.6 Economic Aspects 


Ultramarines can be categorized as either 
laundry grades, which are low-strength and 
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sometimes low-purity materials, or as indus- 
trial grades, which are high-strength, high-pu- 
rity pigments. 

Factories in several countries produce laun- 
dry-grade materials, including several in 
China, India, Eastern European countries, and 
one in Pakistan. Neither the numbers of these 
units nor their outputs are accurately known. 


There are only three major producers of 
high-grade ultramarine pigments — Dainichi 
Seika (Japan), Nubiola (Spain), and Reckitt's 
Colours (France, United Kingdom) — with two 
smaller producers in Austria and Colombia. In 
1990 total worldwide production was ca. 
20 000 t/a. 


21.11.2 Aluminum Phosphate 


Commercial aluminum phosphate anticor- 
rosive pigments consist of aluminum zinc 
phosphate hydrates [243, 244], or zinc-con- 
taining aluminum triphosphate [245]. Their 
compositions and properties are listed in Table 
21.22. Aluminum zinc phosphate hydrate pig- 
ments are produced by reacting acid solutions 
of aluminum hydrogen phosphate with zinc 
oxide and alkali aluminate. The precipitated 
pigment is filtered off from the mother liquor, 
washed, dried, and ground [246]. Commercial 
aluminum triphosphate pigments contain ions 
of trimeric phosphoric acid which form stable 
aluminum-containing iron phosphate com- 
plexes [245]. 


The aluminum phosphate pigments give 
good adhesion of the paint film to the metallic 
substrate. 

Trade names are as follows: 


Zinc aluminum phosphate: K-White 105 
(Teikoku Kako, Japan); Heucophos ZPA (Dr. 
H. Heubach, Germany); Phosphinal PZ04 
(SNCZ, France). 


Aluminum triphosphate: K-White 82, -84 
(Teikoku Kako, Japan). 
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Table 21.22: Composition and properties of aluminum phosphate anticorrosive pigments. 








Aluminum triphosphate 
Property (commercial product 1; 
K-White 82) [245] 
Al content, % 5.5-7.7 
Zn content, % 11.6—14.9 
P,O, content, % 42.0-46.0 
SiO, content, % 13.0-17.0 
Loss on ignition (600 °C), % ca. 10 
Density, g/cm? 3.0 
Oil absorption value, g/100 g 35 
Particle size, um 0.5-10 
pH value 6-7 
Water-soluble content, 96 max. 1.0 
Color white 


21.11.3 Production 


Aluminum pigments are produced by 
grinding aluminum powder, usually obtained 
by atomizing molten aluminum. The starting 
material is mainly aluminum ingots with a pu- 
rity of 99.5% (DIN 1712), or pure aluminum 
(> 99.95%) for special outdoor applications 
(acid-resistant grades). 

Aluminum powder forms explosive mix- 
tures with air; the lower explosive limit being 
ca. 35—50 g/cm’. Dust-free aluminum paste is 
therefore used in most applications. 

Aluminum pigments are mainly produced 
by wet milling in white spirit. The resulting 
Pigment suspension is usually fractionated, 
sieved, and filtered on a filter press. The filter 
cake is mixed with solvents to give the usual 
commercial consistency with 65% solids. 
Other solvents may be used instead of white 
spirit, the choice being governed by the in- 
tended application. The white spirit can be re- 
moved by vacuum drying and replaced by 
another solvent if necessary (e.g., for printing 
inks or coloring plastics). | 

Aluminum behaves as an amphoteric 
metal, liberating hydrogen from both alkaline 
and acid aqueous media. In waterborne paints 
and coloring systems, special stabilized alumi- 
num pigments are therefore required [247]. 
Aluminum pigments must not be used with 
halogen-containing solvents because they re- 


d ; Aluminum zinc phosphate 
Aluminum triphosphate KEN hy Pas P 
(commercial product 3; 


(commercial product 2; Heucophos ZPA. Phosphinal 
А phos , Phosphin 
K-White 84) [245] PZ 04) (243, 244] 


4.7-6.9 4—5 
21.3—24.5 35—39 
36.0-40.0 30/37 
11.0-15.0 

ca. 8 10-16 
3.1 3.2 

30 30/35 

0.5-10 0.5-10 
6-7 6.5 

max. 1.0 0.1 

white white 


act very violently to release hydrogen halides 
(Friedel-Crafts reaction). 

The leafing properties of aluminum pig- 
ments can be adversely affected by polar sol- 
vents ог binders.  "Leafing-stabilized" 
aluminum pigments are available for these ap- 
plications. 

Along with special pigments for modern 
environmentally-friendly coating systems 
(e.g., waterborne paints and powder coatings) 
described above, aluminum pigments coated 
with colored metal oxides (e.g., iron oxide) 
have appeared on the market which produce 
not only reflection but also interference effects 
[248]. Novel color effects are obtained by 
combining the metal-oxide-coated pigments 
with transparent colored pigments. 

Aluminum has a very low toxicity and is 
permitted as a coloring agent (EEC no. E173, 
CL 77000). It is also approved by the FDA, 
8 175300 (USA). 
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22.] Introduction 


Titanium, is a member of group 4 of the pe- 
riodic table. It has two 4s and two 3d valence 
electrons and is a transition element. The elec- 
tronic configuration is 152 2s*p® 3s?pSd? 452. 
Natural titanium is a mixture of five stable iso- 
topes [7]: 

Mass number: 46 47 48 49 50 
Abundance,%: 7.95 7.75 73.43 5.51 5.34 


22.9 Production of Titanium Sponge. . . .1161 
22.9.1 Reduction of Titanium Dioxide . . . 1162 
22.92 Reduction of Titanium Halides. ? . . 1162 
22.93 Thermal Decomposition of Titanium 


Halides...2: Lees 1164 

22.94  Electrowinning of Titanium ...... 1165 
22.10 Processing and Reuse of Scrap 

Metal; оа: 1166 


22.11 Processing of Titanium Sponge. ...1166 
22.12 Production and Processing of 


Semifinished Products ............ 1168 
22.13 Compounds...................... 1169 
22.13.1 Titanium(II) Compounds ........ 1170 
22.13.2 Titanium(Ill) Compounds ....... 1170 
22.13.2.1 Тиапіипт(Ш) Sulfate and Double 
Sulfates scn saranani ооба 1171 
22.13.2.2 Titanium(III) Hydroxide......... 1171 
22.13.2.3 Titanium(III) Oxide ........ ne.. 1171 
22.13.2.4 Titanium Nitride, TiN ........... 1171 
22.13.3 Titanium(IV) Compounds ....... 1171 
22.13.3.1 Тиапаїех..................... 1172 
22.13.3.2 Peroxytitanic Acid and 
Регохуійанаіеѕ................ 1173 
22.13.3.3 Titanium Sulfides .............. 1173 
22.13.3.4 Titanium Carbides and 
Carbonitrides.... o.. nnanan 1173 
22.13.3.5 Titanium Borides .............. 1173 
22.14 Toxicology and Occupational 
Health «overhead 1174 
22.15 Кеѓегепсеѕ....................... 1176 


The following unstable isotopes also exist: 
Mass number: 43 44 45 51 


Half-life: 0.58+ 1000а 308+ 6min 
0.004 s [8] 0.06 h [9], [11], 72 
21d[10] £24 [12] 


22.2 History 


In 1791, Grecor isolated a metal oxide 
from the black, magnetic iron-containing 
sand found at Manaccan in Comwall, and con- 
jectured that it contained a hitherto unknown 
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metal, which he named manaccanite. In 1795, 
KraPnRorH investigated the red schor! rock 
from Boinik in Hungary, and he also decided 
that this mineral must contain an as yet un- 
known metal, which he named titanium after 
the Titans, the sons of the primeval Earth 
Mother. After detecting the new metal, also in 
oxidic form, in other minerals such as titanite 
and ilmenite, Кілркотн showed that it was 
identical with the metal in manaccanite. 

Although the fundamental reactions of 
modem titanium production (digestion with 
sulfuric acid, hydrolysis of the resulting li- 
quor, and reduction in acidic solution) were al- 
ready known before 1800, the first preparation 
of pure titanium oxide was carried out only in 
1908, while full-scale production began in 
1916 in Norway. 

In 1910, Hunter prepared 98-99% pure ti- 
tanium metal by reduction with sodium. The 
strong affinity of titanium for oxygen, nitro- 
gen, and carbon made preparation of the pure, 
ductile metal difficult, and this was first 
achieved by van ARKEL. in 1922 by reducing 
potassium hexafluorotitanate with sodium in 
an inert atmosphere. The foundations for 
large-scale industrial production were laid by 
Ккоі1 °з discovery of the reduction of titanium 
tetrachloride by magnesium. WARTMAN of the 
Bureau of Mines then developed a method of 
treating the titanium sponge so obtained and 
melting it in an electric arc furnace. 


22.3 Physical Properties 


Pure titanium is a silvery white, ductile 
metal, mp 1668-3500 °C [15]. The atomic ra- 
dius is 0.145 nm for coordination number six 
in the crystal lattice [16]. 

a-Ti has hexagonal structure of the Mg 
type, almost close-packed and somewhat com- 
pressed along the c-axis. The lattice constants 
of a-Ti at room temperature are с = 0.4679 
nm, a = 0.2951 nm, c/a = 1.585 for twice-re- 
fined iodide titanium [17]. 

At 882.5 *C [18], titanium transforms into 
the body-centered cubic В-рһаѕе, the heat of 
transformation being 3.685 kJ/mol [19]. Ex- 
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trapolation of the lattice constants of titanium 
alloys whose B-phase can be quenched to 
room temperature, gives a lattice constant a = 
0.3269 nm at room temperature [20] and 0.328 
nm above 620 °C. Increasing contents of oxy- 
gen, nitrogen, and carbon, which are incorpo- 
rated interstitially, slightly elongate the a-axis 
of a-Ti and considerably elongate its c-axis. 
These effects are most marked with carbon, 
and are very slight with hydrogen. The effect 
on the lattice constants of titanium of elements 
that form substitution mixed crystals is vari- 
able. Some important physical data of tita- 
nium are as follows: 


Density at 25 °C 
high purity 4.5 g/cm? 
commercial purity 4.51 
at 870 °C (a-Ti) 4.35 
at 900 °C (B-Ti) 4.33 
Coefficient of linear expansion 
at 25°C 8.5 x ZK) 


Mean coefficient of linear 


expansion, 20-700 °C (9.0-10.1) x 10° K^ 


Latent heat of fusion 20.9 kI/mol 
Latent heat of sublimation 464.7 Кто! 
Latent heat of vaporization 397.8 kJ/mol 
Specific heat capacity at 25 °C 0.523 Jg !K"! 
at 200 °C 0.569 
at 400 °C 0.628 
Thermal conductivity at 20~25 °C 
high purity 0.221 Wem? K” 
commercial purity 0.226-0.201 
Surface tension at 1600 °C 17 N/m 
Diffusion coefficient (self diffusion) 
at 750 °C (a-Ti) 4 x 107? cm/s 
(B-Ti) 24x10? 
Modulus of elasticity at 25 °C 100-110 GPa 
Temperature coefficient -0.687 GPa/K 
Modulus of rigidity at 25 °C 411.8—431.5 GPa 
Temperature coefficient 0.265 GPa/K 
Bulk modulus at 25 °C 122.6 GPa 
Transverse contraction number 
at 25°C 0.30 
Electrical resistivity at 25 °C 42 pQem 
at 600 °C 140-150 


Superconductivity (iodide titanium), 
transition temperature 0.40 + 0.04 К 
Magnetic susceptibility of a-Ti 


at 25°C 3.2 x 10 5 cm?/g 
Temperature coefficient for 
—200 to 800 °C 1.2 х 10? cg! K"! 


Magnetic permeability at 25 С 1.00005 

Further details can be found in [13-15, 21— 
37]. Many properties of titanium at a given 
temperature show variations that depend on 
the composition and condition of the metal 
(purity, alloying elements, thermal and me- 
chanical pretreatment). 


Títanium 


Variation in properties such as electrical 
and thermal conductivity and plastic behavior 
are caused by lattice defects. Cold working in- 
creases hardness and strength by producing 
dislocations, and reduces modulus of elasticity 
and electrical conductivity, e.g., by producing 
holes in the lattice. Annealing in the recovery 
range (300—500 °C) and in the recrystalliza- 
tion range (500—800 °C) restores the original 
values. The moduli of elasticity and shear 
elasticity also depend on heat treatment. The 
presence of foreign elements, even at low con- 
centrations, often has a marked effect. In gen- 
eral, electrical resistivity, hardness, and 
strength increase with decreasing purity. 


22.4 Mechanical Properties 


High-purity titanium (iodide and electrolytic 
titanium) still contains traces of other ele- 
ments due to the high affinity of the metal for 
atmospheric gases. Above room temperature, 
the strength decreases, by 50% at 200 °С, 
whereas the fracture strain remains virtually 
unchanged. Increasing the grain size decreases 
tensile strength and yield strength but ih- 
creases elongation and reduction in area at 
fracture. Compositions and mechanical prop- 
erties of high-purity titanium grades are listed 
in Table 22.1. 

Table 22.1: Percentage chemical compositions and 
strength properties of high-purity grades of titanium. 


Iodide titanium Electrolytic tita- 


[38] nium? [39] 
О 0.021 0.020 
N 0.004 0.002 
С 0.015 0.009 
H 0.003 
Fe 0.005 0.001 
Al 0.04 
Tensile strength, MPa 230 229 
Yield strength, MPa 121.5 103.0 
Fracture strain", 96 55 55 
Reduction in area, 96 60 


a Typical figures for Brinell hardness 60-65. 
> Measured length 25.4 mm (1 inch). 


Titanium of Commercial Purity. As oxygen, 
nitrogen, and hydrogen contents increase, 


strength increases and toughness decreases. 
Whereas oxygen is the only element deliber- 
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ately added to give increased strength, the oth- 
ers, together with iron and carbon, are 
impurities introduced during production. 

The chemical compositions and strength 
properties of commercial grades of titanium in 
the recrystallized-annealed state are listed in 
Table 22.2. The Grade 1 material is the softest 
grade of titanium, and has excellent cold 
working properties. It is used for deep draw- 
ing, cladding of steel reactors, as a coating ap- 
plied by explosive cladding, for components 
that must have good corrosion resistance but 
need not have high strength, and in electrical 
technology. Titanium Grade 2 is the most 
widely used commercially pure titanium. It 
has good cold working properties, and may 
also be used for load-bearing components at 
temperatures up to ca. 250 °C. Titanium Grade 
3 is used almost exclusively for pressure ves- 
sels. This material has adequate cold-working 
properties and can be used at lower wall thick- 
nesses than softer grades of titanium. Titanium 
Grade 4 has the highest strength and is used 
for the manufacture of fittings and in aircraft 
construction. Complex components made of 
this grade of titanium have to be formed at ca. 
300 *C. 


Table 22.2: Chemical compositions (maximum contents, 
96) and strength properties (minimum values) of commer- 
cially pure grades of titanium. 


3.7025 3.7035 3.7055 3.7065 
Grade number? (Til) (12) (їз) Ca 
0.12 0.18 0.25 0.35 
0.05 0.05 0.05 0.05 
0.06 0.06 0.06 0.06 
0.013 0.013 0.013 0.013 


Tensile strength, 290—410 390—540 460—590 540—740 
MPa 


TOZO 


0.2% Yield 180 250 320 390 
strength, MPa 

1% Yield 200 270 350 410 
strength, MPa 

Fracture strain, % 24 22 18 16 


*DIN 17850, Nov. 1990, and DIN 17860, Nov. 1990. 


As shown in Figure 22.1, the high-tempera- 
ture tensile strength of all industrial grades of 
titanium decreases rapidly with increasing 
temperature. As titanium creeps under pro- 
longed stress even at room temperature, the 
characteristic high-temperature strength val- 
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ues used in calculations based on 100 000 h 
periods, as required for chemical pressure ves- 
sels, are considerably lower than those for 
short periods [40]. The use of titanium Grade 
1 for pressure vessels is not recommended. 
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Figure 22.1: High-temperature tensile strength and frac- 
ture strain of titanium pressure vessel calculations (105 h). 
Titanium grade numbers are explained in Table 22.2. 

In addition to the fundamental strength 
properties determined by destructive testing 
and the creep strength values determined by 
long-term static load tests, fatigue strength 
(resistance to oscillatory stress) is also impor- 
tant. In the case of titanium, it is between 50 
and 75% of the ultimate tensile strength. 

Cold working (80-90% deformation) dou- 
bles the tensile strength of titanium, and both 
the elongation and reduction in area at fracture 
decrease by ca. 50%. 


22.5 Corrosion Behavior 


The standard electrode potential of the re- 
action Ti = Ti” + 2e" is 21.75 V. The corro- 
sion resistance of titanium metal is due to the 
formation of a thin, dense, stable, adherent 
surface film of oxide, which immediately re- 
forms after mechanical damage if oxygen is 
present in the surrounding medium. Titanium 
is less resistant to corrosion in strongly reduc- 
ing media. 

The corrosion-resistant oxide layer is de- 
stroyed in completely water-free environ- 
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ments such as dry chlorine, dry oxygen, and 
red-fuming nitric acid, and in reducing corro- 
sive media. In neutral aqueous solutions, espe- 
cially in the presence of chloride ions, 
localized penetration of the passive layer can 
lead to pitting and crevice corrosion. 


Passivation. In a corrosive medium, the elec- 
trode potential of a titanium surface decreases 
with time [41]. The passivation potential usu- 
ally lies between —0.2 and -0.5 V. With in- 
creasing concentration and temperature, the 
passivation current density increases in the 
passive range, while the passivation potential 
remains constant [42]. The corrosion loss in 
the passive range therefore increases [43]. 
Small additions of oxidizing metal ions such 
as Cu”, Fe**, Cr^*, Au**, and Рі cause passi- 
vation of titanium in reducing media. With in- 
creasing temperature and acid concentration, 
the concentration of inhibitor necessary to 
give passivation increases. Anodic treatment 
strengthens the coatings and can delay their 
degradation under reducing conditions. 


Additions. The corrosion behavior of tita- 
nium-based materials can often be improved 
by the addition of at least 0.1596 palladium to 
the alloy, without affecting its strength proper- 
ties [44, 45]. 

Likewise, small additions (« 196) of other 
noble metals improve the corrosion behavior 
of titanium [46]. Improvement of corrosion re- 
sistance as well as strength properties is 
achieved by addition of, e.g., 0.896 nickel with 
0.396 molybdenum [47]. 


Crevice Corrosion, Stress Corrosion 
Cracking, and Pitting. Titanium is not very 
susceptible to crevice corrosion except at ele- 
vated temperatures in the presence of high 
concentrations of halide and sulfate ions or in 
moist chlorine gas. Additions of palladium to 
the alloy have a beneficial effect. Titanium is 
very resistant to pitting in the presence of 
chlorides, except in high concentrations of 
chlorides of calcium, aluminum, or zinc at ele- 
vated temperatures [48]. Titanium is not sus- 
ceptible to stress corrosion cracking, except 
by red-fuming nitric acid containing « 1.596 


Titanium 


water, by uranyl sulfate, or by anhydrous 
methanol, 


Reaction with Hydrogen, Oxygen, Nitro- 
gen, and Air. The presence of hydrogen (pro- 
duced in a chemical process or as a corrosion 
product) or of hydrogen-containing com- 
pounds leads to local hydrogen pickup by tita- 
nium, with consequent embrittlement and 
impairment of corrosion resistance. The rate 
of hydrogen pickup depends on temperature, 
time, and the condition of the metal surface 
[49]. Oxide coatings reduce or prevent hydro- 
gen pickup [50]. 

The oxide film that forms on the surface of 
activated titanium metal at room temperature 
reaches a thickness of 1.7 nm in 2 h, 3.5 nm in 
40 d, and 25 nm in 4 years [51]. The color of 
the oxide film varies with its thickness and 
temperature of formation, and also with the al- 
loy content of the parent metal. As the temper- 
ature increases from 200 to ca. 500 °С, the 
film thickness increases, and its color changes 
from golden yellow to brown, dark blue, vio- 
let, and light blue, showing iridescent effects, 
while at higher temperatures a gray haze 
forms followed by a silvery-white and then a 
dirty gray scale layer, after which a yellowish 
white to brown scale layer of variable thick- 
ness appears, depending on the alloy composi- 
tion [52]. With increasing heating time and 
temperature, the depth of penetration of oxy- 
gen, and hence the hardness, increases [53]. 

Up to ca. 500 *C, the weight increase of ti- 
tanium due to oxidation is small. Higher tem- 
peratures lead to a rapid weight increase 
associated with dissolution of oxygen in the 
metal. 

In a nitrogen atmosphere, a titanium nitride 
layer with metallic character is formed. Above 
700 °C, the titanium nitride increasingly re- 
acts with oxygen to form titanium oxide. Tita- 
nium reacts with nitrogen considerably more 
slowly than with oxygen, so that the reaction 
with nitrogen makes little contribution to scale 
formation in air. In the presence of water va- 
por, hydrogen is also taken up. 


Behavior in Salts, Bases, Acids, and Molten 
Materials. The corrosion behavior of com- 
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mercially pure titanium is summarized in Ta- 
ble 22.3. Oxidizing conditions and the 
presence of oxidizing agents under reducing 
conditions improve corrosion resistance, 
whereas strongly reducing conditions or in- 
creases in concentration and temperature im- 
pair it [52]. 

Table 22.3: Corrosion behavior of commercially pure ti- 
tanium. 

Resistant Limited resistance ` Nonresistant 


Nitric acid Sulfuric acid Fluorine 
Chromic acid Hydrochloric acid Dry chlorine gas 
Sulfurous acid Phosphoric acid Red-fuming 
Alkali lyes Oxalic acid nitric acid 
Ammonia Formic acid 

Aqueous chlorides 

Brine 

Seawater 

Wet chlorine gas 

Acetic acid 

Maleic acid 

Acetaldehyde 

Carbamate 

Dimethylhydrazine 

Liquid hydrogen 


Titanium is stable in molten alkali metals 
up to 600 °C, in magnesium up to 650 °C, in 
gallium, tin, lead, and lead-bismuth-tin alloys 
up to 300°C, and in mercury up to 150°C 
[54]. Titanium is corroded by molten mixtures 
of chlorides and fluorides. 


22.6 Occurrence 


Titanium is relatively widely distributed 
and abundant. With an estimated average con- 
centration in the earth’s crust of 0.6%, it is 
ninth in order of abundance after oxygen, sili- 
con, aluminum, iron, magnesium, calcium, so- 
dium, and potassium. Its concentration is ca. 
1/20 that of aluminum, and 1/10 that of iron. It 
is 5-10 times as abundant as chlorine, sulfur, 
or phosphorus, and more abundant than the 
rest of the metals put together. Thus, for exam- 
ple it is 60 times as abundant as copper or 
nickel and 300 times as abundant as molybde- 
num. 

As the ionic radius of titanium is similar to 
that of some of the most common elements 
LAT, Fe?*, Mg?*, most minerals, rocks, and 
soils contain small amounts of titanium, al- 
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though true titanium minerals, containing > 
196 titanium, of which there are at least 87, are 
found in only a few locations. 


Primary titanium occurs in igneous rocks,- 


where it forms the acidic component of basic 
magmas and the basic component of acidic 
magmas. In the first case, titanates are present, 
the most important of which are ilmenite 
(FeTiO,) and perovskite (CaTiO,). In the sec- 
ond case, oxidic compounds of titanium are 
formed. Intermediate forms also exist, e.g., in 
silicates, in which titanium is present mainly 
as a basic element (e.g., in zircon minerals and 
aluminosilicates), but also as a replacement 
for silicon. These transitional forms include ti- 
tanite (sphene), CaTi(SiO,)O, a common com- 
ponent of magmatic rocks. All these forms 
also occur in metamorphic titanium-contain- 
ing rocks. The two TiO, modifications anatase 
and brookite occur exclusively in metamor- 
phic deposits. 

Secondary deposits of titanium include the 
widely distributed ilmenite placer deposits 
and ilmenite sands, which mostly occur in 
coastal regions, and the TiO, deposits in clays. 
Ilmenite is the main starting material for tita- 
nium dioxide pigments. . 

The most important titanium minerals ar 
anatase (TiO;); ilmenite (FeTiO,), which con- 
tains up to 53% TiO,, and its low-iron weath- 
ering product leucoxene; perovskite (CaTiO,); 
rutile (TiO,); and sphene [CaTi(Si0,)O]. Of 
these, only ilmenite, leucoxene, and rutile are 
of economic importance due to the ease with 
which they can be processed. The anatase de- 
posits in Brazil and the perovskite deposits of 
Colorado (United States) may achieve eco- 
nomic importance in the future. 

The most useful mineral for the extraction 
of titanium and titanium compounds is rutile 
(TiO). Although it is rarer than ilmenite, its 
TiO, content is higher. Naturally occurring en- 
riched rutile is brown to black, and contains 
90-97% TiO, together with impurities includ- 
ing up to 10% silica, iron oxides, vanadium, 
niobium, and tantalum, and traces of tin, chro- 
mium, and molybdenum compounds. 

Primary rutile deposits occur at Kragero in 
south east Norway (albite with 25% rutile) 
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and in Virginia (United States). However, 
more important are the secondary placer de- 
posits, e.g., in Brazil, Cameroon, and Arkan- 
sas (United States), and the beach sands, of 
which the most important are on the east 
coasts of Australia and Florida (United States) 
and in northern Transvaal (South Africa). All 
rutile and two-thirds of ilmenite are extracted 
from placer deposits and sands, the rest of the 
ilmenite being obtained from titanomagnetites 
and titanohematites. 


Rutile-bearing beach and dune deposits can 
be mined if TiO, contents exceed 0.3%. The 
TiO, content of the ilmenite sands depends on 
the degree of weathering. In the South African 
deposits 11-15 10-48%, in Australian sands 
54%, and in ilmenite from Kerala (India) and 
the east coast of Sn Lanka up to 80%. The il- 
menite-bearing titanomagnetites and titanohe- 
matites contain 35% TiO, in Canada, ca. 2096 
in the United States, 1896 in Norway, and 1396 
in Finland [55]. 

Titanium occurs in many stars. It is less 
abundant in meteorites than in the earth's 


crust, and is mainly associated with the silicate 
phase [56]. 


Reserves. Proven world reserves of rutile and 
ilmenite, calculated as TiO,, content have 
been estimated at 423 x 10°to 600 x 108 t. The 
largest reserves of ilmenite are in South Af- 
rica, India, the United States, Canada, Nor- 
way, Australi, Ukraine, Russia, and 
Kazakhstan, and of rutile in Brazil [57]. The 
existence of other reserves, e.g, in Bang- 
ladesh, Chile, Italy, Mexico, and New 
Zealand, makes it likely that the actual mine- 
able world reserves considerably exceed the 
accepted figures. 


22.7 ‘Titanium Dioxide 


Titanium dioxide, T1O,, occurs in nature in 
the modifications rutile, anatase, and brookite. 
Rutile and anatase are produced industrially in 
large quantities and are used as pigments and 
catalysts, and in the production of ceramic ma- 
terials. | 


Titanium 


Titanium dioxide is of outstanding impor- 
tance as a white pigment because of its scatter- 
ing properties (which are superior to those of 
all other white pigments), its chemical stabil- 
ity, and lack of toxicity. Titanium dioxide is 
the most important inorganic pigment in terms 
of quantity, 3 x 10° t were produced in 1989. 
World production of titanium dioxide pigment 
is shown in Table 22.4 [58]. 


Table 22.4: World production of TiO, pigment. 


Sulfate process Chloride process — Total 


Year 





; iva 96 Ita 9$ l0 t 
1965 1254 903- 135 9.7 1389 
1970 1499 774 437 226 1936 
1977 1873 73 716 277 2589 
1988 1781 602 1173 398 2959 


1995* 2000  ca.49 2100 510 4100 


* Estimated. 


22.7.1 Properties [59,60] 


Physical Properties. Of the three modifica- 
tions of TiO,, rutile is the most thermodynam- 
ically stable. Nevertheless, the lattice energies 
of the other phases are similar and hence are 
stable over long periods. Above 700 ?C, the 
monotropic conversion of anatase to rutile 
takes place rapidly. Brookite is difficult to pro- 
duce, and therefore has no value in the TiO, 
pigment industry. 

In all three TiO, modifications one titanium 
atom in the lattice 1s surrounded octahedrally 
by six oxygen atoms, and each oxygen atom is 
surrounded by three titanium atoms in a trigo- 
nal arrangement. The three modifications cor- 
respond to different ways of linking the 
octahedra at their corners and edges. Crystal 
lattice constants and densities are given in Ta- 
ble 22.5. 


Table 22.5: Crystallographic data for TiO, modifications. 


Lattice constants, nm i 
Phase Crystal : Density, 





system a b S g/cm? 
Rutile tetragonal 0.4594 0.2958 4.21 
Anatase tetragonal 0.3785 0.9514 4.06 


Brookite rhombic 0.9184 0.5447 0.5145 413 


Rutile and anatase crystallize in the tetrago- 
nal system, brookite in the rhombic system. 
The melting point of TiO, is ca. 1800 °C. 
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Above 1000 ?C, the oxygen partial pressure 
increases continuously as oxygen is liberated 
and lower oxides of titanium are formed. This 
1s accompanied by changes in color and elec- 
trical conductivity. Above 400 °C, a signifi- 
cant yellow color develops, caused by thermal 
expansion of the lattice; this is reversible. 
Rutile has the highest density and the most 
compact atomic structure, and is thus the hard- 
est modification (Mohs hardness 6.5—7.0). 
Anatase is considerably softer (Mohs hardness 
5.5). 

Titanium dioxide is a light-sensitive semi- 
conductor, and absorbs electromagnetic radia- 
tion in the near UV region. The energy 
difference between the valence and the con- 
ductivity bands in the solid state is 3.05 eV for 
rutile and 3.29 eV for anatase, corresponding 
to an absorption band at « 415 nm for rutile 
and « 385 nm for anatase. 

Absorption of light energy causes an elec- 
tron to be excited from the valence band to the 
conductivity band. This electron and the elec- 
tron hole are mobile, and can move on the sur- 
face of the solid where they take part in redox 
reactions. 


Chemical Properties. Titanium dioxide is 
amphoteric with very weak acidic and basic 
character. Accordingly, alkali-metal titanates 
and free titanic acids are unstable in water, 
forming amorphous titanium oxide hydrox- 
ides on hydrolysis. 

Titanium dioxide is chemically very stable, 
and is not attacked by most organic and inor- 
ganic reagents. It dissolves in concentrated 
sulfuric acid and in hydrofluoric acid, and is 
attacked and dissolved by alkaline and acidic 
molten materials. 

At high temperature, TiO, reacts with re- 
ducing agents such as carbon monoxide, hy- 
drogen, and ammonia to form titanium oxides 
of lower valency; metallic titanium is not 
formed. Titanium dioxide reacts with chlorine 
in the presence of carbon above 500?C to 
form titanium tetrachlonde. 


Surface Properties of TiO, Pigments. The 
specific surface area of TiO, pigments can 
vary between 0.5 and 300 m?/g depending on 
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its use. The surface of TiO, is saturated by co- 
ordinatively bonded water, which then forms 
hydroxyl ions. Depending on the type of bond- 
ing of the hydroxyl groups to the titanium, 
these groups possess acidic or basic character 
[61, 62]. The surface of TiO, is thus always 
polar. The surface covering. of hydroxyl 
groups has a decisive influence on pigment 
properties such as dispersibility and weather 
resistance. 


The presence of the hydroxyl groups makes 
photochemically induced reactions possible, 
e.g., the decomposition of water into hydrogen 
and oxygen and the reduction of nitrogen to 
ammonia and hydrazine [63]. 


22.7.2 Raw Materials [64] 


The raw materials for TiO, production in- 
clude natural products such as ilmenite, leu- 
. coxene, and rutile, and some very important 
synthetic materials such as titanium slag and 
synthetic rutile. Production capacities for the 
most important titanium-containing raw mate- 
rials are listed in Table 22.6 [65]. 


Table 22.6: Production capacities of titanium-containing 
raw materials (1987). 


Raw material Location Capacity, 10° t/a 
Ilmenite Australia 1550 
India 240 
Malaysia 130 
Sri Lanka 150 
Brazil 80 
United States 260 
Norway 650 
Total 3060 
Natural rutile Australia 250 
Sierra Leone 125 
South Africa 55 
United States 27 
Others 33 
Total 490 
Titanium slag Canada 1000 
South Africa 650 
Norway 200 
Total 1850 
Synthetic rutile ` Australia 272, 
India 50 
Japan | 48 
United States 100 
Total 470 
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22.7.2.1 Natural Raw Materials 


Titanium is the ninth most abundant ele- 
ment in the earth’s crust, and always occurs in 
combination with oxygen. The more impor- 
tant titanium minerals are shown in Table 
22.7. Of the natural titanium minerals, only il- 
menite (leucoxene) and rutile are of economic 
importance. Leucoxene is a weathering prod- 
uct of ilmenite. 


Table 22.7: Titanium minerals. 


Mineral Formula то, 96 
Rutile TiO, 92-98 
Anatase TiO, 90-95 
Brookite TiO, 90-100 
Iimenite FeTiO, 35-60 
Leucoxene Fe,0,TiO, 60-90 
Perovskite CaTiO, : 40-60 
Sphene (titanite) CaTiSiO, 30—42 
Titanomagnetite Fe(Ti)FeO, 2-20 





The largest titanium reserves in the world 
are in the form of anatase and titanomagnetite, 
but these cannot be worked economically at 
the present time. About 9596 of the world's 
production of ilmenite and rutile is used to 
produce TiO, pigments, the remainder for the 
manufacture of titanium metal and in welding 
electrodes. 


Ilmenite and Leucoxene. Ilmenite is found 
worldwide in primary massive ore deposits or 
as secondary alluvial deposits (sands) that 
contain heavy minerals. In the massive ores, 
the ilmenite is frequently associated with in- 
termediary intrusions (Tellnes in Norway and 
Lake Allard in Canada). The concentrates ob- 
tained from these massive ores often have 
high iron contents in the form of segregated 
hematite or magnetite in the ilmenite. These 
reduce the TiO, content of the concentrates 
(Table 22.8). Direct use of these ilmenites has 
decreased owing to their high iron content. A 
digestion process is employed to produce iron 
sulfate heptahydrate. In cases where iron sul- 
fate is not required as a product, metallurgical 
recovery of iron from the iron-rich ilmenites 
and production of a titanium-rich slag are be- 
ing increasingly used. 

The enrichment of ilmenite in beach sand in 
existing or fossil coastlines is important for 
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TiO, production. The action of surf, currents, 
and/or wind results in concentration of the il- 
menite and other heavy minerals such as 
rutile, zircon, monazite, and other silicates in 
the dunes or beaches. This concentration pro- 
cess frequently leads to layering of the miner- 
als. Attack by seawater and air over geological 
periods of time leads to corrosion of the il- 
menite. Iron is removed from the ilmenite lat- 
tice, resulting in enrichment of the TiO; in the 
remaining material. The lattice is stable with 
TiO. contents up to ca. 65%, but further re- 
moval of iron leads to the formation of a sub- 
microscopic mixture of minerals which may 
include anatase, rutile, and amorphous phases. 
Mixtures with TiO, contents as high as 90% 
are referred to as leucoxene. Leucoxene is 
present in corroded ilmenite and in some de- 
posits 1s recovered and treated separately. 
However, the quantities produced are small in 
comparison to those of ilmenite. 

The concentrates obtained from ilmenite 
sand, being depleted in iron, are generally 
richer in TiO, than those from the massive de- 
posits. Other elements in these concentrates 
include magnesium, manganese, and уапа- 
dium (present in the ilmenite) and aluminum, 
calcium, chromium, and silicon which ongi- 
nate from mineral intrusions. 


Table 22.8: Composition of ilmenite deposits (96). 
Richard's Саре! 


Tellnes Quilon 
Component Bay (South (Western А 
Р Norway) Ger SE (India) 
TiO, 43.8 46.5 54.8 60.3 
Fe,0, 14.0 11.4 16.0 24.8 
FeO 34.4 34.2 23.8 9.7 
ALO, 0.6 1.3 1.0 1.0 
SiO, 2.2 1.6 0.8 14 
MnO 0.3 1.5 0.4 
Cr,0; 0.1 0.1 0.1 
VO, 0.3 0.3 0.2 0.2 
MgO 3.7 0.9 0.15 0.9 


Two-thirds of the known ilmenite reserves 
that could be economically worked are in 
China, Norway (both massive deposits), and 
the former Soviet Union (sands and massive 
deposits). On the basis of current production 
capacities, these countries could cover all re- 
quirements for ca. 150 years. However, the 
countries with the largest outputs are Australia 
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(sands), Canada (massive ore), South Africa 
(sands), and the former Soviet Union (sands, 
massive ore). Other producers are the United 
States (sands, Florida), India (sands, Quilon), 
Sri Lanka (sands), and Brazil (rutilo e ilmenita 
do Brasil) Important deposits have been 
found in Madagascar. 


Rutile is formed primarily by the crystalliza- 
tion of magma with high titanium and low iron 
contents, or by the metamorphosis of tita- 
nium-bearing sediments or magmatites. The 
rutile concentrations in primary rocks are not 
workable. Therefore, only sands in which 
rutile is accompanied by zircon and/or il- 
menite and other heavy minerals can be re- 
garded as reserves. The world reserves of 
rutile are estimated to be 28 x 106 t, including 
the massive Piampaludo ore reserves in Italy, 
whose workability is in dispute. 


As in the case of ilmenite, the largest pro- 
ducers are in Australia, South Africa, the 
United States, and India. There is not enough 
natural rutile to meet demand, and it is there- 
fore gradually being replaced by the synthetic 
variety. Compositions of typical rutile concen- 
trates are given in Table 22.9. 


Table 22.9: Composition of rutile deposits [66]. 
Content, % 


Rutile ss — 
component Eastern Sierra South 
Australia Leone Africa 
Tio, 96.00 95.70 95.40 
FeO, 0.70 0.90 0.70 
CrO, 0.27 0.23 0.10 
MnO 0.02 
Nb,O, 0.45 0.21 0.32 
V40, 0.50 1.00 0.65 
ZrO, 0.50 0.67 0.46 
А.О; 0.15 0.20 0.65 
CaO 0.02 0.05 
Р.О, 0.02 0.04 0.02 
SiO, 1.00 0.70 1.75 


Anatase, like rutile, is a modification of DO. 
The largest reserves of this mineral are found 
in carboniferous intrusions in Brazil Ore 
preparation techniques allow production of 
concentrates containing 80% DO. with pos- 
sible further concentration to 90% TiO, by 
treatment with hydrochloric acid [67]. At- 
tempts to use these substantial mineral depos- 
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its (< 100 x 106 t TiO,) as a pigment raw 
material are at the pilot-plant stage. 


Ore Preparation. Most of the world's tita- 
nium ore production starts from heavy mineral 
sands. Figure 22.2 shows a schematic of the 
production process. The ilmenite is usually as- 
sociated with rutile and zircon, so that ilmenite 
: production is linked to the recovery of these 
minerals. Geological and hydrological condi- 
tions permitting, the raw sand (usually con- 
taining 3—10% heavy minerals) is obtained by 
wet dredging (a). After a sieve test (b), the raw 
sand is subjected to gravity concentration in 
several stages with Reichert cones (d) and/or 
spirals (e) to give a product containing 90— 
9896 heavy minerals. This equipment sepa- 
rates the heavy from the light minerals (densi- 
ties: 4.24.8 g/cm? and <3 g/cm? respectively) 
[68]. 





Feed 3-10% 


Tailings heavy minerals 









limenite dry upgrading plant 





Conductor | | Nonconductor 


d 
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Rutile/zircon wet plant 
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The magnetic minerals (ilmenite) are then 
separated from the nonmagnetic (rutile, zir- 
con, and silicates) by dry or wet magnetic sep- 
aration (f). If the ores are from unweathered 
deposits, the magnetite must first be removed. 
An electrostatic separation stage (h) allows 
separation of harmful nonconducting mineral 
impurities such as granite, silicates, and phos- 
phates from the ilmenite, which is a good con- 
ductor. The nonmagnetic fraction (leucoxene, 
rutile, and zircon) then undergoes further hy- 
dromechanical processing (1) (shaking table, 
spirals) to remove the remaining low-density 
minerals (mostly quartz). Recovery of the 
weakly magnetic weathered ilmenites and leu- 
coxenes is by high-intensity magnetic separa- 
tion (j) in a final dry stage. The conducting 
rutile is then separated from the nonconduct- 
ing zircon electrostatically in several stages 
(1). Residual quartz is removed by an air blast. 





Of д? 
^l 15-20% ‘Tid, 
52-54% Tid, 20-25% 770, 
05% ZrO, 30-50% Quartz 


Rutile/zircon dry plant 







Non- 
conductor 


magnetics 
LO 
llmenite Tailings Concentrate Quartz Ilmenite/leucoxene — Rutile ^ Zircon 
55-60% TiO, Al silicates 60-90% Tid, 95-96% TiO, 65-66% ZrO, 
0.1% ZrO, 


Figure 22.2: The processing of heavy mineral sands: a) Dredger; b) Sieve; c) Bunker, d) Reichert cones;.e) Spirals; f) 
Magnetic separator; g) Dryer: h) Electrostatic separator; i) Shaking table; j) Dry magnetic separator, k) Vertical belt con- 


veyor; D Electrostatic separator. 


Titanium 


Process development Process steps 
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Table 22.10: Production plants for synthetic rutiles in 1987 [80]. 


By-products Producer and location? 


Benilite Corporation of partial reduction to Fe(II), di- 20-23% FeCl,, pyrolyzed Кет McGee, Mobile, USA 


America (BCA) gestion with НСІ solution, cal- to Fe,O, and НСІ (100); Kerala Minerals and Letals 
cination Ltd., Chavara, Kerala (25); Indian 
Rare Earths, Orissa, India (100) 

Western Titanium oxidation to Fe(III), reduction iron hydroxides Associated Minerals Consoli- 
to Fe(0), digestion with dated, Cael, Australia (60); AMC, 
FeCL, with air oxidation Narngulu, Australia (112) 

Lurgi reduction to Fe(0), digestion iron hydroxides Westralian Sand Ltd., Capel, Aus- 
with air blowing, hydrocy- tralia (100) ` 


clone separation, calcination 


Ishibara Sangyo Kaisha reduction to Fe(II), digestion FeSO, solution reacted with Ishibara, Yokkaichi, Japan (48) 


with H,SO,, calcination 


NH, to form ammonium 


sulfate and iron hydroxide 
Dhrangadhra Chemical reduction to Fe(II)/Fe(0), di- iron(II) chloride solution Dhrangadhra Chemical Works 


Works gestion with НСІ solution, cal- 
cination 


*Capacity in 10! t is given in parentheses. 


22.7.2.2 Synthetic Raw Materials 


Increasing demand for raw materials with 
high TiO, contents has led to the development 
of synthetic TiO, raw materials. In all produc- 
tion processes, iron is removed from ilmenites 
or titanomagnetites. 


Titanium Slag. The metallurgical process for 
removing iron from ilmenite is based on slag 
formation.in which the iron is reduced by an- 
thracite or coke to metal at 1200-1600 °C in 
an electric arc furnace, and then separated. Ti- 
tanium-free pig iron is produced together with 
slags containing 70-85% TiO, (depending on 
the ore used) that can be digested with sulfuric 
acid because they are high іп Ті? and low in 
carbon. Raw materials of this type are pro- 
duced in Canada by the Québec Iron and Tita- 
nium Corporation (QIT), in South Africa by 
Richard's Bay Iron and Titanium Ltd. (RBM), 
and to a smaller extent in Japan by Hokuetro 
Metal and Tinfos Titan and Iron K.S. 
(Tyssedal, Norway). 


Synthetic Rutile. In contrast to ilmenite, only 
a small number of rutile deposits can be mined 
economically, and the price of natural rutile is 
therefore high. Consequently, many different 
processes have been developed to remove the 
iron from ilmenite concentrates without 
changing the grain size of the mineral because 


Ltd., Suhupuram, Tamil Nadu, In- 
dia (25) 


this is highly suitable for the subsequent fluid- 
ized-bed chlorination process. All industrial 
processes involve reduction of Fe** with car-. 
bon or hydrogen, sometimes after preliminary 
activation of the ilmenite by oxidation. De- 
pending on the reducing conditions, either 
Fe?* is formed in an activated ilmenite lattice, 
or metallic iron is produced. 


The activated Fe?'-containing ilmenite can 
be treated with hydrochloric or dilute sulfuric 
acid (preferably under pressure), and a “syn- 
thetic rutile” with a TIO, content of 85-9696 is 
obtained [69]. The solutions containing 
iron(II) salts are concentrated and then ther- 
mally decomposed to form iron oxide and the 
free acid, which can be used again in the di- 
gestion process [70]. 

Metallic iron can be removed in various 
ways. The following processes are described 
in the patent literature: 


e Size reduction followed by physical pro- 
cesses such as magnetic separation of flota- 
tion. 


e Dissolution in iron(IIT) chloride solutions 
[71], the resulting iron(IT) salt is oxidized 
with air to give iron oxide hydroxides and 
iron(II) salts. 


e Dissolution in acid. 
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e Oxidation with air in the presence of elec- 
trolytes. Various iron oxide or iron oxide hy- 
droxide phases are formed depending on the 
electrolyte used. Possible electrolytes in- 
clude iron(II) chloride solutions [72], am- 
monium chlonde [73], or ammonium 
carbonate carbonic acid [74]. 

e Oxidation with the iron(IIT) sulfate from il- 
menite digestion [75], followed by crystalli- 
zation of the iron(II) sulfate. 

e Chlorination to form iron(IIT) chloride [76]. 

e Reaction with carbon monoxide to form 
iron carbonyls [77] which can be decom- 
posed to give high-purity iron. 

Another possible method of increasing the 
TiO, content of ilmenite is by partial chlorina- 
tion of the iron in the presence of carbon. This 
is operated on a large scale by several compa- 









ilmenite/siag 


Exhaust gas 
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nies [78, 79]. Table 22.10 summarizes plants 
producing synthetic rutile in 1987. 


22.7.3 Production 


Titanium dioxide pigments are produced by 
two different processes. The older sulfate pro- 
cess depends on the breakdown of the tita- 
nium-containing raw material ilmenite’ or 
titanium slag with concentrated sulfuric acid 
at 150—220 °C. Relatively pure TiO, dihydrate 
is precipitated by hydrolysis of the sulfate so- 
lution, which contains colored heavy metal 
sulfates, sometimes in high concentration. The 
impurities are largely removed in further puri- 
fication stages. The hydrate is then calcined, 
ground, and further treated. 


Hen, 








Acid, Al/Zn Chemicals 


cleaning 
Kä Be Gas 
s — rw Raymond mill or steam jet mill 
Lu | . : 
Coarse size reduction, wet tubular mill 
p----4 For slag treatment 
b---- only 


Figure 22.3: Production of TiO, by the sulfate process: a) Ball mill/dryer; b) Screen; c) Magnetic separator, d) Cyclone; 
e) Silo: f) Digestion vessel; g) Thickener; h) Rotary filter; i) Filter press; j) Crystallizer, К) Centrifuge; 1) Vacuum evapo- 
rator; m) Preheater; n) Stirred tank for hydrolysis; o) Cooler; p) Moore filters; q) Stirred tank for bleaching; г) Stirred 
tank for doping; s) Rotary filter for dewatering; t) Rotary kiln; u) Cooler. 
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In the chloride process, the Шапішп-соп- 
taining raw materials ilmenite, leucoxene, nat- 
ural and synthetic rutile, titanium slag, and 
anatase are chlorinated at 700-1200 °C. Tita- 
nium tetrachloride is separated from other 
chlorides by distillation. Vanadium tetrachlo- 
ride (VCl,) and vanadium oxychloride 
(УОСІ,) must, however, first be reduced to 
solid chlorides. The DCL is burnt at tempera- 
tures of 900-1400 °C to form TiO,. This ex- 
tremely pure pigment undergoes further 
treatment depending on the type of applica- 
tion. 


22.7.3.1 Sulfate Method 


The sulfate method is summarized in Fig- 
ure 22.3. 


Grinding. The titanium-bearing raw materials 
are dried to a moisture content of < 0.1%. 
Drying is mainly intended to prevent heating 
and premature reaction on mixing with sulfu- 
ric acid. The raw materials are ground in ball 
mills to give a mean particle size of ca. 40 um. 
The combination of grinding and drying 
shown in Figure 22.3 (a) is recommended. The 
small amount of metallic iron present in tita- 
nium slag is removed magnetically (c), which 
almost completely eliminates hydrogen evolu- 
tion during subsequent digestion. i 


Digestion. Batch digestion is usually em- 
ployed. The ground raw materials (ilmenite, 
titanium slag, or mixtures of the two) are 
mixed with 80-98% H,SO,. The ratio of 
HSO, to raw material is chosen so that the 
weight ratio of free H,SO, to TiO, in the sus- 


` pension produced by the hydrolysis is between 


1.8 and 2.2 (the so-called “acid number”). The 
reaction in the digestion vessel (f) is started by 
adding water, dilute sulfuric acid, oleum, or 
sometimes steam. The temperature initially in- 
creases to 50—70 °C due to the heat of hydra- 
tion of the acid. The exothermic sulfate 
formation then increases the temperature to 
170—220 °C. If dilute acid or sparingly soluble 
raw materials are used, external heating is re- 
quired. 
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After the maximum temperature has been 
reached, the reaction mixture must be left to 
mature for 1-12 h, depending on the raw ma- 
terial, so that the titanium-containing compo- 
nents become as soluble as possible. Digestion 
can be accelerated by blowing air through the 
mass while the temperature is increasing, and 
also during ће maturing period. 

Several сопііпиоиѕ digestion processes 
have been proposed [81]. A proven méthod is 
to continuously feed a mixture of ilmenite and 
water together with the acid into a double-pad- 
dle screw conveyor. After a relatively short 
dwell time (< 1 h), a crumbly cake is produced 
(82]. This process utilizes a more limited 
range of raw materials than the batch process 
because they need to be very reactive. 


Dissolution and Reduction. The cake ob- 
tained by digestion is dissolved in cold water 
or in dilute acid recycled from the process. A 
low temperature must be maintained (< 85 °C) 
to avoid premature hydrolysis, especially with 
the product from ilmenite. Air is blown in to 
agitate the mixture during dissolution. With 
the ilmenite product, the TiO, concentration of 
the solution is 8—12%, and with the slag prod- 
uct between 13 and 18%. 

The trivalent iron is hydrolyzed together 
with the titanium compounds, and adheres to 
the titanium oxide hydrate. All the Fe?* is re- 
duced to Fe?* by scrap iron during dissolution 
of the ilmenite product, or immediately after- 
wards. Reoxidation of the iron during subse- 
quent processing is prevented with Ti** which 
is obtained by reducing a small part of the Ті“. 
Alternatively, reduction of Ті to T* can be 
carried out in part of the solution under opti- 
mized conditions; this concentrated Ti?* solu- 
tion is then added in a controlled manner to the 
reaction solution [83]. In solutions obtained 
from titanium slag, the Ti?* content of the so- 
lution must be decreased by oxidation with at- 
mospheric oxygen so that no loss of yield 
occurs during hydrolysis. 

With both ilmenite and titanium slag, 
mixed digestion can be carried out in which 
the Ti** content of the slag reduces all the Fei? 
to Fe”. The dissolved products obtained from 
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the separate digestion of ilmenite and titanium 
slag can also be mixed [84, 85]. 


Clarification. All undissolved solid material 
must be removed as completely as possible 
from the solution. The most economical 
method is to employ preliminary settling in a 
thickener (g), followed by filtration of the sed- 
iment with a rotary vacuum filter (h). The fil- 
trate and the supernatant from the thickener 
are passed through filter presses (i) to remove 
fines. Owing to the poor filtering properties of 
the solution, the rotary filter must be operated 
as a precoat filter. Preliminary separation in 
the thickener must be assisted by adding 
chemicals to promote sedimentation. At- 
tempts to carry out the entire clarification pro- 
cess im a single stage using automated filter 
presses have been reported [86]. 


Crystallization. The solutions from slag di- 
gestion contain 5-6% FeSO,, and those from 
ilmenite digestion 16-20% FeSO, after reduc- 
tion of ће Fe?*. The solution is cooled under 
vacuum to crystallize out FeSO,-7H,0 (j) and 
reduce the quantity of FeSO, discharged with 
the waste acid. The concentration of the TiO, 
in the solution is thereby increased by ca. 
25%. The salt is separated by filtration or cen- 
trifugation (k). 

The iron sulfate is used in water purifica- 
tion, and as a raw material for the production 
of iron oxide pigments. Alternatively, it can be 
dehydrated and thermally decomposed to give 
iron(II) oxide and sulfur dioxide. 


Hydrolysis. Titanium oxide hydrate is precip- 
itated by hydrolysis at 94—110 °C. Other sul- 
furic-acid-soluble components of the raw 
material are precipitated simultaneously, 
mainly niobium as its oxide hydrate. 

Hydrolysis is carried out in brick-lined, 
stirred tanks (n) into which steam is passed. 
The hydrolysate does not have any pigment 
properties, but these are strongly influenced 
by the particle size and degree of flocculation 
of the hydrolysate (mean particle size of hy- 
drolysate is ca. 5 nm, and of TiO, pigments 
200—300 nm). 
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The properties of the hydrolysate depend 
on several factors: 


e The hydrolysis of concentrated solutions of 
titanium sulfate (170-230 g T10/L) pro- 
ceeds very sluggishly and incompletely 
(even if boiled) unless suitable nuclei are 
added or formed to accelerate hydrolysis. 
The nuclei are usually produced by two 
methods. In the Mecklenburg method, col- 
loidal titanium oxide hydrate is precipitated 
with sodium hydroxide at 100 °C; 1% of 
this hydrate is sufficient. In the Blumenfeld 
method a small part of the sulfate solution is 
hydrolyzed in boiling water and then added 
to the bulk solution [87]. The particle size of 
the hydrolysate depends on the number of 
nuclei. 


The particle size and degree of flocculation 
ofthe hydrolysate depend on the intensity of 
agitation during the nuclei formation by the 
Blumenfeld method and also during the ini- 
tial stage of the hydrolysis. 


The titanium sulfate concentration has a 
great influence on the flocculation of the hy- 
drolysate. It is adjusted, 1f necessary by vac- 
uum evaporation, to give a TiO, content of 
170—230 g/L during hydrolysis. Lower con- 
centrations result in a coarser particle size. 


The acid number should be between 1.8 and 

2.2. It has a considerable effect on the TiO, 

yield and on the particle size of the hydroly- 

sate. For a normal hydrolysis period (3-6 h) 

the TiO, yield is 93-96%. 

e The properties of the hydrolysate are af- 
fected by the concentrations of other salts 
present, especially FeSO,. High concentra- 
tions lead to finely divided hydrolysates. 

e The temperature regime mainly affects the 

volume-time yield and hence the purity of 

the hydrolysate. 


Purification of the Hydrolysate. After hy- 
drolysis, the liquid phase of the titanium oxide 
hydrate suspension contains 20-28% H,SO, 


.and various amounts of dissolved sulfates, de- 
pending on the raw material. The hydrate is : 


filtered off from the solution (p,) (weak acid), 
and washed with water or dilute acid. Even 


Titanium 


with acid washing, too many heavy metal ions 
are adsorbed on the hydrate for it to be directly 
usable in the production of white pigment. 
Most of the impurities can be removed by re- 
duction (bleaching), whereby the filter cake is 
slurried with dilute acid (3-109) at 50—90 °C 
and mixed with zinc or aluminum powder (q). 
Bleaching can also be carried out with power- 
ful nonmetallic reducing agents (eg, 
HOCH,-SO,Na). After a second filtration and 
washing process (p,), the hydrate only has low 
concentrations (ppm) of colored impurities 
but still contains chemisorbed 5-10% H4SO,. 
This cannot be removed by washing and is 
driven off by heating to a high temperature. 


Doping of the Hydrate. When producing tita- 
nium dioxide of maximum purity, the hydrate 
is heated (calcined) without any further addi- 
tions. This gives a fairly coarse grade of TiO, 
with a rutile content that depends on the heat- 
ing temperature. However, to produce specific 
pigment grades, the hydrate must be treated 
with alkali-metal compounds and phosphoric 
acid as mineralizers (< 1%) prior to calcina- 
tion (r). Anatase pigments contain more phos- 
phoric acid than rutile pigments. To produce 
rutile pigments, rutile nuclei (« 10%) must be 
added; ZnO, AL,O,, and/or 56,0, (< 3%) аге 
sometimes also added to stabilize the crystal 
structure. 

Nuclei are produced by converting the puri- 
fied titanium oxide hydrate to sodium titanate, 
which is washed free of sulfate and then 
treated with hydrochloric acid to produce the 
rutile nuclei. Rutile nuclei can also be pre- 
pared by precipitation from titanium tétrachlo- 
ride solutions with sodium hydroxide solution. 


Calcination. The doped hydrate is filtered 
with rotary vacuum filters (s) to remove water 
until a TiO, content of ca. 30-40% is reached. 
Pressure rotary filters or automatic filter 
presses can also be used to obtain a TiO, con- 
tent of ca. 50%. Some of the water-soluble 
dopants are lost in the filtrate and can be re- 
placed by adding them to the filter cake before 
it is charged into the kiln. Calcination is per- 
formed in rotary kilns (t) directly heated with 
gas or oil in countercurrent flow. Approxi- 
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mately two-thirds of the residence time (7—20 
hin total) is needed to dry the material. Above 
ca. 500 °C, sulfur trioxide is driven off which 
partially decomposes to sulfur dioxide and ox- 
ygen at higher temperatures. The product 
reaches a maximum temperature of 800- 
1100 °C depending on pigment type, through- 
put, and temperature profile of the kiln. Rutile 
content, particle size, size distribution, and ag- 
gregate formation are extremely dependent on 
the operating regime of the kiln. After leaving 
the kiln, the clinker can be indirectly cooled or 
directly air-cooled in drum coolers (u). 


The exhaust gas must have a temperature of 
> 300 °C at the exit of the kiln to prevent con- 
densation of sulfuric acid in the ducting. En- 
ergy can be saved by recirculating some of the 
gas to the combustion chamber of the kiln and 
mixing it with the fuel gases as a partial re- 
placement for air. Alternatively, it can be used 
for concentrating the dilute acid. The gas then 
goes to the waste-gas purification system. 


Grinding. The agglomerates and aggregates 
in the clinker can be reduced to pigment fine- 
ness by wet or dry grinding. Coarse size re- 
duction should be carried out in hammer mills 
prior to wet grinding in tube mills (with addi- 
tion of wetting agents). The coarse fraction 
can be removed from the suspension by cen- 
trifugation, and recycled to the mills. Hammer 
mills, cross-beater mills, and particularly pen- 
dular and steam-jet mills are suitable for dry 
grinding. Special grinding additives can be 
used that act as wetting agents during subse- 
quent pigment treatment or improve the dis- 
persibility of untreated pigments. 


22.7.3.2 The Chloride Process 


The chloride process is summarized in Fig- 
ure 22.4. 


Chlorination. The titanium in the raw mate- 
rial is converted to titanium tetrachloride in a 
reducing atmosphere. Calcined petroleum 
coke is used as the reducing agent because it 
has an extremely low ash content and, due to 
its low volatiles content, very little HCl is 
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formed. The titanium dioxide reacts exother- 
mically as follows: 


TiO, + 2CI, + C — ТЇСЇ, + CO, 


As the temperature rises, an endothermic reac- 
tion also occurs to an increasing extent in 
which carbon monoxide 1s formed from the 
carbon dioxide and carbon. Therefore, oxygen 
must be blown in with the chlorine to maintain 
the reaction temperature between 800 and 
1200 °C. The coke consumption per tonne of 
TiO, is 250-300 kg. If CO;-containing chlo- 
rine from the combustion of ТІСІ, is used, the 
coke consumption increases to 350—450 kg. 


The older fixed-bed chlorination method is 
hardly used today. In this process, the ground 
titanium-containing raw material is mixed 
with petroleum coke and a binder, and formed 
into briquettes. Chlorination is carried out at 
700—900 °C in brick-lined reactors. 
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Figure 22.4: Flow diagram of TiO, production by the chloride process: a) Mill; b) Silo; c) Fluidized-bed reactor, d) 
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Fluidized-bed chlorination was started in 
1950. The titanium raw material (with a parti- 
cle size similar to that of sand) and petroleum 
coke (with a mean particle size ca. five times 
that of the TiO.) are reacted with chlorine and 
oxygen in a brick-lined fluidized-bed reactor 
(Figure 22.4, с) at 800-1200 °C. The raw ma- 
terials must be as dry as possible to avoid НСІ 
formation. Since the only losses are those due 
to dust entrainment the chlorine is 98—100% 
reacted, and the titanium in the raw material is 
95—100% reacted, depending on the reactor 
design and the gas velocity. Magnesium chlo- 
ride and calcium chloride can accumulate in 
the fluidized-bed reactor due to their low vola- 
tility. Zirconium silicate also accumulates be- 
cause it 1s chlorinated only very slowly at the 
temperatures used. All the other constituents 
of the raw materials are volatilized as chlo- 
rides in the reaction gases. 


ua 


Impure 
TiC 


Cooling tower; e) Separation of metal chlorides; f) ТІСІ, condensation; g) Tank; h) Cooler, i) Vanadium reduction; j) Dis- 
tillation; k) Evaporator, 1) TiCl, superheater, m) O, superheater, n) Bumer, o) Cooling coil; p) Filter, q) TiO, purifica- 
tion; r) Silo; s) Gas purification; t) Waste-gas cleaning; u) C12 liquefaction. : 


Titanium 


The ceramic cladding of the fluidized-bed 
reactor is rather rapidly destroyed by abrasion 
and corrosion. If chlorination is interrupted, 
there is a further danger that the raw materials 
may sinter and eventually cannot be fluidized. 


Gas Cooling. The reaction gases are cooled 
with liquid DCL, either indirectly or directly 
(d) Crystallization of the chlorides of the 
other components causes problems bécause 
they tend to build up on the cooling surfaces, 
especially the large quantities of iron(II) and 
iron(IIT) chlorides formed on chlorination of 
ilmenite [88]. In this first stage, the reaction 
gases are cooled only down to a temperature 
(« 300 °C) at which the accompanying chlo- 
rides can be satisfactorily separated from the 
ТІСІ, by condensation or sublimation (е). 


The gas then consists mainly of TiCl,, and 
is cooled below 0 °С, causing most of the 
ТІСІ, to condense (f). The small amounts of 
ТІСІ, and Cl, remaining in the exhaust gas 
(CO,, CO, and NA are removed by scrubbing 
with alkali (t). 


Purification of DCL, The chlorides that dre 
solid at room temperature and the entrained 
dust can be separated from the ТІСІ, by simply 
evaporating (distilling) this off (j). Dissolved 
chlorine can be removed by heating or reduc- 
tion with metal powders (Fe, Cu, or Sn). 


Removal of vanadium tetrachloride NCL) 
and vanadium oxychloride (VOCI) from the 
ТІСІ, by distillation is very difficult owing to 
the closeness of their boiling points. They are 
therefore reduced to form solid, low-value va- 
nadium chlorides (i). An enormous number of 
reducing agents have been recommended; im- 
portant examples are copper, titanium trichlo- 
nde, hydrogen sulfide, hydrocarbons, soaps, 
fatty acids, and amines. After subsequent 
evaporation (j) the titanium chloride should 
contain < 5 ppm vanadium. If organic reduc- 
ing agents are used, the residues may cause 
problems by baking onto the surfaces of the 
heat exchanger. 


Phosgene and SiCl, can be removed by 
fractional distillation. 
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Oxidation of TiCl, and Recovery of TiO,. 
Titanium tetrachloride is combusted with oxy- 
gen at 900—1400 °C to form TiO, pigment and 
chlorine (n). The purified TiCl, is vaporized 
(k) and the vapor is indirectly heated to ca. 
500—1000 °C (1). The reaction 


ТІСІ, + О, — 2С1, + TiO, 


is weakly exothermic, and requires a high re- 
action temperature, so that the oxygen must 
also be heated to > 1000 °C (m). This can be 
achieved with an electric plasma flame, by re- 
acting part of the oxygen with carbon monox- 
ide, or by indirect heating. Hot TiCl, and 
oxygen (110-150% of the stoichiometric 
amount) are fed separately into a reaction 
chamber where they must be mixed as rapidly 
and completely as possible to give a high reac- 
tion rate. For this reason, and also because the 
TiO, has a strong tendency to cake onto the 
walls [89-91], many different reactor designs 
have been proposed and used. The same con- 
siderations apply to the cooling unit (о) where 
the pigment is very rapidly cooled to below 
600 °C. Cooling zones of various geometries 
are used. If caking occurs, the material can be 
removed by introducing abrasive particles 
[92]. 

The mixture of gases (Cl,, O,, СО.) and 
pigment can be further cooled during dry sep- 
aration of the pigment either indirectly or di- 
rectly by solid particles, e.g., sand. The 
pigment-containing gas is then filtered (p). 
The gas stream is recycled to the cooling zone 
(о) of the combustion furnace and to the chlo- 
nnation process as oxygen-containing chlo- 
rine via the liquefaction unit (u). The chlorine 
adsorbed on the pigment can be removed by 
heating or by flushing with nitrogen or air. 

The wet separation process, in which the 
pigment-containing gas mixture (Cl,, О,, and 
CO.) is quenched in water, has not become es- 
tablished. 


22.7.3.3 Pigment Quality 


The quality of the TiO, pigment is influ- 
enced by various factors. Reaction tempera- 
ture, excess oxygen, and flow conditions in 
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the reactor affect particle size and size distri- 
bution. Therefore, optimum conditions must 
be established for every reactor design. Cak- 
ing of the TiO, on the walls of the reactor 
leads to impairment of quality. 

The presence of water during combustion 
of the ТІСІ, gives rise to nuclei which promote 
the formation of finely divided pigment parti- 
cles. It can be added directly to the oxygen or 
can be produced by the combustion of hydro- 
gen-containing materials. 

The presence of AIC], promotes the forma- 
tion of rutile and a more finely divided pig- 
ment. It is added in amounts of up to 5 mol%. 
Many methods have been proposed for rapidly 
generating and directly introducing the А1СЬ 
vapor into the ТІСІ, vapor. Addition of PCI, 
and SiCl, suppresses rutile formation, so that 
anatase pigment is obtained [93]. However, 
pigments of this type have not appeared on the 
market. 

Pigments produced by the chloride process 
(chloride pigments) have better lightness and a 
more neutral hue than pigments produced by 
the sulfate process (sulfate pigments) Pig- 
ments used in demanding applications are al- 
most always subjected to inorganic 
aftertreatment. 


22.7.3.4  Aftertreatment 


Aftertreatment of the pigment particles im- 
proves the weather resistance and lightfast- 
ness of the pigmented organic matrix, and 
dispersibility in this matrix. The treatment 
consists of coating the individual pigment par- 
ticles with colorless inorganic compounds of 
low solubility by precipitating them onto the 
surface. However, this reduces the optical per- 
formance of the pigment approximately in 
proportion to the decrease in the TiO, content. 
The surface coatings prevent direct contact be- 
tween the binder matrix and the reactive sur- 
face of the TiO,. The effectiveness of these 
coatings largely depends on their composition 
and method of application, which may give 
too porous or too dense a coating. The treat- 
ment process also affects the dispersibility of 
the pigment, and therefore a compromise of- 
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ten has to be made. High weather resistance 
and good dispersibility of the pigment in the 
binder or matrix are usually desired. These ef- 
fects are controlled by using different coating 
densities and porosities. Other organic sub- 
stances can be added during the final milling 
of the dried pigment. 


Several types of treatment are used: 


e Deposition from the gas phase by hydrolysis 
or decomposition of volatile substances 
such as chlorides or organometallic com- 
pounds. Precipitation onto the pigment sur- 
face is brought about by adding water vapor. 
This method is especially applicable to 
chloride pigments, which are formed under 
dry conditions. 


Addition of oxides hydroxides or substances 
that can be adsorbed onto the surface during 
pigment grinding. This can produce partial 
coating of the pigment surface. 


Precipitation of the coating from aqueous 
solutions onto the suspended TiO, particles. 
Batch processes in stirred tanks are pre- 
ferred; various compounds are deposited 
one after the other under optimum condi- 
tions. There is a very extensive patent litera- 
ture on this subject. Continuous 
precipitation is sometimes used in mixing 
lines or cascades of stirred tanks. Coatings 
of widely differing compounds are pro- 
duced in a variety of sequences. The most 
common are oxides, oxide hydrates, sili- 
cates, and/or phosphates of titanium, zirco- 
nium, silicon, and aluminum. For special 
applications, boron, tin, zinc, cerium, man- 
ganese, antimony, or vanadium compounds 
can be used [94, 95]. 


Three groups of pigments have very good 
lightfastness or weather resistance: 


e Pigments with dense surface coatings for 
paints or plastics formed by: 


— Homogeneous precipitation of SiO, with 
precise control of temperature, pH, and 
precipitation rate [96]: ca. 88% TiO, 


— Two complete aftertreatments, calcination 
is performed at 500—800 ?C after the first 


Titanium 


or second aftertreatment [97]: ca. 9196 
TiO, 


— Aftertreatment with Zr, Ti, Al, and Si 
compounds, sometimes followed by calci- 
nation at 700—800 °С [98]: ca. 95% TiO, 


e Pigments with porous coatings for use in 
emulsion paints obtained by simple treat- 
ment with Ti, Al, and Si compounds, giving 
a silica content of 10% and a TiO, content 
of 80-85% 


e Lightfast pigments with dense surface coat- 
ings for the paper industry that have a stabi- 
lized lattice and a surface coating based on 
silicates or phosphates of titanium, zirco- 
nium, and aluminum: ca. 90% TiO, 


Coprecipitation of special cations such as 
antimony or cerium can improve lightfastness 
further [99]. After treatment in aqueous me- 
dia, the pigments are washed on a rotary vac- 
uum filter until they are free of salt, and then 
dried using, e.g., belt, spray, or fluidized-bed 
dryers. 

Before micronizing the pigment in air-j et'or 
steam-jet mills, and sometimes also before 
drying, the pigment surface is improved by 
adding substances to improve dispersibility 
and facilitate further processing. The choice of 
compounds used, which are mostly organic, 
depends on the intended use of the pigment. 
The final surface can be made either hydro- 
phobic (e.g, using silicones, organophos- 
phates, and alkyl phthalates) or hydrophilic 
(e.g., using alcohols, esters, ethers and their 


polymers, amines, organic acids) Combina- _ 


tions of hydrophobic and hydrophilic sub- 
stances have proved especially useful for 
obtaining surface properties that give better 
dispersibility and longer shelf life [100]. 


22.7.3.5 Problems with Aqueous 
and Gaseous Waste 


Aqueous Waste. In the sulfate process, 2.4— 
3.5 t concentrated H,SO, are used per tonne of 
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ТО, produced, depending on the raw mate- 
nal. During processing, some of this sulfuric 
acid is converted to sulfate, primarily iron(II) 
sulfate, the rest is obtained as free sulfuric acid 
(weak acid). Filtration of the hydrolysate sus- 
pension can be carried out to give 70-95% of 
the SO? in a weak acid fraction containing ca. 
20-25% free acid, the remaining sulfate (5— 
30%) is highly diluted with wash-water. 


It has so far been common practice to dis- 
charge the waste acid directly into the open 
sea or coastal waters. If required by law, the 
acid is conveyed by ship to the open sea and 
discharged under supervision. The weak acid 
problem has been the subject of public discus- 
sion and criticism. As a result the discharge of 
weak acid into open waters will decline and 
eventually stop. Precipitation of the waste sul- 
furic acid as gypsum does not eliminate the 
wastewater problem because it is then neces- 
sary to dispose of large quantities of solid 
waste (gypsum) for which there is insufficient 
demand. 


A process has been demonstrated in which 
both the free and the bound sulfuric acid (as 
metal sulfates) can be recovered from the 
weak acid in the calcination furnace (k, Figure 
22.5) and in metal sulfate calcination (Figure 
22.6). The process consists of two stages: 


e Concentration and recovery of the free acid 
by evaporation 


e Thermal decomposition of the metal sul- 
fates and production of sulfuric acid from 
the resulting sulfur dioxide 


As a result of energy requirements only 
acid containing > 20% H,SO, сап be econom- 
ically recovered by evaporation. The weak 
acid is concentrated from ca. 20-25% to ca. 
2896 with minimum heat (i.e., energy) con- 
sumption, e.g., by using waste heat from sul- 
furic acid produced by the contact process 
[101], or from the waste gases from the calci- 
nation kilns used in TiO, production [102] 
(Figure 22.6). 
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Following preliminary evaporation, further 
concentration is carried out in multi-effect 
vacuum evaporators. Since the water vapor 
pressure decreases strongly as the H,SO, con- 
centration increases, in general only two-stage 
evaporation can effectively exploit the water 
vapor as a heating medium. Evaporation pro- 
duces a suspension of metal sulfates in 60- 
709^ sulfuric acid (stage 1 in Figure 22.5). The 
suspension is cooled to 40-60 °C in a series of 
stirred tanks (stage 2, d) [103], giving a prod- 
uct with good filtering properties and an acid 
of suitable quality for recycling to the diges- 
tion process. Filtration (stage 3, e) is usually 
carried out with pressure filters [104] because 
they give a filter cake with an extremely low 
residual liquid content. 

The concentration of the acid recycled to 
the digestion process depends on the quality of 
the titanium-containing raw material. For raw 
materials with a high titanium content, the 65- 
7096 sulfuric acid separated from the metal 


sulfates must be further concentrated to give 
80—87 % acid (stage 5). 

Concentration can be carried out in steam- 
heated vacuum evaporators, or by using the 
heat from the TiO, calcination kilns [105]. 
Cooling the acid obtained after this concentra- 
tion process yields a suspension of metal sul- 
fates that can be directly used for digestion of 
the raw material. The metal sulfates recovered 
from the sulfuric acid in stage 3 are moist be- 
cause they contain 65-70% sulfuric acid; they 
therefore have no direct use. They can be con- 
verted to a disposable material by reaction 
with calcium compounds [106]. Thermal de- 
composition of the metal sulfates to form the 
metal oxides, sulfur dioxide, water, and oxy- 
gen is energy intensive, but is advantageous 
from the ecological point of view. The energy 
requirement is ca. 4 x 10? J per tonne of filter 
cake. Thermal decomposition is carried out at 
850-1100 °C in a fluidized-bed furnace (stage 
6). The energy is supplied by coal, pyrites, or 
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sulfur The sulfur dioxide produced by the 
thermal decomposition is purified by the usual 
methods, dned, and converted into sulfuric 
acid or oleum. This pure acid or oleum is 
mixed with the recovered sulfuric acid and 
used in the digestion process. 

The metal oxides produced by thermal de- 
composition contain all the elements initially 
present in the raw material apart from the tita- 
nium which has been converted into pigment. 
The mixture of metal oxides, mainly iron ox- 
ide, can be used as an additive in the cement 
industry if demand exists. 

The continually increasing demand for en- 
vironmentaly fnendly industrial processes 
has also led to the development of techniques 
for recycling of the acidic wash water. In the 
chloride process, wastewater problems arise if 
the raw material contains < 90% IC. The 
metal chloride by-products are sometimes dis- 
posed of in solution by the “deep well” 
method (e.g., at Du Pont). The metal chloride 
solutions are pumped via deep boreholes into 
porous geological strata. Special geological 
formations are necessary to avoid contamina- 
tion of the groundwater by impurities. 

Increasing restrictions also apply to the 
chloride process, so that efforts are continually 
being made to use the iron chloride by-prod- 
uct, e.g., in water treatment and as a floccula- 
tion agent. 


Waste Gas Problems. The gases produced in 
the calcination kiln are cooled in a heat ex- 
changer, and entrained pigment is removed, 
washed, and recycled to the process. The SO, 
and SO, formed during calcination are then 
scrubbed from the gases to form dilute sulfuric 
acid which is recycled. 


22.7.4 Economic Aspects 


The burning of ТІСІ, with oxygen or the 
calcination of TiO, hydrolysates produces ei- 
ther anatase or rutile pigments, depending on 
the doping and lattice stabilization. They are 
marketed directly or after being coated with 
oxides or hydroxides of various elements. Dif- 
ferent treatments are necessary depending on 
the field of application, and all major pigment 
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producers have a large number of pigment 
grades. Product groups are listed in Table 
22.11. Pigments of all grades are available 
with or without organic treatment. Over 400 
different TiO, pigment grades are currently on 
the market. Table 22.12 gives the capacities 
and processes of the most important pigment 
producers. 

Table 22.11: Classification of TiO, pigments according to 


composition (DIN draft specification E 55912, sheet 2, is- 
sue 4075). 


TiO, ` Water-solu- Volatiles 


> 1 
Pigment Class cnin), % ble salts, 96 (max.), % 
Anatase Al 98 0.6 0.5 
(Type A) A2 92 0.5 0.8 
Rutile R1 97 0.6 0.5 
(TypeR) R2 90 0.5 1.5 
R3 80 0.7 2.5 


There have been few increases in produc- 
tion capacity since the early 1980s resulting in 
a titanium dioxide shortage. A considerable 
increase of capacity 1s planned by debottle- 
necking and building new plants. The pro- 
posed expansions reported in the literature 
indicate that capacity will increase to 4 х 1061 
by 1995 [58]. 

Powdered TiO, pigments are usually sup- 
plied in 25 kg sacks (50 Ibs, USA) or in large 
bags containing 0.5-1 t pigment. Aqueous 
suspensions with solids contents of 68-75% 
are also available and have great advantages 
as regards the distribution and metering of the 
pigment in aqueous systems. The dust forma- 
tion that occurs with dry pigment is also 
avoided. With the development of products 
with improved flow properties and modern 
pneumatic delivery technology, supply in silo 
wagons is becoming increasingly important. 


22.7.5 Pigment Properties 


The pigment properties are extremely im- 
portant when TiO, is used as a white pigment; 
they include lightening power, hiding power, 
lightness, hue, gloss formation, gloss haze, 
dispersibility, lightfastness, and weather resis- 
tance. These properties are a function of 
chemical purity, lattice stabilization, particle 
size and size distribution, and the coating pro- 


Titanium 


duced by aftertreatment. They also depend on 
the medium and cannot generally be accu- 
rately described in scientific terms. Some of 
the important properties of TiO, pigments are 
described below. 


Scattering Power. The refractive indices of 
rutile and anatase are very high (2.70 and 2.55, 
respectively). Even after incorporation in a 
wide range of binders, they lie in the range be- 
tween 1.33 (water) and 1.73 (polyester fibers). 
The scattering power depends on the particle 
size, and for TiO, is at its maximum at a parti- 
cle size of 0.2 um (Mie’s theory) [107]. The 
scattering power also depends on the wave- 
length; TiO, pigment particles with a size < 
0.2 pm scatter light of shorter wavelengths 
more strongly and therefore show a slight blue 
tinge, while larger particles have a yellow 
tone. 


Hue. The whiteness (lightness and hue) of 
TiO; pigments depends primarily on the crys- 
talline modification, the purity, and the parti- 
cle size of the TiO, (see above) As the 
absorption band (385 nm) of anatase pigments 
is shifted into the UV region, compared with 
rutile pigments they have less yellow under- 
tone. Any transition elements present in the 
crystal structure have an adverse effect on the 
whiteness, so manufacturing conditions are of 
the greatest importance. Thus, pigments pro- 
duced by the chloride process (which includes 
distillative purification of TiCl, before the 
combustion stage) have a higher color purity 
and very high lightness values. 


Dispersion. Good disintegration and disper- 
sion of the TiO, pigments in the medium are 
necessary to obtain high gloss and low gloss 
haze. These requirements are satisfied by in- 
tensive grinding and by coating the pigment 
surface with organic compounds. The com- 
pounds used for this surface treatment depend 
on the field of application. 


Lightfastness and Weather Resistance. 
Weathering of paints and coatings containing 
TiO, leads to pigment chalking [108]. If 
weathering occurs in the absence of oxygen, 
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or in binders with low permeability to oxygen 
(e.g., in melamine formaldehyde resins), no 
chalking is observed, but graying takes place, 
which decreases on exposure to air. Graying is 
greatly reduced in the absence of water. Both 
effects are more severe with anatase pigments. 
Empirical stabilization processes have been 
developed by pigment producers, e.g., doping 
with zinc or aluminum prior to calcination. 


According to modern theories, impairment 
of the lightfastness and weather resistance of 
T1O, pigments proceeds according to the fol- 
lowing cycle [109]: 


1. Molecules of water are bound to the TiO; 
surface forming hydroxyl groups on the 
surface. i 


2. Absorption of light of short wavelength 
(anatase < 385 nm, mtile < 415 nm) oc- 
curs, producing an electron and an elec- 
tron defect or “hole? (exciton) in the 
crystal lattice which migrate to the surface 
of the pigment. 


3. At the surface of the pigment, an ОН- ion 
is oxidized to an OH’ radical by an elec- 
tron “hole”. The OH ion is then desorbed 
and can oxidatively break down the 
binder. A Ti* ion is simultaneously pro- 
duced by reduction of Ti^ with the re- 
maining electron of the exciton. 


4. The Ti^ ion can be oxidized by adsorbed 
oxygen with formation of ап О; ion The 
latter reacts with H* and is converted into 
an НО; radical. 


The cycle ends with the binding of water 
to the regenerated TiO, surface. 


щл 


The chalking process сап be regarded as the 
reaction of water and oxygen to form OH" and 
HO; radicals under the influence of shortwave 
radiation and the catalytic activity of the TiO, 
surface: 


CR RR 
H,O + O; > OH + HO; 
S 


10 
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Table 22.12: World TiO, pigment producers (1988). 
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Country 


United States 


Canada 


Brazil 

Mexico 

Total, America 
Germany 


United Kingdom 


France 


Finland 
Italy 
Belgium 


Spain 

Netherlands 

Norway 

Total, Western Europe 
Soviet Union 

Poland 

Yugoslavia 
Czechoslovakia 

Total, Eastern Europe 
South Africa 

Total Africa 

Australia 


Total, Australia 
Japan 


Total, Japan 
India 
China 


South Korea 
Taiwan 


Company 


Du Pont 


SCM Corporation 
Kemira Oy 
Kerr McGhee Corporation 


NL Chemicals Incorporated 
Tioxide Canada 


Titanio do Brasil/Bayer 
Du Pont 


Kronos Titan 
NL Chemicals 
Bayer 


Sachtleben Chemie, Metallgesellschaft 


Tioxide UK 
SCM Chemicals 


Thann et Mulhouse (Rhóne-Poulenc) 


Tioxide France 
Kemira Oy 
Tioxide Italia 
Kronos Titan 
Bayer 

Tioxide Españ. 
TDF Tiofine 
Kronos Titan 


state-owned 

ZPN 

Cinkarne Celje 
Prerovske Chemiske 


SA Tioxide 


SCM Chemical 
Tioxide Australia 


Ishibara Sangyo Kaisha 
Teikoku Kako 

Sakai Chemical 
Furukawa Mining 

Fuji Titanium 

Titan Kogyo 

Hakusai Chemical 
Tohoku Chemical 


Kerala Minerals & Metals 
Travancore Titanium 
state-owned 

Hankuk Titanium 

China Metal & Chemicals 
Chung Tai 

ISK Taiwan, Ishibara 


Total, Far East (excluding Japan) 


Total world capacity 





Capacity, 10° t/a 


E Chloride Sulfate Total 
New Johnsonville 250 545 
De Lisle 141 
Edge Moore 119 
Antioch 36 
Baltimore 45 60 196 
Ashtabula 47 44 
Savannah 52 48 100 
Hamilton 78 78 
Varennes 40 36 76 
Tracy 42 42 
Salvador 54 54 
Tampico 60 60 
1151 
Leverkusen 80 35 175 
Nordenham 
Krefeld-Ürdigen 
Duisburg-Homberg 
Grimsby 50 105 155 
Stallingborough 78 31 109 
Le Havre 95 125 
Thann 30 
Calais 80 80 
Pori 80 80 
Scarlino 75 75 
Langebrügge ] 40 40 
Antwerpen 30 30 
Huelva. 65 65 
Botlek 39 39 
Fredrikstad 27 27 
1145 
numerous plants 100 100 
Police 36 36 
Celje 28 28 
Prerov 22 22 
186 
Umbogwintwini ` 35 35 
35 
Australind 36 36 
Burnie 35 35 
71 
Yokkaichi 38 92 130 
Saidaiji 42 42 
Onahama 37 37 
Osaka 18 18 
Kobe 16 16 
Ube 16 16 
15 15 
Akita П п 
285 
Кегаја 22 22 
Trivandum ` 13 13 
numerous plants 25 25 
Young Dung Po 18 18 
Chin Shin (6) (6) 
Chin Shin 
Kaohsing (only 
aftertreatment) 
88 


1135 1826 2961 
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The enthalpy requirement for this reaction 
(312 kJ/mol) is provided by radiation of wave- 
length 385 nm. The cycle (1)-(5) is broken by 
excluding air or water. If oxygen 1s excluded 
or a binder is chosen in which the diffusion of 
oxygen is rate determining, a concentration of 
Ti* ions builds up. Graying then takes place, 
but this decreases with gradual exposure to 
oxygen. If water is excluded, rehydration and 
formation of surface hydroxyl groups do not 
take place; breakdown of the binder therefore 
ceases. Despite this photochemical breakdown 
of the binder, treated rutile pigments are used 
to stabilize many binders. This is because non- 
pigmented coatings are degraded by exposure 
to light and weathering; the added TiO, pig- 
ments prevent light from penetrating the 
deeper layers of the coating film and thus in- 
hibit breakdown of the binder. High-quality 
TiO, pigments must satisfy stringent require- 
ments with respect to weather resistance. They 
must withstand the severe climatic conditions 
of the Florida test, resisting a two-year expo- 
sure without appreciable chalking or deterio- 
ration of gloss. 


r 


22.7.6 Analysis- 


The crystal structure of the pigments is de- 
termined by X-ray analysis which is sensitive 
enough to determine 0.3-0.596 anatase in the 
presence of 99.7—99.59/ rutile. 

A qualitative test for TIO, is a blue violet 
coloration of beads of microcosmic salt 
(NaNH,HPO,-4H.O), or a yellow orange col- 
oration produced when hydrogen peroxide is 
added to a test solution in hot, concentrated 
sulfuric acid containing ammonium sulfate. 
For quantitative determination, the pigment is 
dissolved or digested in sulfuric acid and the 
solution is reduced to Тї?” with cadmium, 
zinc, or aluminum. The Ti?* ions are then usu- 
ally titrated with a standard solution of 
iron(IIT) ammonium sulfate solution, with po- 
tassium rhodanide as an indicator, or using po- 
tentiometric end point determination. 

Impurities can be determined by wet analy- 
sis, X-ray fluorescence, or spectrographic 
analysis (e.g., atomic absorption). 
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Typical analysis figures for an untreated 
rutile pigment are TIO, 99.4%, K,O 0.24%, 
P,O, 0.21%, Fe,O, 40 ppm, Sb,O, 24 ppm, 
A1,0, 20 ppm, Mg 5 ppm, Zn 3 ppm, Cr 2 
ppm, Mn, Cu, Hg, Cd, Co, Ni, Se, Sn, Ag < 1 
ppm. 

Table 22.13: Consumption of TiO, pigments in 1987 (10° 
1) [58]. 
Use United Westem Asiaand Restof World 
States Europe Pacific world total 
Coatings 466 453 285 361 1565 


Paper 259 91 24 49 423 
Plastics 172 154 65 77 479 
Other 54 82 109 60 305 
Total 951 780 494 547 2772 
Use per 

capita kg 4.2 23 0.2 02 0.5 


Table 22.14: Predicted percentage annual growth rates for 
use of TiO, (1986-1992) [103]. 


“End use United Western Asiaand Restof World 
States Europe Pacific world total 


Coatings 1.0 1.0 4.5 2.0 1.5 
Paper 2.5 2.0 2.0 1.5 2.5 
Plastics 40: 3.5 6.0 4.0 4.0 
Other 0.5 1.0 1.0 2.0 1.0 
Total 2.0 1.7 43 2.1 23 


22.7.7 Uses of Pigmentary TiO, 


Titanium dioxide 1s used universally, hav- 
ing almost completely replaced other white 
pigments. Consumption figures for 1987 are 
given in Table 22.13 [58]. The greatest annual 
increase in use has been for coloring plastics 
(> 4%), followed by the coloring of paper (ca. 
2.596). Geographically, the increase in con- 
sumption of TiO, has been the greatest in Asia 
(Table 22.14). 


Paints and coatings amount for the largest 
volume of TiO, production. The presence of 
the pigment enables the protective potential of 
the coating material to be fully exploited. As a 
result of continuing developments in TiO, pig- 
ments, coatings only a few micrometers thick 
fully cover the substrate. Commercially avail- 
able pigments permit paint manufacture with 
simple dispersion equipment, such as disk dis- 
solvers. Organic treatment prior to steam jet 
micronization yields pigments with improved 
gloss properties and reduced gloss haze for 


1154 


use in stoving enamels. Sedimentation does 
not occur when these products are stored, and 
they possess good lightfastness and weather 
resistance: 


Printing Inks. Modern printing processes op- 
erate at coating thicknesses of < 10 рт, and 
therefore require the finest possible TiO, pig- 
ments. These very low film thicknesses are 
only possible with TiO, pigments that have a 
lightening (reducing) power seven times that 
of lithopone. Because of its neutral hue, TiO, 
is especially suitable for lightening (reducing) 
colored pigments. 


Plastics. Titanium dioxide is used to color 
plastic packaging films < 100 vum thick. This 
coloring is required by the customer to hide 
the packaged goods from view, and to allow 
the film to be printed for advertising and infor- 
mation purposes. Furthermore, TiO, pigments 
absorb UV radiation with a wavelength < 415 
nm and thus protect the packaged goods from 
these harmful rays which could, for example, 
reduce the storage life of fat-containing food. 


Fibers. Titanium dioxide pigments give a matt 
appearance to synthetic fibers, eliminating the 
greasy appearance caused by their translucent 
properties. Anatase pigments are used for this 
because their abrasive effect on the spinning 
operation is about one quarter that of the rutile 
pigments. The poor lightfastness of anatase 
pigments in polyamide fibers can be improved 
by treatment with manganese or vanadium 
phosphate. 


Paper. In Europe, fillers such as kaolin, chalk, 
or talc are preferred as bnghtening agents and 
opacifiers in paper manufacture. Titanium di- 
oxide pigments are suitable for very white pa- 
per that has to be opaque even when very thin 
(air mail or thin printing paper). The TiO, can 
be incorporated into the body of the paper or 
applied as a coating to give a superior quality 
Cart paper). 

Laminated papers are usually colored with 
extremely lightfast rutile pigments before be- 
ing impregnated with melamine urea resin for 
use as decorative layers or films. 
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Other areas of application for TiO, pigments 
include the enamel and ceramic industries, the 
manufacture of white cement, and the coloring 
of rubber and linoleum. 

Titanium dioxide pigments are also used as 
UV absorbers in sunscreen products, soaps, 
cosmetic powders, creams, toothpaste, cigar 
wrappers, and in the cosmetics industry. Their 
most important properties are their lack of tox- 
icity, compatibility with skin and mucous 
membranes, and good dispersibility in organic 
and inorganic solutions and binders. 

Electrically conducting TiO, pigments 
have been produced by an aftertreatment to 
give a coating of mixed oxides of indium and 
tin, or antimony and tin [110]. These pigments 
are applied to fibers used in photosensitive pa- 
pers for electrophotography, and for the pro- 
duction of antistatic plastics. 


22.7.8 Uses of Nonpigmentary 
TiO, 

A number of industrial products require 
TiO, starting materials with well-defined 
properties for a specific application. Some of 
the most important of these grades of titanium 
dioxide are those with a high specific surface 
area, a small particle size, and very high reac- 
tivity. Stringent requirements often exist re- 
garding purity and property consistency. The 
world consumption of this nonpigmentary 
TiO, in 1990 was ca. 110 000 t and was bro- 
ken down as follows: - 


Enamels ceramics 28 000t 
Glass, glass ceramics + 26 0001 
Electroceramics 14 000t 
Catalysts and catalyst supports 10 000t 
Welding fluxes - 10000t 
Colored pigments (lightfast pigments) 90001 
Electrical conductors 5000t 
Titanium boride and carbide 300t 
Potassium hexafluorotitanate 2000t 
Optical glasses 1000t 
Potassium titanate 1000t 
Standard ceramics 500t 
Refractory coatings 2001 
U V-screening 100t 


The annual growth rate in these markets is ex- 
pected to be a few per cent. Growth could be 
higher if catalysts for environmental protec- 
tion become mandatory, or if rutile mixed- 
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phase pigments seem likely to replace other 
pigments thought to have toxic properties 


Electroceramics. Titanates prepared from 
finely divided, high-purity TiO, hydrolysates 
are used in capacitors and piezoelectric mate- 
rials. The specifications of the TiO, starting 
materials with respect to purity, reactivity, and 
sintering properties are expected to become 
more stringent. 


Catalysts. The main area of application for 
TiO, is in catalysts for the removal of nitrogen 
oxides from waste gases from power stations 
and industry. The nitrogen oxides in the waste 
gas are reacted with ammonia in the presence 
of oxygen on the catalyst to form nitrogen and 
water (Selective Catalytic Reduction) [111]. 
The first equipment of this type is now in op- 
eration in Germany and Japan. Increasing de- 
mand is expected following reductions in 
permitted levels of emission, the spread of 
these ideas to other countries, and mainte- 
nance requirements during operation. In addi- 
tion to TiO, the catalysts usually contain ca. 
10% tungsten oxide and ca. 1% VO. and aré 
extruded into a honeycomb shape. The TiO, 

has high specifications with respect to purity, 

particle size, and porosity to ensure that the 
desired catalytic activity is obtained. 


. Mixed Metal Oxide Pigments. The starting 


material is a TiO, hydrolysate, which is cal- 
cined with oxides of transition metals to form 
chromium rutile or nickel rutile pigments. De- 
pending on the particle size, pigments with 
various shades of yellow are produced. These 
pigments should have considerable growth 
potential on account of their quality and envi- 
ronmental safety. 


UV Absorption. Finely divided TiO, pig- 
ments are used as sunscreens in the cosmetic 
industry. Intensive research work is in 
progress worldwide aimed at utilizing the pho- 
toactivity of TO. Titanium dioxide catalyzes 
the decomposition of organic compounds in 
wastewater, water is decomposed into hydro- 
gen and oxygen in the presence of sunlight. 
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22.7.9 Toxicology 


Titanium dioxide is highly stable and is re- 
garded as completely nontoxic. Investigations 
on animals which have been fed TiO, over a 
long period give no indication of titanium up- 
take [112]. Absorption of finely divided TiO, 
Pigments i in the lungs does not have any carci- 
nogenic effect [113]. 


22.7.10 Rutile Mixed Metal Oxide 
Pigments 


The rutile (T1O;) lattice offers considerable 
scope for variation [114]. In this lattice, tita- 
nium ions are surrounded by six neighboring 
oxygen atoms at the corners of a regular, but 
slightly distorted octahedron. Colored pig- 
ments may be obtained by substituting transi- 
tion-metal ions for the titanium ions [115]. If 
the colored cation substituent is not tetrava- 
lent, another cation of appropriate valency 
must be substituted into the rutile lattice to 
maintain an average cation valency of four. 

H. H. ScHAUMANN prepared the first mixed- 
phase rutile pigments by incorporating nickel 
oxide and antimony oxide into rutile to give a 
yellow pigment, and cobalt and antimony ox- 
ides to give an ocher pigment [116]. Other 
rutile mixed metal oxide phases were first 
used as ceramic colorants (e.g, with chro- 
mium-tungsten, brown [117]) or for coloring 
porcelain enamels (e.g, with copper-anti- 
mony, lemon yellow; manganese-antimony, 
dark brown; iron antimony, gray [118]; and 
vanadium-antimony, dark gray). In commer- 
cial mixed-phase rutile pigments, between 10 
and 20 то1% of the titanium ions are replaced 
by substituent metal ions. 

Nickel and chromium mixed-phase rutile 
pigments are industrially important. When 
nickel and chromium are substituted into the 
rutile lattice, higher valency metals (e.g., anti- 
mony, niobium, or tungsten) must also be sub- 
stituted to maintain an average valency of 
four. 

‘Nickel rutile yellow, C.I. Pigment Yellow 
53:77788, is a light lemon yellow pigment 
with the approximate composition 
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(Т1, 5560101005) О. Antimony can be re- 
placed by niobium without any appreciable 
change in color [119]. 

Chromium rutile yellow pigments, C.I. Pig- 
ment Brown 24:77310, usually contain anti- 
mony to balance the  valency. Their 
composition is approximately 
(Ті, 0560 о5Сто,о5)О-. Depending on particle 
size, the color varies from light to medium 
ocher (buff). Stability towards plastics at high 

' temperature is considerably improved by the 
incorporation of small quantities of lithium 
[120] or magnesium [121]. If antimony is re- 
placed by tungsten, the products become 
darker in color, whereas replacement by nio- 
bium leaves the color unchanged. 





Metal oxide 





Figure 22.7: Simplified scheme of light reflection at the 
phase boundaries of a metal oxide-mica pigment. 


22.7.41 Titanium Dioxide-Mica 
Pigment [122-127] 


The dominant class of nacreous pigments is 
based on platelets of natural mica coated with 
thin films of transparent metal oxides (Figure 
22.7). Mica minerals are sheet layer silicates. 
Nacreous pigments are usually based on trans- 
parent muscovite but some are based on dark 
brown phlogopite. Although muscovite occurs 
worldwide, few deposits are suitable for pig- 
ments; it is biologically inert and approved for 
use as a filler and colorant. 

Selection and workup of the mica substrate 
are two of the key factors which determine the 
quality and appearance of nacreous pigments 
[124—127]. The aspect ratio of the final pig- 
ment depends on the particle size distribution 
of the mica platelets which have a thickness of 
300—600 nm and various diameter ranges 
(e.g., 5-25, 10—50, 30-110 nes of the metal 
oxide-coated mica and scattered from the 
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edges, brilliance and hiding power are in- 
versely related to each other. 


A mica pigment coated with a metal oxide 
has three layers with different refractive indi- 
ces and four phase boundaries P,-P4 (Pj) 
TiO, (P5) mica (P3) TIO, (P4) (Figure 22.8). In- 
terference of light is generated by reflections 
of all six combinations of phase boundaries, 
some of which are equal: Р,Р, = DP. P,P, = 
P.P,, P,P,, and P,P}. The thickness of the mica 
platelets varies in accordance with a statistical 


distribution. Consequently, interference ef- - 


fects involving the phase boundaries between 
the mica substrate and the oxide coating add 
together to give a white background reflec- 
tance. The interference color of a large num- 
ber of particles therefore depends only on the 
thickness of the upper and lower metal oxide 
coating layers [122-127]. 

















Figure 22.8: Multilayer, thin-film pigment consisting of a 
TiO, coating (high ж) surrounding a mica platelet (low 
n). The four phase boundaries (P,—P,) are indicated. 


The development of the mica-based pig- 
ments started with pearlescent colors (Figure 
22.9A, TiO;-micà). It was followed by bril- 
liant, mass-tone-colored combination pig- 
ments Oe, mica, TiO,, and another metal 
oxide) with one color (interference color same 
as mass tone) or two colors (interference and 
mass tone different) that depend on composi- 
tion and viewing angle (Figure 22.9B). In the 
1980s further development was made by coat- 
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ing mica particles with transparent layers of micas [122-127]. Two different processes are 

iron(IIT) oxide (Figure 22.9C). used for coating mica in aqueous suspension 
The first multilayer pigments were mar- ona commercial basis: 

keted in the 1960s as TiO,-coated muscovite 


® 
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Figure 22.9: Upper half of metal охійе-тіса pigments. Increasing layer thickness of metal oxide causes different inter- 
ference colors in reflection. Combination with absorption colorants (e. в., Fe404) produces metallic effects. A) Interfer- 
ence colors; B) Combination pigments; C) Metallic colors. 
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Figure 22.10: Experimental dependence of interference colors on the TiO, layer thickness on mica expressed in the 
Hunter L a b scale (a, b only). 
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e Homogeneous hydrolysis (sulfate process) 


100 *C 
TiOSO,+mica+H,O ә TiO,mica+H,SO, 


e Titration (chloride process) 


TiOC], + 2NaOH + mica > 
TiO,-mica + 23аСі + H,O 


The pigments are then dried and calcined at 
700-900 °C. The titration process is preferred 
for interference pigments with thick T1O, lay- 
ers because it is easier to control. 

Chemical vapor deposition in a fluidized 
bed has also been proposed [128, 129]: 


> 100 °C 
TiCl,+2H,O+mica —  TiO,-mica + 4HCI 


Only the TiO, anatase crystal modification 
is formed on the mica surface. Small amounts 
of SnO, are therefore used to catalyze conver- 
sion to the rutile structure with its higher re- 
fractive index, brilliance, color intensity, and 
superior weather resistance. 

The sequence of interference colors ob- 
tained with increasing TiO, layer thickness 
agrees with theoretical calculations in the 
color space. Àn experimental development of 
La b values is given in Figure 22.10. 

TiO.-mica pigments are used in all color 
formulations of conventional pigments where 
brilliance and luster are required in addition to 
color, i.e., in plastics, coatings, printing, and 
cosmetics. The major market for silver white 
pigments (pearl pigments, “white metallic”) is 
the plastics industry. 

One possibility for attractive combination 
pigments is the coating of TiO,-mica pig- 
ments with an additional layer of an inorganic 
or organic colorant. The thickness of the TiO, 
layer is decisive for the brilliance or interfer- 
ence effect under regular viewing conditions 
whereas the transparent colorant dominates at 
all other viewing angles. A deep, rich color 
with a luster flop at all angles is attained for 
the case that colorant and interference color 
are matched. If interference color and mass- 
tone of the colorant are different, a color flop 
(two-tone pigments) is seen in addition to the 
luster flop. 
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Iron(III) oxide is the most important metal 
oxide for combination with titanium dioxide 
on mica flakes. Brilliant golden pigments re- 
sult which can be applied for several purposes. 
Two routes are used to synthesize these pig- 
ments, and different structures are formed 
[122, 124, 125, 127]. In the first case, a thin 
layer of Fe;O, is coated on the surface of a 
TiO,-mica pigment. The overall interference 
color is the result of both metal oxide layers. 
The masstone is determined by the Fe,0, 
layer, and interesting gold pigments (e.g., red- 
dish gold) are possible. In the second case, co- 


precipitation of iron and titanium oxide- 


hydroxides on mica particles and calcination 
leads to greenish gold pigments. 


Coating of TiO,—mica pigments with an or- 
ganic colorant for a masstone or two-tone pig- 
ment is done by precipitation or deposition on 
the pigment surface in aqueous suspension, 
assisted by complexation or surfactants. A 
second route is fixing the colorants as a me- 
chanically stable layer using suitable addi- 
tives. 


Solid state reactions and CVD process en- 
large the possibilities for the synthesis of mod- 
ified TiO;-mica pigments. In addition, the 
calcination of the materials in the presence of 
inert (e.g., №, Ar) or reactive gases (e.g. NH3, 
H. hydrocarbons) allows the formation of 
phases which are not producible by working in 
air. Table 22.15 contains examples for TiO,- 
mica-based pearlescent pigments with special 
coloristic properties. 

Titanium dioxide-mica pigments have 
been developed at first only because of their 
excellent coloristical properties. Meanwhile, 
they are also interesting for functional uses. In 
coatings with a high content of platelet fillers, 
an advantageous overlapping roof-tile type ar- 
rangement is possible that provides close in- 


. terparticle contact, barrier effects, and dense 


covering. The composition of the oxide layer 
on the mica surface and its thickness are al- 
ways responsible for the physical properties 
like IR-reflexivity or laser markability. So 
TiO,mica pigments сап be used for IR-re- 
flecting plastic sheets [135] (e.g. for domed 
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and continuous rooflights) or for laser mark- 
ing of plastics and coatings [133]. 
Table 22.15: Examples for mica-based pearlescent pig- 
ments with special coloristic properties. 

Pigment 


composition Preparation Remarks Ref. 
TiO, / ` TiO/mica + H, (Ti, Si) grey, [130] 
TiO,;mica Т> 900 °C (solid-state blue-grey 

reaction) 
ТОМУ  TiO/mica + NH, grey, [131] 
TiOymica T>900 °C (solid-state blue-grey 

reaction) 
FeTiO,/ Fe,O,/mica + H, grey [132] 
TiO,/mica Т> 600 °C (solid-state (ilmenite 

reaction) pigments) 


ТОС! TiOCI, + С + mica silver-grey, [133] 
тіса (precipitation) interference. 
calcination under N, colors (carbon 
inclusion pig- 
ments) 


BaSO,/ Ва?* + SO? + ПОСІ, lowluster ` [134] 
TiO,/mica + mica (precipitation) pigments) 


22.712 Transparent Titanium 
Dioxide | 


Titanium dioxide can also be produced with 
a primary particle size of 10—30 nm, and hencé 
shows transparent properties. Microcrystalline 
titanium dioxide was first mentioned in Japa- 
nese patents in 1978. 


The use of micro titanium dioxide as a: 


white pigment is limited because its light scat- 

tering is very low due to the very fine crystal 

size, which means that the coloring effect of 
conventional TiO, is lost. The physical prop- 
erties changed significantly; there is strong 

UV light absorption. Consequently, such fine- 

particle TiO, is used as an UV light absorbing 

additive: 

e for cosmetics, mainly for sunscreen formu- 
lations because of its effective UV protec- 
tion over the UVC, UVB, and UVA 
spectrum [136]; 


e for automotive paints, especially in combi- 
nation with aluminum flakes giving a per- 
lescent-like appearance; the color flop 
depends on the concentration of the micro 
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titanium dioxide in the formulation [137, 
138]; 


ө for clear coats and wood varnishes to protect 
the base due to its transparency and its prop- 
erty to absorb UV light; 


e for plastics to improve the UV durability of 
the polymer films itself as well as to protect 
UV-sensible foodstuff in plastic wrapping 
[139]; f 


e as heat stabilizers in silicon rubber, as cata- 
lysts for hydrogenation [140] and oxidation 
[141] as well as for surface protective films 
for furniture and optical material [142]. 


Microfine TiO, can be obtained mainly 
with rutile structure by different manufactur- 
ing routes which depend on starting materials 
used: 


ТІСІ, + 4NaOH — TiO, + 4NaCI  2H,O 
Na,TiO, + 2HCI > TiO, + 2NaCl + H,O 
Ti(OC,H,), + 29,0 — TiO, + 4C,H,OH 


The process steps include precipitation, neu- 
tralisation, filtration and washing, drying, and 
micronisation. Due to its small particle size 
the transparent titanium dioxide has a high 
photoactivity. To reduce this and in order to 
get a better weatherfastness the fine particles 
are coated with various combinations of inor- 
ganic oxides (e.g., silica, alumina, zirconia, 
iron) before drying in a similar way as that 
used for the conventional titanium dioxide. 


Microfine TiO, with predominant anatase 
structure can also be manufactured by reduc- 
tive flame hydrolysis of DCL at < 700 °С 
[143]: 


DCL + 2H, + О, > TiO, + 4HCI 


Worldwide consumption is increasing and es- 
timated at 1300 t/a. 


Trade names include Titanium Dioxide P25 
(Degussa, Germany), Hombitec RM Series 
(Sachtleben Chemie, Germany), and Micro 
Titanium Dioxide MT-Series (Tayca, Japan). 
Transparent titanium dioxide is also produced 
by Ishihara (Japan) and Kemira Oy (Finland). 
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22.8 Production of Titanium 
Tetrachloride 


Titanium metal is produced exclusively by 
reduction of titanium tetrachloride, which is 
manufactured from natural rutile or from the 
so-called synthetic rutile obtained from il- 
menite or from the T10,-rich slag produced by 
metallurgical treatment of ilmenite (ore prepa- 
ration, production of Ti0,-rich slags, and pro- 
duction of synthetic rutile are described in 
Section 22.7.2). 

The TiO, produced for the pigment indus- 
try by treatment of ilmenite with sulfuric acid 
is unsuitable as a starting material for produc- 
tion of the metal because of the impurities 
present. Also, titanium white (TiO.) is increas- 
ingly produced from TiCl, At the present 
time, approximately one-third of TiO, world 
production (2.1 x 10$ t/a) is produced by the 
chloride process. Over 95% of the total quan- 
tity of titanium minerals extracted worldwide 
is used to produce TiO, pigment, and only ca: 
4% for titanium metal. 

In spite of the wide distribution of titanium 
minerals, the mining of rutile-containing ores 
is mainly concentrated on Australia, from 
which 9096 of world production comes. Other 
important producing countries are Sierra Le- 
one and South Africa. The most important il- 
menite-producing countries are Australia 
(one-third of total world production) and Nor- 
way, the United States, and the Ukraine, while 
the leading producers of titanium slag from il- 
menite are Canada and South Africa. 


Chlorination of titanium dioxide is now car- 
ried out almost exclusively by the fluidized- 
bed process. In the discontinuous fixed-bed 
process, which is now hardly used, rutile con- 
centrate (> 96%) is mixed with 20-25% pe- 
troleum coke and a binder (wood tar, asphalt, 
etc.), sometimes with added catalysts (e.g., 
МпоО,), and briquetted [144]. The briquettes 
are stacked in the lower part of a brick-lined 
chlorination tower over a layer of carbon 
which acts as an electrode, and are reacted 
with chlorine at 500—850 ?C. The chlorine gas 
is heated to ca. 1000 °С by the resistance- 
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heated carbon bed and then reacts exothermi- 
cally with the rutile and carbon in the bri- 
quettes. 

The process can also be carried out in two 
stages, in the first of which rutile is reduced by 
carbon at 1200-1400 °C to give titanium car- 
bide and titanium monoxide. The latter reacts 
with chlorine more readily than rutile. 


Since ca. 1950, chlorination has been car-- 


ried out almost exclusively by the fluidized- 
bed process because of its higher reaction rate 
and improved heat transfer, and also because 
of the shortage of briquetting facilities. Also, 
higher temperatures (ca. 1000 °С) can be 
achieved. After the reaction has started at ca. 
600 °C no further external heat supply is nec- 
essary. Apart from the benefit of continuous 
operation, fluidized-bed chlorination has the 
further advantage of being less sensitive to im- 
purities in the rutile or the carbon. The conver- 
sion of chlorine is 95-100%, of rutile titanium 
90—959^, and of carbon 95%. 

Iimenite is now less often used as starting 
material, because of excessive chlorine con- 
sumption due to formation of iron(II) chlo- 
ride for which there is little demand and from 
which chlorine can only be recovered at high 
cost. Furthermore, in spite of its higher boiling 
point, FeCl, is entrained by the ТІСІ, vapor 
and is deposited in the coolers as a powder, its 
solubility in liquid TiCl, being only 0.03% 
[145]. 

In contrast to the ilmenite-treatment pro- 
cess, the treatment of TiO,-rich slags contain- 
ing < 10% iron is increasing in importance: As 
these materials contain lower oxides of tita- 
nium, they react with chlorine at lower tem- 
peratures and require less carbon than rutile 
[146]. However, compared with rutile, prob- 
lems are caused by the higher iron content of 
these slags and their alkaline earth metal con- 
tent. Calcium and magnesium are converted to 
their chlorides, which are molten at the reac- 
tion temperature and coat the surface of the 
briquettes in the fixed-bed process, preventing 
chlorine from penetrating. In the fluidized-bed 
process, the continuous addition of an inert 
bed (sand) can give good gas distribution and 
dilution of the chlorides, so that with continu- 


Titanium 


ous removal of residues, slags containing up to 
696 calcium or magnesium can be treated, 


The use of other reducing or chlorinating 
agents (CO, COCL, CCl, sulfur chlorides) 
and other methods of producing TiCl, has not 
achieved industrial importance. For example, 
the electrolysis of a chloride melt using tita- 
nium carbide anodes has been proposed [147]. 
The most promising process seems to be to di- 
gest ilmenite with sulfuric acid and precipitate 
potassium hexachlorotitanate from the sulfate 
solution after removal of iron. On heating, this 
decomposes to form TiCl, vapor and KCl, 
which is returned to the process [148]. 


Separation and Purification of Titanium 
Tetrachloride. In the chlorination of rutile, 
the reaction products are gaseous, consisting 
of ТІСІ, and CO, with small amounts of CO,, 

phosgene (СОСІ,), and other metal chlorides. 


The gases leaving the chlorination reactor 
are cooled by heat exchangers and by spraying 
with titanium tetrachloride, and the iron(II) 
chloride that precipitates at 150 °C is scrubbed 
out by the ТЇСЇ, [149]. Further cooling causes 
the titanium tetrachloride to condense. The 
yellow filtered product contains 94% DCL. 
ca. 4% solid constituents such as rutile, car- 
bon, sulfur, and insoluble metallic chlorides, 
and 296 soluble metal oxide chlorides. The 
chlorides include SiCl, and SnCl, (low-boil- 
ing substances), VOCI, which has a similar 
boiling point (127 °C) to ТіСІ, (136 °C), and 
FeCl, and AICl, which have higher boiling 
points. Other high-boiling chlorides, e.g., of 
calcium, manganese, magnesium, and sodium, 
produce unwanted deposits in the equipment. 


To purify TiCl, (Section 22.7.3.2 and Fig- 
ure 22.11), the solid constituents are first al- 
lowed to settle out. Small amounts of water 
are added to precipitate aluminum as its oxide 
chloride. SiCl, and SnCl, are removed by dis- 
tillation at < 136 °C. H,S is passed in and cop- 
per powder is added at 90 °C to reduce УОС 
to VOCI,, which precipitates. FeCl, and AICI, 
distil at > 136 °C. Unsaturated organic com- 
pounds, especially oleic acid, promote good 
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separation of chromium and vanadium oxy- 
chlorides [150]. 


Dissolved chlorine can be removed by sim- 
ply heating or by heating with metal powders 
(iron, copper, or tin). Purification with FS 
can also be carried out continuously in a fluid- 
ized bed of silica sand or iron sulfide at 140— 
300 *C. The impurities then form solid prod- 
ucts which can be continuously removed from 
the fluidized bed. 


The purified titanium tetrachloride contains 
only 0.002% VO. and is fractionally distilled 
to remove residual phosgene and SiCl,. The 
purity of the DCL, is 99.9% min. 


22.9 Production of Titanium 
Sponge 


The large heat of formation of titanium di- 
oxide (945.4 kJ/mol) combined with the high 
solubility of oxygen in titanium at high tem- 
peratures has so far made it impossible to de- 
velop an economic process for the direct 
reduction of titanium dioxide to low-oxygen 
titanium metal. The standard industrial pro- 
cesses for the production of titanium metal are 
therefore based on titanium halides. 


Crude ТЇСЇ, 
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Figure 22.11: Purification of crude titanium tetrachloride. 
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22.9.1 Reduction of Titanium ` 
Dioxide 


The reduction of titanium dioxide by саг-. 
bon is only possible above 6000 ?C. Using 
carbon-containing reducing agents, some tita- 
nium carbide is formed, even in high vacuum 
[151, 152]. Reduction by hydrogen in the 
presence of inert gases leads to mixtures of 
lower oxides [153]. A more complete reduc- 
tion of titanium dioxide is only possible with 
alkaline earth metals, whereby reduction with 
calcium gives the lowest oxygen content 
[154]. Using reactions at temperatures of 600- 
1200 °C in a vacuum followed by dissolution 
of excess calcium and calcium oxide in hydro- 
chloric acid, an oxygen content of 0.1-0.3% 
in the titanium is obtained [155]. Reduction 
with calcium hydride at 600—700 ?C gives ti- 
tanium hydride, which decomposes at 900 °C 
into titanium (containing 0.2% oxygen) and 
hydrogen [156]. 


22.9.2 Reduction of Titanium 
Halides 


When DCL, is reduced with hydrogen in an 
electric arc, subchlorides are formed in side 
reactions, and this reaction is consequently 
uneconomic on an industrial scale [157]. The 
reduction of TiCl, with calcium is strongly 
exothermic [158], but this reaction also has 
not been used commercially. 


Reduction of Titanium Tetrachloride with 
Sodium. In 1910, Hunter succeeded in pro- 
ducing larger quantities of pure titanium by re- 
acting titanium tetrachloride with sodium in 
an evacuated steel bomb [159]. 

The Degussa process uses a mixture of ox- 
ide-free sodium and potassium at 700—800 ?C. 
To prevent overheating (sodium chloride mp 
797 °C, sodium bp 877°C), molten sodium 
chloride is first placed in the reactor [160]. 
Finely powdered sodium chloride at 200— 
620 °C can also be used. Molten sodium is 
then fed into the reactor from above, and DCL, 
is blown in from below, together with the inert 
gas [161]. 
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In industrial plant molten sodium and DCL, 
are fed simultaneously into a steel reactor 
filled with argon, heated to 650 ?C. After the 
reaction has begun, the temperature can rise to 
900 °C. When reaction is complete, more so- 
dium is added and the temperature is raised to 
950 °C. 

In the two-stage process, ТІСІ, is first con- 
verted at 235 ?C into low-melting sodium tita- 
nium chloride compounds end titanium(IT) 
chloride, and is then reduced to titanium and 
sodium chloride in a second reactor after fur- 
ther addition of sodium. This technique dis- 
tributes the heat of reaction, and the process is 
therefore more easily controlled. After size re- 
duction of the reaction product, the NaCl is 
dissolved in water, and the titanium sponge 
left behind is centrifuged off and dried. 

The Hunter process has been almost com- 
pletely superseded by the Kroll process. In- 
dustrial scale plants are currently only 
operated in China [162]. 


Reduction of Titanium Tetrachloride with 
Magnesium (Kroll Process). The reduction 
of titanium tetrachloride with magnesium 

DCL + 2Mg > Ti+ 2MgCl, 


was discovered by Knorr [158, 163], and was 
developed into an industrial process by the 
Bureau of Mines in Boulder City, Nevada 
[164]. Magnesium boils at 1120 °C, and mag- 
nesium chloride melts at 711 ?C. The resulting 
temperature range and the high purity of mag- 
nesium are advantageous for the industrial 
production of titanium sponge from TiCl,. 

The reactor 1s constructed of plain carbon 
steel, chromium —nickel steel, and the interior 
walls are cleaned by brushing, or are titanium 
coated. The reactor is charged with oxide-free 
lumps of magnesium and filled with argon, 
and the magnesium is melted at 651 ?C (Fig- 
ure 22.12). When the temperature reaches 
700 °C, purified TiCl, is run in slowly from 
above or blown in as a vapor, such that a reac- 
tion temperature of 850—950 ?C is established. 
The titanium sponge is deposited on the reac- 
tor walls and forms a solid cake above the 
molten magnesium. The molten MgCl, col- 
lects beneath the magnesium and is drawn off. 





Titanium 


The magnesium rises through the porous cake 
to its surface by capillary action, and reacts 
there with the gaseous TiCI,. 


. The temperature must not exceed 1025 °C, 
to prevent reaction between the titanium and 
the iron of the reactor, although titanium can 
pick up iron even below 950 °C. The amounts 
of ТІСІ, reacted are 10-15% substoichiomet- 
ric amount, as some of magnesium and MgCl, 
remain in the titanium sponge. However, an 
excess of ТІСІ, leads to the formation of lower 
titanium chlorides and iron chlorides, which 
increases the iron content of the titanium 
sponge. 







thlorides 


Titanium 
sponge 


Figure 22.12: Reduction of titanium tetrachloride to tita- 
nium sponge by the Kroll process (reduction with magne- 
sium). 

The temperature range that can be used in 
practice is 850—950 °C, the lower tempera- 
tures giving longer reaction times but purer ti- 
tanium sponge. After the molten MgCl, has 
been removed and the temperature of the reac- 
tor contents has fallen below 200 °C, the reac- 
tion vessel is opened in a dry room (MgCl, 
and titanium chloride are hygroscopic). 

The crude titanium sponge is generally pu- 
rified by vacuum distillation; leaching is now 
rarely used. Around 98% of titanium sponge 
produced is vacuum distilled. Immediately af- 
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ter completion of the reaction a vacuum hood 
usually is attached to the reduction reactor. At 
ca. 0.1 Pa (10? mbar) and 900-1000 ?C, the 
metal chlonde impurities, mainly magnesium 
and titanium chlorides, are distilled off to- 
gether with magnesium metal while the tita- 
nium sponge remains behind. 

In the leaching process, the size-reduce 
sponge is treated with a hot mixture of hydro- 
chloric and nitric acids (896 HCl, 3% HNO,) 
in tanks or in an inclined rotating titanium 
drum containing an Archimedean screw. Be- 
cause of the heat of solution of the MgCl, 
cooling must be provided to prevent the tem- 
perature from exceeding 25 °C. During leach- 
ing, the titanium sponge picks up hydrogen, 
which can be removed by melting in a vacuum 
electric-arc furnace with a high-performance 
vacuum pump. 

The process of drilling out the crude sponge 
from the reactor can be avoided by using a 
perforated crucible if the level of the molten 
magnesium is maintained above the perfo- 
rated base [165]. Removal of the sponge from 
the perforated crucible can be facilitated by 
facing it with stainless steel or high-carbon 
steel sheet. 

The reduction reactors, usually gas heated, 
have titanium sponge capacities between 1.5 
and 10 t. Production of 1 kg.titanium sponge 
theoretically requires 3.96 kg ТІСІ, and 1.015 
kg magnesium, 3.975 kg MgCl, being formed. 
However, in practice, only 65-70% of the 
magnesium takes part in the reduction pro- 
cess. Most of the remainder is recovered in 
vacuum distillation, whereas it is lost in the 
leaching process. The magnesium is recovered 
from MgCl, electrolytically. The proportion of 
the titanium sponge that can be used for the 
production of titanium metal is 75-85%, and 
the total titanium yield is ca. 9896. The energy 
consumption is 30 kWh/kg titanium sponge. 
The reduction process takes ca. 95 h, and the 
distillation ca. 85 h. 

Variants of the Kroll process, so far not 


used industrially, are aimed at giving better 


separation of the sponge from the MgCL, and 
at achieving continuous operation. For exam- 
ple, in a ram reactor the sponge is compressed 
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by a ram and is ejected as compact metal from 
the magnesium chloride bath [166]. 

The reduction can be carried out under vac- 
uum instead of in an argon atmosphere, and 
the magnesium chloride can be distilled off 
immediately after completion of the reaction 
[167]. 

The simultaneous injection of TiCl, vapor 
and magnesium vapor into a reactor packed 
with titanium netting at 800—1100 ?C and ca. 
107 Pa produces pure titanium, which grows 
as crystals on the netting, while the by-prod- 
ucts (Mg vapor and MgCl, vapor) distil off 
[168]. 

In Japan, a quasi-continuous process is be- 
ing developed in which the distillation of 
DCL, Mg, and MgCl, and the melting of a ti- 
tanium block are performed simultaneously 
[169]. A production of > 500 t titanium sponge 
per furnace per month is expected. 


Comparison of the Sodium and Magnesium 
Reduction Processes. Both methods are used 
industrially and produce titanium sponge of 
sufficiently high purity. Their advantages and 
disadvantages are as follows: 

Sodium has a lower melting point than 
magnesium and can therefore be transported 
in the molten state. Reduction with sodium re- 
quires only the theoretical quantity, whereas 
ca. 130% of the stoichiometric quantity of 
magnesium is required. With sodium reduc- 
tion, the titanium sponge is more easily re- 
moved from the reactor, as NaCl collects on 
the reactor walls, while in the Kroll process 
the sponge builds up on the reactor walls. So- 
dium chloride is soluble in water and is there- 
fore easily removed from the titanium sponge. 
This is à more economic method than vacuum 
purification of the titanium sponge produced 
by magnesium reduction. The density of mag- 
nesium-reduced sponge is 1.0-1.2 g/cm’, (so- 
dium-reduced sponge 0.7-0.9 g/cm) and it 
has larger particles than sodium-reduced 
sponge, which contains a high proportion of 
fines. Typical figures for the chemical compo- 
sition of various types of sponge produced by 
both processes are listed in Table 22.16. This 
titanium from the Kroll process has a lower 
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average oxygen content and that from the so- 
dium reduction process, a lower average iron 
content. The highest purity achieved in the 
Kroll process so far is reported to be 99.999% 
[169]. 

The costs of reduction with sodium are usu- 
ally ca. 10% lower than reduction with mag- 
nesium, although the economics of the Kroll 
process can be improved by using larger re- 
duction reactors, improved vacuum distilla- 
tion, and higher capacity electrolysis cells for 
recovery of magnesium. In both cases, batch 
operation is a disadvantage. 

The sponges produced by different pro- 
cesses of chemical reduction, size reduction, 
and purification differ in hardness, lump size, 


-density, and compressibility, but all are 


equally suitable for melting into ingots. There- 
fore, the reasons for selecting a particular re- 
duction process are mainly economic, e.g., 
availability and reprocessing of reduction 
metals; energy costs, and capital costs. 

In 1995, ca. 98% of world titantum-sponge 
production was by the Kroll process. 


Reduction of Titanium Tetrafluoride. Tita- 
nium tetrafluoride is easily produced from ti- 
tanium dioxide and hydrogen fluoride, can be 
readily purified by sublimation, and, in con- 
trast to titanium tetrachloride, titanium tet- 
rafluoride can also be reduced by silicon. The 
high-punty titanium so produced contains 
only 0.009% silicon [170]. 


22.9.3 Thermal Decomposition of 
Titanium Halides 


The oldest process of this type is that of van 
ARKEL and DE Born in which titanium tetraio- 
dide is decomposed on electrically heated 
tungsten wires at 1000 ?C. If wires or single 
crystal fibers of titanium are used, tungsten- 
free titanium of the highest purity can be ob- 
tained (as a single crystal in the latter case). 
The iodine liberated is reacted with crude tita- 
nium to regenerate titanium tetraiodide in the 
same vessel below 200 ?C or above 500 ?C. 


: Above 200°C lower titanium iodides (Til,, 


Til) are formed, which only act as titanium 


Titanium 


carers above 500 °С because of their low 
volatility [171]. The process enables titanium 
of the highest purity to be produced from 
crude titanium or titanium scrap. 

Very high purity titanium can also be ob- 
tained by thermal disproportionation of tita- 
nium(II) chloride or bromide. By passing 
ТІСІ, vapor over titanium-containing material 
(titanium scrap, crude titanium, or titanium al- 
loys) at 950-1500 °C, TiCL, vapor is formed, 
which condenses and is decomposed at ca. 
1000 °C 
2TiCl, > Ті + ТІСІ, 


The ТІСІ, is fed back to the process [172]. 


22.9.4 Electrowinning of Titanium 


The high affinity of titanium for oxygen 
and hydrogen together with its electrode po- 
tential (Ti/Ti?* = —1.75 V) prevents its deposi- 
tion from aqueous solution [173]. Hence only 
molten salt electrolysis can be used. 


Titanium dioxide is almost insoluble (0.07— 
0.02%) in molten chlorides of alkali metals 
and alkaline earth metals. It is soluble (ca. 
8%) in sodium and potassium fluorides and in 
potassium ` hexafluorotitanate (ca. 14%) 
[174]. However, attempts to electrolyze the 
oxide in halide melts (in analogy to aluminum 
production) only produced lower titanium ox- 
ides [175]. Thus only titanium halides are suit- 
able starting materials for molten salt 
electrolysis. 

Titanium tetrafluoride combines with alkali 
metal and alkaline earth metal fluorides to 
form complex hexafluorotitanates. These 
compounds decompose below their melting 
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points with vaporization of titanium tetrafluo- 
ride. They can only be used in molten salt 
electrolysis as components of a low-melting 


. molten salt bath containing other diluent salts 


[176]. Special problems arise in molten salt 
electrolysis with graphite electrodes due to the 
anode effect. Although’ this can be counter- 
acted by controlled addition of oxides to the 
salt bath, oxygen pickup by the titanium metal 
produced must be prevented by using low 
temperatures, by separating the anode space 
from the cathode space, and by avoiding tur- 
bulence in the electrolyte [177]. 


Although titanium tetrachloride is insolu- 
ble in molten alkali and alkaline earth metal 
chlorides, stable molten electrolytes can be 
obtained by using lower titanium chlorides. 
These can be produced directly from titanium 
tetrachloride in the electrolytic cell, but they 
react with the chlorine liberated at the anode to 
reform titanium tetrachloride, which then 
evaporates. This can be avoided by using a po- 
rous, basket-shaped cathode into which the ti- 
tanium tetrachloride is fed, as the electrolyte 
(e.g., an NaCl-SrCl, eutectic) can then be kept 
free of lower titanium chlorides [178, 179]. 


The problems of electrolyte composition 
and the anode effect can be completely solved 
by using soluble anodes, as in this case no 
changes to the electrolyte occur and no gas is 
emitted at the anode, at least at low current 
densities [180]. Soluble anodes can be made 
of crude titanium, titanium scrap, and titanium 
compounds such as titanium carbide, some- 
times mixed with titanium monoxide [181, 
182] and titanium nitride [183], which can be 
produced directly from titanium ores. 


Table 22.16: Chemical composition (in 96) oftitanium sponge. 


Maximum hardness C 


Reduction process (Brinell) N 

Magnesium 95 0.006 0.003 
100 0.08 0.05 
110 0.08 0.05 
120 0.08 0.05 

Sodium 120 0.009 0.004 

Electrolysis 60 0.003 0.002 
75 0.013 0.004 
90 0.018 0.004 


о H Fe Mg Na (Ci 
0.045 0.002 0.02 0.03 0.10 
0.5 0.002 0.04 0.09 
0.6 0.02. 0.05 003 0.08 
0.7 0002 0.06 0.03 0.09 
007 001 0.016 0.08 0.13 
0.01 0.003 0.001 0.08 
0.03 0.004 0.0040.0 0.09 
0.04 0.004 20 0.16 
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Semitechnical plants using processes anal- 
ogous to the production of magnesium from 
magnesium chloride can operate at 900 °C un- 
der argon, using DCL, and NaCl as starting 
materials. The NaCl fed into the cathode space 
is decomposed, and the sodium liberated re- 
duces the ТІСІ, (which is fed in later) stepwise 
via TiCl,, DCL, and TiCl to give titanium. 
The energy consumption is only 40% of that 
required for the reduction of TiC], with mag- 
nesium (ca. 43 kWh/kg) [184]. 

All electrolytic processes yield a very pure 
metal (> 99% titanium), but have the disad- 
vantage that the titanium is produced at the 
cathode in the form of poorly adhering den- 
dritic crystals. The cathodes must be lifted out 
of the molten electrolyte and cooled in an inert 
atmosphere. The titanium metal is then 
scraped off and removed from the electrolytic 
cell through an air lock. 

A production plant, now shut down, to pro- 
duce titanium sponge electrolytically operated 
at 520-650 °C with an electrolyte consisting 
of a mixture of LiCl and КС] of approximately 
eutectic composition and with ТІСІ, as the raw 
material. The titanium concentration in the 
electrolyte is ca. 1.5%. The TiCl, is fed 
through a steel tube into the molten electrolyte 
in a metal crucible. The graphite anode is sur- 
rounded by a wire mesh coated with cobalt or 
nickel. Metallic titanium is deposited on steel 
cathodes. After size reduction, dissolution of 
the salt in 0.5% hydrochloric acid, washing, 
and drying, the titanium yield is ca. 98% 

‚ [185]. 

A number of attempts have been made to 
produce titanium by electrolytic processes on 
an industrial scale but none have led to perma- 
nent application [162]. | 


22.10 Processing and Reuse 
of Scrap Metal 


With increasing titanium production, the 
use of titanium scrap as a raw material instead 
of titanium sponge has become increasingly 
important. Titanium scrap is produced during 


the production of semifinished products, their 
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processing to finished products, and the scrap- 
ping of used equipment. Before remelting, ti- 
tanium scrap must be pretreated. Adhering 
scale and other residues must be removed 
from the surface by abrasive blasting, pick- 
ling, or surface grinding. The various alloys 
must be sorted so that the alloy added to the 
melt is of consistent quality. Depending on the 
melting process, the scrap may be mixed with 
the sponge and compressed, or may be welded 
together for addition in the form of a consum- 
able electrode. Alternatively, it can be directly 
added to the melt in small pieces. In another 
process, ground, hydrogenated titanium scrap 
is used instead of titanium sponge for melting 
to obtain titanium. 


Untreated titanium scrap is used as an addi- 
tive to steel, nickel, aluminum, copper, and 
zinc alloys, and in the production of master al- 
loys such as ferrotitanium. 


In the United States, ca. 40% of titanium 
consumption is from processed titanium scrap. 
In Europe, due to the low price of titanium 
sponge only 10-30% is accounted for by scrap 
[186, 187]. 


22.11 Processing of Titanium 
Sponge 


Melting Processes. Titanium reacts in the 
molten state with air and with all the conven- 
tional crucible materials. Melting is therefore 
only possible under vacuum or in an inert gas 
atmosphere in cooled metal crucibles of high 
thermal conductivity, usually copper. The cru- 
cible walls are cooled with water or molten so- 
dium-potassium alloy. The energy source is 
chiefly an electric arc, although to an increas- 
ing extent the metal is melted by a plasma, by 
electron beams, or, on the laboratory scale, by 
induction. 


On the industrial scale, vacuum arc fur- 
naces are general used, with consumable 
electrodes made of titanium sponge, titanium 
scrap, and alloy components. Vacuum arc fur- 
naces with rotating water-cooled copper elec- 
trodes are only used for first stage melting. 





Titanium 


To produce consumable electrodes, tita- 
nium sponge, sometimes mixed with scrap 
and alloying components, is compressed to 
form electrode pieces, which are welded into 
electrodes, by plasma or MIG welding. Large 
pieces of scrap can also be welded together to 
form electrodes. 


The melting of the electrode (negative 
pole) takes place when the arc is formed with 
the bottom of the crucible under argon or a 
vacuum of са. 1 Pa (10? mbar), with currents 
of 15-40 КА and an average melting capacity 
of 1 kg/ kWh. The solidified titanium is re- 
melted in a similar manner, as this gives im- 
proved homogeneity. For special applications 
involving critical service conditions, the tita- 
nium is melted three times. 


Vacuum arc with solid negative electrodes 
[188] and cold-hearth melting furnaces with 
electron-beam (EBCHM) [189] or plasma 
heating (PCHM) [190] do not require consum- 
able electrodes. The sponge and scrap in lump 
form are melted by feeding them continuously 
into the molten metal. These furnaces have sor 
far only been used for the first melt. In cold- 
hearth melting, sponge and processed scrap 
are melted in a pre-crucible. The melt is fed 
into the mold through a channel, whereby im- 
purities can be retained in the skull—the solid- 
ified surface forming on the melt in the 
channel. This method is expected to give bet- 
ter retention of impurities from the scrap. The 
mold can be designed for producing ingots or 
slabs. Multiple burners are employed to obtain 
a continuous ingot or slab. The crucible is 
equipped with a withdrawable bottom, and the 
crude ingot is melted to form a strand which is 
lowered at a rate corresponding to the melting 
process. | 


The commercial crude ingots produced by 
melting can have a mass of 1—13 t, but are usu- 
ally in the range 3-8 t. Diameters are in the 
range 500-1100 mm. 


Casting. When arc furnaces with consumable 
or solid electrodes are used (191], the titanium 
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drains into water-cooled tilting copper cruci- 
bles, or the melt is superheated by electric cur- 
rent under an inert gas. The metal is cast in 
graphite, ceramic, or metallic molds, or by 
centrifugal casting. Electron-beam furnaces 
can also be used [192]. Depending on the pro- 
cess, the mass of a casting can range from 750 
kg to a few grams in the case of high precision 
castings with small wall thicknesses produced 
by the lost wax process. The output of tita- 
nium castings is barely 1% of the total output 
of semifinished products. In a new melting 
process a combination of cold-wall crucible 
and plasma burner is used. 


Powder Metallurgy. The production of com- 
ponents from titanium and titanium alloys by 
powder metallurgy has so far not achieved in- 
dustrial importance. Production of powder by 
sieving the fine material from titanium sponge 
or by supersaturating the sponge with hydro- 
gen, milling underinert gas, and dehydrogena- 
tion [193] are not widely used because of the 
poor flow properties of the powder obtained. 
These properties can be improved by partial 
melting of the powder to give spheroidal parti- 
cles. | 


Spheroidal powder with good flow proper- 
ties and good densification behavior can also 
be produced by an atomization process in 
which titanium rods are rotated at high speed 
in an electric arc or plasma [194]. 


Advances in cold-wall crucible technology 
have now made possible inert gas atomization 
with argon or helium in a ceramic-free process 
[195]. Fine, spheroidal titanium powder can 
be produced by the induction drip-melting at- 
omization process and by the electrode-induc- 


‘tion-melting, gas-atomization process. 


In the calciothermic production of titanium 
alloys in powder form, the starting materials 
are the metal oxides, CaO, Ca, and KCIO,. 
Fine powders with good densification proper- 
ties (60%) and with oxygen contents of 0.14— 
0.18% and carbon contents of 0.03-0.06% 
[196] are obtained. 
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22.12 Production and 
Processing of Semifinished 
Products 


Semifinished products are chiefly produced 
by pressing, forging, rolling, or drawing. 


Hot Forming. In hot forming, the temperature 
of the metal is above its recrystallization tem- 
perature. A slightly oxidizing atmosphere and 
a uniform temperature are maintained in the 
reheating furnace to prevent hydrogen pickup 
and consequent embrittlement. In hot rolling, 
temperatures are usually 20-100°C below 
those used for forging. 


For pressing or forging heavy section com- 
ponents, a preforming stage is carried out in 
the B-range, and the final is then carried out, 
usually in the (о + B)-range sufficiently below 
the (о + B)/B-interphase, with deformations of 
at least 60-75% to produce the desired struc- 
ture and properties of the material. 


Cold Forming. In cold forming to produce 
wire, thin sheet, and foil, the high yield 
strength of titanium, which increases with in- 
creasing tensile strength, and the low elonga- 
tion without necking must be taken into 
consideration. Commercially pure titanium 
should be work annealed after 30-40% defor- 
mation. 


Heat Treatment after Deformation. Low- 
strength titanium (Grade 1, DIN designation 
3.7025) generally does not require stress-relief 
annealing, but annealing is necessary for 
higher strength and especially complex com- 
ponents. 


Recrystallization annealing to give a duc- 
tile product is required after hot forming of 
semifinished and drop forged products, and 
for work annealing after forming of sheet. 


Descaling and Pickling. Titanium is descaled 
by abrasive blasting followed by pickling in 
aqueous mixtures of 20-40% HNO, and 1- 
3% HF, in sodium hydroxide-based salt baths 
with added oxidizing agents such as sodium 
nitrate and borax at 450—510 °C, or in sodium 


Handbook of Extractive Metallurgy 


hydride baths at 380 °C. Hydrogen pickup can 
occur if the pickling time is too long. 


Processing of Semifinished Products. Of the 
noncutting forming processes, deep drawing 
can be used with titanium-based materials, but 
stretch-forming is less suitable. In cutting, 
stamping, pressing, and hole punching, tita- 
nium behaves like steel. To give crack-free 
bending, folding, and edging, radii should be 
large and deformation rates small. The use of 
load-bearing lubricants and plastic coatings 
gives improved drawing behavior [197]. 


In machining, the low thermal conductivity, 
low specific heat capacity, low modulus of 
elasticity, and high toughness lead to consider- 
ably higher temperatures in the contact zone 
than with steel under similar cutting condi- 
tions. Also, because of the small extent of chip 
compression, the contact zone is restricted, 
leading to additional thermal stress on the tip 
of the tool. For low heat generation at the tool 
a high cutting speed, a low chip removed rate, 
and sufficient cooling should be provided. 

Chemical and electrochemical machining 
of mechanically machined surfaces are widely 
used processes, and give high accuracy. Hy- 
drofluoric acid, usually with additions of nitric 
or chromic acid, is used for chemical machin- 
ing, while electrochemical machining is car- 
ried out with direct current in a solution of 
NaCl. 


Welding. In principle, titanium of all strength 
grades is weldable. However, it can only be 
welded with exclusion of air or in an inert gas 
atmosphere because hot solid or molten tita- 
nium reacts readily with the atmosphere, re- 
ducing toughness and causing embrittlement, 
even with low levels of pickup. Electron-beam 
welding is limited to special applications, par- 
ticularly the aerospace industries, but MIG, 
TIG, plasma, and laser-beam welding are 
widely used. Friction and diffusion welding 
can also be employed with titanium. 


Soldering is only possible if a solderable coat- 
ing is first applied to titanium. For brazing, the 
dense passive layer on the titanium must first 
be removed by a flux, which usually consists 
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of alkali metal halides with addition of AgCl. 
Suitable solders include silver, titanium-sil- 
ver, and aluminum-silver alloys. It is prefera- 
ble to solder in a vacuum or in an inert gas 
atmosphere to minimize diffusion of atmo- 
spheric gases into the metal [198]. Soldered 
joints can have a tensile strength of > 800 
N/mm? and a shear strength of ca. 150 N/mm?. 


Adhesives. Adhesive bonds with shear 
strengths of > 200 N/mm? can be produced if 
the titanium surface is pretreated and anodi- 
cally oxidized or coated with metals by spray- 
ing or vapor deposition [199, 200]. 


Explosive Cladding. Industrial low-strength 
grades of titanium can be applied to metallic 
substrates, usually steel, by explosive clad- 
ding at ca. 5000 MPa, giving shear strengths 
of ca. 300 N/mm?. To prevent diffusion be- 
tween the parent metal and the coating leading 
to embrittlement of the bonding zone, the up- 
per limit of the usage temperature should be 
550 °С [201]. Other substrate metals such. as 
aluminum, copper, and zirconium can also be, 
explosively cladded. 


Super Plastic Forming (SPF). Alloyed tita- 
nium with a two-phase fine structure often ex- 
hibits ductility properties that allow ca. 
1000% elongation. In combination with diffu- 
sion welding, highly complex structural com- 
ponents can be produced in a single operation 
[202]. 


Tribology. In general, the surface of titanium 
components is not very resistant against wear. 
Therefore, wear resistant films are formed by 
ion implantation or by PVD or CVD. In-situ 
formation of titanium nitride, carbide, or 
boride films of varying thickness is achieved 
by annealing under the corresponding atmo- 
sphere or by laser melting [203-207]. 


22.13 Compounds 


Titanium is usually quadrivalent in its com- 
pounds, but may also function as trivalent and, 


[208, 209] 
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in a few compounds as bivalent; the com- 
pounds of bivalent titanium are prepared only 
with difficulty, and are unstable in aqueous so- 
lution. The existence of titanium(T) com- 
pounds has not been established, although 
certain observations point to their formation, 
e.g., the observation that there is a maximum 
volatility in the Ti-S system at a composition 
corresponding roughly to the formula Ti4S. 


Quadrivalent titanium has a strong ten- 
dency to form anions such as [TiO,]* (titanate 
ion) [TIF] (fluorotitanate ion), [ТіСІД2- 
(chlorotitanate ion), and [Ti(SO),]^- (sulfa- 
totitanate ion). The soluble titanium(IV) com- 
pounds have a strong tendency to undergo 
hydrolytic decomposition. Incomplete hydrol- 
ysis may give rise to compounds of the type 
TiOX,. Compounds containing the radical 
[TiO]" are called titanyl compounds. 


The oxidation potential Ti?*/Ti** (referred 
to the normal hydrogen electrode at 0 °C) is 
+0.04 V. If a platinum foil is dipped in a solu- 
tion containing equal concentrations. of Ti^* 
and Ti** ions, and combined with a normal hy- 
drogen electrode to form a galvanic cell, the 
current flows through the wire joining the two 
electrodes from the normal hydrogen elec- 
trode to the platinum foil dipping in the tita- 
nium salt solution. Hydrogen is evolved at the 
former, while Ti?* ions are oxidized to Ti‘* 
ions at the latter. Titanium(III) ions have so 
strong a reducing action, that in some circum- 
stances they can evolve hydrogen from acid. 
solutions. For the couple Ti^"/Ti^* the oxida- 
tion potential E? — 40.37 V, for the couple 
Ti*/Ti*, E? = 40.20 V. The normal potential 
of Ti in contact with a Ti(II) salt solution is 
+1.75 V. 


Ti+6F = [TIF] +4e  E?-4124V 
Ti+ 2H,O = TiO, +4H* +46 E?-40.95 V 
Ti* + H,O = [TiO]*+2H'+e E'-01V 


Table 22.17 gives a summary of the most 
important titanium compounds. 
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Table 22.17: Titanium compounds. 


Type Compounds Color 
Fluorides TiF; violet 
TiF, white 
Chlorides TiCl, black 
= DCL violet 
DCL . violet 
Bromides TiBr, black 
TiBr, black 
TiBr, amber 
Iodides Til, black-brown 
Til, dark violet 
Til, red-brown 
Oxides TiO gold 
DO, violet 
Ti,O, (?) dark blue 
TiO, white 
Sulfides DS, grey 
Tis dark brown 
ThS, green-black 
TiS, brassy 
TiS, graphite-like 
Phosphides ` ТР (?) 
TiP 
Carbides Ti,C (?) 
Tic black 
Nitrides TiN gold 


22.13.1  Titanium(II) Compounds 


Compounds of bivalent titanium can be 
prepared by reduction of titanium(IV) or tita- 
nium(III) compounds. Thus titanium(II) chlo- 
пае, ТІСІ, is produced from titanium 
tetrachloride by means of sodium amalgam, as 
a black powder which is slowly decomposed 
by water with the evolution of hydrogen. 
Aqueous solutions which contain titanium(IT) 
chloride (together with titanium(IIT) chloride) 
can be prepared by dissolving TiO in cold di- 
lute hydrochloric acid. Ti?* ions are rapidly 
oxidized to Ті?" ions by water at ordinary tem- 
perature; the solutions are more stable at lower 
temperatures. In the pure state, DCL, (d 3.13) 
is best obtained, by thermal decomposition of 
TiCl, or by heating TiCl, with Ti shavings. 
TiBr, (d 4.31) and Til, (d 4.99) can be pre- 
pared by direct union of their components. 

TiO (d 4.94, mp 175 °C) can be obtained by 
heating a mixture of TiO, and Ti. It has the 
NaCl type crystal structure, but a certain pro- 
portion of the lattice sites (distributed at ran- 
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dom) is vacant. At the one end of the 
homogeneity range, these vacant sites repre- 
sent missing Ti atoms, and at the other ex- 
treme O atoms. When TiO is dissolved in 
dilute hydrochloric acid, partial oxidation oc- 
curs: 


Ti + H+ 2 Ti* +H, 


22.13.2 Titanium(III) Compounds 


Titanium(IIT) compounds are obtained by 
reducing soluble titanium(IV) compounds 
with zinc and acid, or electrolytically. The so- 
lutions contain violet colored titanium(IIT) 
ions; these have a strong tendency to revert to 
titanium(IV) ions. The ability of trivalent tita- 
nium to bring about indirect oxidation by 
means of oxygen is so great that even water 
can play the part of an acceptor in the presence 
of titanium(IIT) compounds in alkaline solu- 
tion, and is thereby converted to hydrogen per- 
oxide: 


Ti(OH), + 17,0, + H,O > Ti(OH), + 5 H,O, 


Anhydrous titanium(IIT) chloride is ob- 
tained as a violet powder by passing the vapor 
of titanium tetrachloride, mixed with excess 
hydrogen, through a red hot tube. When it is 
heated in hydrogen to about 700 °C it decom- 
poses into ТІСІ, and ТіСІ,. Titanium(IIT) chlo- 
ride is obtained in solution by reducing a 
solution of titanium(IV) salt in hydrochloric 
acid by means of zinc, or by dissolving metal- 
lic titanium in hydrochloric acid. A violet 
hexahydrate, DCL GO. crystallizes from 
the solution. 

TiBr;-6H,O forms reddish violet crystals 
(mp 115 °C) which are readily soluble in alco- 
hol and acetone, as well as in water. Anhy- 
drous TiBr, exists in two modifications. It 
decomposes reversibly at 400 °C, according 
to: 


2TiBr, = TiBr, + TiBr, 


TiF, may be obtained as a dark blue powder 
by treating Ti or DCL, with HF. It is very unre- 
active chemically, and begins to sublime at 
900 *C in a vacuum. 
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22.13.2.1 Titanium(III) Sulfate 
and Double Sulfates 


In the electrolytic reduction of a sulfuric 
acid solution of titanium(IV) sulfate, a black- 
violet colored solution is first obtained. The 
solution becomes lighter with continued re- 
duction, and when practically all the titanium 
is converted to the trivalent state, it has a 
transparent pure violet color. An acid tita- 
nium(lIT) sulfate, with’ the composition 
3Ti(SO),-H5SO,:25H,O can be isolated 
from the solution in the form of a crystalline 
violet powder. This may be converted to anhy- 
drous neutral titanium(IIT) sulfate, Ti,(SO4),, 
by fuming with sulfuric acid. 

Neutral titanium(IIT) sulfate is a green crys- 
talline powder, insoluble in water but soluble 
in dilute acid giving violet solutions. Ex- 
change of hydrogen in acid titanium(IIT) sul- 
fate by metal ions gives rise to double or 
complex salts, with the composition 
3Ti,(SO,),°M}SO,, or M'Ti(SO,, (with 
variable water content), e.g., an ammonium 


salt NH,Ti4(SO4),: 9H,O, forming blue crys- 


tals, sparingly soluble in water. Another type 
of double sulfate of trivalent titanium corre- 
sponds to the alums in composition and crys- 
talline form. The only known titanium alums 
are the rubidium and cesium compounds, e.g., 
RbTi(SO,)2°12H,O (red-violet). These salts 
can be recrystallized without decomposition 
from dilute sulfuric acid, but not from water. 
Yet another type is represented by the sodium 
double sulfate, a violet crystalline mass with 
the composition NaTi(SO,),°2.5H,0. 


22.13.2.2  Titanium(III) Hydroxide 


Formed by reaction of titanium(III) salt so- 
lutions with alkali hydroxides, as a deeply col- 
ored precipitate which acts as a vigorous 
reducing agent, and is therefore difficult to ob- 
tain pure. 


22.13.2.3 Titanium(III) Oxide 


Dititantum trioxide, Ті,О, (d 4.49, mp 
about 1900 °C), may be obtained crystalline 
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by heating titanium dioxide at 1000 °С in a 
stream of hydrogen and titanium tetrachloride. 


: It has the same crystal structure as corundum. 


22.13.2.4 Titanium Nitride, TiN 


If titanium compounds are reduced at high 
temperature in the presence of nitrogen, tita- 
nium nitnde is readily formed in an impure 
state. Pure titanium nitride TiN is obtainable 
in the form of a bronze colored powder by 
strongly heating titanium tetrachloride in a 
current of ammonia: 


ЗТІСІ, + 16NH, = 3TiN + MN. + 12NH,Cl 


It has a structure of rock salt type, decom- 
posed by hot caustic potash: 


TiN + 2KOH + H,O > K,TiO, + NH, + V,H, 
and by superheated steam: 
TiN + 2H,O > TiO, +NH, + ЧН, 


22.13.3  Titanium(IV) Compounds 


Titanium tetrachloride, TiCl, may be ob- 
tained by passing chlorine over heated tita- 
nium, titanium carbide, or over a mixture of 
titanium dioxide and carbon. In the pure state, 
it forms a colorless liquid, boiling at 136.5 °C, 
solidifying at —23 °C, and having a density of 
1.76 at 0 °C. It has a pungent smell, fumes 
strongly in moist air, and rapidly hydrolyzed 
by water: 

DCL +2H,O > TiO, + 4HCI 


If the hydrolysis is repressed by addition of 
acid, or if only a little water enters into reac- 
tion, oxychlorides can appear as intermediate 
products. Titanium tetrachloride adds on chlo- 
ride ions, forming the complex chlorotitanate 
ion [TiClg?, e.g, the ammonium salt 
(NH,)[TiCl,]-2H,O (yellow crystals). The 
corresponding free acid can only exist in aque- 
ous solution; its formation therein is demon- 
strated by the yellow coloration produced by 
the addition of concentrated hydrochloric acid 
to titanium tetrachloride. 


Titanium fluoride, TiF, is prepared by reac- 
tion of ТІСІ, with HF, forms a white, powder 
of density 2.80. It displays a much stronger 
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tendency than does the chloride to form acido 
salts. These correspond to the type MI[TiF,] 
fluorotitanates. All the alkali and alkaline 
earth salts of this type, and numerous salts of 
the heavy metals have been prepared. Tita- 
nium tetrabromide, TiBr, obtained in a simi- 
lar manner to TiCl, (as yellow octahedral 
crystals, d 3.25, mp 40 °C, bp 230 °C), is simi- 
lar to the chloride in its chemical behavior. It 
is extremely hygroscopic, soluble in alcohol 
and moderately soluble in ether. Titanium tet- 
raiodide, Til}, is prepared by double decompo- 
sition of ТІСІ, with HI. It crystallizes in red- 
brown octahedra (mp 150 °C, bp 365 °C). 

When titanium dioxide is fumed with con- 
centrated sulfuric acid, titanyl sulfate, 
TiOSO,, is formed, as a white powder, soluble 
in cold water. It is decomposed by hot water, 
with the deposition of gelatinous titanium di- 
oxide: 


TiOSO, + H,O > TiO, +H,SO, 


In addition to titanyl sulfate, there are other ti- 
tanium sulfates, both with greater and with 
smaller SO, contents. The neutral titanium 
sulfate, Ti(SO),, is not known with certainty 
in the free state. Double salts derived from it 
are known; in particular the sulfatotitanates of 
the type M5[Ti(SO,),]. Titanyl sulfate also 
forms double salts, e.g., (NH,),[TiO(SO,),]- 
Н.О. 


22.13.31 Titanates 


Neglecting their water of. crystallization, 
the alkali titanates correspond mostly to the 
formulas MÉ DO, and MIO, They may be 
obtained in the wet way, by evaporating solu- 
tions of a-titanic acid in concentrated alkali 
hydroxide solutions (B-titanic acid is insolu- 
ble). They can be prepared in the anhydrous 
state by fusing titanium dioxide with alkali 
carbonates. The titanates of other metals can 
also be prepared by high temperature meth- 
ods. Compounds of the type МІТІО, (orthoti- 
tanates) are formed in this way by a few 
metals, as well as those of the type МІТІО, 
(metatitanates). Numerous  polytitanates 
(compounds with more than one TiO, per one 
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MLO) have been obtained by fusion methods. 
Alkaline earth titanates are known corre- 
sponding to the types M"TiO,, МІТІО,, and 
MIO, Calcium titanate, CaTiO,, occurs in 
nature as perovskite. The compound Li,TiO, 
is not a titanate, but is a double oxide with the 
rock salt structure. | 

The more commonly occurring mineral il- 
menite, ігоп(П) titanate, FeTiO,, usually con- 
tains more iron than is required by this 
formula. It is isomorphous with hematite, 
Fe, in consequence hematite ores often 
contain considerable amounts of titanium di- 
oxide. The crystal structure of ilmenite is de- 
rived from that of corundum, with which 
hematite is isomorphous, in such a way that 
the aluminum atoms are replaced alternately 
by titanium and iron atoms. The metatitanates 
of Co", Ni”, Mo", Cd, and Mg likewise crys- 
tallize with the ilmenite structure. CaTiO,, 
SrTiO,, and BaTiO,, on the other hand, crys- 
tallize in the perovskite structure. In the il- 
menite structure, as also in the perovskite 
structure, Ti has the coordination number 6 to- 
wards oxygen. The same is true for the struc- 
ture of the compound Fe,TiO, (crystallizing 
rhombic), which occurs in nature.as pseudo- 
brookite. It is built up of (somewhat distorted) 
TiO, octahedra, which are linked together by 
two opposite corners, so as to form chains run- 
ning parallel to the c axis. The iron atoms are 
inserted into the spaces of the crystal lattice in 
such a way that every iron atom 1s surrounded, 
roughly tetrahedrally, by 4 O atoms. Those ti- 
tanates of the formula M"TiO, for which the 
structures are known (MI! = Mg, Zn, Mn, Co), 
crystallize with the spinel structure. 

Titanite or sphene, a monoclinic mineral of 
the composition CaO- TiO, S1O,, is best rep- 
resented by the formula Ca(Til", Fel(O, OH) 
[SiO,]. X-ray structure analysis has shown 
that titanite is a silicate built up of isolated, 
somewhat distorted [S1O,] tetrahedra, in the 
structure of which the Ti atoms are arranged in 
such a way that each of them is surrounded by 
the vertices of 4[S1O,] tetrahedra, and also by 
20 atoms which link pairs of neighboring Ti 
atoms together. The Ti atoms can be partially 
replaced by Fell. A corresponding proportion 
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of the O atoms linking them together are then 


` exchanged for OH groups. 


22.13.3.2 Peroxytitanic Acid and 
Peroxytitanates 


Titanium salts, in neutral or acid solution, 
are colored an intense orange red by hydrogen 
peroxide. From sufficiently concentrated solu- 
tions, peroxytitanic acid, H4TiO,, can be pre- 
cipitated by ammonià as a brownish yellow 
precipitate. Like titanic acid, peroxytitanic 
acid forms a gel with a variable water content. 
The compound contains one peroxy group 
— O—O-. It was shown to be a true peroxyacid, 
and not an H,O,-addition product. Peroxytita- 
nyl ions are formed when any dilute, strongly 
acidified titanium or titanyl salt solutions are: 
treated with hydrogen peroxide. This is made 
use of for the analytical detection of titanium. 


22.13.3.3 Titanium Sulfides 


Titanium disulfide, Ті, is formed by pass- 
ing a mixture of titanium tetrachloride and hy- 
drogen sulfide through a red-hot porcelain 
tube: 


TiCl, + 29,5 — TiS, + 4HCI 


A different reaction takes place between tita- 
nium tetrachloride and hydrogen sulfide in the 
cold, since the latter then acts as a reducing 
agent, according to: 


TiCl, + H,S > ТЇСЇ, + 2HCI ^ S 


Titanium disulfide forms brassy-yellow 
scales, with a metallic luster. It is stable in air 
at ordinary temperature. When heated it is 
converted into TiO,, and on heating in a 
stream of hydrogen or of nitrogen it yields 
lower sulfides, Ti,S, and TiS. It is not decom- 
posed by water even on boiling and is likewise 
stable towards dilute sulfuric acid, hydrochlo- 
ric acid, and ammonia. It is decomposed by ni- 
tric acid, as well as by hot concentrated 
sulfuric acid, with the deposition of sulfur. 
The disulfide is dissolved by boiling caustic 
potash, with the formation of potassium titan- 
ate and potassium sulfide. 
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22.13.3.4 Titanium Carbides and 
Carbonitrides | 


Titanium carbide, TiC, is present in titani- 
ferous cast iron. It was first prepared pure in 
an electric furnace by Moissan. Small 
amounts can be obtained by the reaction 


TiCl; + CO + 3H, — TiC + H,O + 4HCI 


taking place on a heated wire, or on the heat- 
ing of a carbon filament іп ТІСІ, vapor. For the 
preparation of larger quantities of the pure car- 
bide in the compact form, an intimate mixture 
of finely powdered Ti or TiO, and carbon 
black is first heated in a graphite tube furnace, 
in an atmosphere of hydrogen, to about 
2000 °C. The carbide so formed, after pow- 
dering, is compressed under high pressures 
(2000 kg/cm?) into rods (pellets) and fired in a 
graphite tube furnace at 2500-3000 °C. The 
firing process is repeated, after fresh powder- 
ing and pressing, until the rod is sufficiently 
compacted and solidified. This is followed by 
a high temperature sintering process, їп which 
a powerful electric current is passed through 
the rod, і.е., it is heated up almost to the melt- 
ing point of the carbide, whereby the impuri- 
ties evaporate. e 
Titanium carbide is similar to titanium 
metal in appearance and behavior, although 
less readily attacked by acids, melting point 
3450 *C. One g mole of TiC is capable of tak- 
ing up to about 0.1 g atom of Ti in solid solu- 
tion. The possible existence of a second 
carbide, Ti,C, is uncertain. On account of its 
great hardness, TiC finds application for the 
preparation of sintered "hard metals". 
Two compounds of titanium with carbon 
and nitrogen are known: titanium dicyanide 
(titanium carbonitride, cochranite), ТСМ), 
blue crystals, harder than steel, and titanium 
cyanonitride, Ti,,C4N, or Ti(CN),:3Ti4N., red 
crystals. 


22.13.3.5 Titanium Borides 


Titanium can take considerable amounts of 
boron into solid solution. It also forms two 
compounds with boron: TiB (cubic) crystal- 
lizes with the zinc blende structure, and TiB, 
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(hexagonal) is isotypic with AIB, TiB, is 
harder than any other known metallic boride. 
It is prepared technically from boron carbide, 
B,C, which is manufactured on a considerable 
scale as an abrasive. This is mixed with B,O,, 
and treated with metallic Ti: 


TÀ * 3B,C + B,O, 2 711B, + 3CO 


22.14 Toxicology and 
Occupational Health 


Ti metal generally shows relatively low 
toxicity as compared to most other heavy met- 
als. The toxicity of its compounds varies to a 
large extent, being dependent on their 
physicochemical properties (e.g., water solu- 
bility) and chemical reactivity. Ti apparently is 
not an essential element for humans [210]. 

The most important compound of Ti indus- 
trially is titanium dioxide, TiO,. Titanium tet- 
rachloride is a starting material for other Ti 
compounds. : 

In medicine, Ti metal is used in surgical im- 
plants and is mostly tolerated by tissue. Other 
Ti compounds, such as the dioxide, salicylate, 
and tannate, are widely used in pharmaceuti- 
cal and cosmetic products. They have been re- 
ported to show practically no adverse effects. 
Ionic cyclopentadienyltitanium(IV) deriva- 
tives (titanocene complexes) a new type of 
antitumor agent, have shown antitumor activi- 
ties against certain experimental animal tu- 
mors [211, 212]. 

Intoxications with Ti and its compounds are 
comparatively rare; they occur almost exclu- 
sively by occupational exposure. 

Biochemistry, toxicokinetics, human and 
animal toxicity, levels of tolerance, evaluation 
of health risks to hurnans, and ecotoxicity of 
Ti and its compounds have been reviewed 
[210, 213]. 


Toxicokinetics. The average intake of TiO; in 
humans is 0.3-0.5 mg/d. Approximately the 
same amount is excreted daily: at least 0.29 
mg/d via the feces and 0.0! mg/d via the urine 
[210, 214, 215]. The rate of gastrointestinal 
absorption is about 3% of the ingested mate- 
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rial, i.e., most of the ingested Ti is excreted un- 
absorbed. The mean Ti concentration in blood 
is 0.07 mg/L [216]. 

The lungs and the lymph nodes are the pre- 
dominant target organs for the accumulation 
of TiO, [216, 217]. About 0.4 ug Ti is stored 
in the lungs per day. In experimental studies in 
rats, after a single exposure to Ti0,, 40-45% 
of the deposited material ts removed by pul- 
monary clearance after 25 d. Storage of Ti in 
the lung is a dose-dependent process [218]. 

The biological half-life of Ti is between 
320 and 640 d. Excretion by other routes than 
via urine is unknown [210]. 


Acute Toxicity. Generally TiO. behaves as ап 
inert substance which is practically free of 
acute toxicity. After short-term exposure of 
guinea pigs to TiO, aerosols, an inflammatory 
response could not be detected; the number of 
leukocytes and macrophages did not change 
[219]. In addition, TiO, did not lead to the pro- 
duction of hydroxyproline by fibroblasts, 
which indicates a lack of fibrogenicity [220]. 

In contrast, TiCl, represents a considerable 
toxic hazard to humans [221]. Contact with 
the skin, the mucous membranes, and the con- 
junctiva leads to severe irritation and necrosis 
due to the hydrochloric acid formed by imme- 
diate hydrolysis. Contact with the eyes can 
cause blindness. The vapor leads to lacryma- 
tion and to irritation of the lower respiratory 
tract, with the danger of lung edema. In animal 
experiments the development of lung edema 
was more rapid and the death rate after expo- 
sure to TiC], was higher than with an equiva- 
lent concentration of HCl alone, since HCl 
adsorbed on the particles of hydrolyzed ТіСІ, 
is transported to deeper parts of the respiratory 
tract which usually are not reached by the 
highly water soluble НСІ [222]. 


Chronic Toxicity. In a long-term study of up 
to 390 d with various species, but very low 
numbers of test animals (two guinea pigs, two 
rabbits, four cats, one dog), the animals re- 
ceived between 0.6 and 9 g technical grade 
TiO, per day. There were no adverse effects 
and no histological abnormalities in any of 
these animals [223]. In a long-term study with 
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mice from weaning to natural death, the addi- 
tion of 5 mg of titanium potassium oxalate per 
liter of drinking water led to a decrease of the 
survival rate after 18 months, which was slight 
in female mice and more pronounced in male 
mice [224].. The titanium-fed mice generally 
showed a higher body weight. 

Inhalation of TiO, dust by rats for a period 
of up to 13 months (4 times per day, 5 d per 
week), followed by a 7-month period.of fresh 
air, did not lead to any pathological effect on 
the lungs; the weight of the rats remained un- 
changed [225]. In another inhalation study 
(10-250 mg/m? for 6 h/d, 5 d/week) per- 
formed for 2 years with rats, exposed groups 
showed an increase in the incidence of pneu- 
monia, tracheitis, and rhinitis with squamous 
metaplasia of the anterior nasal cavity. Rats 
exposed to 50 and 250 mg/m? showed various 
signs of disturbance of respiratory tract func- 
tion and dust deposition in the tracheobron- 
chial lymph nodes [226] (see also 
“Genotoxicity”). These findings were con- 
firmed in detail by an analogous study in 
which an accumulation of TiO, was observed 
in the upper respiratory tract, lungs, gas- 
trointestinal tract, lymphatic system, liver, and 
spleen [227]. 

Similar results concerning effects on respi- 
ratory tract function were obtained in a long- 
term study with rats exposed to DCL, (0—10 
mg/m, 6 h/d, 5 d/week) for two years [228]. 

Ti compounds such as the hydride, carbide, 
and boride as well as potassium octatitanate 
and titanium phosphate fibers apparently are 
fibrinogenic in animal tests [210]. 

In humans, the most pronounced effects of 
a chronic occupational TiO, exposure appear 
in the respiratory system [decreased FEV 1 
(Forced Expiration Volume during the first 
second) and FVC (Forced Vital Capacity)], re- 
sulting from deposition of TiO, in the lung 
[229]. 

A case of TiO, pneumoconiosis accompa- 
nied by lung cancer and slight fibrosis of the 
interstitium around bronchioles and vessels 
has been observed with a fifty-three-year-old 
man who had been employed for about thir- 
teen years with packing of TiO, [230]. 
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Genotoxicity. In an inhalation study with 
TiO, dust (10—250 mg/m? for 6 h/d, 5 d/week) 
performed for two years with rats, there was 
an increased incidence of bronchioalveolar 
adenomas and cystic keratinizing squamous 
cell carcinomas as well as excessive dust load- 
ing in the lung of the 250 mg/m? exposure 
group [226, 227]. These tumors were different 
from common human lung cancers with re- 
spect to tumor type, anatomic location; and tu- 
morigenesis, and were devoid of tumor 
metastasis [226]. In a ??P postlabeling assay 
for the detection of DNA adducts, TiO, 
formed one of the two DNA adducts that could 
be quantitated separately [228]. In contrast, up 
to 5% TiO, in the diet during 130 weeks did 
not cause carcinogenic effects in rats [231]. 


According to the IARC [232], there is inad- 
equate evidence for the carcinogenicity of 
TiO, in humans, and limited evidence for the 
carcinogenicity of TiO, in experimental ani- 
mals. TiO, is not classifiable as to its carcino- 
genicity to humans (Group 3). 


Intratracheal administration of TiO, com- 
bined with benzo[a]pyrene to hamsters causes 
an increase in the incidence of benign and ma- 
lignant tumors of the larynx, trachea, and 
lungs over that in benzo[a]pyrene-treated con- 
trols. 


A two-year inhalation study with rats ex- 
posed to ТІСІ, (0-10 mg/m), 6 h/d, 5 d/week) 
revealed an increased incidence of cystic kera- 
tinizing squamous cell carcinomas in high- 
dose groups [233]. 

The inhalation of fibrous potassium octati- 
tanate by rats, hamsters, and guinea pigs has 
basically the same effects on the lungs as as- 
bestos, although the effects are considerably 
less pronounced [234]. These findings were 
confirmed by an in-vivo test system [235]. 


Synthetic titanium phosphate mineral fiber 
shows a fibrinogenic potential in rats and 
hamsters after intratracheal injection, similar 
to that of asbestos; however, in contrast to the 
results with asbestos, no abnormal increase of 
the abdominal tumor rate after intraperitoneal 
injection of 2-10 mg/kg was observed [236]. 
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Reproductive Toxicity. In a three-generation 
study with rats, the addition of titanium potas- 
sium oxalate to the drinking water (5 mg/L) 
led to a marked decrease in the number of ani- 
mals surviving to the third generation [210]. In 
pregnant mice, the application of 30 or 60 
mg/kg of the antitumor agent titanocene 
dichloride on day 10 and 12 resulted in the ap- 
pearance of cleft palate in numerous fetuses 
and of costal malformations in some fetuses 
[237]. 


Immunotoxicity. In a group of dermatitis pa- 
tients, no evidence of a skin sensitizing poten- 
tial of TiO, could be observed [238]. 


Toxicological Data. Titanium dioxide, TiO; 
TDLo (rat, intramuscular) 360 mg/kg [239]; 
titanium tetrachloride, TiC1,: LCLo (mouse, 2 
h, inhalation) 10 mg/m? [240]; LC. (rat, 4 h, 
inhalation) 460 mg/m? [241]; calcium titanate, 
CaTiO,: ІР, (rat, i.p.) 5300 mg/kg; barium 
titanate, BaTiO4: ІР. (rat, i.p.) 3000 mg/kg; 
lead titanate, PbTiO,: ГР, (rat, i.p.) 2000 mg/ 
kg [210]; tetrabutyl titanate: LD, (mouse, i.v.) 
180 mg/kg [242] dicyclopentadienyltita- 
nium: LDLo (rat, intramuscular) 50 mg/kg, 
LDLo (hamster intramuscular) 83 mg/kg 
[239]. 


Treatment. After contact of the skin with 
ТІСІ, immediate dry removal (without use of 
water) is necessary. Thereafter, remaining 
traces of TiCl, should be removed with soap 
and plenty of water. After contact of the eyes 
with DCL, adequate measures are rinsing with 


plenty of water, use of Isogutt eye drops, and . 


contacting an ophthalmologist as soon as pos- 
sible. In cases of Т1С1„ vapor inhalation, corti- 
sone preparations should be applied 
immediately (e.g., inhalation of Auxiloson) to 
avoid the development of lung edema. In se- 
vere cases clinical observation for at least 24 h 
is necessary. 


Occupational Health. The MAK value is 6 
mg TiO./m?, measured as total fine dust [243]. 
In the United States the ACGIH set a TLV 
value of 10—20 mg TiO./m’ in 1980 [244]. 
Lung fibrosis caused by titanium and some 
of its compounds (carbide, hydride) is in- 
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cluded in the list of the German Berufs- 
krankheitenverordnung (Occupational 
Disease Regulations) [245]. 

Since TiO, tends to accumulate, persons 
heavily exposed at the workplace should un- 


-dergo periodical medical examinations, in- 


cluding chest X rays and ventilatory function 
tests. 
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Preface 





Extractive metallurgy is that branch of met- 
allurgy that deals with ores as raw material and 
metals as finished products. Tt is an ancient art 
that has been transformed into a modern sci- 
ence as a result of developments in chemistry 
and chemical engineering. The present volume 
is a collective work of a number of authors in 
which metals, their history, properties, extrac- 
tion technology, and most important inorganic 
compounds and toxicology are systematically 
described. 


Metals are neither arranged by alphabetical 
order as in an encyclopedia, nor according to 
the Periodic Table as in chemistry textbooks. 
The system used here is according to an eco- 
nomic classification which reflects mainly the 
uses, the occurrence, and the economic value of 
metals. First, the ferrous metals, i.e., the pro- 
duction of iron, steel, and ferroalloys are out- 
lined. Then, nonferrous metals are subdivided 
into primary, secondary, light, precious, refrac- 
tory, scattered, radioactive, rare earths, ferroal- 
loy metals, the alkali, and the alkaline earth 
metals. 

Although the general tendency today in 
teaching extractive metallurgy is based on the 
fundamental aspects rather than on a system- 
atic description of metal extraction processes, 
1t has been found by experience that the two 
approaches are complementary. The student 
must have a basic knowledge of metal extrac- 
tion processes: hydro-, pyro-, and electromet- 
allurgy, and at the same time he must have at 
his disposal a description of how a particular 
metal is extracted industrially from different 
raw materials and know what are its important 
compounds. It is for this reason, that this 
Handbook has been conceived. 


The Handbook is the first of its type for ex- 
tractive metallurgy. Chemical engineers have 
already had their Perry's Chemical Engineers’ 
Handbook for over fifty years, and physical 
metallurgists have an impressive 18-volume 
ASM Metals Handbook. Yt is hoped that the 


present four volumes will fill the gap for mod- 
em extractive metallurgy. 

The Handbook is an updated collection of 
more than a hundred entries in Ullmann S En- 
cyclopedia of Industrial Chemistry written by 
over 200 specialists. Some articles were writ- 
ten specifically for the Handbook. Some prob- 
lems are certainly faced when preparing such 
a vast amount of material. The following may 
be mentioned: 


e Although arsenic, antimony, bismuth, bo- 
ron, germanium, silicon, selenium, and tel- 
lunum are metalloids because they have 
covalent and not metallic bonds, they are in- 
cluded here because most of them are pro- 
duced in metallurgical plants, either in the 
elemental form or as ferroalloys. i 


e Each chapter contains the articles on the 
metal in question and its most important inor- 
ganic compounds. However, there are certain 
compounds that are conveniently described 
together and not under the metals in question 
for a variety of reasons. These are: the hy- 
drides, carbides, nitrides, cyano compounds, 
peroxo compounds, nitrates, nitrites, silicates, 
fluorine compounds, bromides, iodides, 
sulfites, thiosulfates, dithionites, and phos- 
phates. These are collected together in a spe- 
cial supplement entitled Special Topics, under 
preparation. 

e Because of limitation of space, it was not pos- 
sible to include the alloys of metals in the 
present work. Another supplement entitled 
Alloys is under preparation. 


@ Since the largest amount of coke is con- 
sumed in iron production as compared to 
other metals, the articles “Coal” and “Coal 
Pyrolysis” are included in the chapter deal- 
ing with iron. 

Tam grateful to the editors at VCH Verlags- 
gesellschaft for their excellent cooperation, in 
particular Mrs. Karin Sora who followed the 
project since its conception in 1994, and to 


vi 


Jean-Frangois Morin at Laval University for 
his expertise in word processing. 

The present work should be useful as a refer- 
ence work for the practising engineers and the 
students of metallurgy, chemistry, chemical en- 
gineering, geology, mining, and mineral benefi- 
ciation. Extractive metallurgy and the chemical 
industry are closely related; this Handbook will 
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therefore be useful to industrial chemists as well. 
It can also be useful to engineers and scientists 
from other disciplines, but it is an essential aid 
for the extractive metallurgist. 


Fathi Habashi 
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23.1 History 


Gold is the first element that humans recog- 
nized as a metal. Towards the end of the Mid- 
dle Stone Age and the onset of the Neolithic 
Age (ca. 8000 B.C), the world's climate 
changed greatly. Large areas became arid, ne- 
cessitating the establishment of permanent 
settlements in river valleys such as the Euph- 
rates, the Tigris, and the Nile. The earliest ar- 
cheological finds that can be reliably dated 
were made in predynastic Egypt (ca. 4000 
B.C.) and Mesopotamia; which the Sumerians 
settled in 3000 B.C. Outstanding finds (ca. 
3000 B.C.) were made close to modern Varna, 
on the Bulgarian shores ofthe Black Sea. Gold 
was first mentioned in literature in the Indian 





Vedanta (before 1000 B.C.), the wntings of 
Herodotus (484—425 B.C.), and the Old Testa- 
ment (1000 B.C:). 


Egypt was the principal gold country in the 
pre-Christian era and maintained that status 
until ca. 1500 B.C. Gold production reached 
its peak about 1300 B.C. when the first legal 
foundations for the production of gold were 
laid, awarding the Pharaoh the absolute mo- 
nopoly. In ca. 2700 B.C. gold rings were intro- 
duced as means of payment; the first gold 
coins appeared around 600 B.C. 


The origin of the gold used by the Egyp- 
tians is unclear. Substantial portions appear to 
have come from Nubia in Upper Egypt (nub = 
gold), but considerable quantities were proba- 
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bly imported following the frequently men- 
tioned expeditions to "Punt". 

The special status enjoyed by gold in Egypt 
also exerted an influence in neighbouring 
countries. The country of Ophir mentioned by 
Solomon as the origin of his gold may be iden- 
tical with Punt, but India may also have been 
the supplier. The Egyptian gold trade ex- 
panded particularly under the impetus of the 
seafaring Phoenicians and Greeks. 

Although Egypt was the principal gold 
country until about 1 B.C., gold was also 
found and utilized in other regions including 
India, Ireland, Bohemia, the Carpathian 
Mountains, Gaul, on the Iberian peninsula, 
and in the Caucasus. 

Even in ancient times the ownership of gold 

-shifted from one ruler to the other through 
conquests and the collection of tributes. Alex- 
ander the Great obtained possession of Indian 
gold as well as considerable portions of the 
Pharaohs’ treasure. The Romans had little of 
the metal in their own regions but their mili- 
tary expeditions netted them major amounts in 
the form of booty; they also exploited the min- 
eral wealth of the countries they had con- 
quered, especially Spain, where up to 40 000 
slaves were employed in mining. The state’s 
accumulation of gold bars and coins was im- 
mense. Later, however, more and more gold 
was used in luxury goods and towards the end 
of the Roman empire a gold shortage was ex- 
perienced. 

The advent of Christianity in Europe in the 
Middle Ages reduced the general striving for 
gold. Moreover, until the beginning of the 
Middle Ages no dominant political power ex- 
isted for organizing large-scale gold produc- 
tion. In Europe, only the deposits in the 
Sudeten mountains, the Carpathians, and the 
Alps were of any significance. Outside Eu- 
rope, gold was produced in India, Japan, and 
Siberia. ; 

Following the discovery of America at the 
end of the fifteenth century, the Spaniards 
transferred considerable amounts of gold from 
the New World to Europe. Although the con- 
quistadors found a highly developed mining 
industry in Central America, their efforts to in- 
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crease gold production were largely unsuc- 
cessful; most of the finds consisted of silver. It 
was not until the discovery of deposits in Bra- 
zil that there was a noticeable increase in 
world gold production. These deposits were 
exploited from 1725 to about 1800. 

Since about 1750 gold has been mined on a 
major scale on the eastern slopes of the Ural 
mountains. In 1840, alluvial gold was discov- 
ered in Siberia. The Russian deposits were ex- 
ploited by the Czars and the land owners, who 
had to pay their taxes in gold. Russia produced 
about one fifth of the world’s gold production, 
a proportion maintained until the present day. 

The discovery of gold in California in 1848 
increased gold production greatly. The special 
laws issued in the Western parts of the United 
States allowed private mining thanks to the 
right to stake claims. This type of working 
continued when gold deposits were found in 
Eastern Australia (1851), Nevada (1859), Col- 
orado (1875), Alaska (1886), New Zealand 
and Western Australia (1892), and Westem 
Canada (1896). However, these deposits soon 
lost much of their importance. 

The strongest impetus was given to gold 
production through the discovery of the gold- 
fields of the Witwatersrand in South Africa in 
1885. This extremely rich deposit appeared to 
guarantee steady exploitation far into the fu- 
ture. South African gold soon occupied a com- 
manding position in the world market. 
Production grew continuously except for a 
short interruption by the Boer War (1899— 
1902). In the 1970s, gold production largely 
stabilized in South Africa and in the rest of the 
world. In South Africa, more than 300 000 
people are now employed in the production of 
gold. 

The discovery of large deposits of gold in 
Brazil in the 1970s stimulated prospecting ac- 
tivities. New production centers have been es- 
tablished in the Sierra Pelada of Brazil, 
Canada, Australia, Venezuela, and New 
Guinea (Ok Tedi), causing a pronounced shift 
in the geographic distribution of world gold 
production. 

Gold mining in Ghana (Gold Coast) only 


began to play a role, if a modest one, in the 


Gold 


twentieth century, although the deposits were 
already known in the Middle Ages. Gold pro- 
duction in Zimbabwe and the neighboring 
eastern part of the South African bush veld 
form a moderate but not insignificant part in 
the overall production of southern Africa. 

Total gold production in antiquity can only 
be assessed approximately. Up to the fall of 
the Roman Empire, production may have 
amounted to 10 000 t. 

A total production figure of 2000-3000 t 
has been quoted for the Middle Ages. By the 
time of the discovery of America, annual 
world production had reached about 5 t. 

An annual production of ca. 10 t was 
reached in ca. 1700, rising to ca. 15 t in 1800 
and to 40 t by 1848, the year the Californian 
deposits were discovered. As early as 1852, 
more than 200 t/a were mined, but production 
subsequently decreased until 1890. Thereafter, 
the increased output of the South African 
mines raised annual world production to 500 t 
in 1904, 700 t in 1907, and 1000 t in 1936. At 
present that figure has reached 1700 t, of 


which Eastern-bloc countries contribute ca. 


300 t. 

The total world production of gold to date 
exceeds 10? t. More than a third of the present- 
day gold inventory is held by the central banks 
of the Western industrialized nations as cur- 
rency backing. An even larger proportion is in 
private hands, much of it in the form of jew- 
elry. Krugerrands alone account for 2000 t, 
and smaller quantities are circulating in indus- 


The shares of individual states in the over- 
all production until now are divided among 
South Africa (40%), the United States (15%), 
the ancient empires (ca. 10%), the former So- 
viet Union (ca. 10%), Australia (ca. 10%), 
and Canada (ca. 5%). 

In antiquity, gold grains obtained by wash- 
ing river sands were cold-worked into the de- 
sired objects. From ca. 3900 B.C., alluvial 
gold could be fused into larger lumps. The an- 
cient Egyptians were the first to quarry gold- 
bearing rocks. Comminution of the rocks and 
washing were often preceded by heat treat- 
ment. 
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Analyses of archeological finds show that, 
in Egypt, the separation of gold from silver 
and copper was feasible, possibly as early as 
2000 B.C. Silver was removed by annealing 
with common salt to give silver chloride [8]. 
The naturally occurring gold-silver alloy, 
electrum magicum, was separated into its con- 
stituents. The slagging of copper by adding 
lead followed by cupellation was also known. 

In Spain, the Romans developed the tech- 
nique of flush mining, by which vast masses 
of rock were dropped from a height, commi- 
nuted, and moved by currents of water. Amal- 
gamation presumably originated at that time, 
although it was first mentioned in the litera- 
ture in the 11th century A.D. 

In the Middle Ages, fusion with lead and 
cupellation were developed further. Water- 
powered crushing machines were also intro- 
duced for pulverizing ore, and miners learned 
to process arsenic-containing gold ores by 
roasting. 

The alchemists endeavored to manufacture 
gold by transmutation of base metals. It was 
not until the end of the 18th century that the 
entire concept was finally rejected as false. 
However, these endeavors led to a better un- 
derstanding of chemical processes and to the 
birth of the true natural sciences. 

The 17th century saw the discovery of sep- 
aration by inquartation, i.e., the separation of 
gold and silver by nitric acid, and of affina- 
tion, i.e., separation by sulfuric acid. With ad- 
vancing industrialization in the 19th century 
new methods replaced the old, but some of the 
latter have retained some importance to this 
day. Production of gold as a by-product of 
other metallurgical processes, (e.g., the refin- 
ing of copper, zinc, and lead), played an in- 
creasingly important role in Germany 
(Rammelsberg/Harz). In 1863, Plattner's 
method of chlorination was introduced in the 
United States and shortly afterwards in Aus- 
tralia. In 1867, Miter succeeded in refining 
gold with chlorine: Refining by electrolysis 
according to Wonrwi.L was introduced in 
1878 and is still used for all fine gold of 9995 
and 9999 purity. Since 1888, cyanide leaching 
has permitted economical beneficiation of the 
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Witwatersrand ores, which were less amena- 
ble to other methods due to the extremely fine 
distribution of the gold. Since 1970, conven- 
tional cyanide leaching has been superseded 
by the carbon-in-pulp process, which dis- 
penses with filtration of the leached rock pow- 
der. More recently, the ecological problems 
caused by cyanide leaching have been over- 
come by treating the cyanide in the wastewa- 
ter with hydrogen peroxide. 

The recent expansion of gold production is 
also due to the mechanization of ore transpor- 
tation and beneficiation. In South America, 
however, manual mining of ores is once again 
being resorted to. This politically motivated 
measure, taken with a view to creating jobs, 
made employment possible for 500 000 peo- 
ple. 

Solvent extraction is being investigated as a 
new method for the rapid and effective refin- 
ing of fine gold. 


23.2 Properties П, 20, 24-31] 


The distinction between noble and base 
metals is in many ways arbitrary, and is gener- 
ally determined by practical considerations 
and tradition. Gold is the classic noble metal 
and complies with all the criteria for this group 
of elements: resistance to air, humidity, and to 
normal wear. Gold is also remarkable among 
the metals in that it occurs in nature almost ex- 
clusively in its elementary state. 


23.2.1 Physical 


Gold, atomic number 79, atomic mass 
196.96654, has only one naturally occurring 
isotope, "Au. Its most important radioiso- 
tope, which is used in medicine, is I?Au; it 
emits = and 'y rays and has a half-life of 183 d. 


The electronic configuration of gold is [Xe] 


Af^Sq'?6s!. Its atomic radius is 0.1439 nm. 
The ionic radius for coordination number 6 is 
0.1379 nm for Au‘, and 0.085 mn for Au”. 

Some physical properties of gold are as fol- 
lows: 


mp 1064.43 °C 
bp 2808 °C 
Density at 20 °C 19.32 g/cm? 
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at 900 °C 18.32 

at 1000 °C 18.32 

at 1065 °C 17.32 

at 1200 °C 17.12 

at 1300 °C 17.00 
Vapor pressure at 1064 °C 0.002 Pa 

at 1319 °C 0.1 

at 1616 °C 10 

at 1810 °C 100 

at 2360 °C |. 10000 
Atomic volume at 20 °C 10.21 cm*/mol 
Electrical resistivity at 0 °C 2.06 x 10% Ост 
Thermal conductivity at 0 °C 3.14 Wem K^! 
Specific heat 0.138 Jg ! K^! 
Enthalpy of fusion 12.77 kJ/mol 
Enthalpy of vaporization 324.4 kJ/mol 
Tensile strength 127.5 N/mm? 


The melting point of gold has been a fixed 
point on the temperature scale since 1968. 

The unit cell of gold is face-centered cubic 
(type Al), with a lattice constant (aj) of 
0.40781 nm. Gold as it occurs in nature usu- 
ally does not have a very crystalline appear- 
ance. It exhibits threadlike, leaf-shaped, and 
spherical forms, on which cubic, octahedral, 
and dodecahedral surfaces can sometimes be 
seen. When large amounts of molten gold so- 
lidity, a characteristic pattern of concentric 
rings appears on the surface. 

Pure gold that has not been mechanically 
pretreated is very soft. Its hardness on the 
Mohs' scale is 2.5, and its Brinell hardness is 
18 HB. Gold is the most ductile of all metals. 
It can be cold drawn to give wires of less than 
10 pum diameter, and beaten into gold foil with 
a thickness of 0.2 uum. Because of its softness, 
gold can be highly polished; this, together 
with its noble characteristics and brilliant 
color, gives it its yellow luster. The color of 
utility gold is less rich and varies considerably 
according to its alloy composition. Very thin 
gold foil is translucent; transmitted light ap- 
pears blue-green. 

The physical properties of gold and its al- 
loys have been thoroughly investigated be- 
cause of their significance for modem 
technology. For detailed information see [24]. 


23.2.2 Chemical [32] 


Gold does not react with water, dry or hu- 
mid air, oxygen (even at high temperature), 
ozone, nitrogen, hydrogen, fluorine, iodine, 


Gold 


sulfur, and hydrogen sulfide under normal 
conditions. 

Sulfuric acid, hydrochloric acid, hydrofluo- 
ric acid, phosphoric acid, halide-free nitric 
acid (except in very high concentrations), and 
practically all organic acids have no effect on 
gold, either in concentrated or dilute solutions 
and at temperatures up to the boiling point. If a 
hydrohalic acid is combined with an oxidizing 
agent, such as nitric acid, a halogen, hydrogen 
peroxide, or chromic acid, gold will dissolve. 
Gold can also be dissolved in a combination of 
water and a halogen (the Plattner process) and 
in selenic acid. Figure 23.1 shows the dissolu- 
tion rates of gold in the most important indus- 
trial agents used for its dissolution. 

Aqueous solutions of alkali metal hydrox- 
ides, alkali metal salts of the mineral acids, 
and alkali metal sulfides do not attack gold. 
However, gold dissolves in solutions of alkali 
metal cyanides in the presence of oxygen (Fig- 
ure 23.1) or other oxidizing agents, such as cy- 
anogen bromide (the Diehl process), 4- 
nitrobenzoic acid (Figure 23.1) and 3-ni- 
trobenzenesulfonic acid, provided they do not 
rapidly destroy the cyanide. Gold is also at. 
tacked by sodium thiosulfate solutions in the 
presence of oxygen, and by alkali metal 
polysulfide solutions. 

Fused caustic alkalis do not attack gold, 
provided air and other oxidizing agents are ex- 
cluded. Gold reacts vigorously with alkali 
metal peroxides to form aurates. It is inert to 
the alkali metal phosphates and borates, and to 
the alkali metal salts of the mineral acids, 
which can therefore be used as slagging agents 
for removing metallic impurities from gold. 

Gold reacts readily with dry chlorine. The 
maximum reactivity occurs at 250 °C, and the 
minimum at 475 °С. Above 475 °C the reac- 
tivity increases with increasing temperature 
up to and beyond the melting point. 

Gold can be recovered from solution by 
electrolytic deposition or by chemical reduc- 
tion. If the tetrachloroaurate(III) complex is 
present, then iron(II) salts, tin(II) salts, sulfur 
dioxide, hydrazine, hydrazonium salts, oxalic 
acid, or ascorbic acid can be used as reducing 


agents. Р 
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Figure 23.1: Rate of dissolution of fine gold sheet metal 
in various oxidizing agents: a) Aqua regia, 6 mol/L; b) 
НСІ, 6 mol/L + Br, 0.2 mol/L; c) NaCN, 0.45 mol/L + 4- 
nitrobenzoic acid, 0.1 mol/L + NaOH, 0.2 mol/L; d) НСІ, 
6 mol/L + Cl, (saturated); e) НСІ, 6 mol/L + Н,О,, 0.22 
mol/L; f) NaCN, 1 mol/L + air; g) NaCN, 0.45 mol/L + 
NaOH, 0.2 mol/L + air; h) NaCN, 0.006 mol/L + 
Ca(OH),, 0.04 mol/L + air. 
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The very stable dicyanoaurate complex re- 
quires stronger reducing agents such as zinc. 
Anion exchangers, which are used for the re- 
covery of gold from solutions, sometimes re- 
duce this complex to metallic gold. Similar 
results are achieved with activated carbon. 


The standard potential of Aw/Au* is 
1.498 V, of Au/Au* +1.68 V, and of Au! 
Auf" +1.29 V. 


Gold can be alloyed with many other met- 
als. In classic metallurgical processes (e.g., the 
lead blast furnace process and the reverbera- 
tory furnace process for copper ore), gold and 
silver follow the same route. Zinc, lead, and 
copper act as collecting agents for gold 
through the formation of alloys. Gold exhibits 
the greatest affinity for zinc, followed by lead, 
and then copper. Zinc is used to remove gold 
from molten lead in the Parkes process. The 
readiness with which gold takes up lead, tellu- 
rium, selenium, antimony, and bismuth is a 
disadvantage, particularly with regard to sub- 
sequent mechanical processing. Gold alloys 
readily with mercury at room temperature to 
form an amalgam. The mercury can be dis- 
tilled out by heating. This property is utilized 
in the amalgamation process, and in fire gild- 
ing. 

Colloidal gold forms hydrosols of an in- 
tense red or violet color, which are relatively 
resistant even without protective colloids. 


23.3 Occurrence 1, 2, 6, 20, 34– 
39] 


23.3.1 Abundance 


Gold is distributed very unevenly in the 
Earth's crust, mainly due to enriching pro- 
cesses that have taken place near the surface. 
Its average abundance is very low and is esti- 
mated at ca. 0.005 ppm, although widely vary- 
ing figures are given. 

The gold content of ocean water also varies 
greatly, depending on the location. Gold con- 
tents of 0.008—4 mg/m? (ppb) have been re- 
ported. 
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23.3.2 Gold Deposits  [7, 11, 38] 


The gold deposits which are most easily 
recognized, and which were the earliest to be 
discovered, are enriched veins and deposits of 
gold particles. These particles were originally 
present in primary rock that was worn down 
by weathering Enrichment then followed with 
partial consolidation due to flowing water. 
Such deposits are known as placer or second- 
ary deposits. Typical examples are the rela- 
tively small gold deposits in the Rhine Valley, 
California, and Alaska. The abundance of gold 
in placer deposits fluctuates greatly especially 
as the gold particles may be concentrated in 
very small areas, e.g., a stream bed. Under fa- 
vorable conditions, placer deposits containing 
as little as 1 ppm gold may be successfully ex- 
ploited. : 


Quartz veins containing gold are often 
found along the fault plane of rock fractures. 
As the gold particles have remained at their 
place of origin, these are termed primary de- 
posits. In general, it can be assumed that this 
gold has been formed hydrothermally, i.e., it 
has been through an intermediate stage in 
aqueous solution. Such deposits are found in 
East Africa Australia Canada, and the former 
Soviet Union. Their gold content varies 
greatly. : 

The Witwatersrand goldfields in South Af- 
rica (Transvaal and Orange Free State) were 
also formed by sedimentation. These are sand 
and shingle deposits that have been compacted 
to form massive rock, in which the gold is dis- 
tributed as very fine particles. This type of 
gold deposit is known as a conglomerate de- 
posit. The average gold content of the ore 
when separated from the gangue is ca. 12 ppm. 
Mining reaches a depth of 4000 m. To date 
about 30 000 t of gold, 1.е., about one-third of 
the total world gold production, have come 
from this ore. The waste extracted sand which 
is found, for example, around Johannesburg, 
contains about 1500 t gold (0.5 ppm), mainly 
contained in pyrites (FeS,) which is not dis- 
solved by cyanide treatment. This material can 
also be processed economically. 
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Sulfidic copper ores may have gold inclu- 
sions which can become highly concentrated 
as a result of weathering. In the outer oxida- 
tion zone, hydrothermal reactions take place, 
such as 


Ho 
3Fe* + Au — Au” + 3Fe?* 


while in the underlying cementation zones, the 
corresponding back reaction occurs. Such de- 
posits are found in Papua New Guinea (Ok 
Tedi) and in Brazil. The Ok Tedi deposit con- 
tains about 4 ppm of gold in the cementation 
zone. 

Copper sulfide ores normally contain only 
a small proportion of gold (« 1 ppm); how- 
ever, they can be a significant gold source. 
During smelting, gold accompanies silver and 
can be separated in the copper anode slimes. 
Practically all silver ores also contain some 
gold. ` 


23.33 Gold Reserves and 
Resources 


The term reserves denotes those resources 
whose existence has been established by pros- 
pecting and for which mining is economically 
viable. Today, world gold ore reserves are as- 
sessed at 70 000 t, or more than 40 times the 
world annual primary production In 1970, 
gold reserves were calculated to be one-fifth 
of this amount. At that time, the extensive Bra- 
zilian deposits had not been discovered. 

Of the reserves known today, 40% are 
found in South Africa, 35% in Brazil, and 
15% in the Soviet Union. These are followed 
by the United States, Canada, Australia, Zim- 
babwe, and Ghana, with 1—3 % each. 


23.4 Production  [12,20,23,31, 
33, 39-49, 115] 


23.4.1 Ore Treatment 


In many places, gold is still mined by indi- 
viduals and converted on the spot into market- 
able raw gold using simple manual and 
mechanical processes, such as. panning (grav- 
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ity separation), milling, and amalgamation. 
Amalgamation is carried out by allowing a 
slurry of ground gold-containing ore to flow 
over mercury-coated copper plates. The re- 
sulting gold amalgam is periodically removed 
by scraping. Very fine gold particles cannot be 
recovered by these methods, and in many 
cases, especially in Brazil, the use of cyanida- 
tion to extract the residual gold has been pro- 
posed. LM: 

Where gold is found in river sands covering 
a large area, the ore is often mined and pro- 
cessed in floating dredgers. This type of min- 
ing is found, for example, in Siberia, and in 
the north of the American continent. 

In the conglomerate gold deposits in Wit- 
watersrand, South Africa, most of the gold oc- 
curs as very fine particles. This means that 
mechanical enrichment and amalgamation are 
impossible, and the gold must be converted to 
a soluble form by reaction with sodium cya- 
nide. For this purpose, the gold particles are 
first released from the rock material by means 
of breakers, wet ball mills, and classifiers. In 
newer plants, this milling process takes place 
underground. 

Ground gold ore that contains large gold 

particles or sulfides may be unsuitable for cya- 
nidation. Pretreatment, consisting of gravity 
concentration, generally followed by amal- 
gamation, is therefore nearly always neces- . 
sary; this also allows up to 50% of the gold to 
be extracted faster than by the cyanidation 
process. 
' Gravity concentration was formerly carried 
out using a cord cloth. The cloth was laid on a 
suitable support, and a water slurry of ground 
ore was passed over it, the grooves in the cloth 
being arranged at right angles to the direction 
of flow. The denser particles were retained in 
the grooves while the lighter quartz particles 
flowed away with the water. 

The cord cloth has now been replaced by 
corrugated rubber (thickness 10 mm, groove 
depth 3 mm, distance between grooves 6 mm). 
Modern mechanical equipment has endless 
belts (width 1.5 m, length 7.2 m), tilted at an 
angle of 11?. These advance at a speed of 0.4 
m/min against the direction of flow of the ore 
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slurry. The concentrate is sprayed off with wa- 
ter and sent to the amalgamation plant. In 
place of endless belts, slowly rotating cylin- 
ders lined with corrugated rubber are some- 
times used (length 3.6 m, diameter 0.9 m, 
inclination 3.7 5?). 

Concentrates from gravity separation pro- 
cesses cannot be directly melted down into 
gold bars, because they contain considerable 
amounts of iron.pyrites and metallic iron. 
Gold and silver are therefore generally sepa- 
rated from these components by amalgam- 
ation. The concentrate, which has a water 
content of about 70%, is filled into a cast iron 
drum (length 0.9 m, diameter 0.6 m) contain- 
ing steel balls (diameter 50 mm). The drum is 
rotated for 12 h, after which the gold particles 
are free from all impurities. Mercury is then 
added, and the drum is rotated for a further 
2 h. The resulting amalgam is separated from 
the other components in a hydrocyclone (di- 
ameter 200 mm, inclination 20?); water and 
-excess mercury are removed in a filter press. 
Remaining mercury is removed by distillation, 
leaving an impure mass of spongy gold, which 
is melted down into gold bars. Е 

A flotation process is often used before 
gravity concentration in cases where the gold 
is closely associated with pyritiferous materi- 
als. 

Roasting-of ores in air is a secondary pro- 
cess which is sometimes used after gravity 
separation or flotation. The resulting oxides 
are then washed and treated by cyanidation. 
Gold ores containing sulfidic minerals can 
also be treated in a bioleaching process, which 
dissolves the sulfides, exposing the gold parti- 
cles for subsequent cyanidation. 


23.4.2 Cyanidation [42] 


The cyanidation process has been used in 
South Africa since 1890. Tn this process, the 
powdered mineral slurry, which contains ca. 
10 ppm gold in the solid matter, is treated with 
an aerated 0.0396 sodium cyanide solution. 
Black cyanide (Ca(CN), containing carbon 
and sodium chloride as impurities), a product 
of American Cyanimid, is often used instead 
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of the more expensive sodium cyanide. The 
addition of calcium oxide ensures that the so- 
lution remains slightly alkaline. Dissolution 
takes place according to the following reac- 
tion: 

4Au + 8NaCN + 2Н,0 + О, 2 4Na{Au(CN),] + 4NaOH 


The dead powdered mineral is filtered off 
in large rotary vacuum filters. The filter cake 
contains less than a tenth of the onginal gold 
content of the ore. The filtrate is treated with 
zinc chips, which are preactivated in lead ace- 
tate solution, to precipitate the gold: 


2 Na[Au(CN),] + Zn > Na,[Zn(CN),] + 2Au 


The raw gold is treated with sulfuric acid to re- 
move excess zinc, dried, and then roasted in 
air at 800 °C to oxidize lead, zinc, and iron. A 
flux, usually borax, is added, and the material 
is melted down to raw gold, with a gold con- 
tent of 80-90%. | 

An ecological problem is caused by the 
présence of sodium cyanide in the cake of 
dead rock material and in the wastewater. 
However, when exposed to air and sunlight, 
the cyanide is converted to nontoxic cyanate, 
and subsequently carbonate. 


23.4.3 Recovery of Gold with 
Carbon [50-62] 


The first mention of the ability of carbon to 
adsorb precious metals was made in 1847 In 
1880, it was found that gold can be recovered 
from chlorinated leach liquors by wood char- 
coal. McArtuur and the Forest brothers dis- 
covered that cyanide was a good lixiviant for 
gold in 1890 and, in 1894, charcoal was used 
to recover gold from cyanide solutions. The 
charcoal was prepared from wood and did not 
possess the high surface area and porosity of 
carbon today. As no elution procedure was 
known, the gold was recovered from the car- 
bon by smelting. The use of carbon reached a 
high point of efficiency in Australia in 1917 
when fine carbon was used to recover gold 
from pregnant cyanide solution, but, as the 
zinc cementation process advanced, so interest 
in the use of carbon dropped off. 
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In the 1940s, a carbon of higher activity and 
greater abrasion resistance was developed 
from fruit pips and, in 1952, an elution proce- 
dure involving the use of sodium hydroxide 
and cyanide (the caustic-cyanide procedure) 
was developed. In 1960, a plant using carbon 
was erected in Canada; and the first major car- 
bon-in-pulp (CIP) plant to treat the fraction 
from which the coarse material has been re- 
moved (slimes) was built in the United States 
at Homestake in 1973 to treat 2200 t/d. 


Major developments in CIP continued in 
South Africa, for treatment of the total cya- 
nided pulp. By 1976, a small pilot plant was in 
operation and, by 1978, a plant processing 250 
Ud was on line. The CIP process is now the 
preferred method worldwide for the recovery 
of gold from cyanided pulp. The only excep- 
tion appears to be the former Soviet Union, 
where the resin-in-pulp process is used. The 
CIP process is used for the treatment of a vari- 
ety of feed materials ranging from run-of- 
mine ore to dump materials and roaster-bed 
products. 


The advantages of the CIP process over 
zinc cementation are: 


e Capital costs are lower. 


e Operating costs are lower. 


e The ability of carbon to adsorb gold is not ` 


affected by any of the common constituents 
of leach liquors. 


e Carbon is added directly to the cyanided 
pulp, and therefore the need for the expen- 
sive filtration and clarification stage is 
avoided. 


e The losses of soluble gold are usually lower 
than in the zinc cementation process. 


e Ores that contain carbonaceous material can 
be processed without loss of gold to the car- 
bonaceous fraction. 


e Materials that are difficult to filter or 
thicken can be treated successfully. 
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23.4.3.1 Adsorption of Gold by 
Carbon 


Activated carbon has a porous structure. 
The following theories have been proposed for 
the mechanism by which activated carbon 
loads gold cyanide: 


e Complete reduction to metal 

e A chemical precipitation mechanism in- 
volving gold, carbon monoxide, and cya- 
nide 

e Physical adsorption of sodium dicyanoau- 
rate(T) 


e Adsorption of the dicyanoaurate(T) ion 


e Ion-exchange adsorption of the dicyanoau- 
гаіе(Т) ion te 


e Adsorption of a neutral complex whose na- 
ture is pH dependent 


e Electrostatic interaction between the dicy- 
anoaurate(I) ion and positively charged sites 

e A physisorption process 

e A two-step process in which an ion pair is 
adsorbed onto carbon and then reduced to an 
unidentified species. 

The last-mentioned theory is now generally 
accepted. 

The adsorption of gold cyanide onto acti- 
vated carbon is reversible. Thus, an equilib- 
rium exists between the gold in solution and 
the gold loaded on the carbon. Factors which 
affect the rate of gold adsorption and those 
which affect the equilibrium loading of gold 
are listed in Table 23.1. 

Table 23.1: Factors influencing the adsorption of gold by 
carbon. 


Effect of increasing the factor 


Factor ХАЕТ on equilibrium 
loading of gold 
pH slight decrease decrease 
Ionic strength slight decrease increase 
Free cyanide slight decrease decrease 
Temperature slight increase decrease 
Base metals decrease decrease 
Carbon particle size decrease none 
Mixing intensity increase none 
Pulp density decrease none 
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Feed pulp 





Coarse material 


Electrowinning. 


Certain materials poison activated carbon 
for gold adsorption. Calcium carbonate can 
form in the pores and is detrimental to adsorp- 
tion, but is removed by acid-washing. Organic 
materials (e.g., machine lubricants, detergents, 
flotation reagents) also poison carbon to some 
extent, but are removed during reactivation. 
Lower adsorption efficiencies are attained 
when a pulp containing calcine, shale, or clay 
is used, since these finely divided minerals can 
block the pores. Copper can decrease effi- 
ciency of adsorption by competing with gold 
for adsorption sites, particularly at low con- 
centrations of cyanide. 


23.4.3.2 Carbon-in-Pulp Process 


Ores containing 0.25—100 g/t gold are pro- 
cessed in CIP plants at tonnages from 100- 
10° t per month. The density of the pulp varies 
from 1.3 to 1.45 g/cm?, depending on its vis- 
cosity. 

A schematic of a CIP plant is shown in Fig- 
ure 23.2. The cyanided pulp is prescreened to 
remove coarse material that would otherwise 
move with the carbon granules, and might 


Adsorption circuit 
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Barren pulp 


later block the screens in the CIP circuit. The 
pulp then flows through a series of six or eight 
flat-bottomed, cylindrical, agitated tanks. The 
residence time of the pulp in each stage is ca. 
lh. Reactivated carbon is added to the last 
stage, and is moved countercurrent to the flow 


: of pulp. The carbon is held in each stage by in- . 


terstage screens. The residence time of the car- 
bon in each stage is 2 d. The carbon 
concentration in a CIP circuit is 15-30 g per li- 
ter of pulp. The barren pulp leaving the circuit 
is screened to remove fine carbon. 

The loaded carbon, which contains 200— 
20 000 g of gold per ton, is removed periodi- 
cally from the first stage and eluted with a 
caustic-cyanide solution. The carbon is 
washed with acid to remove calcium carbon- 
ate, and then reactivated at high temperature in 
a kiln. The gold in the eluate is generally re- 
covered by electrowinning. 


Screening. The total pulp fraction has to be 
prescreened at a smaller aperture (0.6 mm, 28 
mesh) than that of the interstage screens. Pre- 
screening removes coarse material to avoid 
blocking of the screens further downstream. 
Two types of screen are used: (1) vibrating 


Gold 


screens with woven wire or polyurethane 
mesh, and (2) linear moving-belt screens. 

Wood chips constitute a small fraction of 
the incoming pulp, and cause problems further 
downstream when vibrating screens are used. 
Another prescreening device, such as a 
dummy tank, is then required..A dummy-tank 
is a closed circuit tank in which the pulp 
passes through submerged air-cleaned screens 
to remove wood chips. 

Interstage screens are used to retain carbon 
while allowing the finer pulp to flow down 
through the train. 

The two types of screen that are used are 
external and submerged. With external 
screens, the pulp is air lifted onto the screens 
(normally vibrating decks), and transferred to 
the next stage, while the carbon is returned to 
the stage from which it came. A number of 
submerged screens have been developed. Air- 
cleaned screens normally use square metal 
mesh, while mechanically cleaned screens 
use wedge-wire. Duties on these screens vary 
from 50 to 200 m? of pulp per square metre of 
screen per hour. The aperture of the screens is 
0.8 mm (20 mesh). The size of the carbon par- 
ticles used in CIP is 1—2 mm (8 to 16 mesh), 
although larger particles are used when prob- 
lems are encountered with screening. 

Abraded carbon resulting from breakage of 
the carbon in the CIP circuit is recovered from 
the barren pulp by a final screen. The units and 
apertures of this screen are similar to those 
used for prescreening. 


Interstage movement of carbon is achieved 
using airlift pumps, vertical spindle pumps, 
centrifugal pumps, or peristaltic pumps. Fac- 
tors that affect the choice of pump are control- 
lability, carbon wear, and operating costs. In 
most plants, carbon is transferred intermit- 
tently, but may also be transferred continu- 
ously. The following methods are used: 


e Loaded carbon is removed from stage one, 
the carbon in stage two is then transferred to 
stage one, and so on down the train. 


e Regenerated carbon is added to the last 
stage, the carbon in the last stage is then 
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transferred to the second-last stage, and so 
on up the train. 

e All the.pumps are turned on to transfer the 
carbon in each stage to the next stage up the 
train. 


Agitation. The optimum agitation system pro- 
vides a high pulp flow and low shear to avoid 
carbon breakage. Mechanical agitation is fa- 
vored over air agitation because it consumes 
less power, provides better ‘live’ vessel vol- 
ume, and has acceptable carbon-attrition rates. 
Draft tubes and open-impeller agitators are 
used. Power inputs vary from 0.015 to 0.2 
kW/m? of pulp. 


Elution. The gold capacity of carbon de- 
creases with increasing temperature. Increas- 
ing the concentration of cyanide and 
hydroxide ions also decreases the capacity of 
the carbon for gold. 

These two facts were exploited by ZADRA in 
1952 to develop the first efficient elution tech- 
nique to remove gold from carbon. Other elu- 
tion procedures have since been developed. 

The Zadra process involves the recycling 
of a solution containing 1-2% sodium cyanide 
and 1-2% sodium hydroxide through a bed of 
carbon. The temperature is over 85 °C, and the 
flowrate is about one bed volume per hour. 
The elution takes 48 h to complete. An elec- 
trowinning cell is used to recover the gold 
from the eluate. The advantages of this system 
are that the capital costs are low, the process is 
simple, and the reagent consumption is low. 
Its major disadvantage is that the rate of strip- 
ping is slow. 

The AARL process, which was developed 
by the Anglo American Research Laborato- 
ties, has two stages. In the first stage, the car- 
bon is pre-soaked under pressure at a 
temperature above 115 ?C, in a solution con- 
taining 1-5% sodium cyanide and 1-5% so- 
dium hydroxide for several hours. In the 
second stage, the carbon is eluted with five to 
seven bed volumes of water at 50—100 kPa and 
above 110 ?C for 5 h at a flowrate of three bed 
volumes per hour. The advantages of this pro- 
cedure are that elution is fast and the gold con- 
centration in the eluate 1s high, which leads to 
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efficient electrolysis. Its disadvantages in- 
clude the need for high-quality water, more 
expensive equipment than that used by the 
Zadra process, and higher reagent consump- 
tion. | 

Elution with Organic Solvents. The addi- 
tion of, for example, a 2096 solution of ethanol 
‚ to a caustic-cyanide eluant increases the rate 
of elution, which takes ca. 6 h at atmospheric 
pressure and 80 °C. Disadvantages include 
higher reagent costs and handling problems 
associated with organic solvents. 

The high-pressure stripping process is sim- 
ilar to the Zadra process, except that elution is 
carried out at up to 160 °C and at ca. 350 kPa. 
It has the advantages of lower reagent con- 
sumption, smaller elution inventory, and a 
smaller elution circuit. Disadvantages are 
more costly equipment, and that effluent solu- 
tions have to be cooled to avoid flashing. 


Gold Recovery. The gold is recovered from 
the eluate either by zinc precipitation or by 
electrowinning. A number of electrowinning 
cells have been developed. 

The Zadra cylindrical cell consists of a cy- 
lindrical core (polypropylene basket), which 
contains steel wool and acts as the cathode. 
The anode (stainless steel) surrounds the cath- 
ode in the cell, and the eluate is pumped into 
the center. 

The most commonly used cell is the Mintek 
cell. It has a rectangular configuration with al- 
temating anodes and cathodes in parallel, sim- 
ilar to those in copper-electrowinning cells. 
The cathodes are removable plastic baskets 
with perforated sides, packed with steel wool. 
The anodes are perforated stainless-steel 
plates. The flow of eluate is parallel to the 
flow of current. 


Regeneration of carbon is carried out in two 
stages: (1) washing with acid to remove cal- 
cium carbonate and some base metals, and (2) 
thermal reactivation to remove organic materi- 
als and reexpose the pore structure. 

The loaded carbon is washed with a 596 so- 
lution of hydrochloric acid for 6 h at 75 °С ina 
column constructed of Hastelloy or rubber- 
lined mild steel. The carbon is then neutralized 


Handbook of Extractive Metallurgy 


with sodium hydroxide. Acid-washing can be 


carried out before or after elution, but is gener-. 


ally done first because this increases the effi- 
ciency of elution. 

In thermal reactivation, the degree of acti- 
vation increases with increasing temperature 
and residence time, but micropores are de- 
stroyed if the conditions are too harsh. Reacti- 
vation is typically carried out at 700 °C for 10 
min. Air should be excluded during regenera- 
tion. The steam generated from the carbon is 
normally sufficient to exclude air. The regen- 
erated carbon is normally cooled by quench- 
ing in water. 

Regeneration is usually carried out in a ro- 
tary kiln, which is heated externally by electri- 
cal resistive windings. In the Rintoul furnace, 
heating is achieved by passing an electric cur- 
rent through a bed of predried carbon in the 
presence of steam. 


23.4.3.3 Carbon-in-Leach Process 


Some ores contain carbonaceous material 
that is slightly active and can adsorb dissolved 
gold. These carbonaceous materials are 
termed preg-robbers. When a preg-robber is 
present in an ore, the carbon-in-leach (CIL) 
process is used, in which cyanidation and car- 
bon adsorption occur in the same reactor. 

The CIL circuit is similar to a CIP circuit, 
the main difference being the residence time 
of the pulp, since in CIL this is determined by 
the rate of gold dissolution and not by the rate 
of gold adsorption as in CIP. Hence, residence 
times of 4h per stage are used. The presence 
of activated carbon prevents the preg-robber 
from adsorbing gold. 


23.5 Gold Refining  [1,20,25, 
31, 33, 40, 41, 45, 47, 49] | 


23.5.1 Chemical (2, 63] 


The historical methods for separating gold 
from silver depended on dissolving silver and 
any accompanying base metals from solid so- 
lutions containing gold, using either nitric acid 
(inquartation) or sulfuric acid (affination). 


Gold 


They were accepted up to the second half of 
the nineteenth century as the best way of man- 
ufacturing relatively pure gold. However, 
these methods are now considered inefficient, 
both with regard to the punty of the gold re- 
covered and process management. 

A method which allows recovery of rela- 
tively pure gold is to dissolve the raw gold in 
hydrochloric acid in the presence of an oxidiz- 
ing agent. Silvér chloride precipitates.and can 
be removed, while gold is precipitated by re- 
duction with oxalic acid. However, a single re- 
ductive precipitation process is usually 
insufficient, as part of any palladium present is 
entrained by the gold. If sulfur dioxide is used 
instead, the same applies to copper, nickel, 
zinc, and lead. Precipitation and separation 
normally have to be repeated several times be- 
fore fine gold of sufficient purity is obtained. 
This method has therefore only found accep- 
tance in cases where the commoner processes 
have not been established, either because the 
amounts involved are too small, or because the 
need arises only sporadically. However, acid 
dissolution has several advantages: the metal 
is tied up for a short time only; a high yield of 
gold can be obtained in a single process step; 
and conventional equipment can be used. 

The Miller process [64] has been of com- 
mercial significance since the 1870s. Probably 
more than two thirds of all gold produced to 
date has been through this process. It is ex- 
tremely economical, and the gold quality ob- 
tained (99.5-99.6%) meets the requirements 
of the gold trade. The largest plant in the world 
is the Rand Refinery in Gerniston, South Af- 
rica, which refines all the gold from South Af- 
rican mines, as well as that from neighboring 
countries. The Miller process is used not only 
by the mining companies of almost all gold- 
producing countries, but also in recycling pro- 
cesses. 

The Miller process is based on the fact that 
gold chlorides are unstable above 400 °C and 
thus do not form at a reaction temperature of 
ca. 1100 °C, whereas silver and base metals 
react with chlorine to form stable chlorides. At 
this temperature, AgCl (bp 1554 °C) and CuCl 
(bp 1490 °C) are molten and therefore collect 
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in a slag layer, which is considerably less 
dense than molten gold. The chlorides of the 
other metals volatilize at the reaction tempera- 
ture, for example, PbCl, (bp 954 °C), FeCl, 
(bp 1023 °C), FeCl, (bp 319 °C), ZnCl, (bp 
732 °C), and CuCl, (bp 655 °C). As the pro- 
cess is effective when only a slight excess of 
chlorine is used, the amount of CuCl and 
FeCl, formed is greater than that of CuCl, and 
FeCl. 

The raw gold delivered to the Rand refinery 
is weighed to an accuracy of 0.01 oz and then 
melted in an induction furnace. Four samples 
are taken and analyzed for gold content. The 
gold is cast into bars and reweighed. The gold 
content of the whole load is then determined. 
The bars are remelted in an induction furnace 
in batches of 500 kg, and chlorine gas is 
passed into the molten metal through quartz 
pipes at a pressure of 0.2 kPa. First, the chlo- 
rine reacts selectively with iron, zinc, and lead 
(Figure 23.3), whose chlorides are volatile at 
the reaction temperature and are thus removed 
as vapors. Finally, silver and copper chlorides 
form (Figure 23.3). These are molten at the re- 
action temperature and thus form a slag which 
floats on the molten gold. Borax is added to 
the slag as a flux. The end point of the reaction 
is indicated by the appearance of red gold 
chloride vapor, and is confirmed by taking a 
sample for analysis. The silver content, which 
is determined by X-ray fluorescence analysis, 
must be below 0.4%. After pouring off the 
slag, the gold is poured into tared molds. 


The chloride slag is ground and screened. 
Entrained gold is separated and returned to the 
process. Соррег(їТ) chloride is oxidized to cop- 
per(IT) chloride using sodium chlorate solu- 
tion containing hydrochloric acid, and brought 
into solution. The solution is filtered and cop- 
per is cemented. Silver chloride is reduced 
with zinc in aqueous solution, and sent to a sil- 
ver-refining electrolysis process. 
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Figure 23.3: Decrease in the concentration of impurities 
in gold as a function of chlorination time. * Expressed as a 
percentage of the initial metal content. Typical starting 
c UE 96: Ag 9.0, Cu 1.4, Pb 0.35, Fe 0.18, Zn 
0.06. 

Platinum-group metals cannot be separated 
by the Miller process, as their chlondes, like 
those of gold, do not exist at the reaction tem- 
perature. However, this is not a disadvantage 
for gold from the Witwatersrand deposits, as 
this is free from platinum-group metals. 

The great economic advantage of the Miller 
process, in addition to low production costs, 
lies in the fact that the gold leaves the refinery 
in a marketable form, thus minimizing the fi- 
nancial losses due to tying up of the metal. 

Tetrachloroauric(IIT) acid can be extracted 
from aqueous solution by many organic sol- 
vents [66]. Solvents which can form metal 
complexes (e.g., ethers and esters) are most ef- 
fective. Total separation from the usual ac- 
companying elements cannot, however, be 
achieved. 

With the exception of dibutyl carbitol, no 
systems have yet been discovered which can 
be applied commercially. Yet a system with a 
high degree of separation efficiency and sim- 
ple process management, including stripping 
the pure gold, could offer considerable advan- 
tages over currently used methods. 


23.5.2 Electrolytic [23,65] 


The Wohlwill electrolytic refining process . 


for gold was developed in 1878 at the Nord- 
deutsche Affinerie in Hamburg. It is still indis- 
pensable for the industrial production of fine 
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gold of quality 2 99.994 (in practice usually 
99.95% and 99.9994). | 
The Wohlwill process uses an electrolyte 
containing 2.5 mol/L of hydrochloric acid and 
2 mol/L of tetrachloroauric acid. Electrolysis 
15 carried out with agitation at 65—75 °C. The 
raw gold is introduced as cast anode plates. 
The cathodes, on which the pure gold is de- 
posited, were for many years made of fine 
gold of thickness 0.25 mm. These have now 
largely been replaced by sheet titanium cath- 
odes, from-which the thick layer of fine gold 
can be peeled off. In a typical electrolysis cell 
(Figure 23.4), gold anodes weighing 12 kg and 
having dimensions 280 x 230 x 12 mm are 
used. Opposite them are conductively con- 
nected cathode plates, arranged two or three 
on a support rail. One cell normally contains 
five or six cathode units and four or five an- 
odes. The maximum cell voltage is 1.5 V and 
the maximum anodic current density 1500 
A/m?. At the anode, the reaction 
Au AT ~ [АС] +3е^ 
takes place, and at the cathode the reverse re- 
action. Anodes and cathodes are normally re- 
placed every two days. About 10% of the 
anode gold, especially parts located above the 
electrolyte, is remelted to form new anodes. 
The anode slime is collected in a trough in the 
bath. In addition to silver chlonde, it contains 
rhodium, iridium, ruthenium, and osmium, 
which can be recovered. Platinum and palla- 
dium can be recovered from the electrolyte, 
which also contains copper, iron, and nickel. 


Stirrer 
Anode 
Cathode 
Anode 
Heating mantel slime 








Figure 23.4: Wohlwill electrolysis cell. 


The accumulation of metallic impurities in 
the electrolyte, and of anode slime in the cell, 


Gold 


means that the electrolyte can only be used for 
a limited period of time. Therefore, the mate- 
nial to be refined should have a high gold con- 
tent (generally > 95%) and it is often best to 
use gold which has already been through the 
Miller process. The gold quality of the cathode 
deposits depends on the condition of the elec- 
trolyte, and on the amount of anode slime that 
has collected iri the cell. A purity of 99:9% is 
considered to be a minimum, which is the 
quality of Russian commercial gold. Today, 
99.99 % can be considered as the norm, rather 
than 99.95%. 

The great advantage of the Wohlwill elec- 
trolysis process is the high purity of the gold 
produced. In addition, the by-products, espe- 
cially platinum-group metals, are also rela- 
tively easy to isolate. A disadvantage is the 
fairly long period during which the noble 
metal is tied up, leading to considerable finan- 
cial losses, 

World capacities for Wohlwill electrolysis 
are very large. In South Africa, approximately 
a quarter of all gold from primary production, 
after it has gone through the Miller process, 
undergoes final purification to fine gold by 
Wohlwill electrolysis. In the former Soviet 
Union, all gold is treated by electrolysis, as it 
normally contains platinum-group metals. 
Practically all noble-metal parting works 
which recover gold from secondary materials 
are dependent on electrolytic refining, again 
because platinum-group metals are normally 
present. Today, almost exclusively fine gold 
(99.99%) is used, both for industrial purposes, 
and for investment; trading countries such as 
Switzerland therefore have large refining ca- 
pacities, mainly producing gold of a quality 
between “good delivery” (99.5%) and 99.9%. 


23.6 Recovery of Gold from 


Secondary Materials. (і, з, 20, 
23, 31, 40, 41, 67-72] 


23.6.1 Recovery from Gold Alloys 


For the recovery of gold from alloys with a 
gold content of more than 30%, the Miller 
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process is the most economical method. This 
also applies to the treatment of anode slimes 
from the electrolytic refining of silver, provid- 
ing these have a high gold content and can be 
melted. 

For small quantities of gold-rich alloys, a 
useful treatment is dissolution in hot aqua re- 
gia, or in hydrochloric acid (usually at 20— 
50 °C) containing a halogen or hydrogen per- 
oxide. Silver precipitates as sparingly soluble 
silver chloride. Relatively pure gold is recov- 
ered from the solution by selective reduction. 
If copper and lead ions are present, the best re- 
ducing agents are sulfur dioxide or hydrazine; 
if platinum-group metals are present, oxalic 
acid is used. 

In the case of gold—-copper alloys, which 
also may contain silver and nickel, treatment 
with aerated dilute sulfuric acid allows the 
separation of noble metals from base metals. 
Gold can only be separated from base metals 
in this way if the gold content of the alloy is 
less than ca. 65%, and the material has been 


` finely milled or powdered. 


Two historically important processes for 
treating go/d-silver alloys are rarely used to- 
day. The silver may be dissolved with nitric 
acid, preferably after realloying to a silver— 
gold ratio of 3:1 (inquartation); or hot concen- 
trated sulfuric acid can be used (affination). 
Silver—copper alloys with a low gold content 
are not suited to the above process, but can be 
treated in noble-metal works by the lead cu- 
pellation process. Lead is removed as litharge, 
PbO, which also takes up copper as CuO, and 
other metal and metalloid oxides, leaving be- 
hind dore silver. This is subjected to electro- 
lytic refining: gold collects in the anode slime. 


23.6.2 Recovery from Sweeps 


The noble-metal processing industry pro- 
duces large amounts of waste dust and debris, 
known as sweeps (e.g., slag, ash, soot, precipi- 
tation and emulsion residues, and sweepings). 
The gold content of these materials is mostly 
in the range 0.5-1096. Usually they are first 
carefully ground, screened, and, if necessary, 
dried or burned. The fine nonmetallic fraction 
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and the coarse metallic fraction, which can 
usually be melted, are analyzed separately. 


The usual method for treating gold-contain- 
ing sweeps is to melt the material down, to- 
gether with silver-containing sweeps, in a lead 
shaft furnace. Depending on the composition 
of the sweeps, calcium carbonate, silicic acid, 
lead oxide, carbon, and materials containing 
sulfur are added. The mixture of powdered 
components is normally briquetted, pelletized, 
or sintered before being fed into the shaft fur- 
nace. The metallic phase (alloy) produced in 
the furnace contains lead and almost all of the 
noble metal. This alloy is then converted to 
dore silver (a few percent Au; « 0.196 Pb; the 
rest Ag) in a cupel furnace by oxidizing lead to 
lead(IT) oxide. The silicate slag from the shaft 
furnace contains a negligible quantity of noble 
metal, and can usually be discarded. The slag- 
ging process may have to be repeated, for ex- 
ample if the noble-metal content exceeds 300 
ppm. In the sulfidic phase, which forms be- 
tween the metallic phase and the slag, almost 
all the copper collects with the nickel to form 
copper matte. The relatively high content of 
silver and valuable nonferrous heavy metals in 
the copper matte makes special treatment nec- 
essary; this is usually carried out at copper 
smelting works. 


When raw gold is refined, the resulting res- 
idues contain more gold than silver These 
substances are treated in a shaft furnace and 
then in a refining furnace, together with raw 
silver from the Miller process. Unlike other 
pyrometallurgical recycling methods for silver 
and gold, a copper matte phase is not formed 
in the shaft furnace. The Au: Ag ratio is nor- 
mally 1:4. 


23.6.3 Recovery from Surface- 
Coated Materials 


Surface coatings containing gold come 
mainly from the electronics industry, plus a 
small proportion from the jewelry industry 
and electrical engineering. The base material 
is essentially metallic; the gold coatings are 
often only a few micrometers thick, but may 
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account for a gold content between a few i 


tenths percent and a few percent. 

The most economic solution is usually to 
remove only the gold coating, and to send the 
underlying base material directly to a recy- 
cling process. Mechanical pretreatment is of- 
ten required to expose the gold surface. 
Depending on the particular combination of 
materials and the degree and type of finishing 
employed, this can be carried out with a shred- 
der, jaw crusher, or edge runner. Frequently, 


. thisis followed by air separation, gravity sepa- 


ration, or magnetic separation to remove the 
ballast materials. It is normally not advisable 
to burn off plastic materials because the gold 
diffuses into the metallic base, and it is then 
impossible to remove it all. For this reason it is 
preferable to decompose the plastic material 
by pyrolysis. 

To remove the gold from the metallic base, 
the material is usually agitated in alkaline cya- 
nide solutions (10-20 g/L NaCN). Air is only 
rarely used as an oxidizing agent, because of 
the relatively low rate of dissolution. Instead, 
water-soluble aromatic nitro compounds 
(e.g, nitrobenzoic acid or nitrobenzene- 
sulfonic acid) are normally employed. Potas- 
sium peroxodisulfate and hydrogen peroxide 
are also suitable, but they have a greater ten- 
dency to oxidize the cyanide ion. The base 
materials (e.g., iron, nickel, and cobalt) are at- 
tacked only to a limited extent during the dis- 
solution process. When the base material is 
composed of copper, or a copper-rich alloy, 
zinc cyanide or lead salts are usually added as 
inhibitors to keep them from being attacked. 

The gold is recovered from cyanide solu- 
tion by adding zinc powder, after any excess 
oxidizing agent has been reduced with hydra- 
zine or formaldehyde. The gold can also be re- 
covered by electrolysis, using insoluble 
graphite or magnetite anodes (100 A/m? cath- 
ode, 3-4 V), or platinized titanium anodes. 
Excess oxidizing agent should also be reduced 
to obtain optimum current efficiency and 
speed of deposition. In addition to the reduc- 
tive deposition of gold, thermal decomposi- 
tion of the dicyanoaurate(T) complex is also 
possible. 
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Gold-plated rnetallic wastes can also be di- 
rectly deplated by electrolysis, preferably in 
electroplating drums used as anodes. The gold 
is recovered in metallic form from the cathode 
in a single step. The method is, however, not 
very well suited to the recovery of gold from 
bulk material in anode. baskets, because the 
electric field is screened off from the material 
at the center of the load, and as a result not all 
the gold is removed. 

Gold can be extracted from solutions with a 
very low gold content (< 0.1 g/L) by anion-ex- 
change resins (e.g., Lewatit M 500) [71] or ac- 
tivated charcoal [72]. However, elution is 
costly and usually incomplete; the gold- 
loaded carriers are therefore most frequently 
ashed, and the gold recovered from the ash. 
The solutions are not returned to the deplating 
process because they contain degradation 
products, especially from organic nitro com- 
pounds, which would interfere with the pro- 
cess, 

The methods described above can also be 
used to treat other cyanide gold solutions, e.g., 
unusable electroplating baths. 

Gold-plated materials аге occasionally 
smelted together with copper ores in large 
copper-smelting works. In addition to silver, 
these ores always contain some gold. A disad- 
vantage of this method is the long time the 
gold has to stay in the process. Gold collects in 
the anode slimes during electrolytic refining 
of the copper and can be recovered from these. 
All gold concentrates recovered using the pro- 
cesses described here still require refining. 


23.7 Compounds 
39, 63, 73-77] 


Almost all gold compounds occur in the ox- 
idation states 1+ and 3+. The oxidation states 
2+ and 5+ are also known. Bimetallic com- 
pounds of gold(II) are usually mixed valence 
compounds containing gold(T) and gold(IID). 

The generally very low stability of binary 
goldd) and gold(III) compounds based on 
ionic bonding can be ascribed to the structure 
of the two outer electron shells. The ten elec- 
trons of the 5d level and the single electron of 


[1, 12, 20, 32, 
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the 6s level differ only slightly in energy. 
Therefore, ionization of the 6s! electron to 
leave a 5s 1р5 valence shell, i.e., the reaction 
Au > Au’, is energetically not particularly fa- 
vorable. Соја) compounds with the 55°р°Ё 
valence shell exhibit a tendency to fill the 5d 
level. Thus, the electron-acceptor effect is 
strong, and the compounds are strong oxidiz- 
ing agents. The simultaneous participation of 
both outer electron shells gives rise to proper- 
ties characteristic of the transition metals, 

such as variable oxidation state, colored com- 
pounds, and the tendency to form complexes. 
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Figure 23.5: Solubility of potassium dicyanoaurate(T) in 
water as a function of temperature. 


23.7.1 Potassium 
Dicyanoaurate(I) 


Properties. - Potassium ` dicyanoaurate(T), 
K[Au(CN),], p 3.452 g/cm?, forms colorless 
crystals which are readily soluble in water and 
alcohol, but insoluble in acetone and ether. 
The solubility in water is strongly dependent 
on the temperature (Figure 23.5). The effect of 
potassium cyanide concentration on the solu- 
bility of potassium dicyanoaurate is shown in 
Figure 23.6. The complex is neither air nor 
light sensitive and is stable in aqueous solu- 
tion above pH 3. 
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Figure 23.6: Dependence of the solubility of potassium 
dicyanoaurate(T) in water upon the concentration of potas- 
sium cyanide at 20 °C and at 0 °C. 


Preparation [63, 78]. Potassium dicyanoau- 
rate is prepared from fulminating gold, from 
gold(IIT) hydroxide, and by electrolysis. 


From Fulminating Gold. Fulminating gold 
is precipitated from a solution of tetrachloro- 
auric(IIT) acid by addition of excess aqueous 
ammonia; the precise composition of the pre- 
cipitate is not known. The chloride content of 
the precipitate decreases with increasing ex- 
cess of ammonia. 
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Fulminating gold must not be allowed to 
dry, since it is highly explosive in this state. 
The fulminating gold must be thoroughly 
washed with deionized water to remove chlo- 
ride, since chloride ions interfere in electro- 
plating processes. After washing, the 
precipitate 1s dissolved in a small excess of po- 
tassium cyanide solution. This is followed by 
filtration, concentration, and crystallization. 
The mother liquor is repeatedly reused in the 
process. 


Electrolysis. When a gold anode is dis- 
solved in aqueous potassium cyanide, potas- 
sium  dicyanoaurate(T) is formed with 
hydrogen being liberated at the cathode. To 
prevent the dicyanoaurate(I) ion from being 
electrolyzed at the cathode with deposition of 
gold, a diaphragm is used. Fluoropolymer- 
based ion-exchange membranes are used for 
this purpose. The mother liquor is reused or 
worked up following crystallization of the po- 
tassium dicyanoaurate(T). This can be carried 
out under particularly mild conditions by us- 
ing the continuously-cooled crystallization 
process. Cyanide and chloride are the major 
impurities. Electrolysis produces potassium 
dicy anoaurate(I) with a particularly low chlo- 
пае content, which depends solely on the 
quality of the potassium cyanide and of the 
water. 

From Gold(III) Hydroxide. Instead of ful- 
minating gold, gold(IIT) hydroxide may be re- 
acted with potassium cyanide solution. 
Precipitation of gold(III) hydroxide from tet- 
rachloroauric(IIT) acid by addition of an alkali 
metal hydroxide does not always go to com- 
pletion. Aging of the gold(TIT) hydroxide con- 
siderably reduces its rate of dissolution in 
potassium cyanide solution. 


Uses and Economic Aspects. Potassium di- 
cyanoaurate(T) serves as the gold component 
in the baths commonly used for electroplating 
and to a lesser extent in electroless plating. 
With increasing utilization of gold-plated 
electronic components, the demand for gold 
plating baths, and hence for potassium dicy- 
anoaurate(I), has grown considerably. In 1987, 
a little under one tenth of the 1300 t of gold 
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processed annually in the world was used by 
the electronics industry. In the jewelry indus- 
try, too, that demand has increased as a result 
of rolled gold being superseded by electroplat- 
ing with hard gold. 


23.7.2 Tetrachloroauric(III) Acid 


Properties. ^ Tetrachloroauric(IIT) ` acid, 
H[AuCL,], crystallizes as a tetrahydrate' in the 
form of light yellow, deliquescent crystals. Tt 
is readily soluble 1n water, soluble in alcohol 
and ether, and is corrosive. 


Preparation [63]. Tetrachloroauric acid is 
prepared by dissolving gold in warm aqua re- 
gia. In order to remove residual nitric acid, the 
solution is concentrated by evaporation with 
repeated addition of hydrochloric acid, and the 
resulting melt is poured into porcelain dishes. 
Moisture must be excluded while the melt 
cools, solidifies, and is finally powdered. 


Crystallization from the aqueous mother li-. 


quor produces an extremely hygroscopic ma- 
terial. Instead of nitric acid, other oxidants 
(e.g., chlorine) may be added to the hydro- 
chloric acid. The high rate of dissolution of 
aqua regia is only rarely attained (Figure 
23.1), but the pollution caused by it is lower 
and control of the reaction is simpler, espe- 
cially under industrial conditions. Care must 
be taken to assure removal of any excess охі- 
dants and their reaction products. Tetrachloro- 
auric(IIT) acid can also be prepared by anodic 
dissolution of gold in hydrochloric acid, but 
this requires the use of a diaphragm. 


Uses [1]. Tetrachloroauric(III) acid is used to 
prepare other gold compounds. It is also used 
to make gold ruby glass, gold purple (Purple 
of Cassius), and purple colorants for enamel- 
ing of ceramics. 


23.7.3 Sodium Disulfitoaurate(T) 


Properties. Sodium disulfitoaurate(1), 
Na,Au(SO,),, is relatively unstable in the 
solid state, and is therefore not isolated as 
crystals for industrial use. It is stable in 
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weakly alkaline solutions above pH 8.5, even 
upon heating and when exposed to light. 


Preparation. Sodium disulfitoaurate(T) is pre- 
pared from fulminating gold or from gold(IIT) 
hydroxide. 


From Fulminating Gold. Fulminating gold 
is dissolved with stirring in a dilute solution of 
sodium hydrogen carbonate, sodium sulfite is 
then added. The reaction mixture is stirred at 
70 °C until it clears. The pH must be main- 
tained above 9. This is achieved by addition of 
sodium hydrogen carbonate solution. In order 
to remove ammonia, the solution is heated to 
about 90 °C with the simultaneous introduc- 
tion of air. The gold content of the solution 1s 
kept at ca. 100 g/L by evaporation or by dilu- 
tion with deionized water. This concentration 
is desirable for electroplating purposes. In- 
stead of sodium sulfite, gaseous sulfur dioxide 
and a correspondingly higher quantity of so- 
dium hydroxide solution may be used; ie pH 
1s controlled as described above. 


From Gold(III) Hydroxide. Instead of ful- 
minating gold, gold(II) hydroxide may be 
used. The reaction takes place under approxi- 
mately the same conditions as with fulminat- 
ing gold. The disadvantages are the same as in 
the preparation of potassium dicyanoaurate(I) 
from gold(TIT) hydroxide. 


Uses. Sodium disulfitoaurate(T) is sometimes 
used in preference to potassium dicyanoau- 
rate(I) in electroplating baths. These baths are 
especially advantageous for the production of 
ductile and wear-resistant coatings and in 
white-gold and rose-gold electroplating. 
Their drawbacks are difficult handling, shorter 
service life, and higher price. Their low toxic- 
ity is counterbalanced by problems in waste 
water disposal, e.g., those caused by the ethyl- 
enediaminetetraacetic acid (EDTA) com- 
plexes of the alloying elements. 


Sodium disulfitoaurate(I) is increasingly 
being replaced by the corresponding ammo- 
nium salt, which provides special advantages 
with Au-Pd-Cu baths, such as the facility to 
produce very dense coatings. 
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23.7.4 Miscellaneous Gold 
Compounds |, 20, 63] 


Bright gold preparations (gold sulfore- 
sinates) are used for gilding ceramics and 
glass. Other compounds, some of which have 
applications in preparative and analytical 
chemistry, include gold(III) chloride AuCl,, 
Sold chloride AuCl, gold(IIT) hydroxide 
Au(OH), or AuO(OH), gold(IIT) oxide Au,O,, 
the gold sulfides Au,S, AuS, and Au,S,, 
gold(I) cyanide AuCN, and gold(T) acetylide 
Au,C,. Sodium dithiosulfatoaurate(I), Ма, 
[Au(S,04),]- 2H4O, is used as a photographic 
sensitizer, and gold(III) selenate, Au,(SeO,), 
for staining glass. 

Gold compounds, particularly gold thiosul- 
fate, gold mercaptides, and gold malate, have 
long been used for the treatment of rheumatic 
disease. The triethylphosphine gold complex 
of thioglucose tetraacetate, Auranofin, is very 
effective against chronic inflammation of 
joints. Gold) complexes of diphosphines 
may be beneficial in tumor therapy. 


23.8 Alloys 
79-90] 


Gold forms alloys with many metals and 
metalloids. The most important alloys are 
composed of elements from the same group in 
the periodic table (Ag, Cu) and from the 
neighboring groups (Ni, Pd, Pt, less often Zn, 
Cd, Hg). The most frequently used elements, 
i.e., Ag, Cu, Ni, Pd, and Pt crystallize like gold 
with face-centered cubic unit cells, and coor- 
dination number 12. Thus, they readily form 
continuous solid solutions with gold, espe- 
cially as their metallic atomic radii (Au 144.2 
pm; Ag 144.5 pm; Cu 127.8 pm; Ni 124.6 pm; 
Pd 137.6 pm; Pt 137.3 pm) in certain cases are 
very similar. Zinc, cadmium, and mercury 
have metallic atomic radii of 133.5 pm, 148.9 
pm and 150.3 pm, respectively. These metals 
all have hexagonal unit cells, which renders 
the formation of alloys with gold more com- 
plex. 

The practical uses of gold alloys and of fine 
gold are mainly determined by their color, 


[1, 12, 20, 24, 31, 39, 
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hardness, corrosion resistance, melting point, 
and relative value. The degree of hardness can 
be controlled by heat treatment. The melting 
point plays a significant role during manufac- 
ture and processing. 

For centuries, the color (Figure 23.7) , 
hardness, and corrosion resistance of gold 
were modified by variations in the Au-Ag-Cu 
system. When white gold, with its resem- 
blance to platinum, became fashionable at the 
beginning of this century, Ni and Pd were 
added; these were soon followed by Zn, and 
later by platinum. The gold alloys used for 
modern dental materials are complex because 
they must have specific properties. 
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Figure 23.7: Gradation of color of gold-silver-copperal- ` 


loys. 


23.9 Quality Specifications 
[20, 91, 92] 


23.9.1 Quality Specifications [33] 


The gold content of fine gold and gold al- 
loys 1s usually expressed in fineness (parts per 
thousand) or in carat; where 24 carat represent 
1000/000 fine, 18 carat thus being equal to 
750/000. For ores, intermediate products, and 
older materials, the gold content is usually 
given in grams per metric tonne (g/t) (ppm). 
ounces per metric tonne (oz/t), and ounces per 
short ton, where 1 oz = 1 troy ounce = 31.1035 


Gold 


g and 1 short ton = 907.184 kg. Other units are 
1 dwt = 1 pennyweight = 0.05 oz = 1.555 g 
and 1 troy grain = 1/24 dwt = 0.0648 р. 1 tola 
= 0.375 oz is an Indian measure for gold. 

In general, marketable grades of gold are 
subject to the purity standards given in Table 
23.2. E 
Table 23.2: Marketable gold qualities. 


Designation Gold content, Content of other 


% metals, ppm 
“Good delivery” gold 2 99.5 Any metals (total) 
` <5000 

Fine gold 299.99 Ag <100 
Cu < 20 
others < 30 
total <100 
Fine gold, chemically > 99.995 Ag < 25 
pure others < 25 
` total < 50 
Fine gold, high purity 2 99.999 Ag < 3 
Fe <s 3 
Bi < 2 

Al < 0.5 

Cu < 0.5 

Ni < 0.5 

Pd+Pt s 5.0 
total < 10 


23.9.2 Sampling [93] 


Accurate determination of gold depends оп 
the use of correct sampling methods. 

Exact procedures have been laid down for 
taking samples from ingots of raw gold, or 
from material separated in recycling pro- 
cesses. The samples may be taken by drilling, 
cutting, or sawing. As a rule, they.are taken 
from several places in an ingot, which helps to 
avoid errors arising through possible segrega- 
tion effects. 

Powdered material is usually first screened 
to separate the fine from the coarse material. 
These are then subjected separately to a me- 
chanical or manual sampling process. 

Recycled electronic material usually con- 
tains only a few percent gold together with 
plastic and base metal components. Mechani- 
cal size reduction, e.g., in a shredder, or by 
cold grinding using liquid nitrogen, often pro- 
duces material from which samples can be 
taken. 
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23.9.3 Quantitative Analysis 


Quantitative analysis forms the basis for 
calculating the gold content of end products, 
intermediate products, gold ores, and recy- 
cling materials. The most important method . 
for gold, as for silver, is still the centuries-old 
docimastic analysis, or docimasy (Greek: test- 
ing, assay), more commonly known as the fire 
assay. In this process, noble metals afe taken 
up by molten lead, while base metals are re- 
moved by slagging. Two methods are used. In 
the crucible assay, a mixture of lead oxide, a 
reducing agent (e.g., carbon), and a flux is 
melted at ca. 1250 ?C. In the scorification as- 
say, the sample is subjected to oxidative smelt- 
ing with grain lead апа borax at ca. 1000 °C. 
In each case, a bead of lead containing gold . 
and other noble metals is formed. The lead is 
then oxidized at ca. 800 ?C to litharge (PbO) 
on a magnesia bed (cupellation process). The 
PbO melt is absorbed by the porous magnesia 
and a drop of noble metal, which later solidi- 
fies to a grain, remains behind. If the grain 
contains platinum-group metals in addition to 
gold, then a chemical or physical analysis fol- 
lows. Reductve precipitation followed by 
weighing the gold is the most common 
method. X-Ray fluorescence analysis of the 
grain has the advantage of greater speed and 
economy [94, 95]. 

In the gold trade, docimasy is the generally 
accepted method for determining gold. An- 
nual mercantile transactions worth ca. DM 40 
x 10? are based on the results of docimastic 
analyses. Determination of the gold content of 
high-percentage alloys using physical meth- 
ods has not been accepted, because it is not 
sufficiently accurate. The gold content of fine 
gold can be determined far more accurately 
from the sum of the impurities than by direct 
determination of the noble metal content. 


23.9.4 Purity Analysis 


Purity tests for commercial gold are today 
almost exclusively carried out by physical 
methods, the most important being emission 
spectrography, plasma emission spectrogra- 
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phy, and atomic absorption spectroscopy. In 
special cases, mainly for ultrapure materials, 
mass spectroscopy, glow discharge, and neu- 
tron activation are used. Physical methods 
have largely replaced chemical and colorimet- 
ric methods in the determination of trace im- 
purities for reasons of economy and speed. 


23.9.5 Trace Analysis 


The determination of trace amounts of gold 
is important in ore prospecting and in the eval- 
uation of residues and waste materials from 
the metallurgical industry. The gold content of 
these materials may be very low (ca. 1—1000 
ppm). The solids can be dissolved and the re- 
sulting solution analyzed by atomic absorp- 
tion spectroscopy. The solution can be 
enriched prior to the determination, if re- 
quired, by solvent extraction. Alternatively, 
metallic gold can be collected in molten cop- 
per or lead. The resulting alloy can then be dis- 
solved and the solution analyzed by atomic 
absorption spectroscopy. The solid alloy can 
be analyzed by neutron activation, total reflec- 
tion X-ray fluorescence, and inductively cou- 
pled plasma mass spectroscopy. Fire assaying 
is also still significant in this field. 


23.10 Uses of Gold and Gold 
Alloys [6, 12, 19, 20, 24, 31, 33, 39, 41, 96] 


23.10.1 Coins, Medals, Bars [97] 


In antiquity, gold was considered an object 
of value and used as a means of exchange, at 
first in the form of nuggets or flattened disks, 
and from 650 B.C. as minted coins. The com- 
position of the metal used varied from alloys 
containing a high proportion of gold, to elec- 
trum which had a relatively high silver con- 
tent. The confusing variety of gold coins, and 
the great variation in fine gold content, was 
first limited in the 19th century, when legal 
regulations were introduced for coinage, 
which specified nominal values of gold coins, 
their weight, and gold content. After World 
War I, gold coins were no longer legal tender. 
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They are now traded as collectors' items and 
as a form of investment. With the liberaliza- 
tion of private gold trading in the 1950s, the 
demand for gold increased. A successful new 
enterprise in this market was the minting and 
marketing of the krugerrand (gold content of 1 
oz troy) by South Africa. Between 1967 and 
1985, a total of 2000 t (са. 65 x 10° oz) were 
sold. Following the repressive measures 
which have been inflicted on the krugerrand, 
new coins were introduced by other countries 
(Table 23.3). 

Gold was already stored in the form of bars 
in antiquity, especially in Rome. Today, gold 
bars weighing ca. 400 oz (ca. 12 kg) of good 
delivery quality (99.596) are the main form 
used in public and institutional investment. 
Gross weight, gold content, the manufacturing 
firm and reference number are stamped on the 
bars, and provide direct and binding informa- 
tion as to their value. Smaller gold bars are 
manufactured for private investors. 

The difference between the buying and sell- 
ing price in banks (broker's commission) is 
normally ca. 3—4% plus value added tax. 


23.10.2 Jewelry [98] 


Fine Content of Jewelry Gold. The gold 
value of jewelry alloys is determined by their 
gold content (fineness). In most countries, 
laws govern the terms used in designating the 
fineness of gold jewelry for manufacturers, 
processors, and dealers. 

Only alloys with a minimum gold content 
of 585/000 are sufficiently tarnish resistant for 
jewelry. Better quality jewelry customarily 
has a gold content of 750/000. These alloys of- 
fer optimum color and mechanical properties. 
For less expensive jewelry, alloys with a low 
gold content are often used. In Germany, 
333/000 fine is common, and in the United 
States 417/000. These alloys tarnish under un- 
favorable conditions, and cracks may form as 
a result of stress corrosion. The highest grade 
alloys are used only occasionally in the manu- 
facture of jewelry, due to their low strength. 
However, no alloy can match the fine color of 
pure gold. 


Gold 


Table 23.3: Coinage alloys. 


Coin Country Mintage period 

20 mark German Reich 1871-1915 
10 mark 

5 mark 

1 ducat German upto 1871 

Confederation 

Krugerrand’ South Africa since 1967 
Maple Leaf? Canada. ^ since 1979 
American Eagle* United States since 1986 
Britannia? Great Britain since 1987 
Nugget? Australia since 1987 
Tscherwonez Former USSR since 1975 


* Also in '/,, H, and Lin oz gold. 


Table 23.4: Composition of gold alloys for jewelry. 


е % Content of alloy components, % 
Colored gold 
20 carat 88.3 Ag 0-16.7, Cu 0—16.7 
18 carat 75 Ag 0-20, Cu 5-25 
14 carat 58.5 Ag 8-34, Cu 7.5—33.5 
8 carat 33.3 Ag 8qP35, Cu 30-55, Zn 0-20 
White gold 
18 carat 76 Cu 4-8, Ni 10-18, Zn 3-6 
18 carat 75 Pd 10-20, Cu + Zn 5, rest Ag 
14 carat 59 Cu 15-25, Ni 10-16, Zn 5-8 


Colored gold alloys used in the jewelry in- 
dustry are mostly based on the ternary alloy 
system Au—Ag—Cu, allowing a wide variety of 
colors. The workability and resistance to wear 
of an alloy depend on its mechanical proper- 
ties; these, and its resistance to corrosion, can 


be controlled by adding zinc. The classifica- 


tion ranges for colored gold alloys used in the 
jewelry sector are shown in Table 23.4. To 
designate the different qualities, special codes 
are used, most of which are specific to particu- 
lar firms. The properties cover a broad range 
of values to meet all practical requirements 
(Table 23.5). In 1966 in Germany, an indus- 
trial standard, DIN 8238 “Gold colors" (in- 
cluding white gold), was created to 
standardize colors in gold alloys and to pro- 
vide manufacturers with a better means of mu- 
tual understanding. This standard closely 
reflects similar specifications in Switzerland 
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Fineness Carat Gross weight, g Gold content 
900 21.6 7.964 7.168 
900 21.6 3.982 3.584 
900 ` 21.6 1.991 1.792 

986.1 23.7 3.490 3.441 g 
916.6 22 33.931 loz 
999.9 24 31.103 loz 
916.6 22 33.931 loz 
916.6 22 33.931“ lz 
999.9 24 31.103 loz 
900 21.6 8.60 7.74g 


and France. A combination of values repre- 
senting tone (T), saturation level (S), and 
darkness (D), measured using spectrophoto- 
metric methods, is attributed to each color (Ta- 
ble 23.6). 


Gold Solders. The most frequently used 
method of making joins in the manufacture of 
jewelry. from gold alloys is hard soldering. In 
addition to fine gold, colored gold solders also 
contain silver, cadmium, copper, and zinc. 
Their melting temperature is always lower 
than that of the material to be soldered. The 
additives are adjusted so that the solders have 
graduated working temperatures. Three sol- 
ders are generally sufficient, with graduations 
of ca. 50°C in their working temperatures. 
Some examples of colored gold solders are 
given in Table 23.7. 


White gold alloys were first developed in the 
early 1900s, in an effort to replace platinum by 
a cheaper materjal with identical properties. 
White gold also differs from colored gold in 
having a higher melting range and is usually 
harder. Nickel and palladium are the only suit- 
able additives to give gold a color approaching 
whitish-gray. The demand for white gold has 
fallen in the last few years in favor of colored 
gold and platinum. Information about white 
gold alloys 1s given in Table 23.4. 
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Table 23.5: Properties and applications of jewelry gold alloys. 





x 
a 5 
А б Brinell hardness -= 5 
Carat Designation Color Dee p " (after soft anneal- 8 E $ 2g 
ing), kg/mm 5297 
SE 
ЕАК 
Colored gold 
18ct 750/2 red 880-865 15.0 140 hard е e 
750/44 reddish 875-850 15.3 125 medium hard e 
750 150 pale yellow 900—850 15.5 120 medium hard өөө 
750 130 yellow 890-850 15.5 125 medium hard eee 
750/10 pale yellow 970-900 15.8 85 soft е е 
ldct 585/2 red 920—880 13.0 105 soft | See e 
585/4 reddish 905-860 13.1 125 medium hard ө 
585/5 М reddish yellow 860—790 13.2 120 medium hard е 
585/10 deep yellow 845-825 13.6 160 very hard 
585/13 pale yellow 840-800 13.7 140 hard ` 
585/15 pale yellow 890-820 13.7 125 medium hard ecce 
585/17 green yellow 980-940 13.8 Lü soft ` ` өөө 
8 ct 333/414 reddish 930-890 11.0 100 soft : ө 
333/6 pale yellow 845-770 10.9 90 soft eee 
333/9 yellow . 860—750 11.1 120 medium hard 
333/16 pale yellow 810—750 11.5 125 medium hard e 
White gold 
18ct 760H white 950—875 14.8 185 very hard or hard 9 
contains Ni 
750M white - 1170-1040 16.0 110 medium hardor 9 
contains Pd hard 
7508 white 1170-1040 15.6 95 soft eee 
contains Pd 
14ct 590H white 1000-870 12.8 150 hard o 
contains Ni 
590M white 1120-1060 14.1 130 medium hardor 9 
contains Pd hard 
5905 white 1150-1050 14.0 95 soft өөө 
contains Pd 
Table 23.6: Gold colors according to DIN 8238. Table 23.7: Working temperatures of colored gold sol- 
Swiss and Colorimetric ` Examples ders. 
© German French measures accord- of approxi- Gold content, 
В classifi- ге ing to DIN 6164 mately cor- carat (Degussa) 
5 cation, M a responding 18 1750/3 
190 T S D gold alloys 
L750/1: 
М weil 12 09 1.6 590H L7501 
8N grüngelb 248 L6 L2 585/17 
IN blafügelb jaunepále 1.7 1.7 1.2 585/15 14 L585/7 
2N hellgelb jaunepále 1.8 1.8 1.3 750/150 L585/8 
3N gelb jaune 20 L8 13 750/130 L 585/314 
4N rosé rosé 24 L6 1.4 750/44 
SN rot ` rouge 26 LS L4 7500 5 Low 
L 333/10. 








Castings 


Chains, lattice work 
Blanks for minting 


Bracelets 


Wedding ring blanks 
Pipes, seamless ~ 


ature, °C 
820 
750 
700 
780 
720 
670 
700 
640 


Solder designation Working temper- 


Gold 


23.10.3 Electronics and Electrical 
Engineering [99,100] 


Modern electronics require the use of noble 
metals, especially gold, particularly in the ar- 
eas of information processing, telecommuni- 
cations, and military and space electronics. It 
is used in active components (diodes, transis- 


‘tors, integrated circuits, semiconductor mem- 


ories), assembly and connection engineering 
(packages, thick-film circuits, printed boards, 
and plugs) and, to a lesser extent, for passive 
components (capacitors and resistors). 


The great advantage of gold is its high re- 
sistance to oxidation and corrosion, and its 
high conductivity which give it excellent con- 
tact properties. Gold plating is usually carried 
out by electrochemical deposition: Thin gold 
coatings can also be produced by firing of 
gold-containing pastes, usually coated on ce- 
ramics. Gold is very malleable, so that it can 
be worked into very thin bonding wires, usu- 
ally with a diameter of са. 25 um. Fine gold 
wires can easily be welded to each other, or to 
other metals, by pressure or by a combination 
of heat and pressure. These microwelded 
joints can easily be made on microelectronic 
circuits at high speed. 


Modern methods used in bonding chips re- 
quire bumps on the contact surfaces of the 
crystal; these bumps are made from gold. 


The gold used in electronics, with the ex- 
ception of gold solders, is practically always 
fine gold of purity 99.99 or 99.999%. Very 
few parts are made of massive gold for reasons 
of economy. 


Because of its high price, gold is not used a 
great deal in electrical engineering. Roll- 
bonded gold claddings, or gold coatings made 
by electrodeposition, are occasionally used for 
special contact problems. Gold-nickel and 
gold-silver alloys are used in weak-current 
engineering, as contact materials for very low 
voltage switches, and where the contact forces 
are low (relays, plugs, measuring instru- 
ments). Micromigration of these alloys is very 
low, and there is little tendency for. insulating 
layers to form. I 
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Gold-manganese alloys are used for wire- 
wound resistance thermometers. The thermo- 
couples Cu + Au 99.4/Co 0.6 and Pt 90/Ir 10 + 
Au 60/Pd 40 are suitable for the temperature 
ranges 0 to —240 °C and 0 to 700 °C, respec- 
tively; the gold alloys form the negative leg. 


23.10.4 Solders [101] 


The eutectics of the following systems are 
used as solders for joining materials in transis- 
tor production technology: gold mm (25% Sn, 
mp 280 °С), gold-silicon (30% Si, mp 
370 °C), and gold-germanium (26% Ge, mp 
350 °C). 

Alloys of gold with tin or silicon are used to 
make hard solders with a low melting point, 
high corrosion resistance, good thermal and 
electrical conductivity, and high mechanical 
strength. Heat-sensitive components are sol- 
dered using these materials. 


Certain types of apparatus have compo- 
nents made of iron and nickel alloys which 
have to withstand high vacuums and high tem- 
peratures. To join these materials, vacuum 
hard solders are used, made of either fine gold, 
or gold-copper, gold-silver-copper gold— 
nickel, gold-copper-nickel, and gold-palla- 
dium alloys. Soldering is carried out in a vac- 
uum furnace or in a protective gas (hydrogen, 
cracked gas). 


Hard silver solder is normally used to join 
stainless steels. However, if these joints do not 
exhibit sufficient corrosion resistance, gold— 
nickel-zinc alloys similar to white gold, with 
ca. 80% gold, 15% nickel, and 5% zinc, are 
occasionally used. 


23.10.5 Pen Nibs 


Nibs for fountain pens are usually made 
from Au—-Ag-Cu yellow gold alloys which are 
relatively hard; occasionally white gold alloys 
are also used. The alloys must be able to with- 
stand the very corrosive ferro-gallic inks; only 
14 or 18 carat alloys are suitable. The nib 
points must be made of hard metal alloys, 
which usually contain Ru. Os, Ir, W, or Co. 
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Nibs made of stainless, ink-resistant nickel 
chromium steel are sometimes coated with a 
thin layer of gold; however, this does not im- 
prove their ink resistance. 


23.10.6 Chemical Technology [102] 


Gold-platinum alloys containing 50-70% 
gold, which can be age-hardened, are used to 
make spinnerets used in the production of 
man-made fibers. Their fine-grained structure 
is of great advantage in making the necessary 
fine holes (diameter 25—120 нт). 


Gold alloys are sometimes used for seals 
and rupture disks that come into contact with 
corrosive substances. A gold-silver-palla- 
dium alloy (Pallacid) containing 30% gold 
and 30% palladium is resistant to strong min- 
eral acids, is considerably cheaper than gold, 
and also has greater high-temperature 
strength. 

A gold alloy containing 1096 platinum is 
used to make crucibles for analytical laborato- 
ries, e.g., for ash determination of flour and 
other phosphorus-containing foods. Unlike 
platinum crucibles, it is resistant to corrosion 
by phosphorus compounds when red-hot. 


23.10.7 Dental Materials 


Gold alloys are of great importance in pros- 
thetic dentistry, for solid parts such as gold 
fillings, crowns, bridges, cast dentures, clasps, 
anchorage pins, and metal bases for dental ce- 
ramics. These materials have to meet a num- 
ber of requirements. They must be resistant to 
normal conditions in the mouth, of a suitable 
color, of different strengths, and be easy to 
work. Today almost all alloys used are of a 
complex composition, containing high pro- 
portions of gold, palladium, and platinum. The 
advantage of these alloys mainly lies in their 
very fine-grained and homogeneous structure. 


. 23.10.8 Coatings [103-105] 


The technical and decorative properties of 
gold can be combined with a variety of cheap 
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base materials, by applying a thin layer of gold 
to base metals, ceramics, glass, or plastics. 


Electroplating is by far the most frequently 
used method. In most cases, gold is separated 
from an electrolyte containing potassium di- 
cyanoaurate. Occasionally, electroplating 
baths containing sodium disulfitoaurate or cy- 
anide complexes of trivalent gold are used. 


Electroforming is used to manufacture cheap 
hollow jewelry. Gold up to a thickness of 0.2 
mm is deposited on a mandrel. The mandrel is 
then removed; wax mandrels can be melted 
out. A self-supporting gold layer is left, which 
can be reinforced by a filler material. 


Bright Gold. Ceramic materials, especially 
high-quality porcelain and glass, are often 
gilded by firing on preparations of bright gold 
and burnished gold. The essential components 
of these lacquer-like paints are gold sulfore- 
sinates, mixed with natural oils and resins. 
The colors are applied either by hand, or by 
screen or offset printing processes. Firing is 
carried out at 500—1250 °C. Gold coatings for 
technological applications also may be ap- 
plied by this method. 


Rolled gold is still used for spectacle frames 
and gold-plated watches. However, it has lost 
its former significance in favor of electroplat- 
ing. Rolled gold is fabricated by soldering 
gold sheets, usually 14 carat, to blocks made 
of copper alloy or stainless steel. These are 
then rolled or drawn to the desired shape, pro- 
ducing strips and wires with a largely non-po- 
rous gold coating, usually 510 um thick. 


Fire Gilding. In this process, the part to be 
gilded is painted with gold amalgam. The mer- 
cury is evaporated by heating, leaving a rela- 
tively thick gold layer. The process 1s very 
problematical with regard to industrial hy- 
giene. 


Vapor Deposition of Gold. Glass panes can 
be insulated against loss of heat, through re- 
flection of infrared rays, by applying very thin 
layers of gold in a sputtering process (cathode 
evaporation). Plastic components can be 
thinly gilded by sputtering in a vacuum. 


Gold 


Gilded films are also used in space technol- 
ogy, €.g., in space suits, to produce reflective 
coatings and thus protect against heat. 


23.10.9 Gold Leaf 


Gold leaf is usually made of fine gold or 
Au-Ag-Cu alloys with-a very high gold con- 
tent. The crystal plane (100) in beaten gold 
leaf lies in the plane of the leaf. Gold leaf is 
used to gild wooden statues, book edges, and 
fabric prints. In certain beverages (Danziger 
Goldwasser), and recently also in some foods, 
it is used to achieve visual effects. 


In former times, small rolls of gold leaf 
were used to fill cavities in teeth. 


23.10.10 Catalysts 


Gold is of almost no significance as a cata- 
lytically active metal. It is occasionally used 
as an additive in platinum-group metal or sil- 
ver-based catalysts. 


Platinum vapor, which forms from plati- 
num-rhodium catalysts during the oxidatien 
of ammonia to nitric acid can be retained by a 
gold or gold—palladium gauze. This process 
has long been in industrial use. 


23.11 Economic Aspects 2, 
4, 18-20, 33, 34, 41, 106-111] 


Production. Gold represents a significant por- 
tion of the total world economy. In South Af- 
rica, it occupies in terms of value the highest 
position among all industrial goods. Over 
500 000 people are employed worldwide in 
gold production. The value of the gold from 
primary production in 1987 was DM 32 x 10°. 
Thus it occupies third place in the metal trade, 
after pig iron (DM 200 x 10?) and aluminum 
(DM 45 x 10°), and before copper (DM 22 x 
107). 

At present, almost half of the gold obtained 
from ores is produced in South Africa. Brazil, 
the United States, Canada, and Australia are 
currently expanding production. Since the dis- 
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covery of the large Brazilian deposits around 
1970 and the new activities of other producer 
couniries, the supply is more balanced and less 
dependent on political constellations than it 
used tó be. Table 23.8 shows the primary pro- 
duction of gold in the various producer coun- 
ines. 


Supply and Demand. As a consequence of 
the free market, the supply and demand for 
gold are on the whole quite well balanced. 
High prices are regulated by reduced con- 
sumption, especially in the jewelry sector, and 
in investment purchases, as well as through 
the replacement of noble metals used in tech- 
nology by other materials. The price is also re- 
duced by the expansion of primary production 
and recycling, as well as by reductions in 
stocks. Low prices then cause an increase in 
demand, renewed reductions in primary and 
secondary production (often because profit- 
ability sinks too low), and accumulation of re- 
serves. 


The supply of gold on the market in 1987 
was about 2000 t/a (Figure 23.8). Most of this 
(6596) came from Western mine production, 
20% came from recycling processes, and 15% 
was sold by Eastern-bloc countries. Buying 
and selling on the part of government mone- 
tary authorities can have a strong effect on the 
market; at the present time, however, this ef- 
fect is insignificant. The same applies to the 
sale of private stocks. 


Figure 23.9 shows the demand for gold ac- 
cording to applications. 


Western-world 
mine production 


2%, 


Recycling (ca. 400 t) 


> 


7d 


Sales from Eastern- 
bloc countries 


Figure 23.8: Gold supply in 1987 (ca. 2000 t). 
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Table 23.8: Primary gold production in various producer countries, t. 





Country 1900 1930 1940 1950 1960 1970 1975 1980 1985 1986 1987 
South Africa 10 333 437 363 665 1000 713 675 672 640 607. 
United States 119 69 150 .74 46 54 32 31 80 118 155 
Canada 4 65 165 138 143 75 52 52 52 106 120 
Australia 110 19 66 29 35 20 16 17 59 75 108 
Brazil 4 Е а a А 9 12 35 72 67 84 
Philippine Islands р ^ * 5 а. 19 16 22 37 40 40 
Papua/New Guinea 0 $ 2 я ч 1 18 14 31 36 34 
Colombia 3 x 20 13 14 7 11 17 26 27 26 
Chile aes, e ` А а * 4 7 18 19 19 
Venezuela * Е : 5 a E * 1 12 15 16 
Zimbabwe (Rhodesia) 3 17 25 16 18 15 11 11 15 15 14 
Japan 2 11 26 0 11 8 5 7 9 14 14 
Zaire (Congo) 0 15 11 10 6 4 3 8 8 12 
Ghana (Gold Coast) 1 8 28 21 27 22 16 11 12 12 12 
Pem a а d a a 3 3 5 11 11 11 
Mexico 14 21 28 12 9 6 5 6 8 8 8 
Dominican Republic a ? * Ы Е 0 3 12 10 9 8 
Bolivia А ^ * : 5 3 x 2 6 6 6 
India 16 10 9 6 5 3 3 3 2 2 2 
Others 64 43 151 67 71 22 19 30 55 48 78 
Former Soviet Union 30* 27 140 138 143 336 407 t ү е = 
Other Eastern-bloc countries c c 18 20 c c с c 
Total 390 627 1260 900 1200 1624 1370 1400 1600 1600 1700 
"Included in others. 
* Imperial Russia. 
* Data withheld. 
Jewelry Zürich is also an important center of the 
(са. 11401) gold trade, and is comparable to London in 
Medals terms of quantity. A considerable part of the 
(ca. 10 FH) gold from South African primary production, 








Dental materials 


(ca. 50 t) 
Industry 
(ca. 80t) 
Private 
Electronics Official coins ` investment 
(ca. 120 t) (ca. 200 t] (ca. 400 t) 


Figure 23.9: Gold demand in the western world in 1987 
(ca. 2000 t). 

Gold Trade. London is the most important 
market for gold in terms of the quantity traded. 
The London gold market has a fixing system, 
whereby the price of gold is determined twice 
daily, according to supply and demand, by 
representatives from five firms of brokers. 
This is then published as the "fixed price". 
The United States futures markets have a 
strong influence on the calculation of this 
price. The fixed price serves as an orientation 
point for gold traders all over the world. 


which up to 1968 all went to London, is now 
sold to Zurich, as well as most of the gold 
from the former Soviet Union. 

Other important centers are New York and 
Chicago. Other metal exchanges, such as 
Hong-Kong, Frankfurt, Paris, Singapore, and 
Tokyo, are of more regional importance. 

Gold is traded internationally in the form of 
gold bars of various weights, and with a gold 
content of 99.50-99.99%. In London, gold 
bullion must contain gold weighing between 
350 and 430 oz; the commonest figure is about 
400 oz (ca. 12 kg). 

Important factors which influence the price 
of gold are assessment of political circum- 
stances, inflation rates, and the rate of interest 
of the US dollar as a key world currency. The 
huge gold holdings of the issuing banks (ca. 
30 000 t) could have a great effect on the price 
of gold, if anything were, to change in the 








Gold 


present role of gold in the monetary system. 
Today its role is limited to providing backing 
for credits and partially for the current money, 
and to the procurement of foreign exchange 
through sales. 

On July 19th, 1989, the price of gold was 
$370 per ounce (DM 23.20 per gram). 


23.12 Toxicology and . 
Occupational Health — (112, 113]: 


-Gold, even if finely divided, has no effect 
on living organisms. Like most soluble heavy 
metal salts, compounds of trivalent gold, espe- 
cially the complexes, have a toxic effect when 
they enter into the metabolism. In the case of 
gold, however, only the side-effects of clinical 
gold therapy for arthritis are known in this 
connection. The side effects include kidney 


‘and liver damage, stomatatis, and hematopoie- 


tic disorders [114]. 

Tetrachloroauric acid, H[AuCl,] in aqueous 
solution is a strong acid, and can thus have a 
caustic effect. In contact with the skin, the 
compound is reduced to elemental gold and 
becomes red. The complex K[Au(CN),] is 
toxic due to its cyanide content Neither 
MAK, TLV, nor ADI values have been estab- 
lished for gold and its compounds. 


23.13 


1. Gmelin, System no. 62. 

2. H. Quiring: Die metallischen Rohstoffe, 2nd ed., 
vol. 3 “Gold”, Enke Verlag, Stuttgart 1953. 

3. Degussa, Sol & Luna— auf den Spuren von Gold und 
Silber, Frankfurt 1973. 

4. B Neumann: Die Metalle — Geschichte, Vorkommen 
und Gewinnung nebst ausführlicher Produktions- 
statistik, Verlag Wilhelm Knapp, Halle 1904. 

5. Н. Moesta: Erze und Metalle — ihre Kulturge- 
schichte im Experiment, Springer Verlag, Berlin 
1983. 

6. H. Rómpp: Chemie der Metalle, Franckh'sche Ver- 
lagshandiung. Stuttgart 1941. 

7. H. W. A. Sommerlatte: Gold und Ruinen in Zimba- 
bwe — aus Tagebüchern und Berichten des Schwa- 
ben Karl Mauch (1837-1875), Verlag Bertelsmann 
Fachzeitschriften GmbH, Gütersloh 1987. 

8. A. Hartmann, E. Sangmeister: "Zur Erforschung 
urgeschichtlicher Metallurgie", Angew. Chem. 84 
(1972) 668-678. 


References 


9. 


10. 


11. 
12. 


13. 
14. 


15. 


16. 
17. 
18. 
19. 


20. 
21. 


22. 
23. 
24. 

. Doduco, Datenbuch, Pforzheim 1974. 

26. 

27. 

28. 


29. 


30. 
31. 


32. 


33. 
34. 


. 35. 


36. 


1211 


К. Lóhberg: “Beitrage der Metallkunde zur Archào- 
logie", Jahrbuch 1979 der Berliner Wissenschafili- 
chen Gesellschaft e. V., p. 48. 

G. Biegel (ed.): Das erste Gold der Menschheit, 
Verlag Karl Schillinger, Freiburg 1986. 

F. Kirchheimer: “Uber das Rheingold”, Jahreshefte 
des geologischen Landesamts Baden Württemb. 7 
(1965) 77. 

World Gold Council, Gold Bulletin — Quarterly re- 
view of research on gold and its applications in in- 
dustry, vol. 1 (1968)—vol. 22 (1989), Geneva. 

A. Binz: Edelmetalle — ihr Fluch und Segen, Lim- 
pert-Verlag, Berlin 1943. 

H. Pohl: Gold — seine Macht und Magie ir in der Ge- 
schichte, W. Heyne Verlag, Mūnchen 1958. 

C. H. V. Sutherland: Gold — Macht, Schönheit und 
Magie, Verlag A. Schroll & Co., Wien-München 
1970. 

G. Breitling et al.: Das Buch vom Gold, Verlag C. J. 
Bucher, Luzern-Frankfurt 1975. 

H. G. Fuchs: Gold, Fritz Knapp Verlag, Frankfurt 
1981. 

P. Vilar: Gold und Geld in der Geschichte, Verlag Н. 
C. Beck, München 1984. 

H. J. Funk (ed.): Gold, Edition Deutsche Bank, Bat- 
tenberg Verlag, München 1986. 

Fonds der Chemischen Industrie, Edelmetalle — 
Gewinnung, Verarbeitung, Anwendung, Foliense- 
rie, Frankfurt 1989. 

A. Neuburger: Die Technik des Altertums, Voigtlan- 
der Verlag, Leipzig 1920, Prisma-Verlag, Gütersloh 
1983. 

J. H. F. Notton, "Ancient Egyptian Gold Refining", 
Gold Bulletin 7 (1974) 50—56. 

V. Tafel: Lehrbuch der Metallhüttenkunde, vol. 1, S. 
Hirzel Verlag, Leipzig 1951. 

Degussa, Edelmetall-Taschenbuch, Frankfurt 1967. 


R. C. Weast: Handbook of Chemistry and Physics, 
69th ed., CRC-Press, Cleveland 1989. 

D'Ans-Lax: Taschenbuch füt Chemiker und Physi- 
ker, Springer Verlag, Berlin 1967. 

D. G. Cooper: Das Periodensystem der Elemente, 
Taschentext Nr. 6, Verlag Chemie, Weinheim 1972. 
G. H. Aylward, T. J. V. Findlay: Datensammlung 
Chemie, Taschentext Nr. 27, Verlag Chemie, Wein- 
heim 1975. 

F. Fluck, K. G. Heumann: Periodic Table of the Ele- 
ments, VCH Verlagsgesellschaft, Weinheim 1986. 
E. M. Wise: Gold—Recovery, Properties and Appli- 
cation, Van Nostrand, New York 1964. 

C. E. Wicks, F. E..Block: Thermodynamic Proper- 
ties of 65 Elements — their Oxides, Halides, Car- 
bides, and Nitrides, Bureau of Mines Rep. No. 605. 
Washington, DC, 1963. 

W. Gocht: Handbuch der Metallmárkte, 2nd ed., 
Springer Verlag, Berlin 1985. 

R. Saager: Metallische Rohstoffe von Antimon bis 
Zirkonium, Bank Vontobel, Zürich 1984. 

J. Lurie: South African Geology for Mining, Metal- 
lurgical, Hydrological and Civil Engineering, 
McGraw-Hill, Johannesburg 1981. 

C. B. Coetzee: Mineral Resources of the Republic of 
South Africa, Pretoria, Department of Mines, 1976. 


1212 


37. 
38. 


39. 
40. 


41. 
42. 
43. 
A4. 


45. 
46. 


47. 
48. 
49. 
50. 


51. 


52. 


53. 


54. 


55. 


56. 


57. 


Н. Schneiderhóhn: Erzlagerstátten, С. Fischer Ver- 
lag, Stuttgart 1962. 

R. Jackson: Ok Tedi — The Pot of Gold, World Pub- 
lishing Co., Boroko, Papua-New Guinea, 1982. 
Kirk-Othmer, 3rd ed., 11, pp. 972-995. 

F. Pawlek: Metallhiittenkunde, de Gruyter, Berlin 
1983. 

Wilmacher-Küchler, 3rd ed., 4, 544—547. 

Ullmann, 3rd ed., 8. pp. 269-284. . 

G. Agricola, Vom Berg- und Hiüttenwesen, DTV- 
Verlag, München 1980. 

D. Meadows, E. Zahn, P. Milling: Die Grenzen des 
Wachstums, Deutsche  Verlagsanstalt, Stuttgart 
1972. 

R. J. Adamson (ed.): Gold Metallurgy in South Af- 
rica, Chamber of Mines, Johannesburg 1972. 

J. V. N. Dorr, F. L. Bosqui: Cyanidation and Con- 
centration of Gold and Silver Ores, McGraw-Hill, 
New York 1950. 

A. King: Gold Metallurgy on the Witwatersrand, 
Chamber of Mines, Johannesburg 1949. 

D. M. Liddell: Handbook of Nonferrous Metallurgy, 
McGraw-Hill, New York 1945. 

T. K. Rose, W. A. C. Newman: The Metallurgy of 
Gold, Griffin, London 1937. 

E. A. Cho, S. N. Dixon, C. H. Pitt: "The Kinetics of 
Gold Cyanide Adsorption onto Activated Char- 
coal", Metall. Trans. B 10B (1979), 185—189. 

A. S. Dahya, D. J. King: "Developments in Carbon- 
in-Pulp Technology for Gold Recovery", CIM Bull. 
76 (1983) no. 857, 55-61. 

C. A. Fleming: "Some Aspects of the Chemistry of 
Carbon-in-Pulp and Resin-in-Pulp Processes", in 
papers presented at The Australasian Institute of 
Mining and Metallurgy, Seminar on Carbon-in-Pulp 
Technology for the Extraction of Gold, Kalgoorlie 
(Australia), July 1982. 

C. A. Fleming in K. Osseo-Assare, J. D. Miller 
(eds.): Hydrometallurgy: Research, Development 
and Plant Practice, “Recent Developments in Car- 
bon-in-Pulp Technology in South Africa”, The Met- 
allurgical Society of AIME, Warrendale, PA, 1983, 
pp. 839-858. 

C. A. Fleming, M. J. Nicol: “The Adsorption of 
Gold Cyanide onto Activated Carbon III. Factors In- 
fluencing the Rate of Loading and the Equilibrium 
Capacity”, J. S. Afr. Inst. Min. Metall. 84 (1984) no. 
4, 85-93. 1 

C. A. Fleming, M. J. Nicol, D. J. Nicol: “The Opti- 
mization of a Carbon-in-Pulp Adsorption Circuit 
Based on the Kinetics of Extraction of Aurocyanide 
by Activated Carbon", paper presented at the Sym- 
posium: Ion Exchange and Solvent Extraction in 
Mineral Processing held at Mintek, Randburg, Feb. 
1980. 

P. A. Laxen, С. S. M. Becker, R. Rubin: “Develop- 
ments inthe Application of Carbon-in-Pulp for Gold 
Recovery from South African Ores". J. S. Aff. Inst. 
Min. Metall. 79 (1979) no. 11, 315-326. 

P. A. Laxen. T. D. Brown in L. F. Haughton (ed.): 
Mintek 50: Proceedings of the International Confer- 
ence on Mineral Science and Technology, "The Car- 
bon-in-Pulp Plant at Rand Mines Mining and 
Mining Company Limited: Problems and Develop- 
ment", vol. 2, Council for Mineral Technology, 
Randburg 1985, pp. 695—706. 


58 


59. 


60. 


61. 


62. 


63. 


64. 
65. 
66. 
67. 
68. 
69. 
70. 
71. 


72. 
73. 
74. 


75. 


76. 


Handbook of Extractive Metallurgy 


. P. A. Laxen, C. A. Fleming, D. A. Holtum, R. Rubin 
in H. W. Glen (ed.): Proceedings, Twelfth Congress 
of the Council of Mining and Metallurgical Institu- 
tions, “A Review of Pilot-Plant Testwork Con- 
ducted on the Carbon-in-Pulp Process for the 
Recovery of Gold", vol. 2, The South African Insti- 
tute of Mining and Metallurgy, Johannesburg 1982, 
pp. 551—561. 

G. J. McDougail, R. D. Hancock: “Gold Complexes 
and Activated Carbon. A Literature Review", Gold 
Bull. 14 (1981) no. 4, 138-153. 

M. J. Nicol, C. A. Fleming, С. Cromberge: “Тће 
Adsorption of Gold Cyanide onto Activated Carbon. 
I. The Kinetics of Adsorption from Pulps”, J. S. Afr. 
Inst. Min. Metall. 84 (1984) no. 2, 50-54. 

M. J. Nicol, C. A. Fleming, С. Cromberge: “The 
Adsorption of Gold Cyanide onto Activated Carbon. 
П. Application of the Kinetic Model to Multistage 
Absorption Circuits", J. S. Afr. Inst. Min. Metall. 84 
(1984) no. 3, 70-78. 

D. Е. Williams, D. Glasser: “Тһе Modelling and 
Simulation of Processes for the Absorption of Gold 
by Activated Charcoal", J. S. Afr. Inst. Min. Metall. 
85 (1985) no. 8, 237-243. 

С. Brauer: Handbuch der Prdparativen Anorgani- 
scum Chemie, vol. 2, 3rd ed., Enke Verlag, Stuttgart 
1978. 

Chamber of Mines (ed.): Rand Refinery, P.R.D. Se- 
ries No. 149, Johannesburg 1970. 

G. Eger: Das Scheiden der Edelmetalle durch Elek- 
trolyse, W. Knapp Verlag, Halle 1929. 

M. Fiberg, I. R. Edwards: The Extraction of Gold 
from Chloride Solutions, Report No. 1996, National 
Institute for Metallurgy, Randburg 1978. 

W. W. Behning, Metall (Berlin) 24 (1970) 794. 

E. Krone, W. Dahne, Chem. Ztg. 101 (1977) 421. 

С. Comelius, Erzmetall 32 (1979) 467. 

Recycling — Rohstoffsicherung und Umweltschutz, 
Degussa, Frankfurt (M) 1981. 

F. H. Burstall, P. J. Forrest, R. A. Wells, Ind. Eng. 
Chem. 45 (1953) 1648-1658. 

K. B. Ball, World Min. 27 (1974) no. 11, 44—45. 

R. J. Puddephatt: The Chemistry of Gold, Elsevier, 
Amsterdam 1978. | 

G. Wilkinson, R. D. Gillard, J. A. McCleverty: 
Comprehensive Coordination Chemistry, vo] 5, Per- 
gamon Press, Oxford 1987. 

G. Wilkinson, F. G. A. Stone, E. Abel: Comprehen- 
sive Organometallic Chemistry, vol. 2. Pergamon 
Press, Oxford 1982. 

N. N. Greenwood, A. Earnshaw, Chemistry of the 
Elements, Pergamon Press, Oxford 1984; German: 
Chemie der Elemente, VCH-Verlagsgesellschaft, 
Weinheim 1988. 


77. N. P. Finkelstein, R. D. Hancock: *A New Approach 


78. 


to the Chemistry of Gold”, Gold Bull. 7 (1974) 72- 
77. 

A. Prior: “Possibilities of Using Ion Exchange 
Membrane in the Recovery and Processing of Pre- 
cious Metals”, Proceedings of the 11th International 
Precious Metals Institute Conference, Brussels 
1987. 


79. E. Raub: Die Edelmetalle und ihre Legierungen, 


Springer Verlag, Berlin 1940. 





Gold 


80. 
81. 


82. 


83. 


85. 
86. 
87. 
88. 
89. 


90. 
91. 
92. 


93. 


94. 
95. 
96. 
97. 


E. Janeke: Kurzgefafites Handbuch aller Legierun- 
gen, C. Winter Verlag, Heidelberg 1949. 

J. L. Haughton, A. Prince: The Constitution, Dia- 
grams of Alloys. A Bibliography, Institute of Metals, 
London 1956. 

A. Prince: Multicomponent Alloy Constitution, Bib- 
liography 1955—1973, Metals Society, London 
1978. 

A. Prince: Multicomponent Alloy Constitution, Bib- 
liography 1974-1977, Metals Society, London 
1981. i 


. W. Home-Rothery, G. V. Raynor: The Structure of 


Metals and 'Alloys, Institute of Metals, London 
1954. 

M. Hansen: Der Aufbau der Zweistoff-Legierungen, 
Springer Verlag, Berlin 1936. 

M. Hansen, К. Anderko: Constitution of Binary Al- 
loys, 2nd ed., McGraw-Hill, New York 1958. 

R. P. Elliott: Constitution of Binary Alloys, lst 
Suppl., McGraw-Hill, New York 1965. 

E A. Shunk: Constitution of Binary Alloys, 2nd 
Suppl., McGraw-Hill, New York 1969. 

W. G. Moffatt: The Handbook of Binary Phase Dia- 
grams. General Electric Company, Schenectady, 
NY, 1976/77 (halbjahrliche Nachtrage). 

G. Petzow, G. Effenberg: Ternary Alloys, vol. 1, 2, 
VCH-Verlagsgesellschaft, Weinheim 1988. 

F. Ensslin: Edelmetall-Analyse, Springer Verlag, 
Berlin 1964. 

Chemikerausschu8 der GDMB (ed.): Analyse der 
Metalle, 2nd ed., Springer Verlag, Berlin 1961. 

H. M. Lüschow: Probenahme, Theorie und Praxis, 
"Schriftenreihe d. GDMB", Verlag Chemie, Wein- 
heim 1980. 

Н. M. Lüschow, "Zur Probenahme von Edelmefal- 
len. Teil 1: Probenahme von metallischen Materia- 
lien", Erzmetall 42 (1989) 153—159. 

J. Suchomel, Fresenius’ Z. Anal. Chem. 300 (1980) 
257-266. 

J. Suchomel, Fresenius ' Z. Anal. Chem. 307 (1981) 
14-18. 

W. S. Rapson, T. Groenewald: Gold Usage, Aca- 
demic Press, London 1978. 

A. Luschin v. Ebengreuth: Allgemeine Münzkunde 
und Goldgeschichte, Oldenburg, München 1971. 


98 


99 


100 


101. 
102. 


103. 
104. 
105. 


106. 
107. 


108. 
109. 


110. 


lll. 
112. 


113. 


114. 
115. 


1213 


. World Gold Council, Aurum — quarterly magazine 
for manufacturers, designers and retailers of gold 
jewelry, no. 1 (1980), no. 31 (1987) Geneva. 

. E. Roser, Handelsblatt-Magazin, 1983, по. 12, 32- 
36. 


. A. Keil: Werkstoffe für elektrische Kontakte, 
Springer Verlag, Berlin 1960. 

Degussa: “Technik die verbindet", Berichte aus 
Forschung und Praxis. 

W. Funk, G. Reinacher: “Gold Alloy Spinnerets for 
the Production of Viscose Rayon", Gold Bull. 7 
(1974) 2-9. 

A. von Krusenstjem: Edelmetall-Galvatiotechnik, 
Verlag Leuze, Saulgau 1970. 

.H.-D. Lachmann, H. G. Simanowski: Gold als 
Oberfläche, Leuze Verlag, Saulgau 1982, 

Degussa: Glanzgoldfibel, Eigenverlag, Frankfurt 
1979. - 

W. Knies, Metall 43 (1989) 651-653. 

International Gold Corp, Kriigerrand Bulletin, up to 
1985, Geneva. : 
International Gold Corp., Gold Letter, since 1985, 
Geneva. 

B. Bandulet: Gold Guide, Fortuna Finanz-Verlag, 
Niederglatt/Zirich 1984. 

K. Bolz, U. Harms, P. Pissulla, H. Schmidt: Gold, 
Platinmetalle und Diamanten in der sowjetischen 
Handelspolitik, Verlag Weltarchiv, Hamburg 1985. 
Н. Kutzer: Metalle — zwischen Mangel und Über- 
fluf, Handelsblatt-Schriftenreihe, Düsseldorf 1981. 
E. Merian: Metalle in der Umwelt— Verteilung, Ana- 
lytik und biologische Relevanz, Verlag Chemie, 
Weinheim 1984. 

E. Merian: Metals and their Compounds in the Envi- 
ronment — Occurrence, Analysis, and Biological 
Relevance, 2nd ей, WVCH-Verlagsgesellschaft, 
Weinheim 1989. 

N. O. Rothermich, V. K. Phillips. W. Berger, M. H. 
Thomas, Arthritis Rheum. 19 (1976) 1321. 

G. G. Stanley (ed.): The Extractive Metallurgy of 
Gold in South Africa, The South African Institute of 
Mining and Metallurgy, Johannesburg 1987. 

E. Krone, “Probleme der Primargoldlaugung”, Erz- 
metall 42 (1989) 253—258. 


24 Silver 





HERMANN RENNER 

24 1. History dos ose s 1216 
24.1. Production..................-. 1217 

24.1.2 Monetary Significance and Price 
Structure `... 1218 
24.2 Properties ................ t...2..1219 
24.2.1 Atomic Properties .............. 1219 
24.2.2 Physical Properties ............. 1219 
24.23 Chemical Properties........ Medus 1219 


24.3 Occurrence and Raw Materials....1220 
24.3.1 Formation, Abundance, and 


Distribution of Ores............. 1220 
24.32 Silver Minerals ................ 1221 
24.3.3 Рероѕіїѕ...................... 1222 
24.34 Secondary Silver............... 1223 
24.3.5 Resources and Reserves.......... 1224 

24.4 Extraction from Ores............. 1224 

24.4.1 Extraction from Silver Ores....... 1224 
24.4.1.1 5тейїпө...................... 1224 
24.4.1.2 Amalgamation ................. 1224 
2441.3 Суатйайоп................... 1225 
24.4.1.4 Thiosulfate Leaching (Patera 

PROCESS) v li Roe p AAA 1225 
24.4.1.5 Metallurgical Processes.......... 1226 
24.4.2 Extraction from Lead and Lead—Zinc 

O A ea os es eed He Reus 1226 
24.4.2.1 Production of Lead Bullion ....... 1226 
24.4.2.2 Cupellation without Prior Silver 

Enrichment ................... 1226 
24.4.2.3 Silver Enrichment by the Pattinson 

TEEN 1226 
24.4.2.4 Silver Enrichment by the Parkes 

PrOCeSS uc EE edlen: u 1227 


24.4.2.5 Cupellation of Enriched Lead ..... 1227 
24.4.2.6 Silver Extraction from Electrolytic 


1еааКеўйтїпє.................. 1228 
24.4.3 Extraction from Copper and Соррег—. 

Nickel Огез................... 1228 
24.4.3.1 Formation of Silver-Containing 

Copper Anode Slimes............ 1228 
24.4.3.2 Pretreatment of Copper Anode 

Slimes. ........ Sëch DEES 1228 


24.4.3.3 Processing of Copper Anode Slimes 1229 
24.4.3.4 Silver Extraction from Copper Matte1231 


24.44 Extraction from Gold Ores ....... 1232 
24.4.5 Extraction from Tin Огеѕ......... 1232 
24.5 Recovery from Secondary Silver . . 1232 
24.5.1 Ма Copper Smelters ............ 1233 
24.52 ViaLeadSmelters.............. 1233 
24.53 Via the Lead-Silver Smelting 
Process: oron pean eeuna exu 1233 
24.5.4 Via Scrap Metal Leaching........ 1235 


24.5.5 Via Scrap Metal Electrolysis ...... 1236 
24.5.6 Processing of Flue Dust.......... 1236 
24.5.7 Processing of Copper Matte....... 1237 
24.5.8 Processing of Photographic 
Materials............. nig. us DECH 
24.59 Surface Desilvering ........ *...1239 
24.5.10 Processing of Special Scrap....... 1240 
24.6 Silver Refining................... 1240 
24.6.1 FineSmelting.................. 1240 
24.62 Refining with Nitric Acid 
(Іпаџапайоп).................. 1240 
24.6.3 Refining with Sulfuric Acid 
(Аййпапоп).................... 1241 
24.64 Möbius Electrolysis............. 1241 
24.6.5  Balbach-Thum Electrolysis....... 1242 
24.7 Inorganic Compounds ............ 1242 
24.7.1 Silver Nitrate .................. 1242 
24.72 SilverHalides............ POR 1244 
24.713 Silver Oxides ..... fas Sly ad andes 1245 


24.74 Other Soluble Silver Compounds. .\. 1246 
24.7.5 Other Insoluble Silver Compounds . 1246 


24.7.6 Silver Complexes............... 1247 
2477 Explosive Silver Compounds... ... 1247 
24.8 Disperse Gdver. aana 1248 
24.81  SilverPowder.................. 1248 
24.82 Colloidal Silver ................ 1250 
24:9: Uses; c serge tee eO Reed dies 1251 
249.]- SCOMS EE eme is 1251 
24.92 Јемејгу....................... 1252 
24.93 Medicine. .........ooaaaaaneana 1252 
24.94 ` Dentstrv. 00 1253 
249.5 Silver Plating .................. 1253 
24.9.6 Electrical Technology............ 1255 
249.7 Chemical Equipment ............ 1257 
249.8 Саїайузз...................... 1257 
24.99 Рһоїоргарһу................... 1258 
249.10 Other Uses .................... 1258 
24.10 Quality Specifications and 
Analyse... 1259 
24.10.1 Qualitative Analysis. ............ 1260 
24.10.2 Quantitative Analysis and 
Accountancy Analysis........... 1260 
24.103 Purity Апа[уѕіѕ................. 1261 
24.10.4 Trace Analysis ................. 1262 
24.10.5 Argentometry.................. 1262 
24.11 Economic Азѕресіѕ................ 1262 
24.11.1 Production .................... 1262 
24.11.2 Supply and Demand............. 1262 


24.11.3 Silver Market and Trading........ 1263 


1216 


24.12 Health and Safety ................ 1263 
24.12.1 Toieologv. `. 1263 
24.12.2 Bactericidal (Oligodynamic) Effect. 1264 


Handbook of Extractive Metallurgy 


24.12.3 Explosion Hazards.............. 1264 
24.13 ВеЃегепсеѕ....................... 1265 





24.1 History 


Ancient Times [1—6]. Like gold, silver occurs 
in native form and therefore has been known 
to humans since prehistoric times. The oldest 
finds of silver whose age can be determined 
date from around 4157 B.C. in Egypt. In the 
following years, silver appeared in the entire 
cultural region of the eastern Mediterranean. 
In the second millennium B.C., the Phceni- 
cians obtained large quantities of silver from 
deposits on the Iberian Peninsula, which were 
distributed by their companies of traveling 
merchants. 

The first upsurge in the production of silver 
took place when the Greeks exploited the 
mines of Laurion, which reached their peak 
productivity in ca. 500 B.C. The Greeks also 
worked silver mines in Thrace, Asia Minor, 
and the entre Aegean region. The Athenian 
empire and its claim to power were based to a 
large extent on the role of silver for coinage. 
Modern methods of trace analysis have eluci- 
dated the relationship between the extraction 
and processing of the Greek silver deposits 
and their effects on the political developments 
at that time [7—11]. 

Rome was initially poor in silver. However, 
considerable quantities were soon obtained in 
the provinces that fell to the Roman Empire 
(i.e., southern Spain, the Balkans, the Car- 
pathians, etc.). In many Roman expeditions of 
conquest (e.g., the Punic wars and those in the 
period of the civil wars), the seizing of silver 
mines was often a cause of war-like disputes. 
The introduction of the silver denarius as the 
common currency in ca. 300 B.C. elevated the 
political importance of the national metal. 

Undoubtedly, silver was also extracted in 
pre-Christian times in middle and northern 
Europe, although this only became known 
through the Romans' written records. Like- 
wise in India, China, and Japan the production 
of silver probably dates back to ancient times. 


When the migration of the Germanic peo- 
ple began and the political dissolution of the 
Roman Empire occurred, silver production 
practically ceased. This situation. changed 
with the reorganization of the western lands by 
the Carolingians. 


Middle Ages. During the Middle Ages, the 
extraction of silver became widespread in cen- 
tral Europe. Some of the production locations 
are listed here, with their starting dates: Bohe- 
mia (Pribram: 753; Miss: 1137; Kuttenberg: 
1240), Sweden (Sala: 8th century), Saxony 
(Freiberg: 1103; Mittweida and Frankenberg: 
922), Erzgebirge (Joachimsthal: 1510; Anna- 
berg, Schneeberg), Alsace (Markirch: 7th cen- 
tury), the Lahn region, Siegerland (ca. 860), 
Silesia (Beuthen,  Tarnowitz), Hungary 
(Schemnitz) Norway (Kongsberg), Tyrol, 
Steiermark, Salzburg, the southern Black For- 
est (Freiburg im Breisgau), Harz Rammels- 
berg, which provided much of Europe’s silver 
in the 11th and 12th centuries: 968; St. An- 
dreasberg; Mansfeld, which was the source of 
most of the silver produced in Germany at that 
time: 1450). 

Many of these deposits were exhausted by 
the end of the Middle Ages and often long be- 
fore this. However, the mines in the Harz, Sie- 
benbürgen, Freiberg, Norway, and Alsace 
retained some of their importance up to the in- 
dustrial revolution. 

The deposits in India, Japan, China, and 
pre-Columbian America, were also mined 
during the Middle Ages. 


Modern Times. After the discovery of Amer- 
ica, silver was plundered by the Spanish and 
brought to Europe in large quantities. Also, 
new deposits were developed. Soon, America 
was producing more silver than Europe, and 
prices collapsed. Up to ca. 1700, world pro- 
duction was dominated by Central and South 
America (Peru, Bolivia, Chile, and Argen- 
tina). f 
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In the 1800s, the main center of production 
moved to North America, 1.е., Mexico, Can- 
ada, and the United States (Nevada). Also, sig- 
nificant quantities of silver were produced in 
Russia and Australia, and the output from Eu- 
rope increased, although by then this was al- 
most entirely associated with lead and zinc 
ores. 8 
After World War П, Poland became an im- 
portant producer following the exploitation of 
newly discovered silver-containing copper de- 
posits. 


24.1.4 Production [1-13] 


By the beginning of the Middle Ages (ca. 
800 A.D.), a total of ca 75 000 t of silver is es- 
timated to have been extracted. By then the 
silver deposits of the European Mediterranean 
region, almost the only regions to be mined in 
ancient times were effectively exhausted. 

At the end of the Middle Ages, world pro- 
duction had almost dropped to 50 t/a. During 
the whole of the Middle Ages, ca. 250 000 t 
silver was extracted, most of which came from 
Europe, mainly the German-speaking area." 

By 1975, average world primary silver pro- 
duction ca. > 10000 t/a, and by 1991, it 
reached a peak of 11 500 t/a. The countries of 
North and South America today account for 
more than two-thirds of world production. In 
1975, Poland was by far the largest producer 
in Europe. For primary production figures, see 
Table 24.1. 

‘In total, (1—1.2) x 10° t silver has been ex- 
tracted worldwide. This is about 10 times the 
figure for gold production and 100 times the 
total world production of platinum. 


Table 24.1: Western world silver production (t/a). 


Region 1989 1990 1991 1992 
Mining production 11481 11833 11560 11480 
Мехісо 2306 2360 2250 2400 
United States 2007 2080 1850 1820 
Peru 1840 1725 1770 1500 
Canada 1306 1535 1290 1150 
Australia 1168 1321 1180 1080 
Others 2854 2812 3220 3530 
Secondary silver 3344 3700 3380 3450 
Total 14825 15533 14940 14930 
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Very little has been written about the tech- 
niques of silver extraction in ancient times. 
The Egyptians are thought to have separated 
gold from silver by heating with salt. They 
must therefore have known how to convert the 
silver chloride produced into metallic silver. 

The main source of silver in ancient times 
was silver-containing lead ores. In the Middle 
Ages, deposits of native silver were also im- 
portant, especially in Central Europe. The rich 
ores could be smelted simply after hand sepa- 
ration (i.e., after crushing and separating from 
the worthless rock). Large pieces weighing 
more than 100 kg, or large blocks weighing 
many tons and containing native metal, were 
found and processed in this way. 

The Greeks, the Romans, and the miners of 
the Middle Ages knew how to process silver- 
containing lead ores by smelting to produce 
lead. In the Middle Ages, the lead was re- 
moved by oxidation in cupellation furnaces to 
produce silver with a fineness of 650/1000— 
875/1000. This could then be oxidized further 
to give a fineness of 990/1000. 

When the silver was accompanied by cop- 
per in the deposit, the liquation process [14] 
was used. The silver-containing copper was 
melted with lead, and the silver-rich liquid 
phase recovered by liquation was blown with 
air. 

Introduction of the amalgamation process 
in 1566 improved silver productivity and pro- 
duction rates in Mexican and South American 
mines. This process later became dominant 
and was used in the United States and, from 
1800, in Europe in a modified form suitable 
tor a wide range of raw materials. 

After the mid-1800s several new tech- 
niques were developed that replaced the old 
processes or improved economics. For exam- 
ple, the lead cupellation process was made 
more efficient by mtroduction of the Pattinson 
process (1833) which for a time was very 
widely used. This was based on the segrega- 
tion of solid lead from the lead silver melt by 
cooling. This increased the silver content to 
2.5% and thereby decreased the load on the 
cupellation process. The Parkes process 
(1850) soon replaced the Pattinson process be- 
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cause of its superior economics. In this pro- 
cess, silver was transferred from the lead to 
zinc floating on the surface of the lead; thus 
formed a crust that could be removed. The 
Parkes process 1s still virtually the only pro- 
cess used today for extracting silver from lead 
ores. It is also used to extract silver from lead— 
zinc and zinc ores. 


The chloridizing roasting of copper ores 
followed by leaching with brine to dissolve 
the silver chloride formed was introduced in 
1843 by Augustin; it was soon replaced by sul- 
fation roasting, at temperatures below the de- 
composition temperature of silver sulfate and 
above that of copper sulfate, followed by 
leaching with water This was known as the 
Ziervogel process, and for almost 100 years 
most of the silver in German ores was ex- 
tracted in this way. The sulfuric acid extrac- 
tion of dead-burnt copper ore in a stream of 
air, to form a silver-containing slime, was used 
for only a short period. After 1856, thiosulfate 
leaching of chloridized roasted ore was used 
primarily in Mexico and California. In the Pat- 
era process, sodium thiosulfate was used; in 
the Kiss process, calcium thiosulfate, and in 
the Russel process, sodium copper thiosulfate. 
Since ca. 1900, cyanide leaching, which is still 
used for silver ores that are not smelted, has 
been the most important aqueous treatment 
process. 


Since ca. 1876, almost all the silver associ- 
ated with copper has been obtained from the 
electrolytic refining of copper. The silver ap- 
pears in the copper anode slimes, which are 
generally ‘treated by pyrometallurgical pro- 
cesses. 


To separate silver from the gold in aurifer- 
ous silver (the end product of nearly all smelt- 
ing апі  hydrometallurgical extraction 
processes), the nitric acid process (developed 
in 1433) and the sulfuric acid process (dating 
from 1802) have been completely replaced by 
electrolytic refining. 
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24.1.2 Monetary Significance and 
Price Structure [1, 15, 16] | 


From ancient times to the Middle Ages and 
later, even into the present century, silver was 
the classic metal for currency. In comparison, 
gold played an almost insignificant role. 

In the 6th century B.C., King Croesus or- 
dered the minting of silver coins. In ancient 
Greece, silver currency was the basis of the 
economic system. In 296 B.C. the Romans in- 
troduced the silver denarius as the general 
method of payment, and. gold ceased being 
used in coins from 217 B.C. Silver was the ba- 
sis of the coinage reform by the Byzantine 
Empire in A.D. 310, and was recognized 
throughout the Mediterranean region, so that 
silver maintained its importance as a coinage 
metal for many centuries. Charlemagne made 
silver the basis of the currency system of his 
empire. 

During the last two centuries, gold began to 
displace silver, mainly due to the reduction in 
the price of silver caused by the surplus from 
new production, as well as the demonetization 
of silver. 

Between the two world wars, strong moves, 
triggered by inflation and the world economic 
crisis, were made to remonetize silver, but 
these largely came to naught. 

After World War IT, because of the increas- 
ing demand and the shortage of supply, the 
price of silver rose so much that by 1970 the 
value of the silver in the most important silver 
coins still in circulation (U.S. dollars and 
Swiss francs) exceeded the face value of the 
coins. Silver was therefore virtually com- 
pletely demonetized. ` 

After the 17th century, the ratio of the 
prices of silver and gold remained fairly con- 
stant at ca. 1:15 for a long period. However, 
free price movements have continually tended 
to shift this ratio, and it has often been kept 
constant by state intervention. A fairly gradual 
increase in the price of gold began ca. 120 
years ago. At the beginning of World War I, 
the ratio reached 1:40. During the World War 
II it rose to 1:100, and during the following 
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three decades it fluctuated around 1:40. In 
1981 it was 1:50, and in 1992 it was 1:95. 

Silver prices have been freely determined 
by supply and demand from 1970, after which 
the price rose steadily from ca. 180 DM/kg to 
300—500 DM/kg. In late 1979 and early 1980, 
speculative dealings of a hitherto unimagined 
volume occurred, and the price of silver 
briefly reached nearly 2750 DM/kg [17]. In 
the following decade, and up to the présent, a 
rapid and fairly continuous decline in price 
has taken place, reaching a low of 15 DM/kg 
in 1992. The price of silver now reflects its 
status as an industrial metal and depends on 
the current economic situation. In parallel 
with this, silver has lost its importance as an 
investment metal. The high stock levels and 
sales of these stocks from time to time also af- 
fect price reductions. 


24.2 Properties [1823] 


Silver, like gold and the platinum-group 
metals, is a noble metal. Silver, gold, and cop- 
per are known as the coinage metals. 
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24.2.1 Atomic Properties [24] 


Silver has an atomic number of 47 and a 
relative atomic mass of 107.8682. Natural sil- 
ver consists of the stable isotopes Ag 
(51.896) and !®Ар (48.2%). Many artificial 
isotopes with relative atomic masses between 


102 and 117 are known. 


The electronic configuration of silver is 
[Kr] 4d'5s'. The 5s! shell is the principal va- 
lence orbital, which accounts for the prefer- 
ence for oxidation state 1. The 44 shell can 
also act as a valence orbital, resulting in oxida- 
tion states 2 and 3. Thus, silver behaves as a 
transition metal due to the contribution from 
the inner valence orbital. Since the differences 
between the energies of the valence electrons 
are small, silver has a tendency to form com- 
plexes with covalent bonds and to exhibit 
other properties such as catalytic activity typi- 
cal of transition metals. 

The atomic radius of silver (with 12-fold 
metallic coordination) is 0.144 nm; the ionic 
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radius of Ag* (six-coordinate) is 0.137 nm, 
and of Ag” (six-coordinate) 0.075 nm. 


24.2.2 Physical Properties 


The physical properties of silver are gener- 
ally intermediate between those of copper and 
gold. These three elements have strong simi- 
larities, although silver has some anomalous 
properties, which are directly related to the 
4%! electronic configuration and ће irregu- 
larity of the atomic radii. Some physical data 
are given below: 


Lattice constant at 20 °C 0.40774 nm 
Atomic radius (in metal) 0.144 nm 
Melting point 961.9 *C 
Boiling point 2210 *C 
Specific heat capacity at25 "C 0.23 Jkg! K"! 
Thermal conductivity 418 тікті 
Vapor pressure at 1030 °C ` 1.33 Pa 

1190 °C 133 

1360 °C 133 

1580 °C 1330 

1870 °C 13 300 
Density at 20 °C 10.49 g/cm? 
Density of liquid at mp 9.30 g/cm? 
Density of liquid at 1250 °C 9.05 g/cm? 
Brinell hardness 26 
Modulus of elasticity 82 000 MPa 
Tensile strength 140 MPa 
Resistivity at 0 °C 1.50 Ост 


Like copper and gold, silver crystallizes in 
a face-centered cubic structure in which each 
metal atom is surrounded by 12 neighbors. 
This high degree of symmetry results in a 
structure with many slip planes and is the rea- 
son for its good mechanical formability. Silver 
is only slightly less ductile than gold. It can be 
given a high polish and has a warm, white lus- 
ter. Very thin films are blue or green by trans- 
mitted light, thicker films being yellow to 
brown. 

Silver has the highest electrical conductiv- 
ity, the highest thermal conductivity, and the 
lowest electrical contact resistance of all met- 
als. 


24.2.3 Chemical Properties 


Molten silver absorbs oxygen and releases 
it during solidification, with bubbling of the 
metal surface. At 1000 °C, 1 cm? of molten 
silver dissolves a maximum of ca. 20 cm? of 
oxygen, corresponding to a stoichiometric 
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composition of AgO, y. The solubility of oxy- 
gen in silver just below its melting point is 
only ca. 1/40 of that at 1000 °C. Hydrogen is 
very slightly soluble in molten silver, whereas 
nitrogen, carbon monoxide, carbon dioxide, 
and the noble gases are insoluble. 

Halogens react violently with silver at red 
heat. Moist chlorine gas corrodes silver even 
at low temperature. Ozone blackens the sur- 
face of silver due to oxide formation. 

Hydrogen sulfide (gaseous or in solution) 
and aqueous solutions of sulfides immediately 
form a black coating of silver sulfide on the 
surface of the metal. At high temperature, the 
reaction with hydrogen sulfide gas or sodium 
polysulfide solution can lead to complete con- 
version of silver to silver sulfide. 
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Figure 24.1: Rate of dissolution of silver in nitric acid and 
sulfuric acid as a function of concentration and tempera- 
ture. 

The solubility of metallic silver in water is 
very low, but it is sufficient to exhibit an oligo- 
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dynamic (bactericidal) effect (see Section 

24.12.2). 
The preferred medium for dissolution of 

silver is hot, concentrated nitric acid (Figure 

24.1): 

ЗАв + AHNO, — 3AgNO, + 2H,0 + NO 


Silver also dissolves rapidly in hot concen- 
trated sulfuric acid (Figure 24.1): 


2Ag + 3H,SO, — 2 AgHSO, + SO, +2H,O 


Rates of dissolution in dilute sulfuric acid 
are appreciable if oxygen or hydrogen perox- 
ide are present. The initially vigorous reaction 
with aqua regia 
2Ag + 3HCI + HNO, — 2AgCl +2Н,О + NOCI 


is rapidly slowed by the formation of a coating 
of silver chloride. Most common oxidizing 
aqueous media attack silver, including chro- 
mic acid, permanganate solutions, persulfuric 
acid, selenic acid, and aqueous solutions of 
free halogens. The following also attack sil- 
ver: hydrochloric acid, phosphoric acid, bro- 
mine water, solutions of  alkali-metal 
chlondes, copper chloride, and iron chloride. 
The reactions are often strongly dependent on 
temperature and in some cases on the forma- 
tion of protective coatings. Silver is resistant 
to aqueous solutions of organic acids and 
aqueous alkali. 

Silver is fairly resistant toward fused so- 
dium hydroxide at ca. 550 °C in the absence of 
atmospheric oxygen and moisture. Potassium 
hydroxide is more aggressive. Silver is at- 
tacked by fused salts such as sodium peroxide, 
potassium nitrate, sodium carbonate, potas- 
sium hydrogensulfate, and potassium cyanide. 


24.3 Occurrence and Raw 
Materials [13,2527] 


24.3.4 Formation, Abundance, 
and Distribution of Ores 


Because of its chalcophilic character, silver 
became concentrated in oxidic sulfidic materi- 
als during the formation of the Earth's mantle, 
which has a silver content of ca. 10 ppm. The 
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metallic core of the Earth should have a much 
lower silver content because silver does not al- 
loy with iron or nickel. This is confirmed by 
investigation of iron meteorites. In the region 
accessible to mining (1.е., to a depth of 5 km), 
the Earth's crust has an average silver content 
of 0.05-0.1 ppm. Thus, silver is 100 to 1000 
times more abundant than gold or platinum. 
The average silver content of the oceans is ca. 
0.001 ppm [28], but it often reaches much 
higher values at the mouths of rivers. This 
enormous reserve of silver (10? t) cannot, 
however, be extracted economically. 


Silver became concentrated at particular 
sites in the Earth's crust by the recrystalliza- 
tion of silicate magmas caused by volcanic ac- 
tion in impregnation zones. Most sulfidic, 
arsenidic, and antimonidic formations were 
originated in this way. Hydrothermal pro- 
cesses caused conversion to metallic deposits. 
Also, the action of the atmosphere and hydro- 
sphere was involved (e.g., in the formation of 
caps over magmatic deposits) Unlike gold 
and the platinum metals, silver has not formed 
sedimentary deposits to any extent, since it is 
dissolved much more readily than gold or piat- 
inum by the action of the hydrosphere. How- 
ever, silver-containing sedimentary deposits 
of other elements are known (e.g., Mansfeld 
copper slate). 


24.3.2 Silver Minerals [3] 


Nearly all silver minerals are compounds of 
silver with sulfur, its homologues selenium 
and tellurium, and their neighbors in the peri- 
odic table, arsenic, antimony, and bismuth. 
These ores generally have a metallic luster and 
are semiconductors. Other silver minerals in- 
clude the halides and the free metal. The major 
mineralogical groups—oxides, silicates, 
spinels, phosphates, gypsum, and carbon- 
ates—are not represented. 


Native silver occurs in the form of nuggets, 
dendrites, sand-like material, or sometimes as 
large lumps or blocks. It often forms mixed 
crystals with gold, and can also contain copper 
and other metals and metalloids. 
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Argentite, Ag,S, is the most common silver 
compound found in the sulfidic ores of other 
metals, especially galena, PbS, in which it is 
present with other sulfidic minerals in the 
form of very fine inclusions. In the Middle 
Ages, argentite was often found in high con- 
centrations and was a mineral in its own right 
with a high silver content. 

Pyrargyrite, antimony silver blende, 
Ag;SbS,, is an important mineral occurring in 
true silver ores, which are now found and 
mined mainly in Central America. 

Proustite, arsenic silver ore, Ag,AsS;, 1s of 
similar occurrence to the corresponding anti- 
mony-containing sulfur compound Ag,SbS,. 

Stephanite, Ag;SbS,, is very characteristic 
of the silver ores familiar to miners from early 
times. 

Cerargyrite, horn silver, AgCl, does not oc- 
cur in large quantities. It has extremely low 
hardness and crystallizes with the NaCl lattice 
type. | 

Apart from the compounds mentioned 
above, many other well-defined silver miner- 
als exist. Some of them, particularly the sulfur 
compounds, still make a significant contribu- 
tion to silver production. 

Some examples are given below: 


Miargyrite AgSbS, 
Polybasite (Eugenite) Ag SbS, 
Freibergite (Cu Ag) Sb4S,, 
Freieslebenite Ag;Pb,Sb,S, 
Andorite AgPbSb,S, 
Stromeyerite Ag,Cu,8, 
Schapbachite AgBiS, 
Argyrodite Ag,GeS, 
Sternbergite AgFe,S, 
Argentopyrite : AgFe,S, 
Argyropyrite Ag;Fe;S, 
Sundite AgFeSbS, 
Hessite Ag;Te 
Petzite Ag,AuTe, 
Silvanite AgAuTe, 
"Bromyrite (Bromargyrite) AgBr 
Embolite Ag(CLBr) 
Iodite (Iodargyrite) Ар ` 


Silver is a component of most sulfidic min- 
erals, at least at the parts-per-million level. 
The silver compounds are present as mixed 
crystals or as microscopic inclusions with a 
crystal structure that déviates from that of the 
matrix. 
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Figure 24.2: Reserves of silver by region. 


24.3.3 Deposits DG 29-34] 


The known silver deposits are associated 
mainly with vulcanism in the Tertiary period 
running, for example, in a continuous line 
along the entire west coast of the American 
continent (Figure 24.2). 

True silver ores, in which silver is practi- 
cally the only valuable metal, are mined 
mainly in Mexico (Pachuca, Frenillo, and San 
Fernando de l'Oro) and to a small extent in the 
United States (Utah). In Europe, such deposits 
are almost completely exhausted. Worldwide, 
they still account for more than one-tenth of 
the silver mined. Depending on the price of 
silver, it can be economic to process materials 
containing 0.0196 (100 ppm) silver, or even 
less. The deposits in Ontario, which contain 
native silver associated with cobalt sulfide and 
arsenide, can also be regarded as true silver 
ores, since only the silver is extracted. 

Argentiferous. lead and lead-zinc ores, 
which often occur in association, are distrib- 
uted widely. In almost all silver-producing 
countries, they constitute an important frac- 
tion of the silver produced by mining and ac- 
count for ca. 50% of world silver production. 
The separation and recovery of silver during 
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lead production is profitable even for a silver 
content of a few parts per million. The impor- 
tant reserves in Europe include those in Spain 
(Lineares, Sierra Morena), Germany (Ram- 
melsberg/Harz), former Yugoslavia (Trepca), 
and to a lesser extent Italy (Montevecchio, 
Monteponi) Greece (Laurion) and France 
(Savoy). Argentiferous lead and lead—zinc 
ores are mined in large quantities in the United 
States (Helena, Montana; Denver, Colorado; 
Coeur d'Alene, Idaho), Mexico, Peru, Bolivia, 
and Argentina. In Australia and Tasmania, 
lead and lead—zinc ores are the primary source 
of silver. In North Africa (Djebel Hallouf, Tu- 
nisia; BeniSat, Algeria), Nigeria, and Namibia 
(Otavi), these are of some importance. In 
South Africa, other silver ores are more im- 
portant. In India, the extraction of silver from 
lead and lead-zinc ores is extremely impor- 
tant, and this appears to also be true of the 
Commonwealth of Independent States (CIS). 
Argentiferous copper ores, which some- 
times also contain nickel and cobalt, satisfy 
ca. 30% of the world silver demand. Even 
very low contents of silver can be recovered 
profitably from copper ores, since almost all 
the copper is electrorefined, and the silver re- 
mains in the anode slimes. In Europe, the larg- 
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est reserves of argentiferous copper ore are in 
Poland (Katowice), Yugoslavia (Bor), and 
Sweden. Smaller reserves can be found in Fin- 
land. The CIS, from which little information is 
available, is also believed to have reserves of 
this type. The largest argentiferous copper re- 
serves in the world are in Canada (Sudbury, 
Ontario, Rouyn-Noranda, Québec). Silver is 
also recovered during copper smelting in 
Chile, Bolivia, Peru, Katanga, Namibia, Zim- 
babwe, and South Africa. 


Extraction of silver from "T Ores IS Car- 
riéd out mainly in South Africa, and also in 
Canada, Alaska, and Sweden (Boliden). The 
quantity obtained in this way is « 1096 of 
world silver production. Silver-containing tin 
deposits are concentrated in Bolivia (Cerro de 
Pasco, Potosi) but also occur in Burma and 


Argentina. Silver produced from tin ores. 


amounts to only 2% of world production. 


24.3.4 Secondary Silver [35-40] 


The demand for silver that cannot be met 
by mining must be made up by recycling and 
by release from stocks. However, stocks of Sil- 
ver are often in a condition (e.g., type of alloy 
or low purity) that is not accepted directly by 
the market. Hence, these materials must gen- 
erally be refined. 

Silver coins have been almost entirely 
withdrawn from circulation. Some were re- 
fined immediately, but a smaller number were 
saved. From time to time, large stocks of these 


coins are released unpredictably, usually in as- 


sociation with speculative dealings on the sil- 
ver market. 


Even when the coins are of uniform compo- 
sition, the alloy generally cannot be reused di- 
rectly because, for example, the quantity is too 
large or the alloy is too complex. The silver 
content of coinage alloys 1s 40-9096. Copper 
is the other main alloy component, and nickel, 


‘zinc, or traces of other metals are generally 


present. 

The old Indian silver reserves come onto 
the market in the form of fittings and similar 
articles; the silver content is 90-95%. 
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Photographic slimes, produced during the 
manufacture of films and photographic paper, 
have a silver content of 5~30%. The silver is 
present as a halide, the remainder being 
mainly gelatin and water. 

Approximately 5096 of the silver used in 
the photographic industry ends up in fixing 
baths. The silver-containing fixing bath solu- 
tions are rarely supplied directly to refineries. 
Instead, silver is usually extracted from them 
where they were produced, either by electroly- 
sis to yield compact crude silver of fairly high 
purity or by chemical reduction to give slime 
concentrates (10-60% Ар). 

The archives of X-ray films and motion 
pictures, which are stored for a limited period 
only, are a continuing source of recycled sil- 
ver. In developed X-ray film the silver content 
15 1-2%; in developed black-and-white film it 
is 0.2%, but in developed color film the 
amount is negligible. The films are converted 
to ashes or slimes with silver contents up to 
90%. \ 

Offcuts of X-ray and graphic film from the 
photographic industry and film material stored 
too long (e.g., from military stocks) have a sil- 
ver content up to 396. 

Photographic printing paper offcuts from: 
the photographic industry have a silver con- 
tent of ca. 0.4%. These papers used to contain 
up to 50% barium sulfate filler, but modern 
papers are mainly polymer coated and have a 
low filler content. 

Scrap silver from tableware and ornaments 
usually with silver content of 80 or 92.5%, is 
important during periods of high silver prices. 
The treatment of silver-plated utensils (e.g., 
cutlery with ca. 4-5% Ag) is usually profit- 
able only in large quantities. i 

The electrical industry and its suppliers 
generate waste materials during the manufac- 
ture of electrical contacts at various stages of 
the production processes. Waste also arises 
from the production of small batteries for do- 
mestic electronic use and larger units for the 
military and air transport areas [41]. These 
cells often contain mercury. Silver-plated 
switching elements are produced in the elec- 
tronics industry. 
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The chemical industry provides spent sil- 
ver-containing catalysts [36]. These include 
silver wire mesh or silver crystals used in the 
oxidation of methanol to formaldehyde and 
Ag—a-Al,O, catalysts for the oxidation of eth- 
ylene to ethylene oxide. 


A regular, though small, quantity of silver 
comes from equipment and silver-plated ves- 
sels or pipework used in the chemical industry. 
Finally, the amount of silver waste from the 
production of dental amalgams is not incon- 
siderable. It consists of granules of Ag-Sn-Hg 
alloys and is usually contaminated with other 
materials, including organic substances. 


24.3.5 Resources and Reserves 
[15, 23, 25, 34] 


Mineral “resources” include all the princi- 
pal known deposits, including those that have 
not yet been proved, but are only assumed. 
They also include deposits that are known for 
certain to exist, but cannot be extracted for 
economic or ecological reasons [42]. 


Mineral “reserves” include only those de- 
posits that are already economically exploit- 
able, or whose existence, based on prospecting 
work, is certain or probable [42]. These min- 
eral reserves amount to ca. 250 000 t of silver 
at the present time. With a demand of ca. 
10 000 t/a, silver is one of those metals whose 
known raw material reserves can supply the 
demand only for a limited period. By far the 
largest proportion of the silver is contained in 
lead, zinc, and copper ores, so silver produc- 
tion is linked primarily to the demand for these 
metals. This is probably not a good situation 
from viewpoint of future supplies. However, 
the advantage is that silver reserves are much 
more widely distributed than those of gold and 
the platinum metals, so the supply of silver to 
industrialized nations would be much less 
threatened by possible political crises than the 
supplies of other important raw materials. 
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24.4 Extraction from Ores 
[1, 3, 12, 19, 42-44] 


24.41 Extraction from Silver Ores 


24.4.1.1 Smelting 


In the early days, considerable quantities of 
silver were extracted simply by smelting high- 


percentage silver ores under oxidizing or re- 


ducing conditions with conversion of accom- 
panying materials into slag. The starting 
materials were almost exclusively ores con- 
taining elemental silver, silver sulfide, or sil- 
ver halides. 


24.4.1.2 Amalgamation 


For many centuries, amalgamation was the 
most important process for the treatment of 
true silver ores. Today, it is rarely used be- 
cause of high costs, poor yields, and the toxic- 
ity of mercury. It is now carried on in privately 
owned small mines. The amalgamation pro- 
cess can be used directly only if the silver is 


native or is present as the chloride. In this . 


form it will amalgamate on contact with mer- 
cury without any other treatment. 

Amalgam formation does not take place as 
rapidly as with gold, but the reaction velocity 
and rate of dissolution of silver in mercury are 
nevertheless fairly high. The copper-plate 
amalgamation process used with gold cannot 
be used with silver because reaction times are 
too short to give a useful yield. To ensure 
problem-free amalgam formation, the silver or 
silver halide particles should first be liberated, 
preferably by wet grinding. However, an ex- 
tremely fine particle size is detrimental to the 
process. 

Sulfidic, arsenidic, and antimonidic silver 
minerals do not react directly to form an amal- 
gam and therefore require pretreatment. This 
can consist of a simple oxidative roasting pro- 


„cess or roasting accompanied by chloridiza- 


tion or sulfation. 
The reaction is accelerated and the yield 
improved by the addition of base metals (e.g., 
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iron and copper), sodium chloride, copper(1) 
or copper(II) chloride, or copper sulfate. The 
following are some of the reactions that occur: 
CuSO, + 2NaCl — Na,SO, + CuCl, 

AgS + CuCl, > 2AgCI + CuS 

Ag, AsS, + 3CuCl, — бАРСІ + 3CuS + As,S, 

CuCl, + Cu 2 2CuCl | 

2Ар;А55, + ecucl > 6AgCl +3CuS + ЗСи + As. 

AgCl +Cu+ Hg > CuCl + AgHg 

The operating techniques and the choice of re- 
action conditions have undergone many 
changes. In the Patio process, a paste of finely 
ground ore, sodium chloride, mercury, and 
water was kneaded. Other processes employ 
copper or iron pans, stirring apparatus, or ro- 
tating vessels, either with or without heating. 
The resulting metallic phase is washed to re- 
move accompanying materials, and the resid- 
ual liquid mercury is separated from the solid 
amalgam. The latter is heated in retorts to dis- 
till off the mercury and yield impure silver. 
The overall yields of silver obtained in the 
amalgamation process reach 95% under fa- 
vorable circumstances. The loss of mercury 
amounts to 0.2—2 kg for each kilogram of Sil- 
ver. 


24.4.1.3 Cyanidation 


Because of its favorable economics, the 
aqueous cyanide process is the dominant pro- 
cess for extraction of silver from true silver 
ores. The conditions are essentially the same 
as those for the gold cyanide process. 

The ore is crushed, wet milled, and treated 
with an aqueous solution of sodium cyanide 
(5-10 g/L) for several days in a Pachuca tank 
[3]. Solids are removed by a thickener and fil- 
ter, and silver is precipitated from solution by 
cementation on zinc dust. Other possible 
methods of recovering silver are ion exchange 
or electrolytic reduction [4]. Another process 
involves adsorption of the silver cyanide com- 
plex onto active carbon [45, 46], analogous to 
the carbon-in-pulp process for gold. This pro- 
cess has been fully developed, but has not 
achieved the same importance or productivity 
as in the case of gold. 
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Silver chloride, either naturally occurring 
or produced by a chloridizing roast, is dis- 
solved according to the equation 
AgCI! + 2NaCN  Na[Ag(CN);] + NaCl 


Elemental silver is dissolved by passing air 
into the solution: 


ДАр + 8NaCN + O, + 2H,O — 4Na[Ag(CN),] + 4NaOH 


Silver sulfide is also attacked, but more 
slowly, according to the following equations: 
2Ag,S + 8NaCN + 20, + H,O > 

4Na[Ag(CN),] + Na,S,O, + 2NaOH 
and À 


2Ag,S + 10NaCN + O, + 29,0 > 
ANa[Ag(CN),] + 2NaSCN + 4NaOH 


If the ores contain cyanide-insoluble silver 
compounds such as proustite (Ag,AsS;) and 
pyrargite (Ag4SbS,), cyanide extraction must 
be preceded by chloridization roasting. The 
dissolution of selenidic and telluridic com- 
pounds of silver by cyanide is also difficult, 
but is improved by fine grinding and roasting, 
as well as by the use of cyanogen bromide, 
which also increases the solvent action of the 
sodium cyanide on metallic silver: 

2Ag + BrCN + 3NaCN — 2Na[Ag(CN),] + NaBr 


Coarse metallic silver particles and manga- 
nese-containing silver ores can also lead to 
complications. 

In general, the leaching of silver ores pro- 
ceeds more slowly than with gold ores. Also, 
the yield with gold is higher than that with sil- 
ver. If only metallic silver and silver chlonde 
are present the yield can reach 98%, but with 
other ores it is sometimes only 80%. The final 
silver content of the powdered ore after the ex- 
traction of silver can be as low as 0.5 ppm in 
favorable cases. 


24.4.1.4 Thiosulfate Leaching 
(Patera Process) 


The process of leaching silver ores with 
thiosulfate solution was developed originally 
in Europe under the name of the Patera pro- 
cess. In the 18005 its importance increased in 
Central and South America, and later in North 
America as well. It replaced the amalgamation 
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process, mainly because of its higher yield and 
lower cost. However, in a few decades it was 
replaced by the more economical cyanide 
leaching process and is now seldom used. Ha- 
lide-containing silver ores or chloridized 
roasted ores undergo the same reactions that 
form the basis of the photographic fixing: 

AgCI + 2Na,S,0, — Na,[Ag( $,0,);] + NaCl 

and 

AgCI + 3Na,S,0, > Na,[Ag(S,0,),] + NaCl 


An excess of sodium thiosulfate should be 
present to prevent formation of the sparingly 
soluble complex Na[Ag(S,0,)]. The sodium 
thiosulfate concentration is usually 2.5-25 
g/L. In variations of the process, sodium cop- 
per thiosulfate or calcium thiosulfate is used. 
Silver is precipitated from solutions by the ad- 
dition of sodium sulfide. Yields of silver in the 
thiosulfate process are lower than in the cya- 
nide process. Processing techniques are simi- 
lar. A disadvantage of the thiosulfate process 
is that gold is insoluble and therefore not re- 
covered. 


24.4.1.5 Metallurgical Processes 


True silver ores are often added directly to 
copper or lead smelting operations. This is es- 
pecially true if the accompanying gangue min- 
erals are of use in the smelting process (e.g., 
quartz, which benefits the copper shaft fur- 
nace process). 


24.4.0 Extraction from Lead and 
Lead—Zinc Ores [32] 


24.4.2. Production of Lead 
Bullion 


In all process stages in the extraction of 
lead from lead and lead zinc ores, silver fol- 
lows lead. This applies to ore flotation; ore 
sintering; reductive smelting 1n the blast fur- 
nace; removal of copper by sulfur; and re- 
moval of arsenic, antimony, and tin by 
selective oxidation (see Chapter 9). 

The next stage is the extraction of silver 
and other noble metals. Historically, several 
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processes have been used in succession, each 
one replacing its predecessor, namely, cupella- 
tion (oxidation), cupellation after the silver 
has been concentrated by the Pattinson pro- 
cess, and concentration by the Parkes process 
followed by zinc removal and cupellation. 


24.4.2.2  Cupellation without 
Prior Silver Enrichment 

Before processes for concentrating the sil- 
ver in lead bullion were developed (i.e., up to 
the 1800s), all the lead had to be converted to 
litharge (PbO) by oxidation (cupellation), and 


'then the litharge removed from the silver-en- 


riched metallic phase. This yielded an impure 
product that was converted to contemporary 
commercial-grade silver by a refining opera- 
tion, which consisted essentially of further ox- 
idation in a small furnace. Here, the elements 
copper, selenium, and tellurium were removed 
by repeated addition of pure lead, and subse- 
quent addition of silver sulfate removed bis- 
muth and lead. Oxidizing agents such as 
sodium nitrate and sodium carbonate were 
also added, and removal of the last traces of 
litharge formed was assisted by the addition of 
fluxes (e.g., glass). 


24.4.2.3 Silver Enrichment by the 
Pattinson Process 


A significant technical advance in the pro- 
cess of silver concentration was achieved by 
PaTTINsoN (1833). After this discovery, silver- 
containing lead no longer had to be treated by 
the costly cupellation process because the 
crude lead could be separated into two frac- 
tions, one with a low silver content and the 
other containing 296 Ag. The process was 
based on the fact that when molten silver-con- 
taining lead is cooled (e.g., 0.296 silver), pure 
lead separates until the silver content in the 
liquid phase reaches 2.596. However, because 
of the difficulty of separating lead crystals 


from the silver-containing molten metal, com- 


plete separation cannot be achieved in a single 
operation. If the process is repeated, a grade of 
lead with a low silver and bismuth content (< 
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10 ppm silver), and a grade of lead with a high 
silver content (€ 29^ silver) that is suitable for 
cupellation, can be produced, at an acceptable 
cost. 

The fraction that contains silver and bis- 
muth also contains gold. The theoretical silver 
content of 2.5% is not achieved in practice, 
since the small temperature difference be- 
tween the melting point of pure lead (327 °C) 


-and that of the eutectic mixture (304 °C) 


means that separation becomes more difficult 
as the eutectic point is approached. The pres- 
ence of copper, nickel, arsenic, antimony, and 
bismuth can also interfere with the removal of 
silver. Larger amounts of these elements there- 
fore have to be removed first. Some copper 
goes into the Pb—Ag alloy, and some into the 
lead crystals, so that purified lead from the 
Pattinson process always contains some cop- 
per. Arsenic is found mainly in the lead crys- 
tals, whereas nickel and antimony follow 
bismuth into the silver-containing melt. In the 
usual operating procedure, either the lead 
crystals were removed by hand sieving, or the 
silver-containing melt was siphoned or tapped 
off. The fractions obtained were then treated 
again by crystallization. A series of cast iron 
vessels of 10—15 t capacity was employed, us- 
ing countercurrent flow from the center to 
both sides. About 15 units were needed. Two- 
thirds of the contents of the vessel were recov- 
ered as crystals, and one-third remained as 
melt. 


24.4.2.4 Silver Enrichment by the 
Parkes Process 


Today, the silver in bullion lead, together 
with gold and platinum metals, is concentrated 
by the Parkes process. The process involves 
the production of a solid alloy of lead, zinc, 
and silver by stirring zinc into molten impure 
lead. This so-called zinc crust floats on the 
surface of the molten metal (450 °C). It is 
skimmed off; the adhering liquid lead is re- 
moved by hot pressing, and the zinc is distilled 
in a retort or vacuum furnace. The residue 
consists of a lead noble-metal alloy with up to 
50% silver, ca. 1% zinc, and some copper, ar- 
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senic, antimony, and bismuth. It is oxidized by 
cupellation to obtain crude silver or, if appre- 
ciable amounts of gold are present, auriferous 
silver. 


24.4.2.5 Cupellation of Enriched 
Lead 


The cupellation process removes lead and 
small amounts of other base elements from the 
silver and accompanying noble metals by se- 
lective oxidation. 

In the cupellation process, the lead melt is 
blown with air to produce molten lead oxide 
(litharge, PbO), while the silver, gold, and 
platinum-group metals do not react. The liquid 
layer of lead oxide produced covers the mol- 
ten metal completely, but the oxidation reac- 
tion is not seriously impeded since the hot 
litharge takes up oxygen and then releases it to 
the molten metal. Copper, which is usually 
present, also assists the transport of oxygen. 
During cupellation, the temperature must be 
sufficiently high for the litharge (mp 886 ?C) 
to form a low-viscosity melt that does not in- 
corporate metallic and noble-metal compo- 
nents. Atthe end of the process, when the melt 
has a higher silver content and therefore a 
higher melting point, the operating tempera- 
ture must be significantly greater than the 
melting point of silver (963 °C). In practice, 
the process is operated at 900—1100 °C. If the 
temperature is too high, volatilization can oc- 
cur, which leads to losses of silver. The molten 
litharge formed must be removed continu- 
ously to prevent the layer from becoming too 
thick. The end of the smelting process is rec- 
ognized when the litharge layer becomes thin 
and finally breaks up. The bright surface of the 
silver can then be seen. The last traces of lith- 
arge are mixed with marl (calcium carbonate) 
to facilitate its complete removal. Molten sil- 
ver is usually cast into anodes for electrorefin- 
ing. The copper and lead contents ofthe crude 
silver should preferably not exceed 1.0 and 
0.1%, respectively. Of the normal impurities, 
zinc, arsenic, antimony, and copper go mainly 
into the litharge that is first produced, al- 
though some go into the slag that can be re- 
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moved after the initial melting operation. 
Bismuth becomes concentrated in the end 
fraction of the litharge. 


The so-called English cupellation furnace 
(cupel) is now nearly always used for the cu- 
pellation process in lead smelting plants. The 
hearth, which is replaceable, is lined with 
magnesite bricks, and can be tilted to pour off 
the litharge and molten silver. It is fired under 
a flat hood. Air is blown through nozzles over 
the surface of the melt, freeing part of the 
metal surface of molten litharge. The litharge 
layer is removed when it reaches a thickness 
of ca. 1 cm. About 100 kg of lead is oxidized 
per hour per square meter of furnace area; the 
capacity is ca. 1000—2000 kg silver. The so- 
called German cupel is larger and has a fixed 
hearth with a launder at the front that can be 
lowered continuously, so that as the volume of 
molten metal decreases, the litharge is contin- 
ually removed. Molten silver must be 
skimmed off. The greatest advantage of the 
smaller English smelting furnace is that less 
silver is required for its operation. The lining 
of the hearth of the cupel picks up a certain 
amount of silver, so that after dismantling, the 
broken lining with litharge attached must be 
treated in a lead shaft furnace. 


24.4.2.6 Silver Extraction from 
Electrolytic Lead Refining 


The aqueous electrorefining of lead bullion 
usually produces anode slimes that are diffi- 
cult to process, whose composition is similar 
to that of the anode slimes from the electrore- 
fining of copper [Cox] (Table 24.3). They con- 
tain all the.noble metals and other impurities 
associated with crude lead. They are treated by 
pyrometallurgical processes to obtain aurifer- 
ous silver and other valuable metals. Copper 
anode slimes and lead anode slimes are some- 
times mixed and treated together. 
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24.4.3 Extraction from Copper 
and Copper-Nickel Ores [31, 45-51]- 


24.4.3.1 Formation of Silver- 
Containing Copper Anode Slimes 


In silver-bearing ores of copper, copper- 
nickel, and copper-nickel-cobalt, the silver 
stays with the copper-rich fractions during all 
concentration stages, including mechanical 


processing and smelting (see Chapters 8 and ` 


12). It 1s transferred from the copper matte 
into the crude copper. Gold also follows the 
copper and silver, but only a small fraction of 
the platinum metals go to the crude copper, the 
majority accompanying the nickel. Today, all 
crude copper is electrorefined. The copper an- 
ode slimes formed contain almost all the silver 
and noble metals, and large amounts of cop- 
per, lead, nickel, selenium, tellurium, arsenic, 
antimony, and sulfur. Because of their compo- 
sition, the economic and ecologically accept- 
able treatment of copper anode slimes is one 
of the most difficult tasks in the metallurgy of 
noble metals. Before the introduction of elec- 
trorefining, silver had to be extracted from 
copper matte produced by the copper shaft 
furnace. 


24.4.3.) Pretreatment of Copper 
Anode Slimes 


Coarse copper particles that become de- 
tached from the anodes or appear as growths 
on the cathodes are removed first by sieving 
which eliminates ca. 30% of the weight of the 
slime. In the following pretreatment process, 
elemental copper (formed by disproportion- 
ation of Cu* in the electrolyte), copper tellu- 
ride, and copper selenide are dissolved by 
treatment with 4—5 mol/L sulfuric acid, with 
addition of air or oxygen at 60—95 ?C. The ef- 
fectiveness of this technique is limited, espe- 
cially if the selenium content is high. 


Silver 
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Table 24.2: Typical compositions (96) of untreated and pretreated copper anode slimes and untreated lead anode slime. 


Source Ag Au Se Te As 
Untreated copper anode slime 
Asarko, USA 18 1 9 1 4 
Boliden, Sweden £ 11 2 21 1 1 
Nordd. Affinerie, Hamburg 10 03 5 
Outokumpu, Finland . 10 05 4 0.7 
Mt. Lyell, Australia 1 02 3 0.7 
El Ref. Smelt. Co., Australia 8 2 3 3 4 
. Can. Copper Ref., Montréal 19 1 20 3 06 
Noranda, Québec . 13 2 .28,4 03 
Rio Tinto, Spain 8 07 8 05 2 
Pelabora, South Africa 15 06 °5 ° 05 
Cerro, Oroya, Peru 28 01 2 2 2 
Pretreated copper anode slime 
Impex 49 4 3 6 
Codelco, Chile 24 1 16 03 03 
Nordd. Affinerie, Hamburg 13 03 5 1. 3 
Outokumpu, Finland 37 2 13 0.3 
El. Ref. Smelt. Co, Australia 12 3 07 4 1 
Can. Copper Ref., Montréal 41 4 7 3 
Boliden, Sweden 29 5 20 
Enami, Chile 50 09 6 2 1 
Untreated lead anode slime 
Cerro, Oroya, Peru 10 0.01 01 07 5 


Sb Bi Cu Pb Fe Ni SiO, ALO, S 
4 21 10 5 
1 .1 40 10 1 3 
7 17 15 
0.1 П 3 06 45 2 2 
0.1 001 67 1 01 1 10 
8 01 14 24 04 05 10 8 
0.5 37 06 02 
0.3 46 04 02 
3 05 25 10 03 01 20 * 
15 5 4 30 10 
п 1 2 24 
3 I1 01 12 20 
5 2 1 
8 06 3 15 02 3 7 6 
0.2 05 12 03 1 B 
10 01 2 28 0.4 5 
4 
4 2 2 3 07 2 
10 04 04 7 6 


33 21 2 16 





Examples of the composition of untreated 
and pretreated copper anode slimes are given 
in Table 24.2. The wide variation in the com- 
positions of the slimes both before and after 
treatment results in many process steps being 
carried out under very specific conditions that 
the processing industries often do not disclose. 


24.4.3.3 Processing of Copper 
Anode Slimes [52,53] 


Processing of Copper Anode Slimes by 
Roasting. Oxidizing Roasting at 300—400 *C. 
Roasting is performed on a thin layer of mate- 
rial or in an air-blown rotary furnace. Metallic 
copper is oxidized fairly easily. The selenides 
and tellurides of copper and silver are con- 
verted to selenites and tellurites. Only a small 
fraction of selenium dioxide is volatilized. 
The product is treated with dilute sodium hy- 
droxide solution, which dissolves mainly the 
selenium. Treatment with dilute sulfuric acid 
dissolves tellurium preferentially, and some 
silver as well. Most of the selenium and tellu- 
rium (75-90%) can be brought into solution. 
Oxidizing Roasting at 600-800 °С. The 
material is mixed with bentonite as a binder 


and with copper(II) oxide and iron(II) oxide 
as reaction accelerators, pelletized, and re- 
acted with air blowing. Up to 98% of the sele- 
nium can be recovered as SeO, sublimate. The 
product is then leached with dilute sulfunc 
acid, which dissolves copper, tellurium, and 
some silver. 


Roasting with Sodium Carbonate. A mix- 
ture of anode slime with sodium carbonate 
(sometimes with the addition of sodium hy- 
droxide or sodium nitrate) is generally pellet- 
ized and heated at ca. 400 ?C in air, so that 
selenium and tellurium are converted into wa- 
ter-soluble compounds. Copper, which is also 
oxidized, and most of the tellurium can be dis- 
solved with dilute sulfuric acid. The resulting 
solution also contains some silver in the form 
of its sulfate. 


Processing of Copper Anode Slimes by Sul- 
fation. Dried anode slime is mixed with con- 
centrated sulfuric acid and heated, first to 
300 ?C, and then to 400—500 *C, causing sul- 
fation and oxidation. Most of the selenium . 
sublimes as selenium dioxide. Most of the 


. copper, silver, and nickel can be dissolved 


1230 


with hot water, whereas the tellurium oxide 
formed remains undissolved in the residue. 


Hydrometallurgical Treatment of Copper 
Anode Slimes [54]. Copper anode slimes can 
be dissolved in oxidizing acids. Treatment 
with НСІ-СІ, [55] gives a residue that con- 
tains silver chloride, silica, and lead chloride. 
Gold, platinum, selenium, and tellurium must 
be recovered from solution, and other accom- 
panying elements are eliminated by wastewa- 
ter treatment. 


Copper anode slime is reportedly digested 
in a high-pressure process, either after the re- 
moval of copper or after one of the roasting 
processes [56]. Temperatures between 160 
and 180 °C are recommended. If 10-40% so- 
dium hydroxide solution is used, selenium and 
tellurium go into solution, while silver and 
most of the copper remain undissolved. If di- 
lute sulfuric acid is used in the presence of air, 
selenium, tellurium, silver, and copper dis- 
solve. Problems arise if selenium and tellu- 
rium exceed an oxidation state of 4. Solutions 
of selenate(VI) and tellurate(VI) cannot be 
readily reduced to the elements. The favorable 
economics of the pressure process are mainly 
a consequence of the improved sharpness of 
separation compared to other processes and of 
the short reaction times. 


Processing of Copper Anode Slimes in a 
Cupellation Furnace. If pretreated anode 
slimes contain only moderate amounts of cop- 
per, selenium, tellurium, antimony, and ar- 
senic, the noble metals can be recovered in a 
cupellation process. However, a two-stage 
process in separate furnaces is necessary for 
treating the low-grade and high-grade maten- 
als. 


Processing of Copper Anode Slimes in the 
Doré Furnace. In the Doré process, pretreated 
anode slimes (1.е., with copper removed) are 
treated with slag-forming and oxidizing mate- 
rials for a long period in the molten state. In 
addition to the crude silver fraction, three 
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types of slag are usually produced and re- 
moved separately. Flue dust 1s also obtained. 


Sodium carbonate, lime, cullet (broken 
glass), and sand are added to form a silicate 
slag that takes up primarily iron, arsenic, anti- 
mony, lead, nickel, and tin. Selenium matte, 
which consists mainly of selenides and tellu- 
rides of copper and silver, forms an intermedi- 
ate layer between the silicate slag and the 
molten metal if the starting material has a high 
selenium and tellurium content. After removal 
of the silicate layer, selenium matte is blown 
with air and treated with sodium carbonate 
and sodium nitrate. This produces a slag that 
contains sodium selenite, sodium selenate, so- 
dium tellurite, sodium tellurate, and only ca. 
1% silver. This slag is tapped off; and the mol- 
ten metal is reacted with additional sodium ni- 
trate to remove the remaining copper, lead, 
selenium, and tellurium. The doré silver pro- 
duced has a noble-metal content of 99.0— 
99.5% and is sent to the silver electrorefining 
process. Its main impurity is copper, but it also 
contains some lead, bismuth, selenium, and 
(depending on the starting material) tellurium. 
Doré furnaces are usually oil fired along their 
length, and are similar to German fixed hearth 
or English tilting hearth cupels. For hearth 
sizes between 3 and 6 m°, a charge of 8—15 t 
anode slime is treated in 100—200-kg lots. The 
reaction time is 3-6 d or longer. Waste gases 
are passed through dedusting chambers, cool- 
ers, scrubbers, and electrostatic gas purifying 
equipment. 

Slags produced by oxidation of selenium 
matte, and flue dust and slimes from the scrub- 
bers are major sources of selenium and tellu- 
rium. The most valuable material in the wash 
liquor is selenium. All other drosses, including 
residues from selenium and tellurium produc- 
tion, which contain noble metals; are recycled 
to the copper shaft furnace or to the doré pro- 
cess. 


Typical compositions of intermediate prod- 
ucts are given in Table 24.3. These can, how- 
evel, vary over a wide range. 





Silver 
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Table 24.3: Percentage composition of intermediate products from copper anode slimes and copper matte. 














Ag Au Se Te As Sb Bi Cu Pb Ni 80, 

Cupellation 
After melting 1 1 3 10 4 40 5 10 
Tapped off selenium matte 20 0.1 20 25 
Tapped off litharge 1 0.5 2 3 10 60 
Argentiferous lead | 40 0.5 1 5 
Auriferous silver 97 2 
Doré Process ` 
Selenium matte 55 0.1 25 4 13 1 
Selenite-tellurite slag 1 р „18 6 2 е 
Potassium nitrate slag 4 6 1 16 e 
Flue dust — — 4 03 30 3 10 5 
Gas scrubber sediment 10 0.2 35 2 0.5 
Cnude metal (before treatment 

with NaNO,) 79 4 4 1 4 1 
Doré metal 95 4 <0.1 «0.1 1 0.1 
Ziervogel Process 
Mansfeld copper matte (before 

Ziervogel process) 0.5 75 
Mansfeld copper matte (after 

Ziervogel process) 0.02 
Treatment of Copper Anode Slimes with 
Molten Salts. Powdered anode slimes can be 2.3 
digested below their melting point, without mis 

D . D m 
forming molten metal by fusing with Na,CO, SE T 
and NaNO, or similar mixtures. The reaction т 25 
is also possible at sintering temperature. After 7 
leaching with water, a separation process must 1000 10 
be used similar to that used after acidic hydro- 
metallurgical digestion of. copper anode 
slimes. 
2 100 1 
Other Methods of Processing Copper An- | 
ode Slimes. Dried, decopperized anode slimes A 
can be treated with chlorine at ca. 700 °С. Sil- < > 
. D . D c 

ver chloride remains in the residue, and the à 01 € 
chlorides of selenium, tellurium, copper, tin, < + 
arsenic, etc., аге sublimed or distilled. E E 

If the decopperized anode slimes are heated ` 5 oo S 
to 700 °C in a vacuum, silver selenide decom- — 5 ES 
poses and selenium sublimes. с = 

D D w 

24.4.3.4 Silver Extraction from 0.001 © 
Copper Matte 

Before electrolytic technology became e jogo 


available for refining copper, copper-silver 
separation had to be performed on copper 
matte from the copper shaft furnace. Two 
main processes were used. 





Ze 2-4 6 8 10 12 14 16 18 
(H*l, (NH5], or [NaCl], mol/L ——-— 


Figure 24.3: Solubilities of silver compounds in aqueous 


electrolytes at 20 ?C. 
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e In the Augustin process, copper matte was 
roasted under chloridizing conditions, and 
the silver chloride formed was leached out 
with hot brine, leaving behind the un- 
changed copper sulfide (Figure 24.3). 


In the mid-1800s, the Augustin process was 
replaced by the Ziervogel process, which in- 
volved sulfation roasting of powdered cop- 
per matte with a precisely controlled 
temperature program. This first decomposes 
silver sulfide to silver and sulfur. The silver 
reacts with sulfur trioxide liberated from 
iron sulfate and copper sulfate, forming the 
more stable silver sulfate, which is water 
soluble. The copper is then in the form of 
copper(ID) oxide. Treatment with water 
acidified with a little sulfuric acid dissolves 
silver sulfate, leaving copper(II) oxide in the 
residue. More than 9096 of the silver goes 
into solution, 596 is in the flue dust, and the 
rest stays in the copper oxide (Table 24.3). 
Gold is undissolved and remains in the cop- 
per. Thus, the gold content of copper matte 
cannot be recovered by the Ziervogel pro- 
cess. 


24.4.4 Extraction from Gold Ores 


The silver present in most gold ores follows 
the gold in all pretreatment processes, as well 
as in the aqueous cyanide process. Crude gold 
as mined usually contains 10-12% silver. In 
the commonly used Miller process, silver and 
base metals are separated from gold by con- 
version to their chlorides (AgCl, CuCl, etc.). 
The reaction is carried out by passing chlorine 
through the molten metal. Silver chloride and 
the base-metal chlorides form a slay on the 
molten gold to which borax is added as a flux. 
Solidified slag is leached with a solution of so- 
dium chlorate in hydrochloric acid, which dis- 
solves the base-metal chlorides and leaves 
silver chloride as residue. The silver chloride 
is reduced with zinc dust in suspension to pre- 
cipitate crude silver, which is then electrore- 
fined. 

Small amounts of silver and gold are also 
recovered from sodium carbonate-containing 
slag and broken crucible fragments from the 
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melting of precipitated gold in the cyanidation 
process. These materials are treated by the 
lead-silver blast furnace process and the cú- 
pellation process. 


24.4.5 Extraction from Tin Ores 


Silver-containing concentrates from the 
treatment of Bolivian tin ores usually contain 
a few hundred parts per million of silver, 
present mainly as sulfidic compounds. The ore 
is roasted under oxidizing conditions in the 
presence of sodium chloride, to convert silver 
to silver chloride, which can then be leached 
out. Alternatively, the concentrates can be 
treated by an amalgamation process, with or 
without a preliminary roasting operation. A 
more economical solution is often to add these 
materials to the feed for the copper smelting 
process. Silver then ends up in anode slimes 
from the electrorefining of copper. 


Leaching with Hydrochloric Acid or Aque- 
ous Sodium Chloride. Leaching with НСІ is 
carried out at ca. 100 °C. Tin dioxide is not 
dissolved, but most of the other materials are, 
including silver. Silver can be cemented with 
scrap iron. The cementate produced is treated 
in copper or lead smelting processes. 


Leaching with Aqueous Thiosulfate. When 
the silver content is high, aqueous thiosulfate 
is often used because of the high and selective 
solubility of silver chloride in thiosulfate. The 
process was formerly used widely to treat true 
silver ores. 


24.5 Recovery from 


Secondary Silver [3, 19, 35-40, 
54, 55] 

The collection and treatment of silver-con- 
taining scrap and residues is of major eco- 
nomic importance. These materials can be 
divided into metallic products that can be 
melted to form a homogeneous material and 
nonmetallic concentrates (drosses, see Section 
24.3.4). As in the production of silver from 
ores, the aim is to obtain a crude silver that can 
be treated in the refining process. Only seldom 


Silver 


is good-delivery silver obtained that does not 
need refining. ` 


24.5.1 Via Copper Smelters 


In principle, all silver-containing recycled 
materials can be treated in the usual copper 
production processes. Since the silver is tied 
up in the process for a long period, only a few 
types of silver-containing scrap are treated in 
this way. Copper must be the principal base 
metal present. This category of scrap includes 
fabrication waste and recycled material from 
the electronics industry. Usually, they would 
be fed to the copper shaft furnace or the cupel. 
Flue dust and copper matte from the lead sil- 
ver blast furnace are also treated in copper 
smelters. 


24.5.2 Via Lead Smelters 


The only use of lead smelters in silver recy- 
cling is in treating the silver-containing flue 
dusts from lead silver blast furnaces. These 
smelters are very suitable for dealing with the 
high lead and zinc content of flue dusts. — « 


24.53 Via the Lead-Silver 


Smelting Process [22, 23, 56] 


Some companies that recover noble metals 
from scrap use a special lead-based smelting 
process. The pyrometallurgical reactions are 
the same as those used for noble-metal extrac- 
tion in ancient times and correspond in princi- 
ple to those of the modern lead smelting 
process. There are two main stages of the pro- 
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cess: the blast furnace stage and the oxidation 
stage. In the blast furnace, silver and the other 
noble metals' are taken up by lead bullion 
formed in the process. In the oxidation furnace 
(converter), the lead is then oxidized to lead 
oxide (PbO, litharge). The main product is a 
metal with a high percentage of silver (aurifer- 
ous silver). Lead oxide 1s recycled to the blast 
furnace blast. The accompanying elements 
that enter the system in the raw material are 
eliminated via three by-products of the blast 
furnace: copper matte, slag, and flue dust. 
Slag, which contains the oxide and silicate 
components; is worthless and can be dis- 
carded. Copper matte, which contains the 
chalcophilic elements copper and nickel, and 
flue dust, which contains zinc and cadmium, 
must be treated separately. 


Nonmetallic concentrates (drosses) con- 
taining noble metals are generally smelted in 
the lead-silver blast furnace. Metallic scrap 
materials are often treated directly in the con- 
verter. In this case, base metals go into the'lith- 
arge, though some are in the flue dust. The 
choice of treatment process is often deter- 
mined by the cost of tying up the value of the 
noble metal, thereby incurring loss of interest, 
rather than by actual operating costs. 


Typical compositions of materials in- 
volved in the lead-silver smelting process are 


given in Table 24.4. 


The Blast Furnace. In the blast furnace (Fig- 
ure 24.4), the following reactions take place: 


C+/,0, 2 CO 


PbO + СО 2 Pb + CO, 


Table 24.4: Typical compositions of materials produced during noble-metal smelting. 


Nonnoble impurities, % Relative 





Source Material Ag Au 
Cu Pb 
Blast slag 100 ppm 2ppm 0.5 1 
furnace copper matte 3% 100ppm 40 10 
process lead bullion 20% 1% 15 60 
Cupellation litharge 4% 100 ppm 15 60 
process auriferous 97% 1% 101 
silver 
Gas purifi- flue dust 1% 100ppm 3 20 


cation 


S 


25 
1 


le : i 
Halo Fe Ni Zn Cd Sn SiO, ALO, CaO pon 


gen 
15 2 35 20 15 30 
15 1 3 
z o3 4 3 6 
2 2 3 | 6 
1 
25 2 1 8 8 1 


1234 


Blast furnace 


Collection of noble metals by 
extraction with molten lead 


Reduction process: 
PbO + СО —= Pb + CO, 


Dross 
(cont aincing 
noble metals) 


Additives 





Lead hullion 
(Pb-20 %Aq) 


Figure 24.4: Silver recovery in a blast furnace and converter. 


Here, lead is formed from the litharge pro- 
duced in the converter and acts as a collector 
for noble metals. The chemical reactions, 
which also form the copper matte and slag 
phases, take place at 1100-1300 °C. 

In the operation of the lead-silver blast fur- 
nace a large number of parameters must be 
controlled and various boundary conditions 
observed. The widely varying composition of 
the raw materials and of the recycled litharge, 
must be compensated by varying the amount 
of quartz, limestone, sulfur, iron oxide, py- 
rites, and coke added. This ensures the forma- 
tion of a low-viscosity slag that does not 
incorporate droplets of metal. The amount of 
sulfur added is calculated from the amount of 
nonferrous metal. The ability of the slag to 
take up aluminum oxide is limited. If the 
AL,0, content reaches 20%, the slag viscosity 
increases. This must be taken into account 
when catalysts supported on y- or a-aluminum 
oxide are processed. 

The ability of lead and auriferous silver to 
alloy with gold, platinum, and palladium is 


A Coke Litharge 
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Converter 


Removal of base metals 
(Pb, Cu, Bi, Sn, etc.) 


Dxidation process: 
2Pb + 0, —e— 2PbO 


Off-gas Scrap metal 
(containing 
Ve metals} 


Auriferous 
silver 
(98 %Ag 
ФАШ 






| Electrorefining | 


Silver 
99.99 Ya 


unlimited. However, rhodium, iridium, ruthe- 
nium, and osmium, together with other refrac- 
tory metals such as tungsten and 
molybdenum, collect at the bottom of the blast 
furnace or at the bottom of the converter. For 
this reason, as well as the volatility of ruthe- 
nium and osmium compounds in the blast fur- 
nace, the presence of these metals is 
undesirable. Halides in the raw materials end 
up almost completely in the flue dust in the 
form of lead and silver halides. Zinc and cad- 
mium take the same route. 

The elements arsenic, selenium, and tellu- 
rium are kept out of noble-metal smelters as 
much as possible because they form com- 
pounds with noble metals (speisses) that are 
difficult to process. 

Instead of using a blast furnace, the lead 
smelting stage can be operated in a flame-fired 
furnace. This, too, is followed by an oxidation 
stage. 


Oxidation in the Top-Blown Rotary Con- 
verter. The following reaction takes place in a 
converter: 


Silver 


Pb+'/,0, + PbO 


The molten lead oxide (litharge) produced is 
removed continuously from the surface of the 
liquid metal and recycled to the blast furnace. 
Silver and other noble metals remain in the el- 
emental state and are concentrated from ca. 
20% in the starting material (lead bullion) to 
ca. 99% in auriferous silver (Table 24.4). The 
lead oxide contains silver particle inclusions, 
appreciable quantities of copper, ‘and’ small 
amounts of other accompanying base metals 
as their oxides (Table 24.4). 

The oxidation of argentiferous lead was 
carried out for a long time exclusively in shal- 
low flame-fired furnaces (cupels) like those 
used in the lead smelting process. Lead was 
oxidized by applying a flame and a stream of 
air to the surface of the melt. The reaction tem- 
peratures during cupellation were ca. 900 °C 
at the start and ca. 1100 °C at the end of the 
process. The lower limit is determined by the 
melting temperature of PbO (890-°C), silver 
(961 °C), and aunferous silver (ca. 1050 °C). 

Since ca. 1975, top-blown rotary converters 
have been used instead of cupels. The oxidiz- 
ing agent is gaseous oxygen [57]. Such con- 
verters contain several tonnes of metal, and 
the litharge is poured off through a spout. A 
natural gas oxygen burner produces very in- 
tense heating. The great economic advantages 
compared to conventional cupellation hearths 
result from the much higher rate of reaction 
due to convection in the melt, low energy re- 
quirements, improved working conditions, 
longer lifetime of the furnace lining and the 
potential for automation. 

If scrap alloys are processed directly in the 
converter and not in the shaft furnace, to speed 
up noble-metal throughput, the litharge picks 
up more base metal, mainly copper. The cop- 
per can be removed in copper matte only after 
the litharge has been transferred to the blast 
furnace. Therefore the noble metal is some- 
times concentrated by a preliminary treatmerit 
of the raw material. 

Both the oxidation process with direct feed- 
ing of scrap metal and the shaft furnace pro- 
cess can be carried out with copper instead of 
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silver. This is appropriate if the raw material 
has a high content of platinum-group metals 
that do not readily form alloys with silver 
(e.g., rhodium). The copper oxide formed is 
then usually processed by leaching with sulfü- 
ric acid. 


24.5.4 Via Scrap Metal Leaching 
[58] 


KE 

Alloys based on silver-copper, which can 
also contain nickel, zinc, other base metals, 
gold, and platinum-group metals, can be 
treated hydrometallurgically to recover the no- 
ble and base metals. 

The basis for this is the very wide miscibil- 
ity gap between silver and copper in the alloy 
system. Copper can be selectively dissolved 
by dilute sulfuric acid, with addition of air, 
gaseous oxygen, or hydrogen peroxide: 

Cu + CuSO, 2 Cu,80, 


Cu,SO, + H,SO, 4-1/,0, > 2CuSO, + H,O 


\ 

Copper can also be oxidized in a prior 
roasting stage. Dissolution by sulfuric acid is 
then possible without addition of oxidizing 
agents. The preferred reaction temperature is 
ca. 90 °C. In the concentration range Ag 30 Cu 
70 to Ag 70 Cu 30, the silver in the alloy re- 
tains its structure during the process. The reac- 
tion rate decreases nonlinearly with increasing 
depth of attack due to the restriction of diffu- 
sion through the silver skeleton. For accept- 
able times of solution, the thickness of the 
alloy pieces should not exceed 0.1-0 2 mm. 
This can be achieved by machining the alloy 
to form chippings or by spraying the molten 
metal to form a powder. In both cases, a mate- 
rial is obtained that can easily be kept in sus- 
pension by stirring. If the solidified metal is 
slowly cooled to ca. 200 ?C, formation of 
mixed crystals on the silver-rich side of the 
system can be inhibited, which increases the 
rate of copper dissolution. The silver that re- 
mains behind is generally electrorefined. Cop- 
per sulfate or electrolytic copper can be 
recovered from solution. 

Silver-containing alloys can be dissolved in 
nitric acid or hydrochloric acid chlorine, and 
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silver can be precipitated as silver chloride. 
However, this is not economical on an indus- 
trial scale. Copper nitrate can be converted to 
copper oxide or copper(I) chloride. Copper ce- 
mentation processes are seldom carried out 
because of environmented problems. 


24.5.5 Via Scrap Metal 
Electrolysis [59] 


Dietzel Electrolysis (Figure 24.5) [60]. A re- 
cycled alloy, usually of silver, gold, and cop- 
per, is anodically dissolved in an electrolyte of 
slightly acidified copper nitrate. The anode 
and cathode spaces are separated by a textile 
diaphragm. The anolyte is removed continu- 
ously via an overflow, and silver is precipi- 
tated from it by cementation with copper. The 
desilvered anolyte is fed continuously into the 
cathode space, where copper is deposited on 
rotating roller-shaped cathodes and is re- 
moved in sheet form from time to time. The 
flow of desilvered solution into the cathode 
space, and the outflow of silver-containing so- 
lution from the anode space, which is caused 
hydrostatically, produce a flow of solution 
through the diaphragm in the direction of the 
anode. Very little dissolved silver reaches the 
cathode space. Copper with a low silver con- 
tent is recovered at the cathode. This copper is 
electrorefined, whereby a gold-containing an- 
ode is produced. 





To silver 
recovery by 
cementation 


Figure 24.5: Dietzel electrolysis (front view): a) Roller- 
shaped cathodes; b) Diaphragm; c) Anode; d) Pieces of 
scrap silver, e) Anode slime. 

The process is still used industrially. One 
disadvantage is the high cost of equipment. 
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Several variations of the process have been 
described [61]. 


Demag Electrolysis [61]. Copper can be dis- 
solved from silver copper anodes by a dilute 
sulfuric acid electrolyte and deposited on the 
cathode, while silver remains undissolved. If 
the metal has an average silver content, as is 
necessary for the sulfuric acid leaching of 
scrap silver, a felt-like mass of silver is pro- 
duced that retains the shape of the original an- 
ode. With increasing depth of penetration into 
the anode, the dissolution reaction is inhibited 
by the silver structure, which presents diffu- 
sion. Therefore, the thickness of the anode 
sheet must not exceed ca. 5 mm. If anode bas- 
kets are used, avoiding the production of 
zones from which the copper has not been 
completely removed is even more difficult. 

As dissolution proceeds, the current volt- 
age characteristic of the electrolytic cell 
changes. Potentiostatic control of electrolysis 
is therefore essential to prevent excessive volt- 
age, which would cause silver to dissolve and 
be deposited with copper on the cathode. As in 
the sulfuric acid dissolution process, prelimi- 


` nary thermal treatment must be carried out to 


prevent excessive amounts of copper from ap- 
pearing in the silver crystals due to the forma- 
tion of silver-copper mixed crystals. Also, the 
copper-containing electrolyte must be care- 
fully washed out of the silver felt, which con- 
tains very fine pores. 

Electrolysis in sulfuric acid also removes 
the other metals that usually accompany cop- 
per and silver, but nickel accumulates in the 
electrolyte where it causes problems. If zinc, 
cadmium, lead, and tin are present in the recy- 
cled alloy, it should be oxidized first in a con- 
verter. Tin, especially, can interfere with 
electrolysis by precipitation of stannic acid. 


24.5.6 Processing of Flue Dust 


Flue dust from the waste gases of ће lead— 
silver smelting process nearly always contains 
silver. Flue dust can be recovered quantita- 


tively by means of settling chambers, electro-. 


static processes, wet and dry filtration, and 
scrubbing towers. 


Silver 


Dust from the lead~silver shaft furnace and 
the cupel generally contains the following: 
lead(IT) oxide, lead sulfide, silver sulfide, ele- 


mentary silver, copper oxide, copper sulfide, 


slag components, etc. It can normally be recy- 
cled to the shaft furnace, 


If halides, mainly from photographic mate- 
rials, are introduced into the smelting process, 
they are essentially bound as halides of lead 
and silver, which because of their low boiling 
points (bp of РЪСІ, = 916 °С), are found al- 
most entirely 1n the flue dusts. If the flue dust 
is recycled to the shaft furnace the halides 
revolatilize, and only the other components 
form slags or are reduced. The halide content 
of flue dust increases due to the recirculating 
system, and when it exceeds a certain figure, 
the dust is treated with sodium carbonate solu- 
tion or milk of lime. Soluble halides are dis- 
posed with wastewater All heavy metals, 
nonferrous metals, and noble metals remain as 
oxides, carbonates, or metals in the residue, 
which is fed back to the shaft furnace process. 


Like the halides, the elements zinc and cad- 
mium become concentrated in the flue dust, 
passing unchanged through the reducing shaft 
furnace due to their vapor pressure if they 
have not already been removed in the slag dur- 
ing cupellation or by distillation from the feed 
material. After sufficient concentration, they 
are dissolved as sulfates by treatment with sul- 
furic acid. The main component of the residue, 
which is fed back to the shaft furnace, is lead 
sulfate. The distribution of silver between the 
solution and the residue must be monitored. 


The arsenic, antimony, selenium, and tellu- 
rium in flue dusts are especially troublesome. 
Noble-metal smelters attempt to remove these 
elements, which are readily sublimable in the 
elemental state, before the flue dust is intro- 
duced into the recycling system. Recycling of 
dusts of this type is usually confined to copper 
and lead smelters, where the elements can be 
picked up in the slag, either in the shaft fur- 
nace or the dore furnace. 
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24.5.7 Processing of Copper 
Matte [62] 


Because of its high silver content, copper 
mate (see also Section 24.4.3.4) from the 
lead-silver shaft furnace used in noble-metal 
smelting must be treated without delay to min- 
imize interest losses. Silver can be recovered 
quickly by the lead shaft furnace process, fol- 
lowed by isolation of silver by the Parkes pro- 
cess. Treatment in the shaft furnace of a 
copper. refinery is possible, but silver is bound 
for a long time in the copper electrorefining 
stage and then in the copper anode slimes. In 
principle, copper matte can be ground, roasted 
in air, and leached with dilute sulfuric acid to 
dissolve the copper and leave a silver-contain- 
ing residue. The same result is obtained by di- 
rectly leaching ground copper matte with 
dilute sulfuric acid at ca. 160 ?C in autoclaves, 
with introduction of air. Direct electrolysis of 
copper matte anodes has also been proposed. 
Copper is deposited on the cathode, whereas 
silver remains in the anode slime. However, 
mechanically stable anodes are difficult to 
produce. 


24.5.8 Processing of Photographic 
Materials [38, 40, 62] 


Films. Film material in which the film base is 
nonuniform, and therefore difficult to reuse, is 
best treated by incineration, generally after 
size reduction in a cutting mill. The combus- 
tion temperature must be controlled carefully 
to minimize volatilization of the silver, which 
can lead to high losses in the combustion 
gases, and consequent high recycling costs. 
The durability of the furnace lining is also 
strongly dependent on temperature. Usual in- 
cineration temperatures are in the range of 
1000-1200 °C. The temperature can be low- 
ered by water spraying [63]. 

If pyrolysis [64] is used rather than inciner- 
ation, flue dust problems are largely avoided. 
The end products of incineration of pyrolysis 
can be treated by smelting or electrorefining, 
depending on the silver content. In pyrolysis, 
temperatures of 600—700 °C are used: If the 
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film substrate is to be reused, a washing pro- 
cess is employed that destroys the gelatin 
coating and liberates silver or silver halide. 
Suitable washing solutions include hot dilute 
sulfuric acid, hot dilute sodium hydroxide so- 
lution, sodium hypochlorite solution, or en- 
zyme solutions [65]. If developed films are to 
be treated, the grains of silver can be oxidized 
with a solution of iron(IIT) chloride, and the 
silver halide formed can be washed off with a 
solution of sodium thiosulfate. The silver con- 
centrates, which must be reduced to silver if 
silver halides are present, generally have a suf- 
ficiently high silver content to be treated by 
electrorefining. 

Older films, such as those from archives, 
must be tested carefully to determine whether 
they are made of extremely flammable nitro- 
cellulose film material. The storage of such 
materials requires elaborate safety precau- 
tions. 


Photographic Paper. Washing processes are 
uneconomic because the silver content of pho- 
tographic papers is low and the substrate ma- 
terials cannot be reused after washing. Instead, 
silver is usually recovered by incineration or 
pyrolysis. 


Photographic Emulsions. The photographic 
industry produces unusable, usually pasty or 
lumpy residues of photographic emulsions, 
which are supplied to recovery plants for treat- 
ment. Apart from silver halides, they contain 
water and considerable amounts of gelatin. 
Treatment can be by combustion, pyrolysis, or 
chemical breakdown of the gelatin in solution 
or suspension. The silver halides can be re- 
duced at the same time or in a subsequent op- 
eration. The isolated silver halides can be 
converted into metallic silver by fusion with 
sodium carbonate or by hydrometallurgical re- 
duction. 


Fixing Baths [66—73]. Silver-containing fix- 
ing baths from photographic plants and labo- 
ratories, hospital X-ray departments, and 
doctors’ surgeries are rarely sent directly to re- 
covery plants. They are generally treated 
chemically or electrochemically in situ to pre- 
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cipitate the silver. Alternatively, they may be 
purchased by specialist companies that con- 
vert then to concentrates and detoxify the 
highly contaminated wastewater. 

In times of high silver prices, ca. 75% of all 
fixing baths are treated to recover the silver in 
spite of their wide dispersal. In addition to the 
economic value of the silver recovered from 
fixing baths, ecological considerations are im- 
portant. 

In concentrations of > 0.04 ppm, silver ions 
have harmful effects on biological systems. 
However, these effects аге much reduced if the 
silver in photographic wastewater is in the 
form of a complex. The potentially harmful ef- 
fects on biological wastewater treatment sys- 
tems are prevented by rapid reaction of 
dissolved silver with the sulfide that is always 
present in such systems to forming insoluble 
and, therefore nontoxic, silver sulfide. Al- 
though no harmful effects on biological sew- 
age treatment plants have been observed in 
practice, the silver concentration in wastewa- 
ter passing into the main drainage system is 
usually limited to 1-2 ppm. 

Many processes have been used to treat sil- 
ver-containing fixing baths. Chemical precipi- 
tation processes have largely been displaced 
by electrolytic processes for ecological rea- 
sons. The original method of precipitating sil- 
ver sulfide from the fixing bath by adding 
sodium sulfide is obsolete and unacceptable 
for reasons of industrial hygiene. Precipitated 
silver sulfide was often reacted with iron pow- 
der above the melting point of silver to form 
metallic silver and iron sulfide. Later, silver 
sulfide was precipitated by adding trimer- 
capto-s-triazine [71]. This reaction takes place 
without liberation of hydrogen sulfide and can 
be followed potentiometrically. The method 
is also suitable for treating the much more di- 
lute fixing and bleaching baths from color 
photography, for rinsing solutions, and for 
wastewater that contains copper, cadmium, 
mercury, nickel, and lead. Final concentra- 
tions of ca. 1 mg/L silver are obtained. The ce- 
mentation of silver with zinc powder is 
dangerous due to the hydrogen evolved and 
has led to severe accidents. It also produces 
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zinc-containing wastewater. The use of so- 
dium borohydride as reducing agent has been 
suggested, although this also results in evolu- 
tion of hydrogen. The use of sodium dithionite 
as a reducing agent is recommended in the 
photographic industry: 

2Na,[Ag(S,0,).] + №,5,0, + 4NaOH — 

2Ag + 2Na,SO, + 4Na,S,O, + 2H,O 

Most fixing bath treatment companies now 
use a process in which silver is recovered 
quantitatively by electrolysis. Fairly pure sil- 
ver is removed from the stainless steel cath- 
odes in the form of sheets and budlike 
growths. In large laboratories and hospital X- 
ray departments, part of the silver is recovered 
continuously in electrolytic cells, so that the 
fixing bath can be used for a longer period and 
no longer need be discarded so frequently and 
replaced with new material. For smaller labo- 
ratories and doctors’ surgeries, the recovery of 
silver from fixing baths is carried out by using 
containers packed with steel wool [72]. The 
spent fixing bath solution is run through 
slowly, whereby silver is reduced and precipi- 
tates on the steel wool. The suppliers take 
back the containers with the silver and send 
them to recovery plants. 

Electrolysis equipment [73, 74] of various 
sizes is also rented out by many business es- 
tablishments who undertake the refining and 
purchase of the silver produced. This system 
has become important mainly in European 
countries except Germany [75]. 

The complex-forming thiosulfate in the fix- 
ing bath can be decomposed by sodium hy- 
pochlorite or chlorine and neutralized with 
sodium hydroxide solution: 


Ма,5,О, + 4С1, + 10NaOH — 2Na,SO, + 8NaCI + SH,O 


The silver chloride formed can be filtered off 
and reduced. In practice, oxidation with hy- 
drogen peroxide is often preferred [76]. The 
advantages are ease and safety in handling, 
and the avoidance of contamination with toxic 
chlorinated organic substances. The reactions 
are 


2Na,S,0, + HO, э Na,S,0, + 2NaOH 
М№а,5,0, + 7H,O, + 6NaOH — 4Na,SO, + 10H,O 
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which can be summarized as 
М№а,5,0, + 4H,O, + 2NaOH — 2Na,SO, + 5H,O 


This can be taken to either the tetrathionate or 
the sulfate stage, depending on the desired 
BOD value of the wastewater produced. The 
silver precipitates as a mixture of Ag,O, AgBr, 
and Ag,S. 

In low-silver fixing baths (e.g., washing 
baths or fixing baths from which silver has 
been removed electrolytically) the small 
amounts of residual silver can be removed by 
ion exchange [77-79]. 


24.5.9 Surface Desilvering 


In silver-plated material for jewelry, the 
base metal is usually German silver, a copper- 
nickel-zinc alloy. The base materials of silver- 
plated electronic components are generally 
copper-iron, iron-nickel-cobalt alloys, or 
brass. In addition they contain tin as a brazing 
alloy component and gold as a contact mate- 
rial. In electrical low-current contacts, carrier 
materials for the silver coating can be copper, 
copper-tin, copper-beryllium, brass, German 
silver, or copper-nickel-tin. 

The processing of these materials in the 
lead-silver smelting process (see Section 
24.4.2) is uneconomical. The large amounts of 
copper result in formation of additional copper 
matte, which can often incorporate more silver 
than is introduced in the scrap material. Nickel 
and iron lead to the formation of undesired 
furnace bottoms. Silver-plated materials are 
better treated by the copper-smelting route 
(see Section 24.4.3), which allows recovery of 
copper, nickel, silver, and gold in high yield. A 
disadvantage is that the noble metal is tied up 
for a long period. 

In the dissolution of silver coatings from 
metallic substrates by acid treatment, both sil- 
ver and the base metal are attacked, especially 
in the reaction of nitric acid with German sil- 
ver. A mixture of concentrated sulfuric acid 
and concentrated nitric acid gives better re- 
sults. Silver-plated items may also be reacted 
with hot sodium polysulfide solution, which 
rapidly and selectively converts the silver to 
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silver sulfide. The sulfide coating can then be 
removed by mechanical or thermal shock, or 
by reduction with aluminum or reducing 
agents, e.g.: 


AgS + Na,8,0, + 4NaOH > 
2Ag +2Na,SO, + Na,S + 2H,O 


The dissolution of silver coatings in sodium 
cyanide solution in the presence of oxygen is 
slow and therefore suitable only for very thin 
films (a few micrometers), such as those on 
electronic products. As with gold, higher rates 
of dissolution are achieved if water-soluble ar- 
omatic nitro compounds (e.g., nitrobenzene- 
sulfonic acid or nitrobenzoic acid) are used as 
oxidizing agent instead of air [80]. When the 
base material consists of copper or copper al- 
loys, unwanted side reactions of the type 


Cu +4NaCN + H,O — Na,[Cu(CN),] + NaOH + '/,H, 


are difficult to avoid. Silver can be obtained 
from the resulting solution by electrolysis or 
by decomposition of the cyanide with chlo- 
rine. 


24.5.10 Processing of Special 
Scrap 


Silver residues for recovery often arise in 
combination with other valuable materials. In 
these cases, conventional processes may fail, 
either because the accompanying substances 
cause problems, or because they cannot be re- 
covered. In many cases (e.g, Ар-0-А1,0;, 
Ag-W, Ag-Ta), silver can be dissolved by ni- 
tric acid without attacking the accompanying 
material. More reactive metals such as alumi- 
num, nickel, tin, cadmium, or indium can gen- 
erally be dissolved even if they are alloyed 
with silver by using acid, acid mixtures, or al- 
kali, or by anodic dissolution, leaving silver as 
the residue. 


Before dental amalgam wastes are treated 
chemically to recover silver, they are usually 
heated to > 500 °C in closed equipment with 
strict control of the surrounding atmosphere to 
distill the mercury. 
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24.6 Silver Refining 


[2, 3, 19, 
54, 59, 81] i 


Crude silver, from ores in primary produc- 
tion and from recycling operations generally. 
has a purity of 98-99.5%, which may include 
gold and platinum-group metals because these 
processes only separate noble metals from 
base metals. 

The main task of silver refining (world out- 
put: 10 000 t/a) is the production of silver with 
a purity of > 99.9% and > 99.97%. A purity of 
> 99.99% is increasingly being specified for 
industrial applications. The first and most im- 
portant task is the recovery of gold and plati- 
num metals from crude silver. The value of the 
gold in doré silver and auriferous silver often 
exceeds that of the silver itself. The refining of 
silver therefore generally includes a gold-sil- 
ver separation process. Before refining, the 
noble metals are in very concentrated form, so 
the process must involve the shortest possible 
tying-up of the noble metal. 


24.6.1 Fine Smelting 


If the crude silver contains hardly any gold 
or platinum-group metals, silver of fineness 
999/1000 can be obtained by an oxidation pro- 
cess, generally carried out in a separate refin- 
ing furnace. The purification process is 
improved by adding alkali-metal nitrates, al- 
kali-metal carbonates, or silver sulfate, and by 
blowing with oxy gen. 


24.6.2 Refining with Nitric Acid 
(Inquartation) [3] 


The long-known process of dissolving a sil- 
ver-gold alloy in nitric acid is still used today, 
although to a minor extent. Silver dissolves 
according to the equation 
3Ag + 4HNO, —3AgNO, + 2H,0 + NO 


(Figure 24.1), and the gold remains undis- 
solved. The separation becomes increasingly 
efficient as the composition of the alloy ap- 
proaches Ag 75 Au 25. Ag-Cu-Au alloys can 
also be treated by this process. In addition to 
silver, the base-metal components and most of 
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the platinum metals are dissolved. Silver ni- 
trate can be isolated from the solution; metal- 
lic silver can be obtained by cementation or 
electrolytic reduction; or silver chloride can be 
precipitated. Historically, the process was 
temporarily replaced by the sulfuric acid sepa- 
ration process, because of the high consump- 
tion of nitric acid and the large amount of 
recycled noble metal. Its advantage is rapid re- 
covery of the ‘gold. Hence alloys with high 
gold content (e.g., 10-20%) are treated by this 
process. 


24.6.3 Refining with Sulfuric Acid 
(Affination) [3] 


Silver-gold alloys are treated with ca. 86% 
sulfuric acid at 240 °C, whereby the silver is 
oxidized according to the equation 


2Ag + 2H,SO, > Ag,SO, +2H,0 + SO, 


and remains in solution as the more soluble 
silver hydrogensulfate. The solution is diluted 
with water to precipitate silver sulfate, which 
is filtered off and treated with iron in a cemen- 
tation process. The silver sulfate still in solu- 
tion is treated by cementation with copper to 
produce copper sulfate. This refining process 
can deal with a wider range of alloy composi- 
tions than the nitric acid process (Section 
24.6.2). The alloys treated may contain appre- 
ciable amounts of copper. Also, the consump- 
tion of acid is much lower than in the nitric 
acid process. On the other hand, this refining 
process requires more costly equipment and 
results in considerable off-gas problems. The 
sulfuric acid process has not been used since 
World War II. 


24.6.4 Moóbius Electrolysis [22, 23] 


The Möbius electrolysis process for refin- 
ing silver is used mainly in Europe (Figure 
24.6). A silver nitrate-sodium nitrate-nitric 
acid electrolyte is employed. Silver and the ac- 
companying base metals are dissolved by an- 
odic oxidation, and the concentration and 
current-voltage ratios are controlled so that 
only silver is deposited at the cathode. Cast 
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crude silver. anodes are suspended and sur- 
rounded by anode bags in which anode slime 
collects. This contains all the gold in the form 
of metal, selenide, or telluride, as well as plati- 
num-group metals, silver particles that be- 
come detached, lead dioxide, and oxidic 
copper compounds. Dendritic silver crystals 
are deposited on the stainless steel cathode 
sheet and removed continuously by automatic 
scrapers to prevent short circuits. Copper ac- 
cumulates in the electrolyte. If the concentra- ` 
tion of copper becomes too high, it can deposit 
with the silver, and the purity specification 
may not be met. The same is true of selenium. 
Palladium goes partly into solution but sepa- 
rates on the cathode to a very minor extent. 
Front view 


e 





Side view 





Figure 24.6: Silver electrorefining by the Móbius pro- 
cess: a) Scraper; b) Cathode (stainless steel); c) Anode 
(crude silver); d) Anode bag; e) Anode slime (gold, plati- 
num-group metals); f) Silver crystals; g) Scraper. 

The silver concentration in the electrolyte 
is ca. 50 g/L, with 10 g/L of free HNO,, and 
the anodic current density is 400—500 A/m?. 
The cell voltage is 2.0-2.5 V. The anodes and 
cathodes are usually arranged in parallel in the 
cell, and the energy consumption is ca. 0.6 
kWh/kg of pure silver. To compensate for the 
anodically dissolved base metals that are not 
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removed at the cathode (mainly copper), silver 
nitrate solution is fed into the electrolyte to 
prevent depletion of silver. 

At one time, the Móbius process had to be 
interrupted to remove crystals of fine silver. 
The anode and cathode carrying device was 
lifted from the bath, and the perforated false 
bottom was raised to enable the silver crystals 
to be collected. Today, cells are usually con- 
structed so. that the silver crystals can be 
scraped manually over the edge of the vessel 
without interrupting electrolysis (Figure 24.6). 
The spent anodes are replaced continually by 
new anodes, so that interruption of electrolysis 
is necessary only if the electrolyte must be re- 
placed due to excessive copper concentration, 
or if the anode bags have to be emptied. The 
- electrolyte is usually treated with copper to re- 
cover the silver by cementation, and the cop- 
per is then recovered by cementation with 
iron. The electrolyte can also be treated by 
chemical precipitation methods or by the 
“black melt” process in which a mixture of sil- 
ver nitrate and copper nitrate is obtained by 
evaporating to dryness (see Section 24.7.1). 
The main accompanying metal, copper, is re- 
ported to be removed by liquid—liquid extrac- 
tion, in which case the remaining silver- 
containing solution could then be returned to 
the system [82, 83]. 

The Möbius electrolysis process is most 
suitable for crude silver containing > 90% Ag. 
With high copper content, the electrolyte must 
be regenerated too often, and with high gold 
content, the anode bags require frequent emp- 
tying. Both are costly operations. A single 
electrolysis gives a purity of 99.95-99.99% 
Ag and a double electrolysis gives a purity of 
99.995-99.999%. 


24.6.5 Balbach-Thum 
Electrolysis [22,23] 


The Balbach-Thum electrolysis process 
uses virtually the same electrochemical condi- 
tions as the Móbius process. Only the geomet- 
rical arrangement is different (Figure 24.7). 
The anodes and cathodes are arranged hori- 
zontally. Each cell is provided with only one 
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anode and one cathode. The cathode is a stain- 
less steel plate covering the entire floor area. 
Above this, at a distance of 10 cm, is a slightly. 
smaller framework of nonconducting material, 
covered with fabric and containing the anodes. 
The anode and cathode are supplied with elec- 
tric current via silver contacts. The crude sil- 


ver anodes are completely covered by . 


electrolyte, and therefore completely dis- 
solved, unlike the anodes of the Móbius pro- 
cess, which leave behind some unconsumed 
metal. Another advantage of Balbach-Thum 
electrolysis is that the anode slime is recov- 
ered more easily, which is especially impor- 
tant when the crude silver has a high gold 
content. Disadvantages include the large space 
requirement and high energy consumption. 
The Balbach-Thum process is used mainly in 
the United States. 


- + 





10 cm 
Lu 


Figure 24.7: Balbach-Thum electrorefining: a) Cathode; 
b) Silver anode; c) Diaphragm; d) Silver crystals. 


24.7 Inorganic Compounds 
[19, 84-86] | 


24.71 Silver Nitrate [2] 


Properties. Silver nitrate, theoretical silver 
content 63.50%, colorless rhombic crystals, 
mp 209 °C, temperature of transformation to 
the trigonal form 160 °C, decomposition tem- 
perature 444 °C, density 4.352 g/cm? (Table 
24.5), is very soluble in water, the solubility 
being strongly dependent on temperature (Fig- 
ure 24.8), with complete miscibility in the 
AgNO,-H,0 system at > 159 °C. Its solubility 
in water is decreased considerably by the pres- 
ence of nitric acid (Figure 24.1). The solubil- 
ity in ethanol is 20.8 g/L, in methanol 35 g/L, 
and in benzene 2.2 g/L. 
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Figure 24.8: Solubilities of silver compounds in water as 
a function of temperature. 
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Table 24.5: Saturated solutions of silver nitrate in water. 


AgNO, 





Tem. ———____~_3__Densj 
erature Bper100 g/L of : s 

Р H,O solution molarity % g/cm 
BEE 

-7 - 94 773 4.6 48.5 1.60 

0 Is 909 54 535 1.70 


10 160 1170 69 615 1.90 
20 215 1438 85 682 211 
25 241 1551 91 707 2.19 
30 282 1710 100 738 232 
40 335 1892 111 770 4 246 
50 400 2083 123 800 2.60 
60 471] 2261 133 825 274 
80 652 2608 154 #867 3.01 
90 762 2768 163 884 313 
100 1024 3052 180 911 335 
110 1105 3120 184 917 340 
125 1624 3430 202 942 3.64 
133 194] 3552 209 95.1 374 
> 159 оо i 





Silver nitrate has an oxidizing action on or- 
ganic materials, which can lead to ignition and 
combustion, sometimes with explosion. Silver 
nitrate is decomposed even by traces of dust, 
with formation of finely divided, black silver. 
The reaction is accelerated by light. Silver ni- 
trate and its solutions are unstable toward light 
over long periods. 


Production. Silver nitrate is generally pro- 
duced by dissolving pure silver in hot 32% ni- 
tric acid: 

4Ag + 6HNO, — 4AgNO, + NO + NO, + 3H,O 


If all the nitrogen dioxide is recycled by reac- 
tion with the water in the system to form nitric 
acid (see below), the overall reaction is 

3Ag + 4HNO, — 3AgNO, + NO + 2Н,0 


In practice, the mass balance lies somewhere 
between these two equations. A slight excess 
of nitric acid is required, which can be recov- 
ered when the product is crystallized by evap- 
oration. Many producers pass oxygen or air 
through the reaction mixture;-giVing improved 
recovery of nitric acid: 

4Ag + 4HNO, + О, — 4AgNO, + 2Н,0 


However, the formation of nitrogen oxides can 
be largely suppressed by using a closed vessel, 
so that off-gas treatment can be avoided. The 
nitrogen oxides produced were formerly ther- 
mally decomposed at > 600 °C in a flame, to 
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til the pH reaches 6. Chromatographic purifi- 
cation methods based on 1-AL,O, have also 
been described [87, 88]. Small traces of com- 
pounds of the platinum-group metals can lead 
to undesirable photochemical sensitization 
and can be converted into the inactive elemen- 
tal form by irradiation with UV light [89]. Fi- 
nal purification can be carried out by heating 
molten anhydrous silver nitrate to ca. 350 °C, 
which mainly removes copper [19, 34]. At this 
temperature, silver nitrate does not decompose 
to the nitrite, but the decomposition tempera- 
ture of most other heavy-metal nitrates to their 
oxides is exceeded. The copper oxide formed 
gives a dark-colored melt (black melt pro- 
cess). Precipitated impurities are removed by 


Silver chloride, AgCl; silver bromide, 
AgBr, and silver iodide, AgI (Table 24.6 and 
Figure 24.8) resemble one another in proper- 
ties. Silver astatide (AgAt) is a member of this 
series, although it is likely to be sensitive to 
oxidation, even by atmosphenc oxygen [90]. 


Silver halides become increasingly insolu- 
ble in the series AgCl, AgBr, Agl. Their sólu- 
bility can be reduced further by addition of the 
respective common ion in low concentration. 
Higher concentrations of the common ion 
cause a marked increase in solubility due to 
the formation of complexes of the type 
[AgX;] (Figure 24.3). Soluble complexes аге 
also formed with -thiosulfate, cyanide, and am- 


Agl 

45.95 
hexagonal (€ 150 °C) 
cubic (> 150 °C) 

5.683 
6.010 

557 

1506 
0.001 
0.0001 

100 


AgBr 
57.44 
cubic 
6.473 
430 
1533 
0.003 
25 - 


АРС! 
79.26 
cubic 
5.56 
455 
1547 
0.03 
3300 


the sparingly soluble silver(T) oxide in water 
has a marked alkaline reaction. In electrolytes 
containing sodium hydroxide or in neutral 
electrolytes that do not produce sparingly sol- 
uble silver salts, silver(I) oxide can be pro- 
duced by anodic oxidation of metallic silver. 


Silver(I) oxide is used in considerable 
quantities (1.е., several hundred tons per year) 
in batteries (see Section 24.9.5). In organic 
synthesis, it is used to replace halogen atoms 
with OH groups. | 


Silver(II) oxide, AgO, theoretical silver con- 
tent 87.08%, AgO content of commercial 
product 97.5%, is now known to have the for- 
mula Ag'Ag™O.. It is a gray-black powder, 


Table 24.6: Properties ofthe sparingly soluble halides and pseudohalides of silver. 


*The isomeric compounds corresponding to the tautomeric formulas H-NzC, H-O-C 


state; the nomenclature used in the literature is contradictory [19, 95, 97]. 


> High-temperature and high-pressure modifications also generally exist. 


* Hexamethylphosphoric tciamide. 


f . | : А DE P a i ini i > 
dissolving the product in water and filtering. monia (see Section 24.7.6). Solubility in or- e 125 Ж E и EE structure, ше 
2 No я : rm : EIS S ex 39 composes slowly to the elements above ca. 
The purified solution is then concentrated, and ganic solvents increases with increasingly & Бр a ER LE = 85 °С and rapidly above 100 °C. Silver(I) ox 
D . ы . S . | 2 = = 25 = = Sh. EI Ki | : * - 
the silver nitrate is crystallized, washed care pend reu of the chemical bond from | & |55 Е go 2052 E E ide has not been detected аз ап intermediate of 
fully, and dried. chloride to 10dide. | 35 S 883e this reaction. 
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Silver(IT) oxide is usually prepared by the 
oxidation of monovalent or elemental silver 
by peroxodisulfate [94]. Other suitable oxidiz- 
ing agents are potassium permanganate, 
ozone, sodium hypochlorite, or an electric cur- 
rent. Silver(IT) oxide is a strong oxidizing 
agent. In contact with organic compounds, in- 
cluding solvents, spontaneous reaction can oc- 
cur. It is increasingly used in voltaic cells, 
where the amount of electricity produced per 
mole of silver(IT) oxide reacted is twice that 
produced per mole of silver(I) oxide, leading 
to economies in weight and space. The lower 
silver consumption means it 1s often more eco- 
nomical to use silver(II) oxide than silver(T) 
oxide, despite higher production costs. 


24.7.4 Other Soluble Silver 
Compounds 


. Silver sulfate, Ag,SO,, silver content 
34.60%, mp 657 °C, p 5.45 g/cm, is a white, 
crystalline salt with rhombic structure. It is 
fairly soluble in water (Figure 24.8) and more 
soluble in sulfuric acid (Figure 24.1), forming 
AgHSO,, which can be isolated. Silver sulfate 
is produced by the reaction of silver with hot, 
concentrated sulfuric acid. 

2Ag + 2H,SO, — Ag, SO, + SO, + 2H,O 


It can also be prepared by precipitation with 
sulfuric acid from AgNO, solution, followed 
by recrystallization from dilute sulfuric acid. 


Silver permanganate, AgMnO,, silver con- 
tent 47.60%, is a black-violet salt that is mod- 
erately soluble in water (Figure 24.8). It can be 
used as a disinfectant and oxidizing agent. It is 
produced as the least soluble component in the 
system 


AgNO, + KMnO; — AgMnO, + KNO, 
or by the reaction of silver(I) oxide or silver 


carbonate with a solution of permanganic 
acid. 


Silver) fluoride, AgF, silver content 
87.79%, mp 434 °С, p 5.852 g/cm?, is a white, 
flaky, crystalline solid with cubic crystal 
structure. It is hygroscopic and soluble in wa- 
ter. With increasing temperature, the solid 
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phases AgF-4H,O and AgF-2HLO exist in 
equilibrium with the saturated solutions. 


Silver fluoride is prepared by the reaction. 


of silver(I) oxide or silver carbonate with hy- 
drofluoric acid, or by dissolving finely divided 
precipitated silver powder in hydrofluoric acid 
and hydrogen peroxide. 

Silver fluoride is of minor industrial impor- 
tance but is used in preparative fluorine chem- 
istry. 

Disilver fluoride, Ag,F, is water sensitive, 
and silver(II) fluoride, AgF,, is highly reac- 
tive. 


Silver tetrafluoroborate, Ag[BF ,], is used in 
aqueous solution as an absorbent for ethylene. 
It can be produced in benzene 

АВЕ + BF, — Ag[BF,] 

or in aqueous-solution 

Ag,O + 2H[BF,] > 2Ag[BF,] + H,O 

The compound is very hygroscopic and unsta- 
ble to light. 


Oxy Salts of Halogens. Silver chlorate, 
AgClO,, is moderately soluble in water, and 
silver perchlorate, AgC1O,, is very soluble. 


Soluble Organic Silver Compounds. Sil- 
ver) acetate (Figure 24.8), silver(I) propi- 
onate, and silver(T) lactate are fairly soluble in 
water. 


24.7 .5 Other Insoluble Silver 
Compounds 


Silver sulfide, Ag,S, mp 845 °С, p 7.326 
g/cm?, silver content 87.06%, forms black 
crystals or powders with monoclinic crystal 
structure (as argentite, cubic), and 1s the least 
soluble silver compound (7 x 107^ g/L at 
20 *C). It is not dissolved by the ligands am- 
monia and thiosulfate, but 1s dissolved by cya- 
nide. Silver sulfide can be dissolved by 
oxidative reactions (e.g., in hot, concentrated 
nitric acid). It can be reduced by base metals 
or by dithionite in alkaline solution. The latter 
is used to remove the dark coating from tar- 
nished silver. Silver sulfide is prepared from 
the elements at 250-400 ?C or by precipitation 
of silver by sulfide ions. 





Silver 


Silver carbonate, Ag,CO,, p 6.077 g/cm?, isa 
white powder that rapidly turns yellow. It has 
a monoclinic crystal structure and decom- 
poses at 218 °C, liberating carbon dioxide. It 
is prepared from soluble silver compounds by 
precipitation with alkali-metal carbonate. 


Silver isocyanate, AgNCO, can be precipi- 
tated from aqueous solution. A mainly cova- 
lent Ag—N bond is present in AgNCO, Silver 
cyanate, AgOCN, apparently does not exist. 
Unlike the isomeric silver fulminate, AgCNO 
(see Section 24.7.7), silver isocyanate is ther- 
mally stable. The nomenclature for cyanates 
and isocyanates is, however, not yet uniform 
[19, 95-97]. 


Silver cyanide, AgCN, mp 350 °C, p 4.62 
g/cm}, is a white powder with a trigonal crys- 
tal structure. It is prepared from soluble silver 
salts by precipitation with cyanide anions. 
This compound is the precursor in the produc- 
tion of potassium dicyanoargentate(T). Silver 
cyanide used to be important in analytical 
chemistry because of its low solubility in wa- 
ter, and the ease and rapidity with which it can 
be converted into the dicyanoargentate com- 
plex. 


Silver thiocyanate, AgSCN, р 3.746 g/cm3, is 
a white powder with a monoclinic crystal 
structure that decomposes on melting. It is 
produced by precipitation from aqueous solu- 
tion, a reaction that is also used in quantitative 
analysis. 


24.7.6 Silver Complexes 


Potassium ` dicyanoargentate(D, К[Ар 
(CN),], silver content 54.20%, p 2.364 g/cm’, 
forms white crystals with trigonal structure, 
which are very soluble in water (Figure 24.8) 
and fairly soluble in ethanol. It is prepared by 
dissolving silver cyanide in an aqueous solu- 
tion of KCN, concentrating by evaporation, 
and crystallizing. It can also be obtained elec- 
trolytically by the anodic oxidation of silver in 
aqueous potassium cyanide solution. This 
method is analogous to that for the preparation 
of K[Au(CN),]. Potassium dicyanoargentate 
is the basis of cyanide plating baths and is 
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used extensively in the jewelry industry. The 
corresponding sodium salt has similar proper- 
ties and is an intermediate in the extraction of 
silver from ores by the cyanide process. 


Thiosulfate Complexes. Several complexes 
are known, for example, 


Na[Ag(S,0,)] = Na,S,0,: Ag,S,O, 
Na,[Ag,(S,0,),] = 2Na,8,0,: Ag;S,O, 
Na;[Ag(S:0;);] = 3N2,5.0,:Ag,8;0; 4 
Na,[Ag(S,0,),] = 5Na,S,0,-Ag,S,0, 


All these take part in the photographic fixing 
process (see-Section 24.9.9) but have no tech- 
nical importance in their own right. Their sol- 
ubility in water increases as the ratio of S,037 
to silver in the complex increases. 


Diammine Complexes. The cationic complex 
[Ag(NHj)] is formed when most silver com- 
pounds are dissolved in aqueous ammonia. 
The solution is unstable and can precipitate 
highly explosive fulminating silver. 


24.7.7 Explosive Silver 
Compounds [93] 


Many unstable silver compounds are 
known whose decomposition can occur spon- 
taneously and explosively. This reaction is 
usually initiated by heat, pressure, impact, or 
abrasion. These unstable silver compounds are 
all light sensitive. Hence, high-energy flashes 
of light can also occasionally cause explosive 
decomposition. Such compounds are no 
longer used to any extent, or are used only for 
very special preparative work, partly because 
of the near impossibility of storing them 
safely. Nevertheless, they can be formed in 
many chemical reactions and processes and, if 
their existence and properties are unrecog- 
nized, can result in accidents. 


Silver azide, AgN,, silver content 71.97%, 
has colorless, needle-like crystals (mp 
252 °C). It is an extremely explosive com- 
pound, sensitive to heat, impact, and pressure. 

Silver azide is insoluble in water and can be 
obtained by precipitation from solutions of so- 
dium azide and silver nitrate. It can be used to 
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prepare the equally explosive iodine azide 
(INS): 


AgN, +1, — IN, + AgI 


It is less stable than lead azide and has there- 
fore not been used as a detonator. 


Fulminating silver forms black crystals that 
consist of a mixture of silver nitride, Ag,N, 
and silver imide, Ag;NH. It is formed when 
aqueous ammoniacal solutions of silver com- 
pounds are stored, and by the action of ammo- 
nia on silver oxide or silver carbonate. 


An explosion can be caused by slight 
movement of a vessel containing an aqueous 
solution in which a small amount of fulminat- 
ing silver has precipitated and collected at the 
bottom. Aqueous solutions containing 
[Ag(NH,),]* should therefore never be stored. 


Silver amide, AgNH,, is highly explosive. It 
is formed mainly by the reaction of silver 
compounds with liquid ammonia. Silver fit- 
tings or equipment should therefore not be 
used in contact with liquid ammonia. 


Silver fulminate, AgCNO, is the silver salt of 
fulminic acid, HCNO [95, 99], and is some- 
times also referred to as fulminating silver 
(see above). It forms white needles that ex- 
plode under mechanical or thermal stress, and 
is considerably less stable than mercury fulmi- 
nate. 


Silver acetylide, Ар„С„ is an amorphous 
compound that decomposes explosively on 
impact or heating. On treatment with alkali- 
metal hydroxides, hydrolytic decomposition 
takes place. 


Silver acetylide is prepared by passing 
acetylene into an ammoniacal solution of sil- 
ver salts. If acetylene is passed into a neutral 
solution of silver nitrate, crystalline addition 
compounds, such as Ag,C.-AgNO, or Ав,С,· 
6AgNO,, are precipitated. Explosive silver 
acetylide is also formed when silver com- 
pounds come in contact with an acetylene 
flame. The existence of this hazard is the rea- 
son acetylene flames are not used for the exci- 
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tation of silver in .solution for spectral 
analysis. Apparatus and containers for acety- 
lene should not include fittings or components 
made of silver or high-silver alloys. Conven- 
tional silver brazing alloys are safe. 


Silver oxalate, (COOAg),, is a white com- 
pound that is insoluble in water and can be 
prepared by precipitation. It is temperature 
sensitive and decomposes on gradual heating, 
but detonates if heated rapidly. 


24.8 Disperse Silver 8, 19, 


56, 99] 


24.8. Silver Powder 


Silver powder is classified as microcrystal- 
line, spheroidal, or lameilar (flakes and 
bronzes), according to its particle shape. All 
three types, which differ in method of manu- 
facture, have specific areas of use. The basic 
material is pure silver or combinations of sil- 
ver and palladium. 


For various applications, the following 
properties are important: bulk density, tapped 
density, and tamped density (Table 24.7), sin- 
terability, flow properties, densities achiev- 
able by compression and sintering, specific 
surface area, and content of impurities such as 
Na*, K*, and Cu**. These properties depend 
ultimately on particle shape and size, and on 
particle-size distribution. The size of the pri- 
mary particles is not identical to the particle 
size measured by particle-size analysis, espe- 
cially for dendritic powders in which agglom- 
erates often occur. Earlier quality 
specifications were based mainly on sieve 
analysis, which has now largely been replaced 
by laser granulometry. The latter gives a value 
for particle size such that a defined fraction of 
the material (e.g., 90%) is finer than the 
quoted particle size. Methods for particle-size 
analysis are being supplemented more and 
more by optical and scanning electron micros- 


copy. 





Silver 


Table 24.7: Silver powder (physical properties, old system). 


Production Particle Bulk den- Specific surface 
sity, g/cm area (BET), m?/g 


Origin method shape 


Degussa chemical pre- crystalline са. 12 ca. 10 
cipitation (isometric) 


electrolysis crystalline са. 1.6 ca. 0.8 
of acidic (isometricto ` 
electrolytes dendritic) 


cementation crystalline са. 1.5 ca. 0.3 
(dendritic) 


atomization spheroidal са. 4.2 ca. 0.06 
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Flow proper- 
i 


Sinterability ties Sieve analysis 


good poor < 32 jum ca, 90% 
32-40 jum ca. 10% 
40—60 ип ca. 1% 
60-75 pm 0.1% 
75-100 шп ca. 0.196 
> 100 шп ca. 0.196 


« 32 рт ca. 7096 
32-40 ит ca. 20% 
40—60 um ба. 10% 
60—75 ym 1% 
75—100 рт ca. 096 
> 100 рт ca. 0% 


« 32 шп ca. 5096 
32-40 рт ca. 20% 
40-60 рт са. 20% 
60—75 um 596 
75-100 рт ca. 596 
> 100 штп ca. 3% 
« 32 шп ca. 5096 
32-40 ит ca. 30% 
40—60 um ca. 20% 
60—75 um 196 
75-100 pm ca. 196 
> 100 um ca. 0% 


good fair 


good fair 


poor good 


Table 24.8: Silver powder and flakes (physical properties, new system). 


Producer  Productno. Particle shape Tapped density, 
g/cm 

Demetron 309 microcrystalline 1.2-1.6 
328 microcrystalline 1.0-1.6 

331 microcrystalline 2.8-3.8 

F14 flakes 2.1-3.2 

D12 flakes 2.5-3.1 

D25 flakes 3.0—4.0 

D27 flakes 3.3-43 

D35 flakes 3.0-4.0 

Metz Q-100 microcrystalline 0.9-2.0 
. C-200ED microcrystalline 2.64.2 

EG 200 microcrystalline . 1.5-3.0 

Е < 9 flakes 2.6-3.5 
15 flakes 2.8-4.0 
25 flakes 3.35-4.3 
52. flakes 3.64.65 

"ASTM 527-85. 


BET surface, Particle size’, Impurities, ppm 


mie Wm Mai K Си 
0.5-0.9 «19 «100 «10 «500 
1.2-1.7 «19 «100 «10 «10 
0.7-1.2 <10 <10 <10 <10 
- 0.7-1.1 <32 «20 «10 «500 
1.0-1.5 «20 «30 «10 «500 
1.2-1.8 <16 <150 <10. <10 
1.0-1.8 <16 <100 <10 <10 
1.0-1.5 <18 <10 <10 <10 
0.55-1.05 <18 <25 <10 020 
0.5-0.9 <8 <50 <30 <30 
0.15-0.4 <13 <125 <10 <30 
0.9-1.2 «11 «150 «200 «350 
0.6-1.2 «10 «50 «10 «30 
0.35-0.75 «22 «30 «30 «30 


0.4—0.7 «14 «30 «30 «30 


* Typical particle size distribution by laser granulometry; Dernetron, 84% smaller than stated particle size; Metz, 90% smaller than stated 


particle size. 


Microcrystalline Silver Powder. Several ba- 
sic types of microcrystalline silver powder are 
available, differing in method of preparation, 
type of particle, and properties (Table 24.8). 
They were used almost entirely in sintering 
technology for a long time. Today, they are 
also used in stoving preparations (e.g., metal- 


lization of ceramics) and in pastes for repair- 
ing heated rear windows of motor vehicles. 


The most important method of production 
is precipitation by reducing agents, such as 
formaldehyde, potassium sodium tartrate, and 
hydrazine, from solutions of silver nitrate in 
dilute sodium hydroxide solution. Alterna- 
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tively, Ag,O or Ag,CO, suspensions are 
sometimes reduced with these reducing 
agents. 


Cementation with less noble metals is no 
longer of practical importance because of con- 
tamination of silver with the precipitating 
metal and wastewater problems. 


Electrolytic reduction of silver nitrate solu- 
tions under conditions used in Móbius elec- 
trolysis leads to a coarsely crystalline product 
that is not generally regarded as a silver pow- 
der and is marketed as "crystal silver". How- 
ever, by using special methods of scraping or 
washing the cathode and varying the condi- 
tions, the electrolysis of silver nitrate can be 
made to yield a finely powdered material suit- 
able for sintering applications. Electrolysis of 


an acidic medium has the advantage that base . 


metals are not usually deposited with the sil- 
ver. This allows less pure starting materials to 
be used [100]. Cathodic reduction of semicon- 
ducting silver(T) oxide in a medium containing 
sodium hydroxide leads to finely divided sil- 
ver powder that is very similar to the chemi- 
cally precipitated product. Silver oxide can be 
obtained by precipitation or by oxidation of a 
silver anode and deposition of the oxide on the 
cathode. Also, thermal decomposition of sil- 
уег(1) oxide or silver carbonate gives a silver 
powder with a relatively small specific surface 
area. 


Spheroidal Silver Powder. Atomization of 
molten silver by compressed air, inert gas, a 
water jet, or a rapidly rotating knife produces 
spheroidal silver powder, which is used 
mainly in sintering technology. It is character- 
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ized by relatively high bulk density, low spe- 
cific surface area, and good flow properties. _ 


Flakes and Bronzes. Lamellar particles are 
obtained by ball milling microcrystalline sil- 
ver powder. Flakes and bronzes are incorpo- 
rated into paints and adhesives, where they 
impart electrical conductivity to the polymer 
matrix due to the good particle-to-particle 
electrical contact. 


Silver-palladium powder is used in the pro- 
duction of conducting electrodes in ceramic 
multilayer capacitors. Palladium improves the 
migration resistance. Several types of powder 
are produced by different methods, including 
mixtures of silver and palladium powders 
(composite blends), simultaneously precipi- 
tated Ag-Pd powders (coprecipitates), and al- 
loy powders (solid solutions). Examples of 
these stoving powders are given in Table 24.9. 


24.8.2 Colloidal Silver (2, 19, 84, 101] 


Like most noble metals, silver forms very 
stable colloidal solutions in water. 


Properties typical of colloids are observed 
mainly for the particle-size range 0.001-0.1 
um. Fine-grained photographic emulsions can 
also consist of dispersions of colloidal dimen- 
sions. Most commercial silver colloids have 
an average particle size between 0.01 and 0.05 
um, corresponding to specific surface areas 
between 50 and 250 m?/g silver. The use of sil- 
ver sols in medicine and for the disinfection of 
water on the high reactivity of silver resulting 
from its large surface area. 


Table 24.9: Silver-palladium powders for multilayer capacitors. 


Producer Productno. Composition, % Particle shape 


Demetron 6427 1202 Ag 70 Pd 30 spheroidal 
6427 1102 Ag 80 Pd 20 spheroidal 
6437 0401 Ag80Pd20 flakes 
6437 2401 Ag 70 Pd 30 flakes 
6437 0501 Ag 60 Pd 40 flakes 

Metz 5030-1 Ag 70 Pd 30 spheroidal 
5070 Ag 30 Pd 70 spheroidal 
3030-1 Ag 70 Pd 30 spheroidal 
3030 flake Ag 70 Pd 30 flakes 
3070 Ag 30 Pd 70 spheroidal 


Tapped density, Particle size, Specific surface 
g/cm 


area, т/а 
1.4 <30 3.0 
0.6 <12 3.6 
3.2 <8 2.2 
3.4 <7 3.6 
2.6 <8 1.6 
1.2-2.2 <5 1.5-2.4 
1.5-3.0 <5 1.5—4.0 
2.1-3.2 < 2.6 1.2—2.4 
2.74.6 <6.5 1.5-2.2 
1.5-2.3 <3.5 1.9-3.0 





Silver 


As with all colloidal solutions of metals in 
water, the stability of the solution is main- 
tained by the negative charge on the metal par- 
ticles and their consequent mutual repulsion: 
The negative charge is caused by the adsorp- 
tion of anions. If it is disturbed by aging or by 
the adsorption of electrolytes until the isoelec- 
tric point is reached, partial or complete coag- 
ulation and flocculation occur. 

Aging and the effects of electrolytes can be 
inhibited by adding protective colloids, gener- 
ally naturally occurring polymers. These can 
still be effective after the dispersant has evap- 
orated, allowing the powder left behind to pro- 
duce a colloidal solution on rewetting. Such 
reversible colloids are often preferred to col- 
loidal solutions because of ease of handling. 

Colloidal silver is generally produced by 
reduction of a dilute solution of silver nitrate 
by the usual reducing agents (e.g., formalde- 
hyde, hydrazine)” at elevated temperature. 
Polymers that behave both as protective col- 
loids and contain reducing groups can also be 
used [102]. A silver sol can also be produced 
by the electrical dispersion of compact metal- 
lic silver immersed in water. Commercial 511- 
ver sols usually have concentrations of ca. 1% 
silver. Their color by transmitted light varies 
between yellow and brown, and they show 
green to blue fluorescence effects by reflected 
light. Colloidal silver powder, which is black 
and granular, has a silver content varying be- 
tween 75 and 97%. On redispersion in water, 
dark brown to black colors are obtained. 


24.9 Uses [103] 


24.9.1 Coins [1,2.6, 104] 


The amount of coinage in circulation has 
undergone with fluctuations throughout the 
course of history. The interchange between the 
monetary and functional use of silver has of- 
ten been influenced by the political situation. 
In times of war, silver was monetized to a 
greater extent to pay the costs, and when pros- 
perity was restored, the metal returned to pri- 


- vate possession in the form of silver articles. 
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Since the growth of the industrial demand for 
silver, it has become demonetized. Neverthe- 
less, large quantities of silver coins, with- 
drawn from circulation, are still used as 
national reserves. Even today, in some coun- 
tries, small coins and banknotes are backed up 
by actual quantities of silver. In Germany, the 
circulation of silver coins reached a high point 
in 1880 before the introduction of paper 
money. i 


In ancient times, silver coins were minted 
from refined silver (980/1000 to 990/1000), 
especially in Athens and Rome. The coins of 
the Middle Ages usually have a fineness be- 
tween 900/1000 and 990/1000. The actual 
value of these coins matched their face value. 
However, in periods of coinage debasement, 
so-called token coins also existed, whose 
metal value was less than their face value, and 
in which the silver content was reduced to ca. 
500/1000. In the 1900s, token coins :were 
minted generally. The silver content fluctuates 
between 945/1000 and 400/1000. 


The technique of minting silver coins has 
undergone many changes over time. At first, 
silver coins were produced partly by casting 
and partly by means of a hammered die. Vari- 
ous designs of press were then used. Today, 
rods or ingots are first produced by continuous 
casting. The ingots or rods are rolled to form 
plates of the exact thickness for coinage pro- 
duction. These plates are then heat treated to 
remove the effects of cold work hardening. 
Blanks are then cut or punched out from the 
plates, which are then blanched (whitened) by 
dipping in dilute sulfuric acid to dissolve both 
the thin oxide layer and the copper near the 
surface of the metal. This gives a lighter sur- 
face color and a pure silver appearance. After 
being washed, the coin blanks arc dried in cen- 
trifuges, the edges are knurled in milling or 
crimping machines, and the edge lettering is 
added, this is followed by minting in a coining 
press or coining machine. Modem minting 
machines produce 8000 coins per hour. 
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24.9.2 Jewelry [18,23] 


In earlier times, the manufacture of silver 
articles for jewelry and general use was the 
main outlet for silver, apart from coinage man- 
ufacture, and it is still very important. The cat- 
egory includes table silver such as cutlery, 
jugs, dishes, plates, and cups, as well as gob- 
lets, trophies, cases, church silverware, vases, 
lamps, and articles of jewelry such as neck- 
laces, bracelets, broaches, pendants, and rings. 
Silver is also used in the fabrication of musical 
instruments, especially flutes. Apart from its 
investment and display aspects, the bacteri- 
cidal action of silver has always been an im- 
portant aspect of the purchase and use of silver 
tableware articles (see Section 24.12.2). 

Today, silver-copper alloys with finenesses 
of 925/1000, 835/1000, and 800/1000 are used 
in all forms of jewelry because of their favor- 
able properties for both manufacture and use 
[105, 106]. Whereas fineness is now marked 
in thousandths, the earlier system used “Lot” 
units. Fineness was also expressed in the Rus- 
sian solotnik system. 

The standard materials, Ag925, Ag835, and 
Ag800 are supplied in the form of sheets, 
bands, wires, rods, and profiles. The industrial 
process of alloy production in a vacuum oven 
followed by casting and cold forming has now 
been replaced almost entirely by continuous 
casting. The quality of the alloys has thereby 
been improved, especially with respect to ho- 
mogeneity, shrinkage, gas cavities, and form- 
ability. 

Tarnishing of silver is a result of the forma- 
tion of silver sulfide caused by the action of 
hydrogen sulfide and its organic or inorganic 
derivatives. Incorporation of gold, platinum, 
or palladium into the alloy improves tarnish 
resistance but is expensive. Base-metal alloy 
components such as zinc and cadmium change 
the color and luster without preventing tar- 
nishing completely. Electrolytic pure silver 
coatings are more resistant to tarnishing than 
the usual silver copper alloys. Rhodium coat- 
ings, which were sometimes used in the past, 
are expensive and alter the appearance, albeit 
only slightly. Colorless coatings (e.g., lac- 
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quers) also spoil the appearance of the silver 
surface. 

Dipping baths for removing the tarnished 
layer reduce silver sulfide to fine silver, which 
washes off without affecting appearance. 
Pastes are also used that contain extremely 
fine abrasives and reducing agents such as so- 
dium dithionite. Surface-active additives, usu- 
ally silicone based, give some extended 
protection. The tarnishing of cutlery, in partic- 
ular, can be prevented by wrapping it in a cloth 
impregnated with finely divided elemental sil- 
ver. These cloths absorb sulfidic compounds 
from the air so that they cannot react with the 
compact metal surface. The most effective 
method of treatment, however, is still the labo- 
rious process of cleaning with a paste, which 
removes not only the surface layer of silver 
sulfide but also small surface imperfections, 
giving a smooth polish and restoring the origi- 
nal luster and warm color of the silver. 

Coloring. The only important coloring pro- 
cesses are blanching with sulfuric acid and 
forming oxidized silver, which is a type of par- 
tial tarnishing. 


24.9.3 Medicine [1,2, 18, 22, 23] 


Silver compounds are used only sporadi- 
cally in internal medical therapy, although 


. they were more widely used in earlier times 


for the treatment of epilepsy and gastric ul- 
cers. Today, their main use is for their bacteri- 
cidal action on certain pathogens. Here, they 
behave similarly to mercury compounds but 
are less toxic. Several complex coinpounds of 
silver that can be absorbed through the mu- 
cous membranes are used, mainly for disinfec- 
tion of the throat. The use of very dilute 
solutions of silver nitrate was for a long time a 
legally prescribed prophylactic treatment 
against possible streptococcal infection of the 
mucous membrane of the eyes of newborn ba- 
bies in Germany. Silver nitrate is a component 
of Fisan silver powder for the treatment of sur- 
face wounds. The local caustic effect of silver 
nitrate can be used to destroy proliferating tis- 
sue. A protective layer of silver chloride and 
silver albuminate is formed by reaction with 


Silver 


the skin, limiting the extent of the caustic ef- 
fect which is also associated with an antiseptic 
and astringent action. Sulfadiazine silver(I) 
[AgSD, 2-sulfanilamidopyrimidine silver(T)] 


Säi Lac) ) 


is used as a bacteriostatic compound in the 
treatment of life-threatening burns'[103, 107]. 


Colloidal silver sols have similar bacteri- 
cidal properties due to the oligodynamic ac- 
tion of silver. They are used in the form of 
stabilized solutions for disinfecting wounds, 
as are colloidal sols of sparingly soluble silver 
compounds. 


Silver and silver alloys have long been used 
as bone replacements, mainly in cranial sur- 
gery. Also, silver wire is used in suturing con- 
nective tissue, and fine silver gauze is used as 
an implant. Here, too, the oligodynamic prop- 
erties of silver are beneficial. It was once com- 
mon to place silver foil or even silver coins on 
wounds for the same reason. 


24.9.4 Dentistry [18, 22, 23, 56] 


Silver-tin amalgams are used in dentistry 
to fill tooth cavities. The preferred alloys con- 
tain 2 40% silver, € 32% tin, 30% copper, 2% 
zinc, and 3% mercury. They are produced ini- 
tially in the form of cast blocks, which are 
then powdered by machining or converted to 
small spheroidal particles by atomization. The 
dentist mixes this alloy powder with an ap- 
proximately equal weight of mercury to give a 
stiff paste. This paste 1s pressed carefully into 
the tooth cavity, the liquid mercury acting as a 
lubricant. Hardening is complete after a few 
hours and is accompanied by a small volume 
increase. In the older types of alloy, the impor- 
tant metallic phases present before hardening 
started were Ag,Sn, Sn, and Hg. During hard- 
ening, the Ag,Sn y-phase, which is the main 
component of the powdered amalgam, reacts 
with mercury to form a solid phase Ag,Hg, 
(y), and a solid Sn-Hg mixed-crystal phase 
SngHg (y2) The reactions are incomplete be- 
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cause the amount of mercury is insufficient. 
Some Ag,Sn (y) always remains in excess. 


Because of the presence of the relatively 
base metal tin, the y,-phase is the weakest 
component of a filling with respect to both 
corrosion and mechanical properties. Forma- 
tion of the y,-phase can be suppressed by in- 
creasing the copper content and decreasing 
tin. Such formulations are known as non- 
gamma-2 amalgams. Despite айуайсез in 
polymer-based filling materials whose color 
matches that of the tooth, non-gamma-2 amal- 
gams have continued to fulfill an important 
function in the treatment to back teeth where 
biting forces are greater. 


Silver-containing alloys are also used in 
dental prostheses. The gold-colored (gold- 
based) noble-metal alloys contain some palla- 
dium or platinum and ca. 10—159^ silver, and 
the white noble-metal alloys based on silver 
palladium contain up to 659^ silver. 


t 


24.9.5 Silver Plating [18, 23, 108, 109] 


Silver Electroplating [110, 111]. Electrolytic 
deposition is the most imiportant process for 
producing silver coatings. The electrolytes 
used are alkaline baths of potassium dicy- 
anoargentate(T) containing an excess of potas- 
sium cyanide, with potassium carbonate as the 
conducting salt. Soluble pure silver anodes re- 
place the metal deposited from the electrolyte 
onto the cathode. For plating articles in daily 
use, the preferred substrate is German silver 
(45-70% Cu, 5-30% Ni, 8—45% Zn), which 
combines good mechanical properties with 
good adhesion to the silver coating. Copper 
and nickel can also be electroplated directly. A 
thin initial silver coating (strike), produced in 
a special bath, often increases adhesion con- 
siderably. When electroplating iron, an inter- 
mediate coating of copper or nickel is 
necessary. Articles made of plastic (mainly 
acrylonitrile-butadiene-styrene and polyure- 
thane) or ceramic can be electroplated with 
silver if the surface is first provided with an 
electrically conducting coating by the electro- 
less deposition of copper or nickel. 
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The luster of silver coatings can be im- 
proved by additions of xanthates or thiourea to 
the plating bath. Their hardness can be influ- 
enced by doping the bath with antimony, bis- 
muth, arsenic, selenium, or lead [112]. Highly 
abrasion-resistant coatings, so-called disper- 
sion coatings, are produced by dispersing ce- 
ramic materials in the electrolyte during 
deposition. 


Coatings having different thicknesses at 
different parts of a workpiece can be produced 
by using special anodes that match the geo- 
metric shape of the workpiece and by control- 
ling the electric field in the electrolyte with the 
aid of masks. This technique can be used, for 
example, to produce thicker deposits on cut- 
lery at places where increased wear is ex- 
pected. 


Silver electroplating is used mainly in the 
cutlery, jewelry, and electronics industries. In 
total, considerably more silver is used in the 
manufacture of electroplated cutlery than for 
solid silver cutlery. The potassium dicyanoar- 
gentate(T) used in the process is the silver 
compound produced in greatest quantity after 
silver nitrate and silver(I) oxide. The quality 
of silver plating on cutlery is quoted in grams 
of silver per dozen table settings consisting of 
three items per setting. For the usual qualities, 
60, 90, or 100 minimum coating thicknesses 
are specified (е.р., 36 рт for a 90-g silver 
plating) [109, 113]. For jewelry, coatings are 
considerably thinner (e.g., 5-10 um). In elec- 
tronics, thicknesses of a few micrometers are 
often sufficient. 


The deposition of silver alloys usually 
leads to heterogeneous coatings with inferior 
technical properties, although significant im- 
provements have been obtained using gold- 
colored Au-Cu-Ag alloy coatings, in which 
silver is used in place of cadmium to lighten 
the color [56]. 


Silver electroplating is carried out in batch 
or continuous equipment and by barrel plat- 
ing. Wire-plating plants are also operated. In 
sorne cases, partial silver plating is carried by 
brush plating, in which the anode and cathode 
are linked by a pad soaked in electrolyte. 
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In bulk production, continuous-flow plat- 
ing plants are widely used, especially in the 
production of electronic components [56]. As 
with electroforming, their importance for 
gold is greater than for silver. 


Silver Plating by Chemical Reactions [2, 18, 
108]. Deposition of silver from aqueous solu- 
tions of silver salts onto workpieces of base 
metals normally leads to silver coatings of in- 
adequate quality. However, by using a solution 
of K[Ag(CN),], a fairly adherent—although 
very thin (< 1 рт) and somewhat porous— 
coating can.be deposited on copper by this 
simple method. The process is known as ce- 
mentation plating. 


The deposition of silver can be accelerated 
by contacting the metal to be plated with alu- 
minum or zinc (contact silver plating). This 
plating process gives thicker, pore-free silver 
coatings. Contact silver plating is carried out 
in hot cyanide electrolytes. It is very economi- 
cal for mass-produced articles, but has de- 
clined in importance. 


Instead of base metals, chemical reducing 
agents can be added to the cyanide electrolytes 
[e.g., sodium hypophosphite (NaH,PO,), so- 
dium borohydride, hydroquinone, or hydra- 
zine hydrate]. The cementation reaction with 
the substrate metal also takes place to some 
extent. This plating process is improved by the 
addition of complexing agents such as ethyl- 
enediaminetetraacetic acid. Plastics and ce- 
ramics can also he plated by an electroless 
method after activating pretreatment with 
tin(II) chloride and palladium(II) chloride so- 
lution. 


Silvering of glass, mainly for mirrors, 
Christmas tree decorations, and vacuum 
flasks, is performed with an ammoniacal sil- 
ver nitrate solution to which a solution of 
formaldehyde and sodium hydroxide is added 
as reducing agent [2, 114]. Silver is deposited 
on the surface of the glass, usually on warm- 
ing. This reduction reaction is also used in 
spray silvering, in which the two solutions are 
applied through the separate nozzles of a spray 
gun. 





Silver 


Friction plating consists of rubbing a work- 
piece with a moist mixture of very fine silver 
powder, silver chloride, and a reducing agent. 
This process was formerly used for silvering 
clock faces. 

Titanium articles can be silver plated by 
dipping into molten silver chloride. This pro- 
duces a coating of silver that adheres well but 
is not entirely free of pores [115]. 


Mechanical and Thermomechanical Plat- 
ing [18]. Mechanical plating processes are of- 
ten used to produce thick silver coatings, 
mainly for chemical apparatus, heavy-current 
contacts, and coating composite semifinished 
products. 

In roll cladding, silver is bonded to the base 
metal at a very thin boundary region where the 
two metallic crystal lattices become inter- 
locked. Cold and hot roll cladding can be car- 
ried out. 

In solder plating, a silver brazing alloy is 
introduced between the two surfaces to be 
joined, and the melting point is exceeded by a 
definite amount on compressing the heated 
metal sheets. In some systems (e.g., silver— 
copper), a solder-like bond.is produced if the 
melting point of the eutectic mixture of the 
two metals is exceeded in the boundary re- 
gion. This process is known as hot press weld- 
ing or eutectic welding. 

Other plating processes that can be used 
with silver include cold press welding, atomic 
hydrogen atc welding, and explosive clad- 
ding. 


Vapor-Phase Processes. As with the other 
noble metals, vacuum vaporization of silver 
can be achieved by cathodic sputtering or ion 
plating. These processes are used mainly to 
produce very thin films (eg. for microelec- 
tronics). 


Firing Processes [18]. Ceramic articles (e.g., 
porcelain tableware and industrial porcelain 
components) and glass can be silvered by 
melting pasty silver-containing preparations. 
The resulting coatings can be soldered, pol- 
ished if they are sufficiently thick (1—10 рт), 
or used as a basis for further electroplating. 
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The pastes consist of suspensions of very fine 
silver powder or organic silver compounds 
with powdered glass in essential oils. Heating 
must be carried out with addition of air to burn 
off the organic components completely, pref- 
erably at 550—800 °C. Electronic components 
are often selectively silver plated by screen 
printing. In the mass production of glasses and 
porcelain tableware, decorative patterns are 
applied by transfer processes. = 


24.9.6 Electrical Technology 


See references [2, 18, 22, 23, 116]. Silver is 
used in electrical technology because of its 
good oxidation resistance and high electrical 
and thermal conductivity. Pure silver, silver- 
copper and silver-nickel alloys; the composite 
metals Ag-Ni, Ag-W, Ag—Mo; and the com- 
posite materials Ag-CdO, Ag-SnO, Ag- 
graphite, and Ag-WC are used (Table 24.10). 

In heavy-current technology, silver is used 
mainly as the contact material in switches 
[117-120]. The loss of metal due to arcing is 
considerably less with pure silver than with 
copper contacts. Even better results are ob- 
tained with silver alloys or composite materi- 
als based on silver. These materials cause the 
interruption arc to be extinguished more rap- 
idly. Their high-temperature stability under 
pressure is greater, which also reduces the 
danger of welding. Electrical conductivities 
and often frictional properties are important in 
selecting the most suitable material. Some of 
the materials used are listed in Table 24.10. In 
preference to alloys, composite metals are 
used, which consist of sintered bodies made of 
two metals that do not form alloys to an appre- 
ciable extent. Composites that include nonme- 
tallic components are also employed. Today, 
ecological as well as purely technological con- 
siderations are important, so that, for example, 
the Ag—CdO system has been replaced by Ag— 
SnO,, which is nontoxic and has better resis- 
tance to burning off. The composite materials 
are usually produced from mixtures of the 
components by powder metallurgy or they can 
sometimes be obtained by coprecipitation fol- 
lowed by thermal treatment. 
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Table 24.10: Silver-based materials for electrical contacts. 


Compositions, % 
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Electrical 








i —————————————— GE isti i " 
Ag Cu Cd Ni СО C SnO, W Mo WC conductivity" Characteristic properties Ше 
Alloys 
99.9 104 tendency to weld low-current con- 
tacts (wide use) 
92.5 705 88 higher mechanical strength relay contacts 
90 10 88 and lower welding ten- 
72 28 84 dency than fine silver 
85 15 35 reduced welding tendency  fuses (early 
77 22.6 31 туре) 
Composite metals 
95 5 95 resistant to electrode burn- mechanically 
90 10 87 ing; formable and claddable and thermally 
85 15 80 stressed (domes- 
70 30 55 tic equipment) 
60 40 44 
40 60 25 
90 10 92 resistant to electrode burn- heavy-current 
50 50 62 ing; large contacting forces switching 
35 65 51 needed 
50 50 52 similar to Ag-W; some- ` heavy-current 
40 60 47 what less resistant to elec- switching 
trode burning 
Composite materials 
97.5 2.5 88 very resistant to welding; fuses 
95 5 84 intermediate coating 
90 10 75 needed for soldering 
85 15 65 ` 
99.5 0.5 102 extremely resistant to weld- low-voltage, 
99 1 99 ing; brittle; severe electrode heavy-current 
98 ЭУ; 77 burning Switching; slid- 
95 5 55 ing contacts 
90 10 35 
95 5 ^ A slightly susceptible to open fuses (air 
92 8 welding break contac- 
88 |: 12 tors) 
65 | 35 57 resistant to electrode burn- heavy-current 
50 50 47 ing; very resistant to weld- fuses 
40 60 37 ing; difficult to work 
* Copper 7 100. 


For example, the composite system Ag— 
CdO can be produced by internal oxidation of 
the cadmium in an Ag—Cd alloy. In the case of 
molybdenum and tungsten, silver can be ab- 
sorbed into a matrix of these refractory metals. 


The important components in low-current 
technology are contact breakers (relays), slid- 
ing contacts, plug and socket connectors, sol- 
dered joints, and screw connectors. The 
requirements for these contact materials are 
different from those for heavy-current tech- 
nology. These include low contact resistance, 


resistance to effects of the atmosphere, and 
good abrasion resistance. A good connection 
must be obtained even after a large number of 
switching operations. In low-current technol- 
ogy, silver alloys are generally used in prefer- 
ence to expensive composite materials. These 
are deposited on the contacts as very thin 
films. In telephone relays, so-called reed con- 
tacts, based on Ag-Pd, are used. 


In microelectronics, silver coatings on sys- 
tem carriers often facilitate both good contact- 
ing behavior and good solderability. Silver, 








Silver 


silver-palladium, and silver-platinum pastes 
are deposited as thick films on Al,O, sub- 
strates to provide the conducting paths in 
switching circuits. Conductive adhesives with 
silver powder as the filler are used increas- 
ingly to give good electrical contact with 
semiconductor crystals and other electronic 
components and circuits. 

For fuses, silver-coated copper wires are 
preferred because they do not oxidize even af- 
ter prolonged heating, and their resistance 
therefore remains constant. So-called super- 
quick-acting fuses for protecting semiconduc- 
tor components are made of silver wires with a 
defined reduction in cross section at certain 
points. 

Silver compounds are used in the construc- 
tion of electric batteries. Silver(T) oxide is 
used in button cells for general electronic 
equipment. Silver(II) oxide, which has a 
higher capacity owing to divalent silver, is in- 
creasingly being used in button cells in both 
space and military applications. The AgCl-Zn 
combination is employed in emergency batter- 
ies used at sea. These start to operate automat- 
ically on contact with seawater. z 


24.9.7 Chemical Equipment  [18, 
121-124] 


Silver is a very useful, although expensive, 
material of construction in the chemical indus- 
try, having good chemical resistance, high 
thermal conductivity, and good mechanical 
and working properties. 

In the chemical laboratory, silver crucibles 
are used mainly for alkaline fusion [123]. The 
presence of ca. 0.15% nickel in the alloy pre- 
vents recrystallization on heating to red heat, 
which can lead to a coarse and brittle metal 
structure. In preparative fluorine chemistry, 
silver, as well as copper, is often used for 
equipment parts [84]. 

Silver-plated articles are used in chemical 
process technology. These include vessels, au- 
toclaves, pipework, heat exchangers, and 
sometimes small fittings. Equipment made of 
massive silver is uncommon, but is used for 
concentrating strongly alkaline solutions, for 
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solutions of hydrochloric acid, and for fruit 
juices. For cost reasons, the load-bearing ma- 
terial is usually copper or steel, with silver 
cladding a few millimeters thick. In most 
cases, the two sheets of metal are bonded to- 
gether by a combination of mechanical treat- 
ment and fusion, and the equipment is 
fabricated from the resulting composite. Alter- 


- natively, silver cladding can be applied to a 


finished steel construction. Vessels to with- 
stand several hundred degrees Celsius are 
sometimes provided with a loosely fitting sil- 
ver lining. Although this does not give opti- 
mum heat transfer, the difference in the 
expansion of the two metals does not consti- 
tute a risk of damage to the vessel. Vessels can 
also be plated internally by electrodeposition. 
Coatings > 50 um thick are generally nonpo- 
rous. 


Silver fittings are often machined from 
castings. In chemical equipment, the metal can 
be pure silver, fine-grained silver, or oxide dis- 
persion-hardened silver, which has better 
high-temperature strength. 


Filter elements of sintered spheroidal sil- 
ver powder are used in the food industry, prin- 
cipally in fruit presses. Membranes for 
bursting disks to protect equipment against ex- 
cess pressure can be made of 0.1-0.5-mm- 
thick silver disks. They can be used in the 
range of 0.140 MPa at < 120 °C. Small tubes 
of palladium or Pd 77 Ag 23 are used in diffu- 
sion cells for the production of pure hydrogen. 
Pure silver and gold-silver alloys in wire or 
ring form are used in the manufacture of seal- 
ing materials for oxygen compressors and ul- 
tra-high-vacuum equipment. 


24.9.8 Catalysts [124] 


Metallic silver is an excellent oxidation cat- 
alyst. Without doubt, the specific activation of 
oxygen at the metallic silver surface, forming 
an intermediate state, plays a part in catalytic 
activity. Usually, fairly coarse-grained metal- 
lic silver is used, because a finely divided 
product with very large specific surface area 
would in many cases cause total oxidation of 
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the organic substance to carbon dioxide and 
water. e rs 
Ethylene oxide 1s produced by direct oxida- 


tion of ethylene on silver catalysts at 230-. 


270 °C [125]. These are supported on o-Al,O, 
or silicates and have a silver content of ca. 
15%. The specific surface area of the metal is 
fairly low. These catalysts usually have a life- 
time of several years. 

Skeletal silver catalysts have also been pro- 
posed for the oxidation of ethylene to ethylene 
oxide [126, 127]. They are best prepared by 
decomposing the alloy Ag Ca with water. 
However, they have not yet been used indus- 
trially. 

Catalytic dehydrogenation of methanol to 
. formaldehyde is carried out at 600—720 °С 
over silver gauze or crystals. Catalytic oxida- 
tive dehydrogenation of isopropanol to ace- 
tone also takes place on silver catalysts. In 
gas-phase reactions over silver catalysts, gly- 
oxal is produced from glycol, and acetalde- 
hyde from ethanol. Likewise, organic amines 
can be dehydrated to nitriles on silver cata- 
lysts. 


24.9.9 Photography [128] 


Almost all modern photographic technol- 
ogy is based on the light sensitivity of silver 
halides. This is true of black-and-white, X-ray, 
infrared, color, and instant photography. 

In black-and-white photography, the light- 
sensitive emulsion coating consists of a gela- 
tin layerin which silver halide crystals are sus- 
pended (two gelatin layers in X-ray films). 
The bromide ion is used more than chloride or 
iodide. The method of precipitation deter- 
mines the structure of the particles in the silver 
halide mixture, and hence the photographic 
properties of the emulsion. The distribution of 
individual halides in the emulsion particles, 
the grain size, and the grain shape can be var- 
ied over a wide range, as can the 
bromide: chloride:iodide ratio. Properties are 
also influenced by physical and chemical ma- 
turing processes. In the development of black- 
and-white film and paper, the grains that come 
in contact with photons are reduced by chemi- 
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cals to elemental silver, to produce the black 
color. Silver halide grains that have not come 
in contact with light do not react and are dis- 
solved by sodium thiosulfate during fixing. - 
In color photography, three primary colors, 
corresponding to the sensitivity of the human 
eye, must be produced. For each of the three 
colors, a photographically sensitive layer is re- 
quired, which contains special dye compo- 
nents, sensitizers, and light-sensitive silver 
halide. On illumination, the silver halide is re- 
duced to one of the primary colors in the layer 
that has been sensitized. On development, a 
silver image is first produced in each layer, as 
in black-and-white photography. An oxidation 
product of the developing substance is formed 
at the same time as elemental silver, and this 
couples with the dye component in each layer 
to form a dye, thus giving the three colored 
images. The three silver images are then dis- 


solved oxidatively (bleaching), and the silver ' 


halide that has been illuminated is removed 
with sodium thiosulfate solution. Thus, the re- 
maining colored image does not contain silver. 
Silver consumption for color photography is 
lower than that for black-and-white photogra- 
phy per unit of surface area. In all cases, high- 
purity silver nitrate is the starting material. Re- 
covery of silver in color photography is a com- 
plex operation but is nevertheless economical 
because of the large size of most color pro- 
cessing laboratories. 


24.9.10 Other Uses 


Silver halides are incorporated in photo- 
chromic glasses (129, 130]. The UV compo- 
nent in daylight liberates elemental silver, so 
that the glass darkens in sunlight. As the light 
intensity decreases, colorless silver halide is 
re-formed, and the coloration decreases. The 
effect is used mainly in sunglasses. The 
change in light absorption can vary (e.g., from 
10 to 50% or from 15 to 75%. Silver chloride 
in the form of colorless glass-clear films is 
used in special radiation detectors. 

Molecular sieves charged with Ag* ions are 
used in sea rescue for producing drinking wa- 
ter from seawater by the reaction | 


Silver 


Ag-zeolite + NaCl — AgCI + Na-zeolite 


In standard sea rescue equipment, 80 g of zeo- 
lite charged with ca. 25 g of silver provides 0.4 
L of drinking water. 

In an increasingly used alternative to the 
conventional methods of removing bacteria 
from drinking water [131], filters containing 
ion exchangers or activated carbon charged 
with silver are used. The extent of application 
of this method will depend mainly on limits to 
the allowable silver content of drinking water 
in the future. The proposed maximum of 0.01 
mg/L Ag is exceeded in this process. 

Colloidal silver, mostly in the form of a 1% 


solution, is used for disinfection of swimming. 


baths. Effective silver concentrations are ca. 
0.1 mg/L. The advantage of the method over 
hypochlorite treatment consists mainly in the 
lack of odor. With more highly contaminated 
water (e.g., in open swimming baths) the ef- 
fectiveness is generally 1nadequate. 

Silver iodide, generally mixed with sodium 
chloride, can cause the precipitation of rain or 
hail if it is dispersed in the form of very small 
crystals with a particle size of ca. 0.1 pum. 
These provide the necessary condensation nu- 
clei. To produce early precipitation of hail, 
condensation nuclei are distributed in clouds 
in such numbers (> 100 000 m^?) that the hail- 
stones formed are small and not dangerous 


- [132]. Of more importance is the precipitation 


of rain in barren regions of the Earth. 


24.10 Quality Specifications 
and Analysis [133-135] 


Silver is handled in various purity grades 
(Table 24.11). The silver market is usually 
supplied with good-delivery silver. For most 
industrial uses, silver with a fineness of 999.7 
(e.g., for alloying) or 999.9 (e.g., for electrical 
contacts and electroplating) is required. 

Silver is supplied mainly in ingot form. For 
good-delivery quality, the ingot weight is gen- 
erally ca. 31 kg (ca. 1000 oz). Small investors 
usually prefer 1000-g fine silver ingots, al- 
though many other weights are available, as 
required by the market (e.g, cast ingots 
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weighing 5000, 500, and 250 g; stamped 
plates weighing 100, 50, and 20 g; patterned 
plates normally 1 ounce in weight, or medal- 
lions). Craft workers and industrial users 
sometimes prefer granules, which are sold in 
sacks up to 20 kg content. Ingots are niarked 
with their net weight in kilograms or troy 
ounces (1 troy ounce = 31.103486 g) and their 
fineness. Up to World War II, ingots of ster- 


ling silver were also available. e 
Table 24.11: Marketable silver qualities. 

Name y rou Impurities, ppm 
Good-delivery 299.9 copper «900 
silver others < 100 
Fine silver 299.97 copper «300 

others '^ <50 
including lead < 10 
bismuth <10 
total <300 
Fine silver 999.9 299.99 copper <50 
others <50 
including lead < 10 
bismuth <10 
Fine silver, 299.995 соррег <15 
chemically pure others <35 
including lead <5 
iron <5 
gold <1 
bismuth <1 
Fine silver, high 299.999 aluminum <2 
purity iron <2 
silicon <2 
tin <2 
lead 51 
gold Si 
cadmium <0.5 
bismuth : $0.5 
copper <0.4 
manganese <0.4 
total <10 
Silver nitrate 63.5 copper <2 
DAB 7, for pho- iron <2 
tographic use lead <10 
sulfate <10 
nitrate <10 
water insoluble <10 
not precipitated 
by HCI <10 
moisture <200 


Correct sampling methods are essential for 
the accurate determination of silver [136— 
138]. 

Samples are taken from ingots by means of 
holes drilled diagonally, or by producing 
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metal cuttings by sawing across the entire 
cross section at various parts of the ingot. Sim- 
ilar methods are used for semifinished prod- 
ucts. If possible, nonhomogeneous materials 
are melted and cast into ingots that can be 
sampled. | 

Silver-containing waste liquids may con- 
tain sediments and deposits on the vessel walls 
that can be removed by filtration or dissolu- 
tion, or samples can be taken after stirring. 

Products in lump or powder form that can- 
not be melted, such as dross, are ground and 
sieved. The fine and coarse fractions are ana- 
lyzed separately. If a metallic coarse fraction 
is obtained, this can be melted. 

Special methods have been developed for 
sampling large amounts of ore, after which the 
above procedures are carried out. 


24.10.1 Qualitative Analysis 


The qualitative analysis of silver [134] is in 
practice usually a preliminary to quantitative 
analysis. | 


Chemical Methods. Silver in solution is gen- 
erally determined by precipitating white silver 
chloride by addition of chloride. It is dissolved 
as [Ag(NH,),]* by the addition of ammonia 
and reprecipitated on acidifying with nitric 
acid. For low silver content, chloride addition 
produces only a characteristic cloudiness. If 
the solution contains cyanide, thiosulfate, am- 
monia, or hydrochloric acid, silver chloride 
cannot be precipitated because soluble silver 
complexes are formed. If necessary, the com- 
plex formers can be decomposed by oxidation 
or change of pH. 

Photometric methods of determination also 
exist [139], but these are seldom used because 
of possible interference from other metallic 
ions and the reliability of the АрС1 precipita- 
tion method. 


Physical Methods. Atomic absorption spec- 
troscopy [140] is useful for qualitative deter- 
mination of silver in solution (e.g, in 
wastewater) However, silver concentrations 
in the solutions must be known not to be too 
high; otherwise, the acetylene-air flame gen- 
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erally used to excite silver ions can lead to the 
formation of highly explosive silver acetylide. 
In the past, this has caused explosions in ana- 
lytical equipment. 

Emission spectroscopy, X-ray fluores- 
cence spectroscopy, and other physical meth- 
ods of qualitative analysis are also suitable. 


Docimasy [134, 135] can, in principle, be 
used for qualitative analysis. Here, all the base 
metals in a sample are converted to slag, leav- 
ing a bead of silver. Products of cementation 
or residues from the evaporation of solutions 
can also be analyzed by this method. 


24.10.2 Quantitative Analysis and 


Accountancy Analysis [22, 133, 135, 
136] 


A large proportion of the 15 000 t silver 
used annually by industry, with a total value of 
(3-4) x 10? DM, is converted by the users into 
alloys or into many varied forms suitable for 
recycling. The silver analyses of these materi- 
als must therefore be highly accurate, since the 
results are used to calculate the sales value of 
the products. 


Docimasy [134, 136], which has been used for 
hundreds of years to determine the value of 
silver and gold, is the most important method 
of quantitative analysis. Here, noble metals in 
the samples are taken up by molten lead, and 
base materials are converted to slag. In the 
crucible assay, a mixture of lead oxide, reduc- 
ing agent, and fluxes is melted at ca. 1250 °C 
in a crucible. In the scorification assay, the 
sample is melted with granular lead and borax 
at ca. 1000 °C under oxidized conditions. The 
lead is finally oxidized at ca. 800 °C to lith- 
arge (cupellation), and a bead of noble metal is 
left behind while PbO is absorbed into the po- 
rous magnesite base (cupel). If the bead con- 
tains several noble metals, a wet chemical or 
physical analysis is carried out. Direct X-ray 
fluorescence analysis of the bead is also possi- 
ble, and has the advantage of greater speed 
and lower cost. 

Docimastic techniques have recently been 
improved to give even greater accuracy: 
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Volumetric Determination of Silver [134— 
136, 141, 142]. The volumetric titration of 
Gay-Lussac is still used today. In this method, 


a solution acidified with nitric acid is titrated 


with NaCl solution, to precipitate silver chlo- 
ride. The so-called clear point or end point of 
the nitration is determined by visual observa- 
tion. A high degree of accuracy can be ob- 
tained by precise control of titration 
conditions, which are established ra prévious 
determination of the approximate silver con- 
tent of the sample to the analyzed. Hardly any 
interference results from the usual elements 
that accompany silver (Cu, Zn, Ni, etc.), but 
lead, mercury, and tin can cause problems. 
This method is still used for umpire assays. 


Potentiometric titration also depends on the 
precipitation of silver chlonde by the con- 
trolled addition of NaCl solution acidified 
with nitric acid. In some cases, because of the 
even lower solubility of the other silver ha- 
lides, sodium bromide or sodium iodide is also 
used as precipitation agent. Automation of the 
potentiometric titration process enables this 
method to be used for routine determinations. 
Modern automated titration equipment with 
potentiometric endpoint indication, can ana- 
lyze up to 30 sample solutions per hour. The 
potentiometric determination of silver is even 
less subject to interference than Gay-Lussac 
titration. In recent decades, it has become the 
principal method of silver determination. 


The determination of silver in solutions 
acidified with nitric acid by Volhard titration 
is based on the precipitation of insoluble silver 
thiocyanate in the presence of Fe** ions. The 
end point is detected by the brown coloration 
of the solution by iron(II) rhodanide. The 
method is not very accurate and is used mainly 
for internal plant control analysis. 


Other gravimetric methods have decreased 
in importance. These include the precipitation 
of silver iodide by Г ions, followed by iodo- 
metric titration of excess iodide; the Fajans ti- 
tration with adsorption indicators; and 
titration with dithizone. The Mohr titration is 
rarely used for silver determination but was 
formerly used for halide determination. 
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A volumetric method that has recently be- 
come important is the precipitation of Ag,S, in 
which the end point is detected by voltametry 
[143] or by determining the EMF of a silver- 
sensitive electrode [142, 144]. 


Gravimetric Determination of Silver. The 
most important gravimetric method is the pre- 
cipitation of silver chloride in hot solution 
acidified with hydrochloric acid. Silver chlo- 
ride can be weighed directly or reduced with 
hydrazine in ammoniacal solution to obtain 
the metal. Gravimetric determination with or- 
ganic precipitants is described in (139, 145]. 


Physical Methods. In systems of known con- 
stitution (e.g., silver brazing alloys or jewelry 
alloys), X-ray fluorescence analysis can be 
carried out [146—148] with an accuracy com- 
parable to that of wet chemical methods and 
hence adequate for accountancy purposes. The 
silver button produced by docimasy can also 
be analyzed by X-ray fluorescence. 

Atomic emission spectroscopy with glow 
discharge, spark or plasma excitation is being 
used increasingly for the quantitative determi- 
nation of silver in its alloys. 

Atomic absorption spectroscopy (AAS) is 
less accurate and therefore more often used for 
process control analysis than for accounting 
purposes. If the solutions used have high con- 
centrations of silver, a danger exists of Ар,С, 
formation in the acetylene flame, so the solu- 
tions analyzed must be very dilute. 


24.10.3 Purity Analysis 


In purity control of silver, the fineness is 
calculated from the sum of the impurities. The 
fineness of metal or the purity of compounds 
was formerly determined by docimasy, sup- 
plemented by wet chemical determination of 
the main impurities. Today, metal samples, 
pressings, or solutions are analyzed by emis- 
sion spectroscopy [149, 150]. For this, plasma 
excitation is increasingly used due to the bet- 
ter limits of detection, and the possibility of 
rapid simultaneous analysis and lower costs. 
Atomic absorption analysis and polarography 
are also used for analysis of trace impurities. 
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High-performance liquid chromatography is 
less important. In some cases, especially for 
ultrapure materials, mass spectrometry is 
used, more recently with glow discharge exci- 
tation and neutron activation. 

The fineness of noble metals can be deter- 
mined much more accurately from the sum of 
the impurities than by direct analysis of the 
noble-metal matrix. Physical methods of trace 
analysis have largely replaced wet chemical 
and colorimetric methods for reasons of econ- 
omy and speed. 


24.10.4 Trace Analysis 


Apart from docimasy, which is used mainly 
for oxidic drosses, silver-containing ores, and 
precipitates from solutions, all other methods 
of silver determination are also used for trace 
analysis. For extremely low levels of impuri- 
ties, other methods are used, including graph- 
ite-tube AAS, neutron activation analysis, 
total reflection X-ray fluorescence analysis, 
and inductively coupled plasma spectrometry. 
Photometric methods are rarely used, but 
AgCl formation is measured by nephelometry 
[151]. 

The maximum allowed concentration of 
silver in wastewater is very important now be- 
cause of the widespread use of biological 
wastewater treatment. Silver(T) ions interfere 
with the biological equilibrium at a concentra- 
tion of > 0.04 ppm. Atomic absorption spec- 
troscopy is widely used for wastewater 
analysis. 

Trace analysis of noble metals in waste ma- 
terials from the noble-metal industry, espe- 
cially scrap recovery plants, is of great 


importance for checking the economic effi- : 


ciency of the process. 


24.10.5 Argentometry [141,142] 


The precipitation reactions used for volu- 
metric determination of silver can also be used 
for determination of ions that form insoluble 
precipitates with Ag*. Techniques for deter- 
mining chloride, bromide, iodide, cyanide, 
thiocyanate, etc., which are derived from the 
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methods described for silver are generally: 


known as argentometry and include the fol- 
lowing: 


e Potentiometric titration of halides by the 
controlled addition of AgNO, solution 

e Reverse Gav-Lussac titration for determi- 
nation of halides and cyanides 

e Reverse Volhard titration for determination 
of halides, cyanide, or thiocyanate 
Argentometric methods employing chemi- 

cal indicators are rarely used. 


24.11 Economic Aspects 
[15, 16, 22] 


24.111 Production 


Of all the noble metals, silver comes first in 
terms of annual production. In terms of value, 
however gold exceeds silver by a factor of 15 
(Table 24.12). 

In 1992, the amount of silver produced 
worldwide by mining was 11 400 t, and the 
amount recovered from scrap materials. was 
3600 t. The largest producers of silver are 
Mexico, the United States, Peru, Canada, and 
Australia in that order. This has been true 
since the end of World War I. 


Table 24.12: Value of noble-metal production in 1992. 


Metal pides y, Price, DM/g 19а, анё, 
Au 1800 18 32 400 
Ag 11 500 02 2200 
Pt ` 120 19 2300 
Pd 115 5 600 
Rh 12 128 1500 
Ru 12 2 20 
Ir 1 п 10 
Os 0.5 26 13 





24.11.2 Supply and Demand 


The supply of silver to the world market 
(Figure 24.9) is mainly determined by produc- 
tion from mines. The amount produced is rela- 
tively insensitive to price movements, which 
are sometimes large and generally of a specu- 
lative nature, because silver is mainly a side 
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product of the extraction of base metals. Also, 

market price fluctuations are reflected to only 
a limited extent in production from recycled 
materials. However, government sales, and 
sometimes purchases, are strongly dependent 
on price changes. Sales of silver from the CIS 
have a relatively small ‘influence on the total 
supply situation in the Western world in spite 
of the considerable production in this region. 
Also, in comparison to gold and the platinum- 
group metals, large amounts of silver are fre- 
quently released to the world market from the 
old stocks in India, estimated at around 
120000 t. This material was accumulated 
many years ago from domestic production and 
commercial transactions. The total stocks of 
the Western world (excluding India) amount 
to ca. 80 000 t, of which approximately 50% is 
owned by the U.S. government. 

The demand for silver (Figure 24.10) is 
fairly well matched by the supply. The rela- 
tively even distribution of demand over vari- 
ous sectors is not expected to change 
fundamentally in the foreseeable future. How- 
ever, the relatively small extent of known sil- 
ver reserves in ores, compared to other metals, 
could in the future lead to a change in stockpil- 
ing practice. The greatly increasing status of 
silver as an industrial metal could also have 
major effects. In technology, an important fac- 
tor in the future is likely to be a decrease in the 
importance of classical silver-based photogra- 
phy, to the benefit of electronic image-making 
techniques. 


. eru 
United States $ Д 


12% 








Mexico 
16 %o 


Bolivia 
3% 


Recycling Others 
24 % 16 o 


Figure 24.9: Western world silver supplies, 1992. 
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Figure 24.10: Western world silver consumption, 1992. 


24.11.3 Silver Market and Trading 


The ‘most important silver exchanges are 
the New York Commodity Exchange; Chicago 
Board of Trade; West Coast Commodity Ex- 
change Los Angeles; and Broker's Márket 
London, which provides daily price informa- 
tion. Bargains are struck in London for deliv- 
ery promptly or after 3, 6, or 12 months. The 
amounts of silver transferred yearly are often 
more than two orders of magnitude greater 
than the world's demand for silver. 

On June 22, 1992, the price of silver was 
$4.30 per ounce (DM 227/kg), having re- 
mained around this low level for many years. 
The low point of $3.65 per ounce (DM 
180/kg) reached in 1972 was again reached in 
1992. 


24.12 Health and Safety 2, 
44, 152, 153] 


24.12.1 Toxicology [152, 154, 155] 


The acute and chronic toxicity of silver 
compounds in humans is much lower than that 
of other heavy metals such as mercury, thal- 
lium, or cadmium. This is due mainly to their 
rapid conversion into insoluble silver com- 
pounds, especially silver chloride and silver 
albuminate, in the body. The LD,, for soluble 
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silver compounds is 50—500 mg/kg as Ag. Al- 
most the only cause of acute silver poisoning 
is accidental overdosing with silver-contain- 
ing pharmaceuticals. The main hazard of the 
water-soluble compounds silver nitrate and 
silver fluoride is a caustic effect of fluoride 
toxicity, respectively. 

Prolonged contact with silver compounds 
or finely divided elemental silver leads to ab- 
sorption of the metal by the human body. This 
can cause argyria, which has no pathological 
effects but can lead to a disfiguring darkening 
of the skin, beginning with mirror effects on 
the pupils of the eyes and coloration of the 
skin exposed to light. This effect is irrevers- 
ible and cannot be treated medically. In addi- 
tion to the deposition of elemental silver, 
silver sulfide may be formed. In cases of se- 
vere argyria, a person can absorb up to 20 g of 
silver. The silver is usually taken up from re- 
spired air, although excessive doses of silver- 
containing drugs (e.g., colloidal silver) can 
also lead to argyria. Workers involved in the 
production of silver nitrate and in silver-plat- 
ing processes face the greatest risk. 

. The MAK value for elemental silver and 

soluble silver compounds is 0.01 mg/m? as 
Ag. This is intended mainly to prevent argyria 
and is not a true toxicity limit. For drinking 
water, the limit is 0.05 mg/L. 


24.12.2 Bactericidal: 
(Oligodynamic) Effect 


The use of silver preparations in medicine 
and in water purification depends on the sensi- 
tivity of bacterial metabolism to silver ions. 
Their advantage compared to other bacteri- 
cidal metallic ions such as Hg?* lies in the fact 
that the effective Ag* concentrations lie well 
below the danger level for the human organ- 
ism De, at 0.01—1 mg/L. Hence, even spar- 
ingly soluble compounds such as silver 
chloride have a bactericidal effect, but the ex- 
tremely insoluble compound silver sulfide 
does not. 

In the presence of atmospheric oxy gen, me- 
tallic silver also has a bactericidal effect due to 
the formation of silver oxide, which is soluble 
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enough to cause it. Bactericidal concentrations 
are produced extremely rapidly by adding col- 
loidal silver, which has a high surface area, but 
even objects with a solid silver surface (e.g., 
table silver, silver coins, or silver foil) have a 
bactericidal effect in the absence of sulfide, 
which would otherwise combine with the Ag* 
ions. 

The death of microorganisms such as bacte- 
ria, molds, spores, and fungi on contact with 
silver articles was discovered by von NAGELI 
(1817-1891), although he did not identify the 
cause. The effect was certainly used in antiq- 
uity, and silver drinking vessels were carried 
by military commanders on expeditions for 
protection against disease. NAGELI named the 
effect that he discovered the oligodynamic ef- 
fect. This is now generally understood to mean 
the damaging effect of very small amounts of 
metallic cations on living cells. 


24.12.3 Explosion Hazards 


Silver forms many unstable compounds 
(see Section 24.7.7) that can explode or deto- 
nate on thermal or mechanical stress, on dry- 
ing, under the influence of light, or sometimes 
spontaneously without any known cause. This 
group includes several nitrogen compounds of 
silver, organic compounds (especially silver 
acetylide and its derivatives), and silver(I) 
oxide in contact with finely divided organic 
matenals. 

Since some of these compounds can be 
formed by reaction with elemental silver, acet- 
ylene and ammonia in the gaseous or liquid 
state should not be allowed to come in contact 
with items of equipment made of silver or its 
alloys. Also, silver and its compounds must be 
kept away from acetylene flames. 

Silver salts of strongly oxidizing acids 
(e.g., silver chlorate and nitrate) can lead to 
dangerous explosions on contact with oxidiz- 
able materials (e.g., organic substances, sulfur, 
soot). Contact of silver nitrate with alcohol 
leads to immediate formation of explosive sil- 
ver fulminate. Many explosions have resulted 
from formation of nitride in ammoniacal solu- 
tions of silver. Silver oxalate is reported to de- 
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compose at 140°C, but explosions have 
occurred on drying at 80 °C. ` 
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the Louvre, and found that some of the inlays 
hitherto thought to be silver were in fact plati- 
num. 


In ca. 1900, Jewelry made of native plati- 
num was discovered in Ecuador, which was 
part of the Inca empire in pre-Columbian 
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times. This probably dates from the first five 
centuries A.D. 


In ancient times, the technique of washing 
river sands and fusing together the grains of 
platinum was undoubtedly known, as was the 
making of alloys by heating alluvial platinum 
and gold with a blowpipe, these methods be- 
ing similar to those used in gold extraction and 
working. Pre-Columbian Indians were famil- 
iar with a powder metallurgy technique. 


16th-18th Century [11, 12]. In their search 
for gold in the New World, particularly in the 
area of present-day Colombia, the Spanish of- 
ten found alluvial (^placer") platinum. The 
earliest written report of the metal was made 
in 1557 by J. C. Scaricer (1484—1558). How- 
ever, platinum was worked to produce jewelry 
and utensils only after man had learned that 
the metal, initially believed to be infusible, 
could be melted and cast by first adding other 
metals to lower its melting point. Platinum 
was essentially regarded as a troublesome ma- 
terial, accompanying gold and silver, which 
lowered their workability The Spanish 
named the metal platina, the diminutive form 
of plata (silver), as a derogatory term because 
it was found only in small quantities or as 
small granules. The terms "white gold" and 
"heavy silver" were also sometimes used. 
When the metal became well known in Europe 
in 1748, thanks to the Spanish mathematician 
A. DE Urroa (1716-1795), the demand for 
platinum increased. Its high density enabled it 
to be used to adulterate gold, and its introduc- 
tion into Europe was therefore prohibited. Un- 
ti] 1908, the price of platinum was lower than 
that of gold. Around 1750, the scientific inves- 
tigation of platinum began, initiated largely by 
C. Woop (1702-1774), who learned of the 
metal in Jamaica in 1741. He can be regarded 
as the true discoverer of platinum, having pre- 
sented a paper in 1750 to the Royal Society 
entitled “The New Semi-Metal Called 
Platina”. In this initial period, fundamental in- 
vestigations into the chemistry of platinum 
(solubility in aqua regia, precipitation by addi- 
tion of ammonium chloride, fusion by addi- 
tion of arsenic, lead cupellation, etc.) were 
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carried out by W. Watson (1715-1787), W. 
Lewis (1708-1781), and others. These work- 
ers, including Woop often collaborated. Re- 
search at this time had as its primary aim, 


- distinguishing and separating platinum and 


gold, although platinum was at first widely be- 
lieved to consist of gold contaminated with 
other elements. 

An important development in platinum 
technology was the technique of converting 
the alluvial (placer) deposits into platinum 
sponge, which could be satisfactorily formed 
by heat into compact platinum or platinum ar- 
tifacts. Е. C. Аснавр (1753-1821) discovered 
the method of oxidizing an easily fusible plati- 
num-arsenic alloy to remove arsenic. As early 
as 1784, he produced the first platinum cruci- 
ble from platinum sponge made in this way. 


19th Century. Around 1800, the accompany- 
ing metals in native platinum, which generally 
contains up to 80% Pt, were discovered. W. H. 
WorLAsroN (1766-1828) discovered palla- 
dium (initially also known as "new silver") 
and rhodium; S. Tennant (1761—1815) dis- 
covered iridium and osmium. Át the same 
time, the existence of platinum as a true ele- 
ment was established. C. CLaus (1796-1864) 
discovered ruthenium in 1844. 

In 1823, J. W. DoEBREREINER (1780—1849) 
first used the catalytic action of platinum in 
the gas lighter named after him. In about 1810, 
the process invented by W. Н. WoLLasToN be- 
came established: dissolving the raw material 
in aqua regia, purifying it by precipitation of 
ammonium  Mhexachloroplatinate, (NH,), 
[PtC1,], and heating this strongly to form plati- 
num sponge. In 1817, this led to the formation 
of Johnson, Matthey & Co., London [13], 
which laid the foundation of modern platinum 
technology. 

Until the beginning of the 19th century, al- 
most all platinum was obtained from the area 
now known as Colombia, which from 1739 to 
1819 belonged to the Spanish Crown Depen- 
dency of New Granada. At this time, ca. 1 i/a 
of platinum was extracted. ALEXANDER VON 
Номвогрт was the most accomplished pros- 
pector and developer of noble-metal deposits 
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in New Granada (1819) and of the newly dis- 
covered platinum deposit in the Urals. In 
1819, platinum was extracted from alluvial 
gold, but soon after this, the main production 
was switched to platinum placers with low 
gold content. In 1825, Russia became the pri- 
mary producer of platinum. The minting of 
platinum coins in Russia in 1828-1845 neces- 
sitated an increase in production, which 
reached 3.5 t in 1843 [14—16]. Almost all Rus- 
sian platinum ore was used for coinage (15 t 
total). Technology for the extraction and treat- 
ment of placer deposits had reached a high 
standard by this time. 


After the closing of the refinery in St. Pe- 
tersburg, which was associated with the local 
mint and produced a metal of ca. 97% plati- 
num, 1.296 iridium, 0.596 ruthenium, 0.2596 
palladium, 1.5% iron, and 0.4% copper, the 
refining and working of Russian platinum ore 
were carried out almost exclusively in West- 
ern Europe. New companies for the refining 
and working of platinum were founded, in- 
cluding Desmoutis, Paris (1822); Baker & 
Co., New York (from 1904: Engelhard, New- 
ark, New Jersey); Heraus, Hanau (1851); Sie- 
bert, Hanau (1881; from 1930 part of Degussa, 
Frankfurt); J. Bishop & Co., Malverne, Penn- 
sylvania and others. 


20th Century [17—20]. The platinum industry 
grew vigorously after 1880 due to increasing 
demands of the electrical industry, dentistry, 
and chemical technology. The primary con- 
sumer was the United States. In 1913, annual 
production of crude platinum reached 7 t. At 
this time, Russia began to make itself less de- 
pendent on other countries by constructing a 
modern platinum refinery and smelting point 
at Ekaterinburg (formerly Sverdlovsk). How- 
ever, at the result of an ideologically negative 
attitude toward noble metals and a false esti- 
mate of their economic importance, platinum 
production was abandoned after the Russian 
Revolution. 


The result was that, after World War I, Co- 
lombia once again became the largest plati- 
num producer. The raw materials were 
exclusively alluvial deposits, which were ex- 
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tracted by panning, as they are even today. Al- 
most all of the Colombian crude platinum was 
refined in the United States. 

In 1925, production in the Urals was re- 
started. New alluvial deposits were discovered 
in Siberia. Also, mining of primary platinum 
became important. Today, a large proportion 
of the platinum group metals supplied by the 
CIS comes from sulfidic nickel deposits. For 
some decades, the Soviet Union has been one 
of the largest producers of platinum and espe- 
cially palladium. Production figures are not 
available thus far. Estimates are approximate 
and are based on export figures. 

During World War I, the demand for nickel 
increased, and Canada became an important 
producer of palladium and platinum, because 
nickel ores also contained platinum group 
metals. Since 1890, these ores have been ex- 
tracted by the Mond Nickel Co. (since 1961, 
INCO, London), later allied with the Interna- 
tional Nickel Co. of Canada. From 1925, plati- 
num metals were produced in their own 
refinery in Acton in London. Another impor- 
tant producer of platinum is Falconbridge 
Nickel Mines in Toronto. 

After World War I, worldwide demand 
could no longer be satisfied by Russia and 
other producers, and new sources were devel- 
oped. In South Africa, the search was particu- 
larly well rewarded. Platinum and osmiridium 
were discovered at Black Reef (1888), Witwa- 
tersrand (1892), Great Dyk (Rhodesia, 1918), 
and later at Waterberg. The award of prospect- 
ing rights to private persons led to prospecting 
on a wide scale. A systematic geological sur- 
vey of the Bushveld by J. MERENsky was 
highly successful, leading to the discovery of 
platinum in the dunite pipes (1924) and subse- 
quently in the stratiform platinum deposits 
known as the Merensky Reef (1925), the larg- 
est platinum deposit in the world. 

This discovery brought about the greatest 
upheaval yet seen in the platinum market. It 
occurred during a period of both high demand 
(mainly for catalysts for ammonia oxidation) 
and high prices, the result being the founda- 
tion of about 50 producing companies. The 
primary platinum-bearing rock typical of 
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South African deposits presented the ore treat- 
ment and smelting technologies with com- 
pletely new problems. Technical difficulties 
combined with a fall in the price of platinum 
led to a slump. The largest of the surviving 
companies formed Rustenburg Platinum 
Mines Ltd. in 1931, whose output reached 3 
t/a dunng World War II. 


After World War II, the Union of South Af- 
rica (Republic of South Africa) became the 


main producer of platinum. From 1969, all of 


the crude platinum produced by South Africa 
was refined by Johnson Matthey in England, 
although Matthey Rustenburg Refiners now 
refines considerable quantities of material 
produced in Rustenburg. Recently, some new 
producers have appeared in South Africa [e.g., 
Impala Platinum, Western Platinum (a subsid- 
iary of Lonrho and Falconbridge), and Anglo- 
Transvaal Consolidated Investment (An- 
glovaal) and its subsidiary Atok Platinum 
Mines]. 

Figure 25.1 shows the history of world plat- 
inum output, and Table 25.1 lists the develop- 
ment of PGM production according to region. 


25.2 Properties 


Atomic Properties [21, 22]. The electronic 
structures of platinum group metals start from 
the inert gas structures of krypton and xenon: 


Ru  [Kr]4d' 5s! 
Os [Хе] 47* 5? 5р 5&6 65° 


Rh [Kr] 445 55! 
ir [Xe] 47° 552 5р® 5d! 6s? 
Pd [Kr] 4d'? 


Pt — [Xe]4f 5s? 5р 5? 6s! 
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Two valence orbitals exist: an s shell and an 
inner d shell. The small energy difference be- 
tween them means that the electron shells áre 
filled in inconsistently, so that with some ele- 
ments; one or both electrons from the outer 5s 
or 6s shells are taken up by the 4d or 5d shells. 

Because of the small energy differences be- 
tween the valence shells, a number of oxida- 
tion states occur. The following oxidation 
states are known in the compounds of plati- 
num group metals (principal oxidation states 
in bold print): 


Ru -2, 0,  +2,+3,+4, +5, +6,+7, +8 
‘Rh: —1, 0, +1, +2, +3, +4, +5, +6 

Pd: 0, +2,43,+4 А 

Os: A 0, +1, +2,+3,+4, +5, +6, +8 
Ir —1, 0, +1, +2, +3, +4, +5, +6 

Pt: 0, +2, +4,+5 


Output, t/a ——» 


Output, 10° гоу oz./a 








0 
1900 1920 1940 1960 1980 


Year ——» 


Figure 25.1: History of world platinum output (including 
Soviet sales to Western World). 

The other properties typical of transition met- 
als are very marked; for example, catalytic ac- 
tivity due to their readiness to change valence, 
formation of intermediate compounds with 
different reagents, color, paramagnetism due 
to unpaired electrons, and strong tendency to 
form complexes. 


Table 25.1: Historical development of the production of platinum group metals according to region (other countries ac- 


- count for only 1-296 of world production) (in t/a). 


1800 1850 1900 1910 1920 1930 1940 1950 1960 1970 1975 1980 1985 1990 


Colombia 1 <1 «1 «1 2 

Russia* 1 2 12 11 1 

Canada «l «1 1 

South Africa 

United States «l «l «l 
World 1 2 12 12 4 
* Estimated. 


2 
3 
2 
2 
«1 
10 


2 1 1 <1 «1 <1 <l <l 
10 6 12 30 70 70 70 70 
6 7 12 12 12 12 12 12 
2 4 20 50 90 120 120 130 
2 2 1 1 1 1 1 10 


22 20 45 93 173 203 203 222 
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Table 25.2: Atomic and physical properties of the platinum group metals. 





Property Ru Rh 


Atomic number 44 45 
Relative atomic mass 101.07 


Abundance of major natural isotopes 
102 (31.6%) 
104 (18.7%) 


Crystal structure : hep fcc 
Lattice constants at 20 °C 
a,nm . 0.27058 , 0.38031 
c, nm 0.42819 
Atomic radius, nm 0.133 ^. 0.134 
mp, °C 2310 1966 
bp, °C 4050 3760 
Specific heat at 25 °С ge Jg 'K?! 0.25 0.24 
Thermal conductivity А, Wm" K^! 106 89 
Density at 20 °C, g/cm? 12.45 12.41 
Brinell hardness 200 101 
Young's modulus Е, N/mm? 475 785 379 058 
Tensile strength съ, N/mm? 490.5 412 
Specific electrical resistance at 0°C, · 6.71 4.33 
Hiem 
Temperature coefficient of electrical 0.004 0.0046 
resistance (0-100 °C), К”! 
Thermoelectric voltage versus Pt at +0.68 +0.70 


100 °СЕ, V 





Comparisons within the group of platinum 
metals, also including neighboring elements. 
often give an insight into the relationship be- 
tween electronic configuration and chemical 
properties. 

Many properties show marked similarities 
along the two horizontal rows: 


Ru © Rh © Pd o (Ag) 
Os & Ir & Pt © (Au) 


Also, the tendency toward complex forma- 
tion and higher oxidation states is more 
marked in the row of heavy elements than in 
the row of light elements. 


Vertical similarities between the elements 
also occur (e.g., in their behavior toward ac- 
ids; (see Table 25.3): 

Ru Rh Pd (Ag) 


111: 
Os Ir Pt (Au) 


Similarities also exist in the following diag- 
onal sequence, sometimes with ruthenium and 
iridium changing places: 


102.90550 106.42 190.2 
101 (17.0%) 103 (100%) 105 (22.3%) 189 (16.1%) 191 (37.3%) 194 (32.9%) 


Pd Os Ir Pt 
46 76 77 78 
192.22 195.08 


106 (27.3%) 190 (26.4%) 193 (62.7%) 195 (33.8%) 


108 (26.5%) 192 (41.0%) 196 (25.3%) 
fec ` hep fcc fcc 
0.38898 0.27341 038394 0.3923 

0.43197 a 
0.138 0.134 0.136 0.139 
1554 3045 2410 1772 
2940 5025 4550 4170 
0.23 0.13 0.13 0.13 
75 87 59 73 
12.02 22.61 22.63 21.45 
52 250 172 50 
121251 559 170 528 072 169 909 
196.2 490.5 137.3 
9.92 8.12 471 9.85 
0.0038 0.0042 0.0043 0.0039 

4 

-0.57 +0.66 


Ru Rh Pd (Ag) 
TNISTNT 
Os Ir Pt (Au) 

The chemical properties of the platinum 
group metals and the chemistry of their com- 
pounds fit less well into such a scheme than 
their physical properties. 

All platinum group metals have several nat- 
urally occurring stable isotopes, with the ex- 
ception of rhodium, which has only one. 


Physical Properties [22—27]. Apart from 
their chemical inertness (Table 25.1), the plati- 
num metals have a number of physical proper- 
ties of great value for their industrial use. 
These include high melting point, low vapor 
pressure, high temperature coefficient of elec- 
trical resistivity, and low coefficient of ther- 
mal expansion. Table 25.2 lists atomic and 
crystal data and a physical properties of the 
platinum group metals. 


Chemical Properties [28-33]. Table 25.3 
shows the chemical behavior of platinum 
group metals toward various reagents. Resem- 
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blances are most clear within the two groups 
of elements. The aim is to quantify the reac- 
tions, so as to provide useful information 
when choosing construction materials or dis- 


Table 25.3: Chemical resistance of the platinum group metals. 
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solving platinum group metals. Some combi- 
nations of reagents that can be used to dissolve 
these metals are also detailed later. d 





Reagent Conditions Temperature, °С Ра Pt Rh Ir Ru Os 
Hydrochloric acid 36% 20 Fa es, лш (Жы es 
100 E — == i pan e 
Nitric acid 6596 20 e = -— Se о 
` 100 ө — — — 6 
Sulfuric acid 9696 20 LL qub к ° кш. 2. Ze 
100 ө <= D — p ge, 
300 e © 
Hydrobromic acid 6096 20 ө D . i "e Soot 
100 e e — — ө 
Hydroiodic acid 57% 20 e 22. ЕА =, ы * 
100 e ө — — — e 
Hydrofluoric acid 4096 20 Sech e == PER EE SC 
Phosphoric acid 100 . e Se e = o 
Acetic acid 99% 100 LE. nus 2 E oe 
Hydrochloric acid/chlorine 20%/saturated 20 ө . 
80 eoe ө 
100 е ә D 5 
Hydrochloric acid/bromine 20 e . D 
100 e Ы ө 
Aqua regia 20 o. e — — 
: 100 e o — — e 
150 e e e 
Hydrochloric acid/H,O,, 20 e 
100 e 
Hydrobromic acid/bromine 6096 100 e 
Water/bromine 20 D е i 2 f 
Ethanol/iodine 20 : 5 Е WEE = К 
Sodium hypochlorite solution 20 — . 
| 100 ө — - |: 60 ө 
Sodium cyanide solution 20 e — 
100 e . 
Соррег() chloride solution 100 H — 
NaOH melt + air 500 . . * e ө 
KOH melt * air 500 . ө . e o 
NaOH melt + air 800 ө . — ө © 
KOH melt - air 800 e ° o ө 
KHSO, melt + air 440 H — e m 
NaCN melt + air 700 е e. e e e 
KCN melt - air 700 e ө е e. ө 
NaCN/KCN melt (2:1) - air 550 e e. ө е e 
Chlorine, gaseous dry 20 e . Té шып CS 
moist e DH = mum, Шш : 
Bromine liquid dry 20 e e. ых, жыЛ ше 
moist e e m ss @ 
Iodine, solid dry 20 A Qua шь iL cpu ‹ 
moist H z . E = a 
Fluorine, gaseous 20 D 
Hydrogen sulfide, gaseous moist 20 ыз! ыз pee 
— Mass loss < 0.01 тесп; ideal as construction material 
e Mass loss ca. 0.1 mgcm "kl: limited use as construction material 
e Mass loss ca. 1 mgem ^l !; limited use for dissolution processes 


Ө Mass loss 10 mgcm ^h !; suitable for dissolution processes 
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25.3 Occurrence 


25.3.4 Abundance [10,30,34-37] 


The abundance of platinum group metals 
(PGMs), which occupy. an intermediate posi- 
tion based on their atomic number and atomic 
weight, would be expected to be 10 * ppm, 
based on the mode of formation of atomic nu- 
clei [38]. They are concentrated in planetary 
regions, reaching ca. 30 ppm in the earth. Con- 
siderable fractionation has taken place in the 
earth's interior, due mainly to the siderophilic 
chemical character of PGMs, so that virtually 
the entire mass of PGMs is in the earth's me- 
tallic core. The siliceous lithosphere is esti- 
mated to contain 0.05—0.5 ppm. 

On theoretical grounds, the PGMs in the 
earth are assumed to contain ca. 20% each of 
platinum, palladium, ruthenium, and osmium, 
and ca. 696 each of rhodium, and iridium. In 
the case of ruthenium and especially osmium, 
these values are not reflected in the deposits 
mined to date. 


25.3.2 Ores and Their Origin 
[10, 30, 31, 34, 39-46] 


The PGMs in the lithosphere have been 
transferred from the earth’s interior. Tectonic 
movements of the earth’s crust, followed by 
the eruption of magma, have led to their pres- 
ence in regions close to the surface. Solidifica- 
tion processes, differences in melting point 
and density, gas emissions, convection due to 
heat, and the flow and eruption of magma, 
have all produced concentration and separa- 
tion effects, mainly in marginal zones, Chemi- 
cal interaction with high-temperature silicate 
layers, especially their sulfide, arsenide, anti- 
monide, selenide, and telluride components, 
has also played a major role. Almost invari- 
ably, the platinum group elements have sepa- 
rated from ultrabasic magmas. Norite (Mg- 
FeCa~Al silicate) contains mainly sulfidic 
intrusions, whereas those in dunite (Mg—Fe 
silicate) are mainly sulfide free. Platinum and 
palladium (often with nickel, copper, chro- 
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miüm, etc.) sometimes undergo hydrothermal 
reactions with chlorides in the earth's interior. 
All of these processes have led to the forma- 
tion of the primary deposits of platinum-bear- 
ing rock. Workability depends on many 
factors—concentration of platinum metals, ac- 
cessibility, size of deposit, value and potential 
uses of accompanying materials—and is eco- 
nomical in only a few cases. 

When primary deposits are altered and 
transported by the natural action of the hydro- 
sphere and atmosphere, secondary deposits, 
also known as placers or alluvial deposits, are 
formed. Mechanical concentration of the 
heavy constituents by flowing water takes 
place, together with chemical dissolution and 
reprecipitation of the platinum metals. Re- 
cently, hydrothermal processes have been 
shown to be considerably more important than 
was at first thought. Alluvial deposits usually 
originate from dunite. 

The platinum metals occur in a large num- 
ber of minerals. Workable ore deposits contain 
mainly sperrylite (PtAs,), cooperite (PtS), sti- 
biopalladinite (Pd,Sb), launte (RuS,), ferro- 
platinum (Fe-Pt), polyxene (Fe-Pt-other 
platinum metals), osmiridium (Os-Ir), and iri- 
dium platinum (Ir-Pt). These minerals are as- 
sociated with particular carrier materials, 
which are often valuable themselves (e.g., iron 
pyrites, nickel iron pyrites, or chrome iron 
ore). 

The minerals are seldom present in an exact 
stoichiometric ratio. This is true of the plati- 
num group metals themselves, which are 
nearly always present in varying ratios, and of 
the accompanying elements with which they 
form compounds or alloys. Isomorphism 
opens up the possibility of further variations. 
Isomorphic intercalations make up a larger 
part of the economically workable’ reserves. 
Electron probe microanalysis (EPM) has en- 
abled a large number of definite compounds 
and intermetallic phases to be identified where 
mixtures or homogeneous solid solutions had 
formerly been assumed to be present. 

Outside of true deposits, platinum group 
metals are widely distributed in very high di- 
lution as isomorphous combinations with vari- 
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ous metals such as nickel, cobalt, and copper, 
mainly in their sulfides. 


25.3.5 Primary Deposits [47—63] 


The dunite bodies in the Urals are the most 
important of the old Russian platinum depos- 
its, either as primary deposits or as material 
for the formation of secondary deposits. The 
only important primary deposit is at Nishnij- 
Tagil, which is mined in many locations. It is a 
projectile-like intrusion of dunite through the 
earth’s crust, which appears to reach a depth of 
more than 100 km and has an area on the 
earth’s surface of 25 km. Platinum metals are 
concentrated in dunite in the form of stne, 
lenses, nests, and pillars. They are present 
mainly as polyxene (Fe-Pt), iridium-rich plat- 
inum, and osmiridium, and are often associ- 
ated with serpentine or chromite. Most of the 
platinum has been obtained from ores with a 
platinum metal content of 10-20 ppm. How- 
ever, ores containing 400 ppm are found in 
some places. In the total dunite body, the aver- 
age platinum content is ca. 0.1 ppm. Other 
dunite bodies in this region are not economi- 
cally important either for their metal content 
or for the extent of the deposit. 

The dunite pipes at the eastern border of the 
South African Bushveld have a similar origin 
to the Russian dunite bodies and are of the 
same base material. The platinum-bearing 
core of this narrow intrusion often has a diam- 
eter of 20 m or less. Veins are rarely present. 
The excavations at Driekop and Onverwacht 
are the most well known. Mining is difficult. 
Since the exploitation of the Merensky Reef, 
they can be mined economically only in cer- 
tain cases. Platinum group metals are some- 
times present in the metallic state and 
sometimes as spetrylite in association with 
chromite. Platinum concentrations are 1—200 
ppm, and locally higher. 

The richest and scientifically most interest- 
ing deposits, although small in extent, are the 
quartz lodes of Rietfontein on the Waterberg 
in the Western Cape Province. Owing to their 
hydrothermal origin, the platinum metals are 
present in native form, accompanied by hema- 
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tite. The PGM content of the ore often reaches 
almost 5000 ppm. Deposits of similar struc- 
ture have not been found elsewhere. И 


The largest known primary deposit of 
PGMs is the South African Bushveld Com- 
plex, with a total extent of ca. 250 km from 
north to south and 480 km from east to west. 
This oval-shaped zone was apparently pro- 
duced by an outflow of PGM-bearing norite 
magma into a flat basin. At the bottom of this, 
the minerals sperrylite (PtAs;) and cooperite 
(PtS) have separated along with iron pyrites, 
nickel pyrites, copper pyrites, and chromite. 
The relatively thin PGM-bearing layers at the 
edges of the outflow near the earth's surface 
are mined. These are in both the oxidation and 
the sulfidic zones, and begin at a depth of < 
100 m. The working depth extends to almost 
1000 m. The platinum content of the mined 
ore is 320 ppm. Palladium is less important 
than platinum; all the platinum group metals 
are present. The deposit has great economic 
importance owing to its consistent quality, 
ease of extraction, and large extent. The Bush- 
veld is mined at the western and southwestern 
edges (Rustenburg region) and the eastern and 
northeastern edges (Lydenburg region) (Fig- 
ure 25.2) in two wide areas. The Bushveld is 
also the world's largest chromium and vana- 
dium deposit, and has large deposits of nickel, 
cobalt, copper, iron, tin, fluorspar, and alusite, 
magnesite, and asbestos. 


These deposits were discovered in 1925 by 
the geologist Hans МЕкЕМЅКҮ (1871—1952) 
[17]. He laid the foundations for the most im- 
portant phase in the development of platinum 
extraction by his wide-ranging prospecting 
work and fundamental observations on the ge- 
ology of the Bushveld. The most important ar- 
eas of PGM deposits in the western and 
eastern part of the Bushveld are known as the 
Merensky Reef. Not far from these deposits lie 
the less important Platreef and the UG 2 Reef 
(Upper Group Reef), which has recently in- 
creased in importance due to its very high 
rhodium content in many places. This metal is 
in great demand and therefore very expensive. 
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Figure 25.2: Geology and platinum mines of the Bushveld Complex. 


The UG 2 reef is a chromite layer running 
parallel to the Merensky Reef, but somewhat 
deeper [64, 65]. 

Some examples of small deposits include 
the Black Reef in the Bushveld and, a few 
hundred kilometers north, the Great Dyk Mine 
in Zimbabwe. 

The Stillwater deposit in Montana, United 
States is similar in origin and structure to the 
Bushveld deposit. However, PGM separation 
occurred at the boundary zone of a subterra- 
nean magma intrusion resembling a sloping 
lens. This deposit extends for a length of ca. 
80 km. The total PGM content, with high lev- 
els of palladium and rhodium, is higher than 
that of the Merensky Reef deposit. 

The nickel sulfide deposits of the Sudbury, 
Ontario district of Canada, yielding iron py- 
rite, FeS„, pentlandite, (Fe, Ni),S,, and chal- 
copyrite, CuFeS,, are today important sources 
of platinum, and more especially of palladium. 


These deposits are associated with noritic 
magma. The average platinum metal content 
of the untreated ore is only ca. 0.3 ppm, with a 
nickel content of ca. 2%. However, the treat- 
ment process for the nickel ore concentrates 
the platinum metals to > 50 ppm without extra 
cost. 


Palladium-containing spérrylite (Рі-РаАѕ,) 
and stibiopalladinite (Pd,Sb) are present in the 
ores, and the platinum group metals also form 
isomorphic mixtures with the heavy-metal 
sulfides. During formation of these deposits, 
the sulfides of nickel and copper acted as col- 
lectors. The large reserves in Noril'sk in Cen- 
tral Siberia, which have a high palladium 
content, are similar to the Canadian deposits 
with regard to composition and ore treatment 
methods. Some lead-zinc ores [e.g., in the 
Rammelsberg (Harz) mountains] contain 
small amounts of platinum and palladium. 
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Comparisons with other metals indicate 
that PGM reserves may exist in the Antarctic 
[66]. The magma flow in the South African 
Bushveld occurred in an early geological ep- 
och (Cambrian—more than 2 x 10? years ago), 
when the African and Antarctic continents 
were still part of Gondwanaland. 


25.3.4 Secondary Deposits 


Alluvial deposits are typical reserves of this 
type. They were produced in recent geological 
epochs (Quaternary Holocene) by weathering 
and washing of primary deposits, mainly dun- 
itic, which resulted in concentration of the 
more resistant and heavier components Oe, 
the metallic and arsenidic platinum minerals, 
gold, magnetite, chromite, cassiterite, zircon, 
and granite) in clay and sand. These oxidation 
zones are often located above the primary de- 
posits. River placers are formed from the allu- 
vial deposits by the erosive action of water, to 
yield so-called black sands. However, typical 
nuggets (mainly small granules but also siz- 
able metallic lumps weighing up to several ki- 
lograms) seem to have been formed mainly by 
mechanical agglomeration, usually involving 
chloridic dissolution and reprecipitation. Very 
old deposits that formed conglomerates by ad- 
hesive action are termed fossil placers. The 
platinum metal content of secondary deposits 
varies over a wide range. Deep alluvium and 
river headwater placers are the most produc- 
tive. 

For easily washable sand, a PGM content 
of 0.05 ppm is economic. Before World War I, 
the PGM content of economic deposits was ca. 
2 ppm, but today it is much lower. More plati- 
num metals are recovered from river placers 
than from alluvial deposits. 

Secondary deposits occur mainly in the 
Urals, Siberia, Colombia, and Ethiopia. Often, 
the recovery of gold and platinum metals from 
such deposits is so interdependent that some- 
times one metal, and sometimes the other, is 
the main product. Osmiridium is obtained 
mainly in Alaska and in the Witwatersrand of 
South Africa, along with secondary deposits 
of gold. 
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25.3.5 Recovery of Secondary 
Platinum Group Metals [67—70] 


Platinum metals not only are extracted 
from ore but, due to their high value, are also 
recovered from a wide range of industrial resi- 
dues. These residues are of variable composi- 
tion and quality, and recovery plants must be 
very flexible. 

Often, the recovery operation is included in 
the sales contract for semifinished and fin- 
ished goods, so materials are sent directly for 
recovery and do not appear on the raw materi- 
als market. For regular customers, accounts 
are kept of the weights of noble metals in- 
volved. The supply of material is facilitated, 
and risks due to price variation are minimized. 


Metallic Materials. Large quantities of me- 
tallic materials in the form of used platinum 
rhodium gauze catalysts result from the oxida- 
tion of ammonia. These catalysts must be re- 
processed chemically after 3-18 months of 
use. At present, ca. 50 t of Pt-Rh is bound up 
in these gauzes. The Pd—Au gauzes used to re- 
cover Pt-Rh vaporized in ammonia oxidation 
plants are also recycled. 

The glass industry generates large quanti- 
ties of defective components for chemical re- 
covery (e.g., from melting vessels and other 
equipment). | 

Spinnerets from textile fiber manufacture 
must normally be replaced after about one 
year of operation owing to erosion of the 
holes. 

Defective laboratory equipment, mainly 
crucibles and dishes, makes a considerable 
contribution, but chemical apparatus compo- 
nents are of little significance. 

Considerable quantities of platinum-rhod- 
ium scrap are provided by the electrical mea- 
surement industry, mainly in thermocouple 
components. Other residues from the electri- 
cal and electronic sectors include electrical 
contacts, heater elements, and electronic com- 
ponents. 

Manufacture of fountain pen nibs yields 
residues in the form of small spheres or dust 


that can contain ruthenium, osmium, iridium, 
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rhenium, tungsten, molybdenum, tantalum, 
nickel, and cobalt as alloy components. Treat- 
ment of these materials is among the most dif- 
ficult of all separation techniques. 


Dross. Waste materials include slag, ash, fur- 
nace residue, corrosion residue from equip- 
ment, and precipitation residue. Catalyst 
residues of poorly defined composition are 
also included. The PGM content of these ma- 
terials is usually low; they are extremely van- 
able and usually nonmetallic. 


Supported Catalysts [68]. Large quantities of 
platinum group metals must be recovered 
from spent catalysts. The most important of 
these, both in quantity and in value, are the 
heterogeneous catalysts used in the petroleum 
industry, especially in reforming processes, 
where 7 50 t of platinum is bound up world- 
wide. The lifetime of these catalysts is 4—8 
years. Residues usually contain 0.3-0.7% 
platinum on y-Al,O,, and usually also include 
palladium, rhodium, iridium, and rhenium, 
which must also be recovered. The other 
large-scale processes in the petroleum indus- 
try—hydrofining and hydrocracking—yield 
palladium and platinum catalysts on alumi- 
num silicate carriers. 


Another source of material for recovery of 
platinum metals is spent automobile catalytic 
converters [67-69]. However, the PGM con- 
tent is low (2 g per unit), and the units are en- 
closed in steel sheet and widely scattered. 
Collection and treatment are therefore diffi- 
cult. A satisfactory and economical solution to 
this problem has yet to be found. In Germany, 
collection logistics are coupled to the recy- 
cling of automobiles. 


The chemical industry produces consider- 
able amounts of palladium catalysts on carbon 
carriers, often in a moist state that presents 
sampling problems. Similar residues come 
from platinum-carbon, rhodium-carbon, and 
PtO, catalysts, although these are sometimes 
unsupported. Platinum asbestos, which was 
formerly used widely in sulfuric acid produc- 
tion, is now of very little importance. 
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Solutions [67]. Amounts of liquid residues 
from homogeneous catalysts used in the oxo 
process (hydroformylation) have increased 
relatively rapidly. The rhodium content of the 
organic solvents or oily process residues is be- 
tween 50 and 1000 ppm. Sometimes, these or- 
ganic solutions contain iridium, ruthenium, or 
palladium. Aqueous residues, especially ho- 
mogeneous catalysts containing rhodium, are 
currently being produced in increasing’quanti- 
ties. 

The electroplating industry yields ex- 
hausted electrolytes that cannot be regener- 
ated. The most important of these contain 
tetranitroplatinate(IT, rhodium(III) sulfate, 
and rhodium(III) phosphate. 

Finally, fhe processes used for separating 
the platinum group metals also produce waste 
solutions that must be reclaimed (e.g., mother 
liquor from crystallization). These operations 
form part of the separation process. 


Radioactive Residues. An as-yet unsolved 
problem is the treatment of radioactively con- 
taminated platinum equipment from chemical 
laboratories and processes. 

Fission of-??U in nuclear power stations 
produces considerable amounts of platinum 
group metals; one tonne of spent reactor fuel 
contains 1.2 kg of palladium, 0.5 kg of rhod- 
ium, and 2.3 kg of ruthenium [70]. 

However, the radioactivity of the material 
has not permitted the commercial use of this 
PGM source until now [71]. The most impor- 
tant PGM isotopes in spent reactor fuel are: 
V?pd (17 x 106 а), '?Rh (tp 3 а), and Ru 
(tın 1 a). "Pd is a very low-energy B-emitter, 
which would not exclude its use in many ma- 
jor applications; alternatively, it may be re- 
moved by isotope separation. The active 
isotopes of rhodium and ruthenium will have 
decayed to background levels after intermedi- 
ate storage of ca. 30 years. 


25.3.6 Reserves and Resources 


Natural Reserves. Data concerning reserves 
(discovered by prospecting and having assess- 
able economic value) and resources (which in- 
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clude additional supposed deposits and those 

with no current economic value) are very de- 

pendent on the time prospecting was carried 

out, and also on technical and economic pa- 
: rameters. 


For platinum group metals, the current esti- 
mate of workable deposits 1s 70 000 t [44, 72, 
73], 20 years ago, a figure of about one-third 
of this was assumed [74]. 


World reserves of the individual metals can 
best be estimated from the observed composi- 
tions of the deposits (Table 25.4) and the total 
amounts of PGMs that they contain (Figure 
25.3). This does not include osmiridium, 
which usually occurs with gold. 


Industrial Residues. Industrial residues have 
considerable potential for the supply of plati- 
num group metals, in addition to their extrac- 
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tion from ore. In most sectors, the possibilities 
are now fully exploited. In others, recovery 1s 
difficult because of the low PGM contents of 
the waste materials (e.g., certain catalysts). 
Economic recovery is also difficult when 


` small PGM-containing components аге 


widely distributed (e.g., in electronics). 


In particular, no satisfactory solution has 
been found to the problem of collecting used 
automobile exhaust catalysts. In 1991, more 
than 7 t of platinum was recovered from this 
source in the United States and Europe and 
about 0.5 t. of rhodium in the United States 
[224]. 

A total of ca. 1 t/a of rhodium is currently 
produced worldwide in nuclear power sta- 
tions. Some of this is placed in intermediate 
storage, and some in final repositories. 


Table 25.4: Relative proportions of platinum group metals in selected deposits, and their grades. 





Bushveld complex 
Merensky Reef UG 2 Reef Plat Reef 


Platinum. 96 59 42 42 
Palladium, 96 25 35 46 
Ruthenium, 96 8 12 4 
Rhodium, % 3 8 3 
Iridium, 56 1 2.3 0.8 
Osmium, % 0.8 0.6 
Gold, 96 3.2 0.7 3.4 
Grade, g/t 8.1 8.71 7-27 


(Stillwater) 
127 


South Africa Sudbury,  Noril'sk, Colombia Stillwater, 





Canada СІЅ United States Era 
38 25 93 19 45 
40 71 1 66.5 30 
29 Y 4.0 5 
3.3 з 2 7.6 4 
12 3 24 1 
12 1 «1 
13.5 0.5 
0.9 3.8 223 


(Ural, Siberia) 
10% 


South Africa 
(Bushveld) 


e Australia 3% 


72% о 
S J 





Figure 25.3: World platinum group metal reserves (total 70 000 t). 
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25.4 Mineral Dressing 


25.4.1 Alluvial Platinum Deposits 
[5, 10, 19, 29-31, 34, 39, 41—46, 75-83] 


Gangue materials must normally be re- 
moved from the platinum-bearing placer de- 
posits. Some deposits are extracted by 
subsurface mining. Е 

Hydraulic classification can be carried out 
by hand washing with simple equipment, such 
as shovels, sieves, and troughs. This was the 
most common method of treating the Colom- 
bian deposits and is still used today. More 
modem methods involve rotary sieves, 
troughs, and perforated boxes with running 
water or water jets. 

The most economical process 1s dredging 
river placers. This is a simple earth-moving 
technique linked with a natural inexhaustible 
water supply. Large installations have capaci- 
ties of several thousand tonnes of sedimentary 
material per day, with a water consumption of 
ca. 10 times this figure. Aboard the dredger, 
deposits are treated mainly by gravity concen- 
tration with sieves and sedimentation equip- 
ment, using stirrers, thickeners, washing 
boxes, etc. 

The last stage of concentration is often 
magnetic separation, with various field 
strengths used to separate magnetite, ferro- 
platinum-containing minerals such as 
chromite, and nonmagnetic components into 
fractions. Often, a final hand washing 1s car- 
ried out. In some types of deposit, gold parti- 
cles or gold-containing platinum particles can 
be separated as amalgam from the platinum 
concentrate. Another process involves con- 
centrating the platinum metals chemically by 
dissolving the other components in nitric acid. 
The concentrates so produced can contain up 
to 90% platinum group metals. These can be 
used directly by refineries. 

A problem may occur with high losses of 
platinum carried out as very fine metal from 
the gravity separation process, often exceed- 
ing the amount of the product itself. Losses 
can be reduced to some extent by recycling the 
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lighter fraction during hydraulic classification 
of the platinum deposits. 


25.4.2 Primary Deposits (44, 54, 
64, 65, 83, 84] 


The treatment of platinum-bearing rock, 
which is always supplied in lump form from 
primary deposits, consists of an initial size re- 
duction by crushing and grinding, usually wet 
grinding. 

After discovery of the South African pri- 
mary deposits in the Merensky Reef, attempts 
were initially made to treat this platinum-bear- 
ing rock by the methods used for alluvial de- 
posits. Many processes were investigated 
including gravity concentration, flotation, and 
metallurgical and chemical processes, such as 
chloride formation by calcining the powdered 
ore at 500—600 ?C in the presence of sodium 
chloride. The results were unsatisfactory. 

The modern process for the winning of 
PGMs from sulfide ores is shown in Figure 
25.4. Ground ores from the workable oxida- 
tion zone, which contain the platinum metals 
in native form, are first subjected to gravity 
concentration on cordyroy and James tables or 
by hydrocyclones, to separate the metallic par- 
ticles from the platinum-bearing minerals and 
give a concentrate with a high PGM content 
that can be processed quickly with low losses. 


Flotation is then carried out to remove the ` 
gangue from the sulfidic minerals, which are 
also associated with arsenidic and sulfidic 
platinum metal compounds and very finely di- 
vided elemental platinum metals. This con- 
centrates the platinum group elements by a 
factor of 10—50. After filtration with a rotary 
filter, the platinum metals in the flotation con- 
centrate are present at a total concentration of 
several hundred parts per million, along with a 
small percentage of sulfur, copper, nickel, and 
iron. 

This sequence of process steps is not suit- 
able for all types of deposits and production 
equipment. Magnetic or electrostatic separa- 
tion can sometimes be carned out before the 
smelting operations. 
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Figure 25.4: Winning of platinum group metals from sul- 
fide ores. i 

The pelletized material is smelted in a shaft 
furnace to form a copper-nickel matte. Oxy- 
gen is then blown into the converter to oxidize 
the iron sulfide selectively to iron oxide, 
which forms a slag. These two processes con- 
centrate the platinum metals in the copper 
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nickel matte to > 0.1%. The blowing operation 


is controlled so as to give the correct sulfur 


content for the next concentration stage. In 
this recently developed, slow-cooling matte 
separation process, a finely crystalline, homo- 
geneously distributed Ni-Cu-Fe phase, in 
which the PGMs are concentrated in high 
yield, is formed in the almost iron-free copper 
sulfide matte phase (see Section 12.4.4). The 
product is ground, and the PGM-containing 
magnetic Ni-Cu-Fe phase is recovered from 
the PGM-free matte by magnetic separation. 
Base metals are then removed by treatment 
with sulfuric acid and oxygen. The concen- 
trate obtained contains 50-90% PGMs. The 
next stage is to separate the platinum group 
metals from one another. 

The older pyrometallurgical process is time 
consuming and does not give such good sepa- 
ration. After air blowing the iron, the con- 
verter matte produced is smelted with sodium 
sulfide and separated into copper-containing 
and nickel-containing layers (tops and bot- 
toms process). The nickel-containing material 
is roasted and then reduced in a reverberatory 
furnace to give PGM-containing impure 
nickel. The platinum group metals are recov- 
ered from the anode slime produced during 
electrorefining. A method of this kind is ap- 
parently still used to treat sulfidic PGM depos- 
its in the Urals. 

Problems arise during treatment of the 
high-chromite ores of the UG 2 reef by the sul- 
fidic route; these are therefore often mixed 
with ore from the Merensky deposit. A pro- 
cess that shows great economic promise for 
the future is to smelt a metallic concentrate di- 
rectly from the ore in a plasma furnace [64]. 
Both types of ore are suitable, although the 
chromite-containing ore is better. 


25.4.3 Nickel Ores [61,62] 


In the processing of sulfide nickel ores, 
which always contain copper, the platinum 
group metals follow the nickel in the smelting 
process. When the crude copper is electrore- 
fined, the amount of PGMs obtained in the an- 
ode slime is very small. 
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When nickel is electrorefined, the platinum 
group metals remain behind in the slime 
formed at the nickel anode. The base metals 
and the silver.are dissolved by acid treatment, 
giving a concentrate that contains ca. 70% 
platinum group metals and differs from the 
nickel anode slime obtained from platinum 
ores of the Merensky reef in having an appre- 
ciably higher palladium content. Also, the 
concentration of platinum group ‘lentents in 
the unrefined nickel is about 100 times lower 
than that in the nickel obtained from platinum 
ore from the Merensky or UG 2 reef. 

When crude nickel is refined by the carbo- 
nyl process (see Section 12.6.3) residues with 
a lower PGM content are obtained. These are 
suitable for concentration by smelting under 
reducing conditions with lead(II) oxide and 
sodium carbonate. The lead is driven off, and 
the silver is dissolved and removed. These 
concentrates are of high enough quality for 
separation into individual metals. 

The treatment of PGM-containing copper 
anode slime obtained from nickeliferous pyr- 
rhotite is a long and costly process. The metals 
copper, selenium, tellurium, arsenic and anti- 
mony must first be removed (e.g., by forming 
their sulfates in a high-temperature process), 
followed by dissolution or by producing slags 
via smelting in the presence of potassium ni- 
trate with an air blast. This yields so-called 
Doré metal. The platinum group metals are 
then concentrated in the anode slime produced 
in the subsequent silver electrorefining pro- 
cess. 

Copper ores can also contain very small 
amounts of platinum group metals. These ap- 
pear in the copper anode slime during copper 
electrorefining. 


25.4.4 Metal Scrap 


A high proportion of the metallic waste 
from used equipment and from semifinished 
products can simply by dissolved without any 
prior treatment. These types of material in- 
clude crucibles, dishes, thermocouple ele- 
ments, gauze catalysts, and fiber spinneret 
nozzles. 
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Massive materials such as heavy-gauge 
sheets or bars should be size reduced by crush- 
ing or machining to produce swarf. For the 
highly refractory metals of the platinum group 
(Rh, Ir, Ru, and Os) and their alloys, mechani- 
cal methods are usually not sufficient to pro- 
duce a surface susceptible to dissolution. This 
is also true of platinum alloys with > 30% 
rhodium or 20% iridium. In these cases, alloys 
of platinum or palladium, which car be dis- 
solved more easily, are preferable. 

Very highly dispersed noble-metal black, 
which is often more soluble, is obtained by al- 
loying the highly refractory platinum metals 
with base metals and then dissolving the latter 
out. The noble-metal black must not be 
heated, or the optimum surface properties for 
the solution process would be adversely af- 
fected. Suitable alloying elements include 
copper, lead, nickel, zinc, aluminum, bis- 
muth, and silver. 

Commercial powdered rhodium and irid- 
ium also cannot be dissolved by direct chemi- 
cal means, but they can be treated with 
chlorine at ca. 500—600 ?C to form chlorides 
(also insoluble), and these can be reduced at 
low temperature (eg. by hydrogen or by hy- 
drazine in aqueous suspension) to produce 
finely divided blacks that can be dissolved in 
hydrochloric acid—chlorine. 

Concentrates of platinum metals often con- 
tain oxides that are less soluble in oxidizing 
acid mixtures than the metals. In these cases, 
the material must first be reduced by heating 
in a hydrogen atmosphere or by treating with 
aqueous hydrazine hydrate at ca. 80 °C. For 
rhodium oxides, solutions must be highly al- 
kaline and at their boiling point. 


25.4.5 Dross [85-89] 


If platinum metals cannot be separated by 
chemical or mechanical methods from accom- 
panying nonmetallic materials, as is usually 
the case with low-grade waste, pyrometallur- 
gical processes must be used (as in ore treat- 
ment). 

The most convenient and long-established 
pyrometallurgical process for low-grade waste 
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is smelting with lead in a shaft furnace to pro- 
duce slag. Materials containing silver and gold 
are treated in this way. The lead acts as a col- 
lector for the platinum group metals. The pres- 
ence of gold and silver also considerably 
affects the distribution equilibrium of the plat- 
inum group metals in the melt. In the lead 
shaft furnace, some of the high-melting noble 
metals rhodium, iridium, and ruthenium sepa- 
rate as so-called furnace shows. When the lead 
is oxidized and removed as litharge, most of 
the Rh, Ir, and Ru (so-called bottom metals) 
precipitates from the increasingly silver-rich 
alloys. Considerable amounts of rhodium and 
iridium pass into the shaft furnace slag and are 
lost. Ruthenium and particularly osmium are 


lost in large amounts in flue dust and waste: 


gases. 


When the gold-silver alloy from the above 
process is electrorefined to obtain silver, gold 
and the platinum group metals remain in the 
anode slime. If this consists.mainly of gold, it 
is converted to pure gold by Wohlwill electrol- 
ysis, in which platinum and palladium are con- 
centrated in the electrolyte, and silver chloride 
and the remaining platinum group metals in 
the anode slime. Alternatively, the silver can 
be dissolved from the gold-silver alloy by ni- 
tric acid to form silver nitrate, which is puri- 
fied by thermal decomposition of the 
accompanying nitrates; the platinum group 
metals remain in the water-insoluble oxide 
residue. 


All the concentrates mentioned above can 
he dissolved, and the individual platinum 
group metals obtained from these solutions. 


25.4.6 Supported Catalysts [68, 
69, 90-93] 


Spent, inactive catalysts consisting of plati- 
num metals supported on active carbon, or 
carrier-free noble-metal catalysts that have be- 
come coated with organic residues, are con- 
centrated by combustion. These materials are 
sometimes spontaneously flammable. When 
they are being burned, strong air currents are 
suppressed to prevent dust losses. If the result- 
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ing ash contains platinum metal oxides, these 


are reduced to the metal. 


Catalysts with incombustible carriers insol- 
uble in acid and alkali (e.g., y-Al,O,, silica gel, 
asbestos, and zeolites) can often be treated 
with oxidizing acid, but the noble metals dis- 
solve completely only in the absence of or- 
ganic residues (especially tarry matter) and if 
the сагпегѕ are very porous. Otherwise, the 
platinum metals must be concentrated by the 
lead shaft furnace process (see Section 
25.4.5). 


Reforming catalysts consist of y-Al,O, im- 
pregnated with platinum, platinum-rhodium, 
platinum—iridium, or platinum-rhenium. This 
carrier material is soluble in acid and alkali, 
and is dissolved (e.g., in hot sulfuric acid or 
hot caustic soda solution) leaving the noble 
metal as an insoluble residue. However, small, 
but not negligible, amounts of noble metal 
also go into solution. Moreover, sulfidic impu- 
rities in the catalyst can lead to the release of 
toxic hydrogen sulfide. Other practical pro- 
cesses are dissolving the catalyst in sodium 
carbonate solution (usually at 220°C in a 
pressurized reactor), or sintering with sodium 
hydroxide or sodium carbonate. Carbon and 


other products of the breakdown of mineral oil ` 


in the spent catalyst must be burned off before 
treatment with acid or alkali, because these 
materials interfere with the filtering of the 
platinum metal concentrate. 


Spent automobile exhaust catalysts can be 
processed at high temperature in a plasma or a 
submerged arc furnace. In the former, a 
plasma is produced between an electrode and 
the molten feed material. The energy of re- 
combination of the plasma is released into the 
melt. In the resistance furnace, slag serves as 
the electrical resistance in which heat is pro- 
duced. In both processes, the oxide carrier 1s 
melted with or without addition of a flux of 
lower the melting point. Iron or copper is 
added as a collector, forming a metallic melt 
that takes up the platinum group metals. The 
concentration of PGMs can reach 20%. 
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25.47 Treatment of Solutions 
[67, 94, 95] 


In homogeneous catalysis, high-boiling 
distillation residues are usually produced that 
contain no valuable materials apart from rhod- 
ium and sometimes ruthenium. These residues 
can be carefully burned, and the ash treated by 
wet chemical processes. Other techniques for 
recovering rhodium have been suggested (1.е., 
liquid-liquid extraction, reductive precipita- 
tion of the metal, and pyrolytic hydrogena- 
tion). A process used in industry, especially 
for the treatment of rhodium-containing oily 
residues from oxo synthesis, is precipitation of 
acid-soluble rhodium telluride by reacting the 
organically bound rhodium with tellurium. 
This process is notable for the high efficiency 
of rhodium recovery. 

The methods used to produce concentrates 
from a variety of aqueous wastes are to a large 
extent the same as those used for the internal 
recycling of platinum metals in the solutions 
produced in metal winning processes (see Sec- 
tion 25.6.8). 


e 


25.5 Dissolution Methods 
(34, 46] 


Whether separating platinum group metals 
or producing compounds and catalysts, the 
usual starting point is an aqueous solution. 

Most raw materials can be dissolved in oxi- 
dizing acids. Dissolution can be carried out at 
atmospheric pressure, or at elevated pressure 
ito obtain higher temperature. Convective or 
microwave heating can be used. 

Highly refractory raw materials, such as 
rhodium and iridium powder, can be con- 
verted into a highly dispersed form, by chlori- 
nation at ca. 500 °C, followed by reduction 
with hydrogen at 100-200 °C or hydrazine in 
aqueous suspension. Alternatively, rhodium 
can be oxidized to Rh,O, and then reduced. 

In some cases, melt processes at higher re- 
action temperature must be used. A review of 
the dissolution properties of platinum group 
metals is given in Figure 25.5 and Table 25.3. 
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Figure 25.5: Rate of dissolution of platinum and palla- 
dium in oxidizing acids. 

The cost of the dissolution step is an appre- 
ciable fraction of the cost of the entire process 
if many small amounts must be dissolved indi- 
vidually for the determination of value; there- 
fore, the choice of method is important. 


25.5.1 Dissolution in Aqua Regia 


The following reaction takes place in aqua 
regia: 
8HCI + 2HNO, + Pt — Н,РІСІ, + 4H,O + 2NOCI 
as does the following decomposition: 
3HCI + HNO, > Cl, + 29,0 + NOCI 


The highest rates of dissolution occur at the 
boiling point of aqua regia. The rate depends 
only slightly on acid concentration between 6 
and 12 M, and is virtually unaffected by the 
presence of dissolved platinum group metals. 

The aqua regia method is preferred for 
compact metallic platinum and high-platinum 
alloys (sheet, wire, turnings, etc.). The reac- 
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tions must be carried out in a sealed apparatus 
to prevent loss of material by splashing and 
mist formation. Before the next stage of treat- 
ment, nitric acid must usually be removed by 
concentration with the addition of hydrochlo- 
ric acid. 

To suppress side reactions, the reactants 
must not be allowed to boil too violently, al- 
though maintaining them at the boiling point 
and use of 6 M acid offers the most convenient 
method of sustaining consistent reaction con- 
ditions. To avoid boiling over, especially dur- 
ing heating, the initial charge of nitric acid 
should be added slowly and evenly to boiling 
hydrochloric acid. This method should also be 
used when aqua regia is added to replace spent 
acid. 

Finely powdered material also tends to 
cause boiling over. To avoid a violent reaction 
when dissolving palladium-rich alloys, dilute 
acids should be used. 


25.5.2 Dissolution in 
Hydrochloric Acid—Chlorine 


In the reaction between platinum and a so- 
lution of chlorine in hydrochloric acid 


Pt + 2НСІ +2Cl, — Н,РІСІ, 


the dissolution rates for platinum and plati- 
num-rnch alloys have a maximum in the range 
8090 °C (Figure 25.5). As the boiling point of 
hydrochloric acid (110 °C) is approached, the 
rate of reaction decreases rapidly, increasing 
again at higher temperature. For palladium, 
the rate of dissolution is considerably higher. 
For these dissolution reactions, 6-8 M hy- 
drochloric acid is preferred since, in this con- 
centration range, both the amount of acid 
consumed and the amount of hydrogen chlo- 
пае in the waste gas are lower than if more 
concentrated hydrochloric acid is used. The 
presence of dissolved platinum metals does 
not decrease the rate of dissolution. By careful 
control of addition rates, a very slight excess 
of chlorine can be used, so that this method 
leads to lower levels of waste gas contamina- 
tion than the aqua regia method. However, the 
rates of dissolution decrease considerably in 
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the absence of agitation, and the process is 
most suitable for easily stirred powders, slur- 
res, or concentrates and unsuitable for bulk 
material. f 

Metal dissolves more slowly in the vapor 
phase or in refluxing hydrochloric acid con- 
taining dissolved chlorine (Figure 25.5). 

Hydrogen peroxide can be used in place of 
chlorine as oxidizing agent. Optimum concen- 
trations are difficult to maintain owing to the 
decomposition of hydrogen peroxide into oxy- 
gen and water, therefore, reaction rates are 


very low compared with those for HCI-Cl.. · 


The НСІ-Н,О, system has some limited use 
for palladium. 


25.5.3 Dissolution in 
Hydrochloric Acid-Bromine 


Palladium dissolves more rapidly in hydro- 
chloric acid—bromine mixtures than in hydro- 


chloric acid-chlorine (Figure 25.5). Bromine . 


is more soluble than chlorine in hydrochloric 

acid, enabling high halogen concentrations to 

be used. If the temperature is kept well below 

the boiling point of bromine (59 ?C), losses in 

the waste gases become very small. Bromide 

formed in the dissolution reaction can be oxi- 

dized to bromine by chlorine in an easily con- 

trollable reaction, recovered by distillation, 

and recycled. Since the conversion of bromide 

to bromine 

2Br + Cl, Br; + 2C 

Or 

H,PtBr, + 3Cl, — Н,РІСІ, + 3Br, 

can take place in parallel with the dissolution 

process, bromine can be present in substoi 

chiometric amounts. 
Platinum and its alloys with rhodium or iri- 


dium are more resistant to hydrochloric acid— 
bromine than to hydrochloric acid-chlorine. 


25.5.4 Other Dissolution Processes 


Concentrated nitric acid is suitable for dis- 
solving palladium (Figure 25.5). 

Concentrated sulfuric acid dissolves finely 
divided rhodium at ca. 300°C, but strongly 
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heated rhodium powder is largely insoluble in 
sulfuric acid. 

Concentrated hydrobromic acid is the only 
reagent that can directly dissolve oxides of the 
platinum group metals such as PdO, PtO,, 
Rh,O,, and IrO,. Platinum can be dissolved in 
a mixture of hydrobromic acid and bromine 
above 100 °C in a pressurized reactor. Metal- 
lic rhodium is,quite soluble in concentrated 
hydrobromic acid near its boiling point 

Powdered ruthenium or osmium can be 
treated with an alkaline solution of potassium 
peroxodisulfate (К,5,0,) to form solutions of 
ruthenate or osmate. In acidic media, osmium 
is oxidized by peroxodisulfate or chromic acid 
to form OsO,. 

Perchloric acid has been reported to be a 
solvent for platinum and its alloys, ruthenium, 
and osmium. 


25.5.5 Salt Fusion [33] 


Aqueous dissolution processes are not suc- 
cessful for all types of concentrates and raw 
materials. Often, reactions in molten salts are 
more effective. For many raw materials, mol- 
ten salt methods are selective and therefore 
also suitable for separation. 

Rhodium can be converted into water-solu- 
ble rhodium(III) sulfate at ca. 600 °С by melt- 
ing with potassium or sodium 
hydrogensulfate, which is converted to the py- 
rosulfate with loss of water. Platinum, indium, 
and ruthenium are not attacked. 

Ruthenium is converted into water-soluble 
Kj[RuO,] when reacted with KOH-KNO,. 
Osmium reacts similarly. This reaction can be 
used to treat finely divided osmindium, espe- 
cially after preliminary treatment with molten 
zinc, in which the iridium remains undis- 
solved (see also Section 25.4.4). Potassium 
salts are more effective than sodium salts. Al- 
kali-metal carbonates can be used instead of 
alkali-metal hydroxides. 

Ruthenium and osmium are very readily at- 
tacked by molten М№а,О,. The reaction can be 
prevented from becoming too violent by addi- 
tion of NaOH or Na,CO, to reduce the melt 
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temperature. Iridium can be oxidized to acid- 
soluble iridate by fusion with Na,O,. 

Iridium can also be converted to acid-solu- 
ble iridate by treatment with fused BaO, or 
BaO;,-Ba(NO,),. This has the advantage of 
enabling the cation to subsequently be re- 
moved simply by precipitation as BaSO,. The 
process is also used to treat osmuridium, al- 
though osmium is converted to OsO, and must 
be recovered from the waste gas. e 

When mixtures of powdered platinum 
group metals are heated at 700 ?C in a chlorine 
atmosphere, acid-soluble chlorides of palla- 
dium and platinum, and acid-insoluble RhCl,, 
are formed. Chlorination of iridium and ruthe- 
nium produces substoichiometric acid-insolu 
ble products. i 

All of the platinum group metals form wa- 
ter-soluble complex chlorides when treated 
with sodium chloride in a chlonne atmo- 
sphere. 


25.6 Separation of Platinum 
Group Metals [30,96] 


After the platinum group metals have been 
dissolved, the individual metals must be re- 
covered. Depending on the raw material, the 
solution may contain all or some of the PGMs, 
together with gold, silver, and base metals. 

Over the past 200 years, numerous separa- 
tion processes have been developed and used 
[30, 31, 34, 39]. Many of the individual steps 
are still very important in modern processes. 
Others are of historical interest, but may be 
used in special cases to treat very small quanti- 
ties. In addition to the large-scale separations 
carried out by mining companies and refiner- 
ies a number of small companies exist, mainly 
in the United States. 

In general, coarse separation is followed by 
a purification stage. The process used for 
coarse separation is determined largely by the 
composition of the starting solution, and the 
purification process depends on the particular 
PGM. The purification stage is necessary be- 
cause, with few exceptions, an individual plat- 
inum group metal of commercially acceptable 
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purity cannot be isolated from complex solu- 
tions in a single step. 

In practice, the composition of the raw ma- 
terial changes frequently and profoundly, es- 
pecially in the recovery of secondary metal. 
Here, the crude separation process must be 
very flexible. In separation plants that are 
parts of mining operations, the raw material is 
usually fairly consistent over a long period of 
time. 

The most important separation processes 
today make use of various combinations of 
precipitation, crystallization, solvent extrac- 
tion, and distillation. 

To achieve the necessary performance eco- 
nomically, a high selectivity, a good yield of 
noble metal, and (to minimize loss of the inter- 
est-eaming potential of high-value materials) 

a short treatment time are required. 


25.6.1 Chemistry of Platinum 
Group Metal Separation [97-108] 


Of the many known reactions in PGM 
chemistry, certain ones have been developed 
to separate the metals or have been shown to 
be especially useful for this purpose. This is 
true both for crude separation and for purifica- 
tion; in many cases the same reaction is 
equally important in both stages. 


Dissolution Properties. Differences in reac- 
tivity toward chemical reagents, especially ox- 
idizing acids and molten salts, can often be 
utilized for coarse separation of platinum 
group metals. Good separation is possible 
only if platinum and palladium do not form 
mixed crystals with the refractory PGMs. 


Solution Equilibria. In the crystallization 
process (by either evaporation or precipita- 
tion), the solubilities of chloro complexes of 
the platinum group metals are very important, 
as is the possibility of altering these solubili- 
ties. The temperature dependence of these sol- 
ubilities is generally quite large and can be 
` utilized or must be considered, in many stages 
of the process. In the range between room 
temperature and 100 °C, solubilities differ by 
about a factor of 10 (Figure 25.6). An even 
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more useful phenomenon in separation tech- 


nology is the effect on solubility of the addi. 


tion of a common ion, which is utilized in 
precipitation crystallization (Sections 25.6.3 
and 25.6.4). Solubility can usually be varied 
over two orders of magnitude (Figure 25.7). 
The solubility of AgCl is affected not only by 
the concentration of the acid but also by that of 
H,PtCl,. 
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Figure 25.6: Solubility of platinum group metal chloro 
complexes in water as a function of temperature. ~- un- 
stable solution equilibrium; — stable solution equilib- 
rium. | 

Redox Reactions and Stability of Com- 
plexes [85, 109]. Many separations are made 
possible by valence changes in redox systems. 
This applies mainly to precipitation crystalli- 
zation, but also to solvent extraction and distil- 
lation. In practice, the kinetic and thermal 
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stabilities of the valences in complexes are im- 
portant, as is the redox stability (Table 25.5). 


Table 25.5: Stability of platinum group metal chloro com- 
plexes. 





Oxida- 2 
Metal tion Complex Redox 
state 
р IV [PtCI,]^ stable very stable very stable 
р D [PtCI,]" unstable unstable 
Pd IV [PdCl,]- unstable stable’ , unstable 
Pd II [PdCl]^ stable ^ very stable 
Ir ТУ [С] stable stable 
Ir ш [С] stable stable 
Rh Ш [КАС]? stable stable unstable 
Ru IV [Васі] unstable unstable 


Kinetic Thermal 
stability stability stability 





Hydrolysis (89, 97, 110]. Hydrolytic effects 
can frequently reduce the completeness of a 
desired reaction, thereby adversely affecting 
separation. Most chloro complexes of PGMs 
are susceptible to hydrolysis at high tempera- 
ture, thereby reducing their redox stability. 
The possible stepwise hydrolytic conversion 
of [ВСІ] to [Rh(H,0),]**, and of [Ptc] 
to [P(OH)4]?, must be taken into account. 
Similar hydrolytic effects are also common 
with ruthenium and indium. The reactions 
outlined here generally take place with widely 
varying rates. This is true for reaction in both 
directions (e.g., for hydrolysis and for the re- 
verse reaction in the presence of acid). For ex- 
ample, when a suspension of (NH,),[PtCl,] is 
heated, the concentration of dissolved plati- 
num (after being cooled to 20 °C) increases in 
24 h from 2.2 g/L to twice this amount, and af- 
ter 96 h it increases fourfold. This is due to 
partial hydrolysis to give soluble compounds. 
The reverse reaction, brought about by heating 
with hydrochloric acid at its azeotropic con- 
centration, occurs at similar rates. 


Jon Exchange Chromatography. The use of 
ion exchange is limited mainly to the separa- 
tion of PGMs from base metals [111]. For ex- 
ample, selective adsorption of IPCL on 
strongly basic anion-exchange resins is possi- 
ble, followed by elution with sodium hydrox- 
ide solution, yielding [Pt(OH),]*. The 
separation of a PGM mixture into individual 
PGMs by chromatography is described in 
[112, 113]. 
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Figure 25.7: Dependence of the solubility of platinum 
group metal chloro complexes on the concentration of 
NH,CI and HC! at 20 °C. ++ unstable solution equilib- 
rium; — stable solution equilibrium. 


Organic Precipitation Agents [114, 115]. 
Palladium can be selectively precipitated by 
dimethylglyoxime, but the precipitate is diffi- 
cult to filter. Separation systems have also 
been reported that depend on the formation of 
complexes of the PGM with substituted for- 
mazanes and substituted benzoylthiourea. Pre- 
cipitable organometallic compounds can 
often be recovered by solvent extraction in- 
stead of precipitation. 


Distillation and Sublimation. The only in- 
dustrial use of distillation or sublimation at 
present is the separation of КиО, and OsO,, 
usually by steam distillation. These substances 
have high vapor pressures even at room tem- 
perature, so a noncondensable carrier gas can- 
not be used because of the high carryover of 
material. A possible future process is the sepa- 
ration of PGM by using sublimation of PGM 
fluondes [116]. 
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Reduction to Metal. Since the PGMs are all The extracted metal is stripped from the or- ' 
electrochemically noble metals, selective re- рапіс phase by an aqueous phase. : | 
duction and cementation by base metals are 
not possible. In the past, collective cementa- 
tion from aqueous solution by zinc was often 
an important step, both for separation and for [30] | 
the recovery of PGMs from recycled solu- i 
tions. However, the use of zinc as a cementa- Some separation methods, shown in Figure | 
tion agent is now ruled out for environmental 25.8, were commonly used for separating | 
reasons. Where cementation cannot be PGMs in earlier times. Modifications of these | 
avoided, iron, aluminum, or Fe-Al alloys сап may still be used today or included with more | 
be used instead. In aqueous media, hydrazine, moder individual stages in an integrated pro- 


25.6.2 Old Separation Processes 
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formate, or boranate can be used to reduc- cess. In special cases, they can contribute to | Ё = н S d = E: 
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not usually involve a true Nemst distribution ` since the refractory PGMs are concentrated in | | | А 
of the extractable compounds between ће or- — separate particles. Some special process steps " 
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extractable compounds (generally organome- есцуе dissolution of rhodium, ruthenium and ! = ЗЕ EH Ss as SS Sé 
tallic) are formed in the extraction system it- iridium by salt fusion. i d 4 ZS ZS ad ZS Ek 52 
self. The геасіапіѕ are dissolved in an inert | $ 8 
organic phase or, if they are themselves liq- Separation Process B. A process formerly | t & ai à E B a bh S B z 
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ture in the 150—200 °C 5p range. pure platinum. 


Figure 25.8: Older separation processes. 
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amounts of iridium remaining as soluble 
(NH,).[IrC],] in the mother liquor. 


Separation Process F (129]. A process used 
mainly in mining operations (1.е., with pri- 
mary raw materials) has, as its most notable 
feature, solvent extraction of platinum, which 
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' 25.6.3 Current Separation tion of base metals. Similar separation pro- 
| -d cesses based on solvent extraction are in 
” PROCESSES industrial use or development [122-126, 130- 
| Modern separation processes (Figure 25.9) 136]. 
X are designed for high separation efficiency, Е 
i ë | minimum recycle, reduced holdup times of 2564 Processes Used in Coarse 
s 5 E E= é EL ED expensive PGMs, and minimization of losses Ё 
Ša Y. EHI SE 2g зе ER of noble metals. Ecological considerations arc Separation [30] · 
xy. AMET n T a 1 Е E | often crucial, even when costs must be kept Separation of Silver. Insoluble silver chloride 
Е Е | low. Thus, cementation on zinc, an extremely is formed in the dissolution process and is re- 
S e & z * [t B8 7 E | expensive process even if the cost of neces- moved by careful filtration from the starting 
Е E E "e g 5 á 5 2 3 oz | sary wastewatertreatmentisexcluded,hastoa ^ solution in concentrated hydrochloric acid. 
$ 3 iss ® P H | = P B ial = |8 e | very large extent heen eliminated from PGM However, this acid at its usual concentration 
LË азр свое 2 8 E 2 = jeg B 2 | е separation processes for environmental rea- leads to unacceptably high levels of silver re- 
SE Se | g IS = |g = l = м z lg £ | sons. | maining in solution due to H[AgCl,] forma- 
Bs Se Sa ЕН КЗ B jeg 8 Сш Е Säi 5 (Bal à | Separation Process D [30, 85]. All process tion. Lowering the free hydrochloric acid 
s £8 Së Бе [33] = si Ё 22 2 сое | steps can be carried out on the same solution concentration, preferably by evaporation and 
$2 3l Ba 3 3 | by using simple, similar process operations, dilution, considerably reduces the solubility of 
$2 PE M | which is economically beneficial. The pro- silver chloride. The settling rate and ease of 
| cess is very flexible, which is an advantage, filtration are improved by flocculating agents. 
| particularly for the recovery of secondary Traces of silver (usually together with Cu 
| metal when the ratio of PGMs changes contin- апа Pd) can be extracted from chloride solu- 
E is E BS 5 | uously. If the ruthenium content is high, RuO, — tionsof platinum group metals at pH 5.5 by di- 
2. FE £5 xg Sé ER SR | should be removed by distillation as the first — thizone in chloroform. 
Р =< z= ES KS as SE EK | step of the separation process. Separation of Gold. The usual process for 
Е) = d | Separation Process E. Solvent extraction gold separation involves reducing Au(III) to 
= g Z g 3 e Ё 8 8 Е i | with dialkyl sulfide is used. Unlike process D, elemental gold in acid solution. Reducing 
Z j] ee = 2 lJ á $ 2 z |= | this provides a practically quantitative and agents that can be used include iron(II) salts, 
u $3 | 8 [i = qs B [== 2 |259) a à Ss | sharp separation of palladium, which yields oxalic acid, sulfur dioxide, and ascorbic acid. 
mm Cem d als a lee) BH "аў, = gel | favorable conditions for the purification of Sodium nitrite, hydrogen peroxide, sodium 
5 SS :?| Eg Eë = E zz  |235 = [282 S з |= | Н ; 
& 5*5 |т Se jañ а |8. ge (Sai = [88| È 8 [3 } palladium and platinum. Solvent extraction of formate, and ethyl alcohol are also used [126]. 
ВЕ Ga ge gal i8 3 за Ба = |558 3 == | iridium can be carried out almost quantita- The separation process is improved if reduc- 
Н НЕ ŠĀ SS e "> 184) a Bai | tively and is very useful when iridium content ing agents and reaction conditions are chosen 
5 Es m CH | is low. Under these conditions, use of precipi- such that Pt(IV) is not reduced to DI, Other- 
tation crystallization would result in excessive wise, Pt(II) must be reoxidized to РТУ). The 


separation of gold from PGMs is becoming in- 
creasingly important [136]. 

Selective Dissolution Reactions and Melt 
Reactions. Dissolution processes usually do 
not give very sharp separation of platinum 
group metals. 
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are not blocked by molten salt. In practice, 
achieving complete reaction in a single stage 
is usually impossible. 


Separation of Platinum, Iridium, and Palla- 
dium by Precipitation Crystallization [137— 
139]. The same basic process has been used 
for the separation of the largest quantities of 
platinum group metals since the beginning of 
separation technology— precipitation crystal- 
lization of ammonium hexachloro complexes 
OD. VMCL) This process can be optimized 
in many ways by influencing solubilities (e.g., 
by valence changes, addition of a common 
ion, or changing the temperature and rate of 
precipitation). 

The first step in separation is usually to pre- 
cipitate platinum as (NH,).[PtCl,]. If the dis- 
solved platinum is present as Pt", it must first 
be oxidized to Pt" (e.g., by chlorine). Excess 
dissolved chlorine is dnven off by boiling, 
which also causes the palladium that had been 
oxidized to palladium(IV) to be reduced to 
palladium(II). Any indium(IV) present must 
be selectively reduced to iridium(IID, tor ex- 
ample, with iron(II) salts or ascorbic acid. The 
ammonium hexachloroplatinate(IV) is precip- 
itated preferably by slow addition of concen- 
trated ammonium chloride solution at room 
temperature with stirring. The hydrochloric 
acid concentration should be 1 M, and the 
platinum content should be 50—200 g/L. After 
precipitation, the excess of ND Cl in the solu- 
tion should be at least 0.5 mol/L. The mother 
liquor is removed from the salt by washing 
with semisaturated cold ammonium chloride 
solution. The deep-yellow | ammonium 
hexachloroplatinate(IV) is recovered with a 
purity of 99.0-99.5% in > 99% yield. 

Attempts have been made to precipitate the 
(NH,).[PtCl,] slowly by gradual formation of 
NH ions in the reaction medium (e.g., by hy- 
drolysis of urea or hexamethylenetetramine). 
In this way, an almost ideally homogeneous 
precipitation medium is produced. However, 
the purities and yields achieved do not justify 
the cost. 

To precipitate iridium as (NH,),[IrCl,], iri- 
dium(III) is converted to iridium(IV) by treat- 
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ment with an oxidizing agent at ca. 100 °C, 
while palladium remains in the divalent state 
at this temperature. Black (NH,).[IrCl,] is fil- 


tered off from the cold solution. It is more 


readily soluble than the corresponding plati- 
num salt, and therefore sufficient excess of 
NH,Cl (0.5-1.0 mol/L) and good cooling 
(20?C) must be used, and the minimum 
amount of concentrated NH,CI solution must 
be used for washing. Chlorine is then passed 
into the solution at room temperature, the ex- 
cess NH,CI in solution being > 1 mol/L, and 
palladium is precipitated in the pure state in 


the form of the sparingly soluble, brick-red 


ammonium hexachloropalladate(IV), 
(NH,).[PdCl,]. The separation from rhod- 
ium(III) is, however, not sharp. 

The main problem encountered in this pre- 
cipitation is the difficulty of producing suffi- 
ciently large crystals for filtration, which can 
be favored by adding the palladium solution to 
the NH,CI solution. High temperature favors 
crystal growth but must be avoided to prevent 
the following reaction from occurring: 

20°С 
[расі,]2- + Cl, = [РАС] 
60°С 


А virtually quantitative yield is obtained if the 
crystals are isolated quickly and washed with 
a cold concentration NH,CI solution saturated 
with Cl,. 


Separation of Rhodium. Ammonium 
hexachlororhodate, (NH,)3[RhC1,], can be iso- 
lated from rhodium solutions in hydrochloric 
acid such as those obtained after removal of 
the other platinum group metals. Ammonium 
chloride is added, followed by concentration 
and crystallization. Much of the remaining 
(NH,).[PtCl,] and (NH,)Q[IrCl,] is precipi- 
tated at the same time. Chlorides of the base 
metals mostly remain in solution. The 
(NH,)3[RhCl,] can be selectively redissolved 
in water at room temperature to form an al- 
most saturated solution. This gives a purified 
solution of rhodium. Both (NH,).[PtCl,] and 
(NH,).[IrC1,] are recovered by filtration. 

The rhodium can also be isolated as chloro- 
pentamminerhodium(III) chloride, [ВАСІ 
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(NH,);|Cl,, or potassium  hexanitrorho- 
date), K,[RHCNO,),], but the precipitations 
must be carried out in weakly alkaline solu- 
tion. These methods are unsuitable for solu- 
tions that contain large quantities of base 
metals because, under reaction conditions, 
these form insoluble hydroxides that are diffi- 
cult to filter. 

Cementation of rhodium by other metals 
(see Section 25.6.3) can also be carried out. 
However, all of the noble metals and the cop- 
per remain with the rhodium. An advantage is 
that precipitation of rhodium is complete in 
this process. 


Distillation of Ruthenium(VIIT) Oxide. The 
most important industrial process for the isola- 
tion of ruthenium is distillation of the very 
volatile ruthenium(VIII) oxide, RuO,, from 
aqueous solution. This compound is formed in 
solutions of potassium  ruthenate(VI), 
K,[RuOj, and  hexachlororuthenate(TIT), 
K,[RuCl,], by oxidation with chlorine at 
around neutral pH. Oxidation can also be car- 
пей out in dilute sulfuric acid solution with 
potassium permanganate, or with potassium 
chlorate in sulfuric acid solution, but thése 
methods are less satisfactory for safety rea- 
sons. The volatile RuO, is absorbed by dilute 
hydrochloric acid, and is converted into water- 
soluble chlororuthenate complexes. 

Even in the absence of potassium perman- 
ganate, chlorate, or their reaction products, the 
distillation of RuO, is hazardous. The pres- 
ence of NH; salts can lead to the formation of 
explosive chlorides of nitrogen. Therefore, re- 
moving ruthenium at the start of a separation 
process is often preferable. The formation of 
chlorine dioxide, chlorate, and perchlorate is 
also possible. Moreover, RuO, can explode by 
spontaneous decomposition, especially at > 
100 °С and on contact with organic sub- 
stances. To improve safety, work should be 
carried out under an inert gas and by avoiding 
the presence of large quantities (e.g., using a 
continuous process). 

Distillation of Osmium(VIII) Oxide. As a 


rule, osmium is present in only a few primary 
and secondary raw materials. osmium should, 
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if possible, be isolated as the first step of a sep- 
aration process, so that later operations will 
not lead to loss of volatile OsO,. 


Solutions obtained from digestion of ores 
normally contain osmates. Treatment of solu- 
tions in dilute sulfuric acid with oxidizing 
agents such as CrO,, K,5,0,, or HNO, causes 
osmium(VIIT) oxide to be formed and to distill 
off. From this distillate, OsO, can be isolated 
directly as a water-insoluble oil (mp740 °C). 
Alternatively, it can be absorbed in potassium 
hydroxide solution, forming K,OsO,, or can 
be converted to metallic osmium by reaction 
with formaldehyde solution. Owing to the tox- 
icity of OsO,, its escape into the atmosphere 
must be prevented by use of the best possible 
absorption equipment. No danger of explosion 
exists. 


Also, OsO, can be formed and distilled off 
by heating fine osmium powder in a stream of 
oxy gen. 


Solvent Extraction. Liquid-liquid extraction 
is often characterized by distribution coeffi- 
cients that vary greatly from element to ele- 
ment. These can usually be modified by 
chemical methods to give conditions favor- 
able for the separation of PGMs. However, the 
separation factors resulting from the ratios of 
the distnbution coefficients rarely enable a 
single separation stage to provide purities that 
fulfill modem requirements for metal quality. 
Although separations are generally better than 
those effected by precipitation crystallization, 
coarse separation by solvent extraction must 
be followed by purification. 


In practical industrial separation processes, 
mainly four extractants are used [102, 123— 
126, 136—139]. The most long-standing pro- 
cess is the separation of Pt(TV) and Ir(IV) from 
Rh(II) with tributyl phosphate (TBP) [140, 
141] The extraction of H,[PtCl,] and 
H;[IrClg] must be cared out in 4-6 M НСІ 
(Figure 25.10). If the usual mixture of 1 part 
TBP with 3 parts petroleum ether is used, the 
capacity of the organic phase is limited in 
practice to ca. 10 g of Pt-Ir and it is therefore 
less suitable for extraction treatment of solu- 
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tions whose main constituent is platinum (e.g., 
normal refinery feed solutions). 


Distribution coefficient 





0 12 3 4 5 6 17 8 9 10 
Hydrochloric acid concentration, mol/L ——» 


Figure 25.10: Extraction of platinum group metal chloro 
complexes by tributyl phosphate. 


Trioctylamine is used widely for the sol- 
vent extraction of large amounts of platinum 
from refinery solutions [142—144]. It is also 
used for the solvent extraction of Ir(IV) (Fig- 
ure 25.11). Stripping can be facilitated by 
changing the stripping solution or the valence 
of the metal. Diluent solvents are also em- 
ployed when carrying out solvent extraction 
with amines. 


For the solvent extraction of palladium, 
thioesters are currently used (eg. di-n-hexyl 
sulfide or di-n-octyl sulfide) [103, 143-147]. 
They produce good separation from other 
PGMs and have a high capacity for the metal. 
A. disadvantage is the poor Kinetics of com- 
plex formation, the reaction times required be- 
ing 30 mins or more. Hence, mixer settler 
equipment must be used rather than column 
equipment. Stripping with aqueous ammonia 
produces [Pd(NH,),]Cl,; this can be converted 
easily to [Pd(NH,).Cl,], which is then puri- 
fied. 
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Figure 25.11: Extraction of platinum group metal and 
gold chloro complexes by trioctylamine. 
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Figure 25.12: Extraction of palladium(II) and plati- 
num(IV) chloro complexes by an aldoxime (LIX TN 
1911): a) Platinum(IV); b) Palladium(lI). 

The method used for high-tonnage produc- 
tion of copper by solvent extraction with 
oximes is also successfully used for palladium 
(Figure 25.12). However, high concentrations 
of palladium in the organic phase cannot be 
achieved. 

Numerous other solvent extraction systems 
have been investigated, some of which are un- 
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dergoing industrial development [107, 108, 
141, 148-151]. ' 


25.6.5 Purification 


Methods used for purification of the prod- 
ucts from the separation process employ the 
same principles (1.е., valence change, temper- 
ature change, addition of common ions, and 
modification of complexes by chemical, reac- 
tion). 


Purification of Platinum. Recrystallization 
of. sodium hexachloroplatinate(IV), 
Na,[PtCl,], from hot water is effective, but 
large amounts of platinum must be recycled. 

Very effective purification is achieved by 
the oxidative hydrolysis of the metallic impu- 
riies palladium, rhodium, iridium, ruthe- 
nium, and base heavy metals, which are 
removed as insoluble hydroxides (Figure 25.8, 
Separation Process C). Precipitation from hot 
aqueous solution is carried out by addition of 
sodium bromate at pH 6.5 or by passing 
through chlorine at slightly alkaline pH. The 
oxide hydrates adsorb considerable amounts 
of platinum. The yield of platinum therefore 
depends on the purity of the feed material. 

The classical method of purification is by 
repeated precipitation of (NH,).[PtCl,]. The 
crude salt is converted into metallic platinum, 
dissolved to form H»[PtClg] (see Section 
25.5), and reprecipitated. By repeating this 
many times, very high purities are obtained, 


although the cost is also high Also, . 


(NH,).[PtCl,] can be converted directly to 
H,PtCI, by oxidation of the NH; or by cation 
exchange. In the oxidative decomposition of 
NH; (e.g, by heating the aqueous solution 
with addition of Cl, or HNO,), care must be 
taken to use a carrier gas or distillative condi- 
tions to prevent accumulation of explosive ni- 
trogen-halogen compounds. | 
Conventional crystallizations from water 
are possible, but the solubility of 
(NH,).[PtCl,] is relatively low, so that despite 
favorable temperature coefficients (Figure 
25.6), large volumes must be used. Modified 
crystallization methods are more economic 
(e.g., utilization of the considerably higher 
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solubilities in water above 100 °C at higher 
pressure). The purification effected by crystal- 
lization is enhanced by hydrolysis. Tn neutral 
or very slightly acidic media above 90 °C, the 
conversion of the chloro complexes of the 
platinum group metals (especially metals 
other than platinum) into hydroxo complexes 
and oxide hydrates begins. These cannot form 
mixed crystals with (NH,),[PtCl,]. The extent 
of hydrolysis of hexachloroplatinate(IV) in- 
creases with increasing temperature and reac- 
tion time. Therefore, high temperature and 
long reaction time lead to a lower yield of 
crystalline product. The reaction is reversible 
in the presence of hydrochloric acid. 

When the products of solvent extraction by 
substituted amines are stripped, solutions of 
platinum compounds in hydrochloric acid are 
obtained. From these, pure (NH4);[PtCl4] is 
precipitated by addition of NH,CI. 


Purification of Palladium [152]. Impure am- 
monium  hexachloropalladate(IV), | (NH), 
[Расі], can be dissolved directly for purifica- 
tion. This is achieved by the following reac- 
tion: 
3(NH,),[PdCl,] + 20NH, > 

3[Pd(NH,),]Cl, + 12NH,CI +N, 


Acidification of a solution of [Pd(NH,),]Cl. 
precipitates the sparingly soluble, pale yellow 
trans-diamminedichloropalladium(H): 


[Pd(NH,),]Cl, + 2НСІ —> [PdCI,(NH,),] + 2NH,CI 


The impure salt should be dissolved quickly at 
room temperature with agitation to prevent ap- 
preciable quantities of the (NH,),[PtCl,] 
present as an impurity from dissolving. Undis- 
solved material, mainly hydroxides and 
(NH,).[PdCl,], is filtered off. Hydrochloric 
acid is added to the solution until a pH of 1 is 
reached, causing [PdCl,(NH,).] to precipitate 
as easily filterable crystals. Possible causes of 
poor purification are too high a concentration 
of (NH4);[PdCl,] in the impure material, too 
prolonged a reaction with ammonia, too high a 
concentration of ammonia, or problems with 
filtration of the hydroxidic precipitate before 
precipitating [PdC1,(NH,).]. High temperature 
is also detrimental. If the acid concentration 1s 
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too high, the yield is reduced due to further re- 
action to form soluble (NH,),[PdC],]. 

Other possible methods for dissolving 
(NH); Расі, are 
2(NH,),[PdCl;] + N4H, — 2(NH,),[PdCl,] + 4HCI+N, 
or 
_ (NH,),[PdCl,] — (NH,),[PdCl,] + Cl, 


Pure (NH,).[PdCl,] can be obtained in al- 
most quantitative yield by passing chlorine 
through the solution and adding ND CL 

The purification of (NH4);[PdCl,] by repre- 
cipitation is useful in the presence of silver 
and most base metals. In the presence of rhod- 
ium, platinum, iridium, and copper, however, 
better purification is achieved by precipitating 
[PHCL(NH3),], although higher losses of pal- 
ladium to the mother liquor must be tolerated. 

Dichlorodiamminepalladium(ID, [Расі, 
(NH;).], can be produced by direct precipita- 
tion from an impure solution of palladium re- 
sulting from crude separation or inadequate 
purification. It is dissolved in aqueous ammo- 
nia solution to form [Pd(NH.),]Cl, and repre- 
cipitated by hydrochloric acid. 

An ammoniacal stripping solution is used 
after solvent extraction of palladium by di- 
alkyl sulfide. Palladium can be precipitated 
from this by acidifying to pH 1, thus produc- 
ing [Ра(ЧН,),СІ,] directly in a highly pure 


form. 


Purification of Iridium. The purification of 
crude ammonium  hexachloroiridate(I V), 
(NH,).[IrCl,], is carried out by precipitation of 
the unwanted elements as sulfides; these con- 
sist mainly of other platinum group metals and 
heavy base metals. This converts hexachloro- 
irdate(IV) to hexachloroiridate(IID), which 
must be  reoxidized to precipitate 
(NH,),[IrCl,]. The sulfides are precipitated 
from slightly acidic solution by hydrogen sul- 
fide. To ensure optimum precipitation condi- 
tions for all elements present, the sulfide 
precipitation must usually be carried out re- 
peatedly. Iridium can be purified by liquid- 
liquid extraction [153]. It is extracted rela- 
tively easily in the tetravalent state, but not in 
the trivalent state (cf. Figure 25.10). Reduc- 


Handbook of Extractive Metallurgy 


tion by Fe?*, As**, or ascorbic acid at room 
temperature causes selective reduction of 
Ir(IV) or Ir(IID; Pt(IV) is unaffected. á 


Purification of Rhodium [154]. Ammonium. 


hexachlororhodate(TIT), (NH.)4[RhClg], can be 
crystallized from water or hydrochloric acid. 
However, the yields are poor, as is the degree 
of separation from platinum and iridium. Pre- 
cipitation of [Rh(NHjCI]Cl; ог (NH4) 
[Rh(NO,),] is more effective, although yields 
are not good, and treatment of the mother li- 
quor is problematical. 

Good results are obtained when H,[PtCl,] 
and H,[IrCl,] are removed by liquid-liquid 
extraction, and base metal cations by strongly 
acidic ion-exchange resins. At one time, treat- 
ment of crude rhodium with chlorine at 
700 °C was an important process. The reaction 
product consisted mainly of insoluble RhCl, 
from which the chlorides of platinum, palla- 
dium, and base metals were dissolved by treat- 
ment with hydrochloric acid. Satisfactory 
purification could usually be obtained only by 
repeating the process. 

Crude potassium hexanitritorhodate(TIT), 
K,[Rh(NO,),], can be converted to hexachlo- 
rorhodate(IIT) by heating with hydrochloric 
acid. This can be followed by reprecipitating 
K,[Rh(NO,),] or precipitating [RhCI(NH3);] 
CL. 


25.6.6 Conversion of Salts into 
Metals — [30, 34, 39, 101, 111] 


The end products of PGM separation are 
metal compounds, but all platinum group met- 
als are marketed almost exclusively in the 
form of metallic sponge or powder. 

Conversion to the metals is carried out 
mainly by thermal decomposition of the am- 
monium chloro complexes (calcination). 
These compounds have decomposition tem- 
peratures (Figure 25.13), of 200—500 °C. The 
size and geometry of the charge affect the re- 
action course. The low thermal conductivity 
of the charge means that the reaction proceeds 
slowly, but smooth production of the desired 
decomposition products is ensured. Also, the 
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negative heat of reaction of the decomposition 
tends to slow down the process. In practice, fa- 
vorable conditions are achieved by external 
heating at 900-1000 °C. 


In earlier days, the thermal decomposition 
of PGM compounds was carried out in gas- 
heated muffle furnaces that were not very 
leaktight. The best of these were provided 
with a collection chamber for NH,CI (subli- 
mation temperature 340 °C) and included a 
waste gas system [41]. Today, tubular fused 
silica reactors, enclosed in an electrically 
heated furnace, are used. A stream of inert gas 
can be passed through at a controlled rate, and 
absorption equipment is present for NH,Cl 
and HCl. Automated plants are in operation 
[155, 156]. 
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Figure 25.13: Thermal decomposition of platinum group 
metal complexes. 


Thermal treatment of PGM compounds can 
also be carried out in the presence of hydro- 
gen. For safety reasons, a mixture of hydrogen 
and nitrogen below the ignition temperature is 
preferable. 
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Chemical reduction of PGM compounds in 
aqueous medium (e.g., by hydrazine) has not 
proven to be economical in large refineries. 


Platinum. The compound (NH,),PtCl, can be 
converted to platinum sponge by thermal de- 
composition at 800 °C, according to 
3(NH,),[PtCl,] > 3Pt + 2NH,CI + 16HCI+2N, 


Excessive carryover of- platinum can be 
avoided by introducing ammonium hexachlo- 
roplatinate(I[V) into the reaction zone at ca. 
300 °C and heating it rapidly. Waste gas is 
washed with water to extract ammonium chlo- 
ride, both for environmental reasons and to 
prevent the loss of traces of platinum. 

If the reaction is carried out in a hydrogen 
atmosphere, elemental platinum 1s formed be- 
low the sublimation temperature of NH4CI 
(ca. 350 °C). Platinum carryover is then ap- 
preciably less, and more ammonium chloride 
is formed: 


(NH,),[PtCl,] + 2H, — Pt + 2NH,CI + 4HCI 


If NH,CI is not sublimed but is removed by 


dissolving in water, finely divided platinum 
powder can be produced by this process. Cal- 
cination of the hexachloroplatinate(IV) of an 
alkali metal is not recommended, because the 
alkali metal chloride produced is difficult to 
remove by aqueous dissolution from the plati- 
num sponge. 

Hexachloroplatinates can usually be re- 
duced in aqueous solution or suspension ac- 
cording to 
(NH,),[PtCl,] + NH, + 6NaOH — 

Pt + 6NaCl + 2NH, + N, +6H,O 
The reaction proceeds best above 80 °C, with 
excess NaOH maintained at 2 M and the reac- 
tion controlled by adjusting the rate of addi- 
tion of ND. The reaction must be flushed 
with nitrogen, because hydrogen can be 
formed in a side reaction. The platinum black 
formed is washed to remove salts, and either 
dried to produce powder or heated strongly to 
produce sponge. Overall, wet chemical reduc- 
tion is more expensive than calcination but 
should be used if alkali metal hexachloromet- 
allates are present, because their decomposi- 
tion products cannot be sublimed. 
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Palladium. The thermal decomposition of 
dichlorodiamminepalladium(II), [Pd(NH,), 
Cl], begins at ca. 290 °C in an inert atmo- 
sphere. Process conditions are the same as for 


(NH,).{PtCl,]. The reaction is 
3[Pd(NH,),CL] э 3Pd + 4NH,Cl + 2HCI +N, 


For the calcination of ammonium hexachloro- 
palladate(TV), which loses chlorine at ca. 
280 ?C, the temperature should be increased 
extremely slowly over the range 100—300 °C. 
If calcination is carried out in air, the palla- 
dium sponge formed contains large amounts 
of PdO, which must be reduced by strong 
heating in a hydrogen atmosphere. 
The wet chemical reduction 
2[Pd(NH;).CL,] + NH, > 2Pd + 4NH,CI + N, 


and the reduction of (NH,).[PdCl,] proceed 
quantitatively in strongly ammoniacal solu- 
tion above 50 °C. Sodium formate in alkaline 
solution can also be used as reducing agent. A 
nitrogen atmosphere must be used in both 
cases to prevent formation of explosive gas 
mixtures. Chemical reduction often produces 
pyrophoric palladium black, which must be 
dried in an inert gas atmosphere. 


Iridium. The best method of producing irid- 
ium is to reduce ammonium hexachloroiri- 
date(IV), (NH,).[IrCl,], in a hydrogen 
atmosphere ca. 800 °C, yielding the metal 
powder. Calcination in air gives an oxide-con- 
taining material. Wet chemical reduction with 
hydrazine is possible only in strongly alkaline 
sodium hydroxide solution and does not al- 
ways go to completion. 


Rhodium. Ammonium ` hexachlororho- 
date(III) is subjected to the same process of 
thermal reduction as used for (NH,).[IrC],]. 

Wet chemical reduction with hydrazine ac- 
cording to 
4(NH,),RhCl, + 3N,H, + 24NaOH — 

4Rh +3N, + 12NH, + 24NaCI + 24H,O 

must be carried out with a large excess of hy- 
drazine and NaOH at са. 100 °С to ensure 
complete reaction. 


Ruthenium. Ammonium hexachlororuthen- 
ate(III-IV) is reduced, preferably in a hydro- 
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gen atmosphere, at ca. 800°C. Aqueous 
solutions of ruthenates(IV) (e.g., produced by 
adding RuO, to an alkali-metal hydroxide so- 
lution) are treated with ethanol to precipitate 
hydrated Rut). which is reduced in a hydro- 
gen atmosphere at 800 °C. 


Osmium. Osmium tetroxide that has been ab- 
sorbed in potassium hydroxide solution is pre- 
cipitated as potassium osmate(IV) by adding 
ethanol. This is reduced by strong heating in a 
hydrogen atmosphere or reacted with NaBH, 
in aqueous solution [157]. The product must 
be washed with water in both cases. 


25.6.7 Partial Purification 


Platinum—Rhodium Mistures. For industrial 
use, platinum and rhodium are often alloyed 
together, and separating these elements during 
the recovery process may be unnecessary. The 
solutions obtained by dissolving metallic plat- 
inum rhodium scrap can be used. The neutral 
solutions are treated with a sodium-loaded ion 
exchanger to replace all unwanted cations 
with sodium. Sometimes, Na* is replaced by 
Н", giving a solution of H,[PtCl;] and 
H,[RhCl1,] suitable for further treatment (e.g., 
reduction by hydrazine to give Pt-Rh pow- 
der). 

Similar processes can be used for treating 
some single metal catalysts (e.g., material 
from the calcination of carbon palladium). 


Surface Cleaning. Some returned metallic 
materials with only surface contamination re- 
quire merely surface cleaning, thereby avoid- 
ing a wet separation process. They can be 
treated with acids, such as hydrofluoric acid, 
or with fused salt (e.g., NaHSO,), although 
some of the outer layer of platinum dissolves. 


25.6.8 "Treatment of Internally 
Recycled Material 


A buildup of base metals occurs in recycled 
material such as mother liquor from precipita- 
tion and crystallization. These base metals 
originate from the raw materials and from 
salts formed in the reactions, and also include 
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small quantities of platinum group metals 
from the separation process. The quantity or 
recycled noble metals should normally not ex- 
ceed 1% of the metal in the starting material. 
The extent of recycle must be limited, because 
losses are relatively high when noble metals 
are recovered from this type of material. 

Solutions containing platinum metals with 
only small amounts of other materials should 
be concentrated by evaporation іп the*pres- 
ence of hydrochloric acid. They can be: com- 
bined with fresh raw material for separation. 

If the solutions contain only ammonium 
chloride and platinum group metals, they can 
often be reused directly as a precipitating 
agent after concentration in acid conditions. 

If the solutions contain large amounts of 
salts of alkali metals, alkaline earths, or other 
metals along with platinum and palladium res- 
idues, it 1s advantageous to separate the 1ons 
[PtCl,]* and [PdC1,]*- from the other materi- 
als by using strongly basic ion exchangers. 
Good separation 1s achieved if only the two 
chloro complexes are present. For rhodium 
and iridium this condition is often not 
achieved, because of hydrolysis to give hy- 
droxo complexes, so this method cannot be 
used unless special precautions are taken. 

In earlier times, noble metals were recov- 
ered from such solutions by cementation with 
zinc in a hydrochloric acid solution. Alumi- 
num is now the preferred reducing agent be- 
cause of the high cost of zinc, which must be 
present in large excess, and the resultant envi- 
ronmental problems. Noble metals can also be 
recovered with sodium borohydride. Alterna- 
tively, they can be reduced by hydrazine in al- 
kaline solution. If no precautions are taken, 
hydroxides of base metals are also precipi- 
tated, but these can easily be redissolved. Cop- 
per is also precipitated in this reduction 
process. After redissolving the metals, the lat- 
ter can be reprecipitated as copper(II) oxalate 
or another copper(I) or copper(II) salt that is 
sparingly soluble in slightly acidic solution. 

All materials from which noble metals have 
been recovered must be monitored carefully 
for possible noble-metal content before dis- 
posal, so that no irrevocable losses occur. 
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25.6.9 Construction Materials 


Many of the operations described above 
pose special problems in the choice of maten- 
als for equipment and vessels. 

Plastics resistant to mineral acids can often 
be used. Vessels and reactors lined with hard 
rubber are resistant to acids and saturated 
chlorine solutions at 90 °C. Unsuitable metals 
for commonly occurring solutions of platinum 
and other platinum group metals include stain- 
less steel, titanium, zirconium, the Hastelloys, 
and silver, because these materials cause ce- 
mentation of platinum group metals. Tantalum 
is an exception. It is resistant to dissolved 
halogens and does not cement platinum group 
metals from solution. It is a suitable material 
for steam-heated heat exchangers. Equipment 
constructed of borosilicate glass and glass- 
lined steel reactors are chemically resistant to 
all of these matenals. For solutions containing 
large amounts of ruthenium or osmium, other 
construction materials are recommended, in- 
cluding graphite for some items. 

For treating raw materials with acidic mol- 
ten salts or salts that have a chlorinating ac- 
tion, and for calcination, the use of fused silica 
equipment is best. Treatment with molten oxi- 
dizing alkaline salts is carried out in silver or 
nickel crucibles. 


25.7 Compounds 
34, 39, 85, 98-100, 158] 


[5, 6, 29, 31, 


Because of the many possible oxidation 
states of platinum group metals and their ten- 
dency to form complexes, the range of com- 
pounds is extremely wide. Only a few of these 
are of industrial importance. 


25.71 Platinum Compounds 


Hexachloroplatinic(IV) acid, H,[PtCl,]- 
6H,O, theoretical platinum content 37.68%, 
platinum content of commercial product ca. 
40% [commercial names: chloroplatinic acid, 
hydrogen  hexachloroplatinate(IV)], forms 
reddish brown crystals (mp ca. 150 °C), which 
deliquesce in moist air and are readily soluble 
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in water or alcohol. The usual commercial 
product is an aqueous solution with a platinum 
content of 25%. 


Production. Platinum sponge is treated 
with moderately concentrated hydrochloric 
acid saturated with chlorine in a stirred vessel 
at ca. 80 °C. The solution obtained is evapo- 
rated until it reaches 150 °C. When cooled, it 
changes into solid Н.РіСІ,:4.5Н,О, which 
contains ca. 40% platinum, no mother liquor 
is produced. If the platinum is dissolved in 
aqua regia instead of hydrochloric acid chlo- 
rine, the nitric acid and NOCI formed must be 
removed completely, preferably by repeated 
evaporation to a syrupy consistency and redis- 
solution in hydrochloric acid. 


Uses. Hexachloroplatinic(IV) acid is the 
most industrially important platinum com- 
pound. It is used in the production of most 
other platinum compounds and preparations. 
It is used primarily to make catalysts by im- 
pregnating support materials. 


Hexachloroplatinates(IV). Ammonium 
hexachloroplatinate(IV), (NH,).[PtCl,], and, 
to a limited extent, the orange-red salt sodium 
hexachloroplatinate(IV), Na.[PtCl,]. are im- 
portant in platinum separation processes (see 
Section 25.6). 


Platinum Chlorides. Platinum(IV) chloride, 
PtCl,, is produced by careful dehydration of 
H.PtCl,-6H,O at са. 300 °С in a stream of 
chlorine. It is a red-brown, crystalline, hygro- 
scopic powder with a relatively narrow range 
of thermal stability. 

Above 380 °C, DCL, liberates chlorine and 
forms platinum(II) chloride, DCL. which is 
stable between 435 and 580 °C. Platinum(III) 
chloride, PtCl,, is probably formed as an inter- 
mediate in this reaction. Above 580 °C, fur- 
ther decomposition occurs to yield metallic 
platinum. Platinum(IV) chloride is the only 
chloride of platinum that is soluble in water. 

Platinum(II) chloride can also be obtained 
from a solution of H4[PtC1,] by careful evapo- 
ration under vacuum. Chlorides of platinum 
can be produced by reacting chlorine with 
finely divided platinum. The chloride obtained 
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will be the one that is stable at the reaction 
temperature. | 


Platinum Oxides. The most industrially im- 
portant oxide of platinum is platinum(IV) ox- 
ide hydrate, PtO,-H,O, a hydrogenation 
catalyst. To prepare this substance, a solution 
of 9 parts sodium nitrate and 1 part platinum 
as H.[PtCl,] is evaporated to dryness. The 
product mixture is finely powdered and added 
to molten NaNO, (10 parts) at 520 °C with ag- 
itation. The product is dissolved in water, 
washed, and carefully dried to give a brown 
powder, insoluble in aqua regia, with poorly 
defined stoichiometry. 


Platinum(II) oxide, РіО, and platinum(1I) 
oxide hydrate, PtO-H,O, are also known, but 
have little or no industrial importance. 


Other Platinum Compounds. The following 
compounds are used in aqueous electrochem- 
istry: potassium tetranitroplatinate(ID, K.[Pt 
(NOj)]; dinitro-diammineplatinum(I]), [Pt 
(NH,).(NO,),]; and sodium hexahydroxy- 
platinate(IV), Na,[Pt(OH),]. 


Potassium _tetracyanoplatinate(II), К, 
[Pt(CN),]. can be used in electroplating by 
molten salt electrolysis. Barium tetracyano- 
platinate(II), Ba[Pt(CN),], is used in the man- 
ufacture of fluorescent screens. Many other 
cyano complexes are known. Simple cyanides 
such as Pt(CN), and Pd(CN), also exist. 


Potassium —tetrachloroplatinate(I, К, 
[PtCl,], is a starting material for the synthesis 
of most РКП) compounds. Platinum(II) ace- 
tylacetonate is used in the pyrolytic produc- 
tion of platinum surface coatings (see Section 
25.9.9.2) and is superior to other platinum 
compounds in this application. 

Dichlorodiammineplatinunx(1l), [Р1С1„ 
(NH4)], is of historical interest and was 
known in two forms: “Peyrone’s chloride" and 
“Reiset’s second chloride". In 1893, WERNER 
recognized that these were cis and trans iso- 
mers. The compound cis-[PtCl(NH,);] (cis- 
platin) is expected to grow in importance 
because of its cytostatic properties. 
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25.7.2 Palladium Compounds [159] 


Tetrachloropalladic(IT) acid, H,[PdCl,], is 
stable only in solution. Commercial solutions 
in hydrochloric acid contain 20% palladium 
and are dark brown. 

Production. The method of producing 
H.[PdCl,] solution is similar to that for 
H.[PtCl,] solution. The metal is dissolved in 
HCI-CL or НСІ-НМО,, the rate of dissolution 
being higher than with platinum (Figure 25.5). 
If dissolution occurs below ca. 50 °C, 
hexachloropalladic(IV) acid is formed first. 

Uses. The solution of tetrachloropalla- 
dic(II) acid is the most industrially important 
palladium preparation. It is the starting mate- 
rial for almost all other palladium compounds, 
particularly catalysts. 


Palladium(II) chloride, PdCl, theoretical 
palladium content 60.0%, palladium content 
of commercial product 59.9%, is a brown to 
brownish violet powder, insoluble in water, 
but readily soluble in hydrochloric acid and 
solutions of alkali-metal chlondes. It sublimes 
at 590 °C. Decomposition begins at 600 °C 
and is complete at 740 °C. ` 

Production. The best method of production 
of PdCl, is careful evaporation of a solution of 
H,[PdCl,] in hydrochloric acid, preferably in a 
rotary evaporator. 

Uses. Anhydrous PdCl, is the starting ma- 
terial for a number of palladium compounds. 


Palladium Oxides. Poorly defined oxide hy- 
drates are obtained by adding alkali to aque- 
ous solutions of Pd(ID compounds. The 
Pd(IV) oxide hydrates obtained from Pd(IV) 
solutions release oxygen. A catalytically ac- 
tive palladium preparation analogous to DC. 
xH4O can be obtained by evaporating a solu- 
tion of H,[PdCl,] and NaNO3, and fusing the 
product. 

Stoichiometric palladium(II) oxide, PdO, 
which is crystallographically well defined, is 
obtained by reaction of palladium black with 
oxygen or air at 750°C. Decomposition oc- 
curs at 850 °C. 


Palladium Ammine Complexes. The addi- 
tion of ammonia to solutions of palladium 
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chloride first causes the formation of a pink 
precipitate of the binuclear complex 
[Pd(NH,),PdCl,], known as Vauquelin’s salt, 
which is converted to soluble tetramminepal- 
ladium(II) chloride, [Pd(NH3),]C1,, by further 
addition of МН,. Acidification of this solution 
yields the sparingly soluble light-yellow 
trans-diamminedichloropalladium(II), [PdCl, 
(NH,),]. These compounds and reactions are 
important in the industrial separation of palla- 
dium (see Section 25.6). 


Other Palladium Compounds. Ammonium 
hexachloropalladate(IV), (NH,).[PdCl,], is 
important in separation technology. It is an ox- 
idation product of tetrachloropalladate(IT) (see 
Section 25.6). Palladium(II) sulfate, palla- 
dium(II) nitrate, and palladium(II) acetate are 
of some importance in preparative chemistry. 
The ready formation of palladium hydride 1s 
exploited industrially for example for the puri- 
fication of hydrogen. 


25.7.3 Rhodium Compounds [160] 


Hexachlororhodic(IIT) Acid, URL Wet 
separation processes and molten salt dissolu- 
tion usually produce (NH,),[RhCl,] ог 
Na4[RhClj]- 12H50 in crystalline form. Both 
compounds form deep-red crystals, which are 
very soluble in water Free hexachloro- 
rhodic(III) acid, H4[RhCl,], can be obtained 
by cation exchange or by oxidative decompo- 
sition of the cation in the case of the NH; salt 
(see Section 25.6.2). The composition of the 
chloro complexes of rhodium depends 
strongly on the concentration of hydrochloric 
acid, the temperature, the duration of reaction, 
and the previous treatment of the solution. By 
starting with a strongly acidic medium, the 
following transformations are possible: 
[RhCl]" = [RhCL(H,Oj]* = [RhCL(H,O = 
[RhCl(H,O)] = [RhCL(H,O)] = [RhCKH,O)]" = 
[Rh(H,OJ* 

The color varies from raspberry red to brown. 
Rhodium Chlorides. Anhydrous, brownish 


red rhodium(IIT) chloride, RhC1,, which is in- 
soluble in water and mineral acids, is obtained 
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by heating rhodium powder to 700 *C in a 
chlorine atmosphere. 


So-called soluble rhodium chloride, with 
the approximate composition RhCl,:2.5H40, 
is obtained by evaporating a solution of 
H.[RhCl,] in hydrochloric acid, preferably in 
a rotary evaporator This compound is the 
most important commercial rhodium product, 
and is used as the starting material for other 
rhodium compounds and catalysts. 


Rhodium Sulfate. Rhodium(lIII) sulfate, 
Rh.(SO,)3, can crystallize with varying 
amounts of water; it can be obtained by dis- 
solving Rh(OH),:xH4O in sulfuric acid or by 
the action of hot sulfuric acid on freshly pre- 
cipitated rhodium black. It is used in rhodium 
plating. 


Chloro-£ris-(triphenylphosphine)rhod- 
ium(I), RhCI[P(C4H,),],. is formed by the re- 
action of triphenylphosphine with soluble 
rhodium(III) chloride in ethanol solution un- 
der reflux. It separates as deep-red crystals. 


This complex, and rhodium compounds 
with similar structures, are important homoge- 
neous catalysts. 


25.7.4 Iridium Compounds 


Hexachloroiridic(IV) acid, H.[IrCl,], is pro- 
duced in aqueous solution by the methods 
used to obtain H,[RhCl,] (1.е., from the am- 
monium or sodium salts). It is by far the most 
important iridium compound. The oxidation 
state is relatively easily changed (in either di- 
rection), the very intense dark brown [Ir V C1,], 
changing to the lighter colored [Ir C14], or 
vice versa. The ammonium salts of both an- 
ions are important in separation technology 
(see Section 25.6). 


Iridium(III) Chloride, IrCl,. A product sto- 
ichiometrically deficient in chlorine is ob- 
tained by heating iridium powder in a stream 
of chlorine at 650 °C. The chlorination reac- 
tion is assisted by the presence of carbon mon- 
oxide. 
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25.7.5 Ruthenium Compounds 


Ruthenium(VIII) oxide, RuO, is formed by 
the oxidation of aqueous solutions of ruthen- 
ates. It has a melting point of 25.5 °C and is 
therefore a liquid at room temperature. It is 
both toxic and explosive (see Section 25.9.1). 


Soluble Ruthenium(IV) Chloride. So-called 
soluble ruthenium chloride consists mainly of 
Ru(OHJ)CI, with some RuCl,: HO, and is pre- 
pared by reacting RuO, with hydrochloric acid 
and evaporating the solution. The compound 
(NH,).[RuCl,] can be precipitated by adding 
HD CL 


Potassium  ruthenate(VI), K.;[RuO,;], is 
formed by fusing ruthenium with KOH-KNO; 
or by dissolving RuO, in potassium hydroxide 
solution. 


25.7.6 Osmium Compounds 


Osmium(VIII) oxide, OsO, is the most im- 
portant osmium compound. It is formed even 
at room temperature by the oxidation of os- 
mium powder by air. It is prepared by strongly 
heating osmium in a stream of oxygen at 500— 
800 °C. The melting point is 40.6 °C, and the 
boiling point 131.2 °C. Sublimation takes 
place even at room temperature. 


Potassium osmate(VI), K,[OsO.(OH),], is 
formed by the reaction of OsO, with potas- 
sium hydroxide solution and alcohol. 


25.8 Quality Specifications 
and Analysis ([5, 34, 161-177] 


In industry, the purity and fineness of plati- 
num and platinum metals are even today often 
described by the classifications "technically 
pure" (99%), “chemically pure" (99.9%), 
“physically pure” (99.99%), and “spectro- 
scopically pure” (99.999%). These are taken 
from the recommendations of the Physi- 
kalisch-Technischen Reichsanstalt [28]. 

Present practice is to use the following 
qualities: 

99% (now hardly used) 
99.9% 
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99.95% 

99.98% 

99.99% 

99.999% 

99.9999% (only in exceptional cases) 

Other specifications are used for particular 
applications (e.g., physical properties if used 
in sensors or microelectronics [178, 179]). 

Most commercially available platinum and 
palladium from primary and secondary pro- 
duction have' purities of 99.95-99.98%. 
Higher purities usually sell at higher prices. 
Platinum and palladium are generally supplied 
as-ingots or plates (stamped with the purity). 
Other platinum metals are supplied mainly as 
powder. 

Platinum and palladium ingots of 500- 
1000 g are preferred for investment purposes 
in Japan [1]. 


Determination of Purity. The purity of com- 
mercial platinum group metals is determined 
by physical methods. The most important of 
these are emission spectroscopy, with glow 
discharge or spark excitation of the solid; 
plasma emission spectroscopy with induc- 
tively coupled plasma (ICP) or direct current 
plasma; and atomic absorption spectroscopy 
(AAS) for solutions. High-performance liquid 
chromatography is of minor importance for 
the analysis of PGMs. Mass spectrometry is 
used in special cases, especially for ultrapure 
material, recently with glow discharge excita- 
tion, ICP excitation (ICP-MS), or neutron acti- 
vation. 

The noble-metal content can be deter- 
mined more precisely by measuring the total 
content of impurities than by direct determina- 
tion. Physical methods for the determination 
of trace impurities have replaced wet chemical 
and colorimetric analytical methods for rea- 
sons of economy and speed. 


Trace Analysis of Platinum Group Metals. 
The determination of traces of noble metals is 
of great importance in mineral prospecting. 
Since metal contents of only a few parts per 
million are of interest, sensitivity require- 
ments are higher than in punty analysis. Meth- 
ods such as graphite tube AAS, neutron 
activation analysis, total reflection X-ray fluo- 
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rescence analysis. and ICP mass spectrometry 
are used after appropriate enrichment proce- 
dures (e.g., with a nickel sulfide melt). 

The analysis for traces of noble metals in 
waste materials from the noble-metal process- 
ing industry, especially refineries, has always 
been very important in monitoring the eco- 
nomic effectiveness of the process. 

Trace analysis for platinum has become 
even more important in recent years. Whereas 
both the occurrence and the use of platinum 
group metals have hitherto been localized, au- 
tomobile exhaust-gas catalysis now consti- 
tutes a widespread use. Although no toxic 
effects on the environment have thus far been 
reported, methods of analysis must be contin- 
ually improved as permitted levels in the soil 
and the atmosphere become increasingly 
strict. The collection of the PGMs in a nickel 
sulfide phase, followed by spark AAS is suit- 
able for analysis in the ppb range. 


Qualitative Analysis. Qualitative analysis 
for platinum metals is used in checking the 
progress of industrial processes, and is a use- 
ful decision-making tool during wet chemical 
separation for analytical purposes. 

The older wet chemical qualitative reac- 
tions have not entirely lost their usefulness. 

Platinum in solution in dilute hydrochloric 
acid can be detected by adding tin(IT) chloride. 
A yellow to red coloration is produced, de- 
pending on platinum concentration. The de- 
tection limit is ca. 1 mg/L (Pd, Rh, and Au can 
interfere). 

Palladium in weakly acid solution reacts 
with dimethylglyoxime to give a characteristic 
yellow, voluminous precipitate. 

Rhodium can be detected by the orange-red 
precipitate formed with thionalide [2-mer- 
capto-V-(2-naphthyl)acetamide]. 

Indium can be detected by fuming the solu- 
tion with sulfuric acid and adding ammonium 
nitrate, which gives an intense blue color. 

Ruthenium reacts with thiourea in hydro- 
chloric acid solution to give a blue color. The 
blue color obtained on heating with dithiooxa- 
mide in hydrochloric acid solution is very spe- 
cific. 
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Osmium reacts with thiourea to give a red 
color. The odor of osmium tetroxide is also 
characteristic. 

In the PGM industry, physical methods are 
used almost exclusively for qualitative analy- 
sis. These include UV emission spectropho- 
tometry X-ray fluorescence analysis, 
inductively coupled plasma (ICP) emission 
spectroscopy, and atomic absorption spectros- 
copy. 


Chemical Assay Methods. The methods of 
analysis used when buying and selling crude 
products, alloys, compounds, etc., must be of a 
very high standard because of the high value 
of platinum group metals. For commonly oc- 
curring combinations of elements, mandatory 
methods of analysis and sampling have been 
developed. The following methods of separa- 
tion are standard and are still used today to a 


considerable extent. Platinum group metals. 


are often subjected to preliminary docimastic 
concentration prior to assaying and are always 
brought into solution. 

Platinum Metals—Base Metals. Platinum is 
precipitated as (NH,).[PtCl,] from a nitrate- 
free solution of H,[PtCl,] by addition of 
NH,Cl, and the precipitate is heated strongly, 
which converts it to platinum, and then 
weighed. Platinum remaining in the mother li- 
quor is precipitated as the sulfide with H,S and 
carefully roasted. The heavy-metal sulfides 
are dissolved in 10% HNO,, and the residue is 
treated with H.SO,-HF and weighed as plati- 
num. For Pt-a-ALO, catalysts used in the pe- 
troleum industry, the mandatory method of 
determining platinum is by the coloration pro- 
duced with tin(ID) chloride, which is deter- 
mined photometrically after extraction. with 
ethyl acetate. 

Platinum—-Rhodium. A finely divided 
metal black is obtained by fusion with zinc 
followed by treatment with hydrochloric acid. 
Platinum is dissolved in aqua regia, and 
(NH,).[PtCl,] is precipitated and heated 
strongly to yield platinum. The remaining no- 
ble metal is cemented from the mother liquor, 
combined with the residue remaining after 
aqua regia treatment, and treated with chlorine 
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at 650-700 °C. The RhCl, obtained, which is 


insoluble in aqua regia, is heated strongly in a 


hydrogen atmosphere to produce the metal, 


which is weighed. Base metals remain in solu- ` 


tion with some residual platinum. The latter is 
isolated by precipitation as sulfide, and the 
figure obtained is included with the main 
amount. 

Platinum—Palladium. Palladium is quanti- 
tatively precipitated by dimethylglyoxime 
from a dilute solution in aqua regia. It is fil- 
tered off, washed thoroughly, calcined care- 
fully, reduced to the metal by hydrogen, and 
weighed. The dimethylglyoxime in solution is 
decomposed by aqua regia, and platinum is 
converted to (NH,).[PtCl,]. precipitated as 
sulfide, isolated as the metal, and weighed. 

Platinum—Iridium. Platinum—iridium is 
converted into a finely divided state by fusion 
with zinc, and the platinum is dissolved with 
aqua regia. Iridium remains undissolved and, 
after reduction with hydrogen, is weighed. 

Pi-Pd-Rh-Ir-Ru-Os-Au Ore Concen- 
trates. After being melted with zinc in a 
stream of hydrogen, the alloy is dissolved in 
hydrochloric acid, and the metal black is iso- 
lated. The OsO, is driven off by heating to 
1000 ?C in a stream of oxygen. The metal that 
remains after removal of osmium is reduced in 
a stream of H, and rendered soluble by fusion 
with KOH-KNO,. 

The fusion product is dissolved in water; 
RuO, is distilled from the solution in the pres- 
ence of an oxidizing agent (e.g., Cl,) collected 
in a receiver containing an alcoholic solution 
of hydrogen chloride, and finally weighed as 
metal. The distillation residue is reduced to the 
noble metals by treatment with NaOH and eth- 
anol, filtered off, and heated gently in a stream 
of H.. It is then dissolved in aqua regia, and 
the insoluble residue is filtered. Gold is then 
determined with oxalic acid and palladium 
with dimethylglyoxime. The remaining noble 
metal is obtained by cementation with zinc 
and combined with the insoluble aqua regia 
residue. A further fusion with zinc is carried 
out, followed by final treatment with hydro- 
chloric acid. Dry chlorination at 650 °C pro- 
duces platinum chloride, which is dissolved in 
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33% aqua regia. The residue is treated with 
NaCl and Cl, at 650 °C; the product is dis- 
solved in water and acidified, precipitating 
(NH,).[IrCl,], and rhodium is cemented from 
the solution with zinc. The product is then 
chlorinated at 650 °C. This again extracts plat- 
inum, and the solution is combined with the 
other solution, which contains most of the 
platinum. Platinum is determined by precipi- 
tating (NH,).[PtCl,], and rhodium’ by “‘reduc- 
tion of the RhCI, residue. 

The platinum content of commercial com- 
pounds and preparations is usually determined 
reduction with hydrazine. Cementation from 
solution in strong hydrochloric acid by treat- 
ment with zinc turnings is an exact method if 
carefully carried out. 


Physical Methods. Physical methods—espe- 
cially spectroscopic ones—are increasingly 
being used, because they are inexpensive and, 
with improvements in the equipment, have 
sufficient accuracy for accounting purposes. If 
the PGMs are brought into solution by suitable 
fusion and separation methods, all the metals 
can be determined in the presence of each 
other by X-ray fluorescence or ICP analysis, 
for example. The former can also be used for 
direct analysis of metallic materials with suffi- 
cient accuracy for production control in the 
manufacture of defined alloys. Calibration of 
this method, when used on higher alloys, is, 
however, difficult. 


25.9 Uses [3, 5, 29, 30, 180] 


25.9.1 Jewelry, Coinage, 
Investment [158] 


In recent decades, platinum has been in 
such demand for jewelry and high-quality 
watchmaking that more than one-third of all 
the platinum consumed has been used for this 
purpose. Of this amount, Japan uses about 
90%, with the United States taking the next 
largest share. Most of the alloys employed 
contain 95% platinum and are stamped PLAT 
950. The mechanically more stable alloys 
Pt95-Cu5, Pt96—Pd4, and Pt90-Ir10 are used 
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for mounting precious stones. Forming costs 
for platinum are considerably higher than 
those for gold because the metal is more diffi- 
cult to work, and recycling costs are high. 
These factors markedly affect total cost. 

Very good resistance to corrosion and ero- 
sion is required of alloys used for the nib tips 
of high-quality fountain pens [158]. These al- 
loys are based on ruthenium, iridium, and os- 
mium. E 

In the Russian Empire in 1828-1845, a to- 
tal of 15 t of platinum was formed into 3-, 6-, 
and 12-rouble pieces by sintering, minted, and 
brought into circulation. , 

The fineness was 99% platinum or 99.2% 
PGM [15]. Between 1977 and 1980, platinum 
coins were again minted for the Moscow 
Olympic Games. These were 150-rouble 
pieces, fineness: 9999, '/, ounce, in five de- 
signs. Since then, platinum coins have been 
officially minted in other states (e.g., a Plati- 
num Noble in the UK, a Platinum Maple Leaf 
in Canada, and a Platinum Koala in Australia). 
The standard issue of all these coins contained 
one troy ounce (31.1035 g) of fine platinum. 
Small ingots, usually containing 99.995% 
platinum, are also minted, intended mainly for 
small investors. The use of palladium for this 
purpose has recently begun on a small scale. 


25.9.2 Apparatus [181-184] 


Laboratory Technology. Platinum crucibles, 
dishes, boates, and electrodes (for electro- 
gravimetry) have long been basic items of 
equipment in chemical laboratories. In earlier 
times, the purity of platinum was variable. 
Moreover, equipment made of pure platinum 
is not dimensionally stable, so today the more 
stable alloys Pt97—Ir3, Pt95-Au5, and occa- 
sionally Pt99.7—Ir0.3, are mainly used [185]. 
Another type of dimensionally stable plati- 
num is dispersion-hardened platinum, which 
contains ca. 100 ppm of high-melting oxide 
(e.g., ZrO.) in finely divided form [85]. The 
presence of this material reduces the mobility 
of crystal imperfections. It is produced by co- 
precipitation followed by sintering of the pow- 
der. The metal can be unalloyed platinum, or 
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alloys of platinum with rhodium or gold. 
Rhodium and iridium crucibles can resist ex- 
tremely aggressive conditions 1n nonoxidizing 
atmospheres. 


Chemical and Electrochemical Apparatus 
[186]. The platinum metals and their com- 
pounds are of limited use in chemical process 
technology owing to their high cost. However, 
platinum components are essential in fluorine 
chemistry. Bursting disks for protection 
against excessive pressure are occasionally 
made of platinum or palladium. Single crys- 
tals for the optical industry and for laser tech- 
nology are grown in crucibles of platinum, 
rhodium, or (most commonly) iridium. For the 
electrochemical production of peroxo com- 
pounds, such as hydrogen peroxide and per- 
oxosulfate, massive platinum anodes ог 
hollow platinum wires are used, although such 
use has decreased. 


Glass Technology [186-189]. The corrosion 
and erosion resistance of platinum metals to- 
ward molten glass is not matched by any other 
material [85]. High-purity optical glass is best 
melted in crucibles of unalloyed platinum. 
Special iron-free glass for sodium vapor 
lamps, X-ray windows, and cathode-ray tubes 
is melted in Pt-Rh vessels. 


In the automated production of bottles by 
large holding furnaces, the use of platinum 
components ensures problem-free operation 
over long periods. These components include 
skimmers, pouring funnels, thermocouple pro- 
tection tubes, and level-measuring devices. 
Dispersion-hardened platinum has also re- 
cently been used in glassmaking technology. 


In the manufacture of glass fibers and glass 
wool, the spinnerets are made of Pt-Rh. Rock 
wool and slag wool are made by a centrifugal 
spinning process with platinum centrifuges. 


Textile Technology. Nozzles made of plati- 
num alloys such as Au70—Pt30 and Pt92-Ir8 
are used for spinning viscose fibers [190]. 


Soldering Materials. Gold and palladium 
have been used in some special solders. 
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Nuclear Technology. In recently published 


research, a deuterium-saturated Pd—Ag target 


was claimed to catalyze a controlled deute- 
rium—deuterium fusion reaction. 


25.9.3 Heterogeneous Catalysts 
[191-196] 


All platinum group metals have strong cat- 
alytic activity, especially for hydrogenation 
reactions. These heterogeneous catalysts, in- 
cluding supported catalysts, are of major im- 
portance in chemical technology. As of 1992, 
ca. 200 t of platinum group metals are in use 
worldwide in the form of supported catalysts. 
Next in order of importance are bulk metallic 
catalysts in the form of wire gauzes, highly 
dispersed carrier-free metals, and oxides. Plat- 
inum and palladium are much more important 
than rhodium, ruthenium, indium, and os- 
mium. Often, two or more platinum group 
metals are combined (Table 25.6). 


Supported Catalysts. The properties of sup- 
ported catalysts are very dependent on the in- 
teraction between noble-metal catalysts and 
support material. Classical support materials 
were asbestos and pumice stone. Important 
support materials today include aluminum ox- 
ides, activated carbon, silicates (e.g., zeolites), 
and silicic acid. 

Powdered support materials are used as 
suspension catalysts; porous pressed shapes or 
pellets are used for fixed-bed catalyst. 

The largest demand for platinum catalysts 
comes from the petroleum industry [197, 198]. 
These are used in reforming high-boiling frac- 
tions from the distillation of crude oil at atmo- 
spheric pressure. The most important 
reactions are the dehydrogenation of alkylcy- 
clohexanes, the isomerization and dehydroge- 
nation of alkylcyclopentanes, апа the 
dehydrogenation and cyclization of alkanes, 
all of which form aromatics, as well as hydro- 
genative cleavage of alkanes and naphthenes, 
and dealkylation of alkylaromatics. The re- 
sulting product mixtures are gasolines with 
high antiknock properties. The most important 
catalysts are Pt-y-AL,O,. 
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Table 25.6: Modification of the catalytic activity of the platinum group metals by additional metals. 
Base metal Additional metal Reaction Effect of additive 
Pt 5-20% Rh ammonia oxidation increased NO yield 
lower Pt losses 
Pt Се, Sn, Іп, Ga dehydration and hydrocracking of alkanes longer catalyst life due to fewer deposits 
Pt Sn+Re s oi E and aromatization of increased catalyst activity and stability 
alkanes 
Pt Pb. Cu dehydrocyclization and aromatization of effective aromatization 
alkanes 
Pt ра, г Au . oxidative dehydrogenation ofalkanes,z- ^ better selectivity 


butene to butadiene 


Ru, Os Cu(Ag) reforming 


[4 


less hydrogenation relative to isomerization 


hydroforming of paraffins and cycloalkanes high yield of aromatics above 500 °C 


Ir Au(Ag, Cu) 

Pd Sn. Zn, Pb selective hydrogenation of alkynes to 
alkenes 

Pd Ni, Rh. Ag alkane dehydrogenation and 


dehydrocyclization 





Combinations of metals such as platinum— 
rhenium, platinum-iridium, platinum-palla- 
dium, and platinum-germanium are also used. 

Another use for PGM catalvsts in the petro- 
leum industry is in hydrotreating processes. In 
addition to base-metal catalysts, platinum and 
palladium catalysts supported on AO. or 
aluminum silicates (zeolites) are used. In the 
pharmaceutical industry, palladium active car- 
bon hydrogenation catalysts are widely used, 
mainly with a palladium content of 596. Other 
catalysts used include rhodium-active car- 
bon, platinum-active carbon, and palladium- 
platinum-active carbon. 


Solid Metal Catalysts [199—202]. Platinum— 
rhodium gauzes are used as catalysts for the 
large-scale oxidation of ammonia to nitric ox- 
ide (Ostwald and Brauer process) in the manu- 
facture of nitric acid. 


The oxidation reaction 
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С 
АМН, + 50, — 4NO + 69,0 


takes place in reactors in which many fine- 
mesh gauzes are stacked above one another. 
The rate of loss of noble metal varies between 
0.2 and 2.0 g per tonne of nitrogen reacted, de- 
pending on process conditions. If a rhodium- 
platinum alloy is used, the rate of loss of noble 
metal is reduced; powdering of the gauze 
takes place more slowly, and its lifetime is in- 
creased. 


hinders coking 


In the production of hydrogen cyanide (An- 
drussow process), 


CH, + NH, * 340, > HCN +3H,O 

platinum-rhodium ог 

gauzes are used as catalysts. 
The Degussa process 

CH, + NH, > HCN +3H, 


platinum—iridium 


x 


uses 0-А1,О; tubes coated on the inside with 
platinum film. 


Finely Divided Metallic Catalysts. The so- 
called platinum metal blacks are well-estab- 
lished catalysts for hydrogenation, dehydroge- 
nation, and oxidation, mainly on a laboratory 
Scale. Their high degree of dispersion is 
shown by their large specific surface (> 100 
m*/g). These catalysts are very active even at 
low temperature, so reactions with labile mol- 
ecules are possible. In the production of hy- 
drogen peroxide by the anthraquinone 
process, palladium black is used to a consider- 
able extent in suspension in a nonaqueous me- 
dium or as a fixed bed to catalyze the 
reduction of alkylanthraquinone to the corre- 
sponding hydroquinone. The platinum oxide 
PtO-2H.O (Adam's catalyst) is used widely as 
an unsupporied catalyst in the pharmaceutical 
industry for the hydrogenation of alkenes and 
carbonyl groups. Nishimura’s catalyst con- 
tains rhodium oxide in addition to platinum 
oxide. Platinum on electrically conducting 
carbon black is used as a catalyst in fuel cells. 
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Catalyst Poisoning and Regeneration 
[203]. All catalysts are liable to be deactivated 
(poisoned) by chemical, mechanical, and ther- 
mal means. Typical contact poisons for plati- 
num group metals include sulfur, phosphorus, 
carbon monoxide, hydrogen cyanide, lead, 
and mercury. 

Reactivation is often possible, especially 
with supported catalysts, by heating, steam 
treatment, reaction with oxidizing or reducing 
gases, or washing. 


25.9.4 Homogeneous Catalysts 
[29, 85, 204-206] 


Homogeneous catalysis by platinum group 
metals, especially rhodium, has made a major 
impact in industrial chemistry. Important char- 
acteristics of these catalysts include high ac- 
tivity and, therefore, low concentration; high 
selectivity leading to absence of side products; 
and mild reaction conditions, enabling the use 
of low temperature and pressure and facilitat- 
ing the control of reaction conditions. These 
factors are of great importance and allow ex- 
pensive PGMs to be used economically. The 
discovery of  chloro-rris-(triphenylphos- 
phine)rhodium(D, [RhCHP (C,H,),},], а 
highly effective hydrogenation catalyst, by 
WILKINSON [207] opened a new chapter in ho- 
mogeneous catalysis and in the complex 
chemistry of rhodium. Today, a number of 
modified complexes of this and similar types 
are known. 

Homogeneous catalysis by rhodium com- 
plexes in oxo synthesis (hydroformylation) 
has attained great importance and made possi- 
ble the synthesis of industrially important al- 
dehydes from alkenes. This process was 
formerly carried out with homogeneous cobalt 
catalysts. Initially, [RhC1{P(C,H,),},] was 
used as catalyst; subsequently, halogen-free 
catalysts were introduced. Some of these can 
be used at room temperature, whereas cobalt 
complexes require temperatures up to 200 °С, 
necessitating the use of high-pressure reactors. 
Generally, the catalytically active compound 
is not manufactured. Instead, other com- 
pounds are used as precursors from which the 
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actual catalyst is formed during the reaction. 
These include [Rh(CO), acac], 
[Rh (P(C4H4)4 (CO) асас], and [Rh(CO),CI];, 
which form the catalyst [RhH(CO){P 
GEN 

The Monsanto acetic acid process uses 
КИШ) iodide as the catalyst precursor. 

In silicone chemistry, hydrosilylation is 
carried out with homogeneous PGM catalysts 
[208]. 

Enantiomericaly pure products are pre- 
pared by stereospecific hydrogenation with 
chiral noble-metal complexes as homoge- 
neous catalysts [208]. The substrates are usu- 
ally steroids or amino acid derivatives. 
Asymmetrically catalyzed reactions are used 
mainly in the production of pharmaceuticals. 
For example, asymmetric hydrogenation is 
used in the synthesis of L-dopa, a drug for the 
treatment of Parkinson's disease. These cata- 
lysts are modified Wilkinson catalysts in 
which PPh, is replaced by an optically active 
diphosphine ligand. The catalyst was previ- 
ously formed in situ by reacting the readily ob- 
tainable Rh(diene)Cl, complex with the 
required chiral phosphine. Cationic com- 
plexes with a chiral phosphine are also used. 
These have extremely high activity. 

Osmium(VIIT) oxide and ruthenium(VITIT) 
oxide have long been used as homogeneous 
catalysts for hydroxylation, oxidation, and ep- 
oxidation. Palladium(IT) chloride and tetra- 
chloropalladic(IT) acid ае important 
homogeneous catalysts used in the large-scale 
oxidation of ethylene to acetaldehyde in the 
Wacker process. 


25.9.5 Automobile Exhaust 
Catalysts — (31, 209-212] 


The use of supported noble-metal catalysts 
for the treatment of exhaust gases from auto- 
mobiles has been introduced in recent years in 
all industrialized countries. Regulations con- 
trolling the quality of exhaust gases can be 
complied with only by the use of such cata- 
lysts. In particular, carbon monoxide (CO), 
hydrocarbons (CH,), and nitrogen oxides 
(NO,) must be reduced to one-tenth of their 
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initial concentrations. Combinations of met- 
als that have a catalytic action on exhaust 
gases include Pt—-Rh, Pt-Pd, and Pt-Pd-Rh. 


Combinations that can reduce all three 
harmful components are known as three-way 
catalysts. The three-way technique also in- 
cludes control of the air-fuel ratio by means of 
a A-probe (see Section 25.9.6). Exhaust-gas 
catalysts have:their optimum activity.only if 
the engine and the catalytic unit are matched. 
Two principal types are used. In one of these, 
the exhaust gas passes through catalyst pellets, 
and in the other “monolithic” or ceramic type, 
the gases pass through numerous parallel 
channels through extruded bodies that are 
coated with a catalytically active layer of 
PGM-Yy-AL.O,. The ceramic support material 
is cordierite. Recently, sheet steel labyrinths 
have been used with improved heat-transfer 
characteristics, especially on starting; their 
main advantage is the lower pressure drop 
across the catalyst. An improvement in ex- 
haust-gas specifications is currently. under 
consideration, so exhaust-gas catalyst sys- 
tems will have an even more important role, to 
play in the future. 


Each catalytic converter contains ca. 2 g 
Pt-Rh or Pt-Pd (i.e., 0.05% of the pellets, or 
0.5% if the support consists of cordierite). The 
demand for these materials worldwide 
amounts to more than one-third of the annual 
production of platinum and more than four- 
fifths of the annual production of rhodium. 
The PGM catalysts are at present the only 
practical materials for this purpose. 


The required lifetime of an exhaust-gas cat- 
alyst, as laid down by the widely accepted 
U.S. standard, corresponds to 80 000 km. 


Three-way catalysts, used in conjunction 
with A-probes, are also employed in thermal 
power stations. Here, lifetimes are consider- 
ably longer because of the steady loads and the 
absence of mechanical disturbance. 


Catalysts similar to those used for the treat- 
ment of automobile exhaust gases are also 
used to treat industrial waste gases contami- 
nated with harmful organic materials. 
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25.9.6 Sensors [29, 85, 158] 


Platinum metals and their alloys are widely 
used in thermocouples (Table 25.7), because 
these have longer lifetimes than those made of 
base metals and can be used at higher tempera- 
ture. The most important thermocouple ele- 
ment pair used in industry is Pt90/Rh10—Pt 
(wire thickness: ca. 0.5 mm), which gives ac- 
curate temperature measurements over the 
range 800-1600 °C. 


Table 25.7: Commonly used noble metal thermocouple 
pairs. 


Positive leg Negative leg Operating temperature 


Cu Au99.4C00.6 240100 °С 
P190 Ir10 Au60 Pd40 0 to 700 °C 
Pt90 Rh10 Pt 850 to 1600 *C 
Pt70 Rh30 Pt94 Rh6 1000 to 2800 °С 


Rh40 Ir60 Ir 1000 to 2200 *C 


Resistance Thermometry. The electrical re- 
sistance of metals increases with increasing 
temperature. Because of this, pure, chemically 
stable metals that undergo no aging over a 
wide temperature range can be used to con- 
struct temperature-sensitive devices that are 
stable for long periods. Platinum is very suit- 
able for this application. The changes in its re- 
sistance over certain temperature ranges (e.g., 
between —200 and +850 °C) have been speci- 
fied in standards. 


Platinum wire-wound resistors, whose re- 
sistance is determined by the length and cross 
section of the wire, have been almost com- 
pletely displaced by so-called thin-film resis- 
tors, manufactured by thin-film technology. A 
film of platinum ca. um thick is deposited on 
an insulating ceramic substrate by vacuum 
deposition or cathodic sputtering. A mean- 
drous resistance path is formed in the film of 
noble metal by cutting with a laser beam or by 
ionic etching through a masking coating pro- 
duced by photolithography. The thickness of 
the film and the total path length determine the 
resistance at 0 °С. Path widths are in the re- 
gion of 20 um. The connecting leads, which 
are joined to the thin film by special bonding 
processes, also consist of noble metals or their 
compounds. Modem resistance thermometers 
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based on thin-film technology have the advan- 
tage over wire-wound resistance thermome- 
ters because they can be manufactured by 
highly automated methods and require only 
small amounts of PGM (« 1 mg per device). 
Resistance thermometers are used today in 
a wide range of technologies, from household 
appliances to chemical equipment, and from 
road transportation to air and space travel. 


Gas Sensors (Lambda Probes). Oxygen sen- 
sors utilize the high electrical conductivity im- 
parted to solid electrolytes (e.g., ZrO.) by the 
presence of oxygen ions, compared to their 
normal conductivity due to electrons. If this 
1onic conductor acts as a separator between 
two gas spaces, and if it is provided with plati- 
num electrodes on both sides, a difference in 
the oxygen partial pressure causes a so-called 
Nernst emf to be produced between the elec- 
trodes. These probes are used to control the 
fuel-air mixture in conjunction with automo- 
bile exhaust-gas catalysts in Otto engines. 
Noble-metal catalysts are also used in sen- 
sors for detecting combustible gases in air or 
explosive gas mixtures. Heat evolution is nor- 
mally detected by sensors known as Pellistors, 
which consist of platinum wire in a small 
sphere of Al.O, (diameter: 1.5 mm). The 
sphere is saturated with a noble-metal catalyst. 
If a chemical reaction takes place on the cata- 
lyst, a temperature increase occurs that can be 
measured by the change in resistance of the 
platinum wire. These heat evolution sensors 
are used in explosion protection equipment. 


25.9.7 Electrical Technology 
[181, 213] 


In low-current technology, electrical con- 
tacts of gold, silver, palladium, rhodium, plati- 
num, and their alloys are used. Contacts made 
of bulk noble metals are becoming less com- 
mon than those coated by electrolytic and me- 
chanical processes. 

For a long time, large numbers of so-called 
reed contacts have been used in telephone re- 
lays. These are Ag-Pd-, rhodium-, or ruthe- 
nium-coated contacts operating under a 
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protective gas. Such contacts must be resistant 
to sparking, corrosion, and erosion, and must 
not become welded together. During a lifetime 
of 30 years, they must carry out millions of 
switching operations without damage. Fur- 
thermore, their contact resistance must be low, 
and their nominal resistance must be constant. 

Platinum sealing wires are also now used 
only for specialty light bulbs and transmitter 
tubes. Heating elements made of platinum 
metals or their compounds are used in resis- 
tance-heated furnaces above 1200 ?C. Wind- 
ings of Pt70-Rh30 can be used up to 1500 °C, 
and ribbon windings of rhodium up to 
1800 °C. Furnace elements made of platinum 
metals can be used without a protective gas. 
Platinum, rhodium, iridium, and ruthenium 
are used as susceptor materials in induction 
furnaces. 

Platinum-iridium alloys are useful for 
spark plug contacts for high-power aeroplane 
and automobile engines. 


25.9.8 Electronics  [29,85, 158] 


In modern electronics, noble-metal pastes, 
including those of the platinum group metals 
and their alloys, are key products in the pro- 
duction of many important components. They 
are used in active components such as diodes, 
transistors, integrated circuits, thick-film hy- 
brid circuits, and semiconductor memories, 
and are also used in passive electronic compo- 
nents such as very small multilayer capacitors, 
thick-film resistors, and conductors. The met- 
allization process is generally carried out with 
Ag-Pd paste, and occasionally with Ag-Pt 
paste. Printed resistors use КиО, as the con- 
ducting pigment. 

The metal powder pastes can be used in the 
form of drying preparations, baking prepara- 
tions, or soldering pastes, depending on the 
application. All types contain an organic 
binder that melts during baking. The baking 
preparations usually also contain powdered 
glass as an adhesive. The pastes are generally 
applied to the substrate hy screen printing, al- 
though soldering pastes have recently been ap- 
plied via a stencil. The edge regions of 
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multilayer capacitors are prepared for metalli- 
zation by a dipping process. 

The powders used in the pastes are gener- 
ally produced by reduction. Bimetallic pow- 
ders are produced by mechanical mixing to 
give composite blends or by coprecipitation. 
Their specific surface area is usually ca. 1 
m^/g. The particle shape can be spheroidal, 
microcrystalline, or laminar. The substrate is 
usually a-ALO,. n 

Thin-film technology is used in microelec- 
tronics (see Section 25.9.9), although noble 
metals are not used to the same extent here as 
in thick-film technology. 


25.9.9 Coatings  [29,30, 86, 158] 


Coatings of platinum metals may be ap- 
plied to a substrate by various methods. 


25.9.9.1 Coatings Produced by 
Aqueous Electrolysis [214] 


Platinum. Lustrous thin films for decorative 
purposes are deposited from an electrolyte ob- 
tained by reacting potassium tetranitroplati- 
nate(ID, K,[Pt(NO.),], with sulfuric acid. The 
active complex is H4[Pt(NO;),SO,]. This is 
more stable than other platinum plating baths. 

Relatively thick coatings can be deposited 
from alkaline solutions of sodium hexahy- 
droxyplatinate(IV), Na.[Pt(OH),]. although 
this electrolyte is unstable. 

Platinum(II) diamminedinitrite, [Pt(NH,). 
(NO4),], was formerly very widely used and 
today along with Na.[Pt(OH),], is used for 
coating titanium by aqueous electrolysis. 
These coatings are of lower quality than those 
produced by high-temperature electrolysis. 
Also, extensive pretreatment of the substrate 
meta] is necessary, mainly to prevent cathodic 
absorption of hydrogen. 


Rhodium [160]. Rhodium coatings are supe- 
rior to all other PGM coatings, having better 
hardness, mechanical and chemical stability, 
and reflexivity. For these reasons, rhodium is 
more widely used than the other platinum 
group metals. 
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Electrolytes consisting of rhodium sulfate 
(10-20 g/L Rh) in sulfuric acid can give com- 
paratively thick coatings (10—12 um). Crack 
formation can be countered by addition of 
sulfite, selenic acid, magnesium sulfate, or 
magnesium sulfamate. These baths are used to 
produce rhodium coatings for heavy-duty slip 
ring contacts and optical reflectors, and were 
at one time used for reed contacts in telephone 
technology. 2 

Rhodium sulfate or phosphate baths con- 
taining 2 g/L of rhodium are used for decora- 
tive purposes and give strongly reflective thin 
films (0.1—0.5 рт) that prevent silver or white 
gold from tarnishing. They are also used for 
plating eyeglass frames. 


Palladium [159]. Palladium can sometimes 
replace gold in coatings for electronics. The 
plating batches contain palladium(II) diam- 
minedinitrite, [Pd(NH;).(NO.).] (palladium 
P-salt), with additions of sodium and ammo- 
nium nitrates, or sulfamates. \ 

Successful results have recently been ob- 
tained with plating baths based on organopal- 
ladium complexes. Concentrated hydrochloric 
acid plating baths with dissolving palladium 
anodes are rarely used now. 


Ruthenium 1s deposited electrolytically from 
solutions of ruthenium complexes with a 
bridging nitrido ligand, for example, nitri- 
dooctachlorodiaquodiruthenate(IV), H,O: 
[H,O(CI;Ru)-N-(RuCL)H;O]*, the basis of 
the so-called RuNC baths. The corresponding 
complex with hydroxo ligands instead of 
chloro ligands can also be used. 

Platinum baths based on ruthenium ni- 
trosylsulfamate are also used. 


High-Temperature Electrolysis (HTE) [29, 
85, 215-217]. Platinum group metals can be 
deposited electrolytically from cyanide-con- 
taining melts in which a soluble anode pro- 
vides the noble metal that is deposited on the 
cathode. The metal most widely used in this 
process is platinum, although iridium is some- 
times used. 

The molten salt, an eutectic mixture of 
KCN and NaCN, is maintained at 500-600 °C 
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in an electrically heated crucible. The plati- 
num is deposited from the melt onto the sub- 
strate, which forms the cathode in the electric 
circuit. 

Process parameters are as follows: 


Electrolvte k,[Pt(CN),] in KCN-NaCN 
Operating temperature 500—600 °C 

Deposition voltage 0.1-2 V 

Cathodic current density 1-5 A/m? 

Cathodic current yield > 60% 


Mean rate of deposition 10-20 um/h 

Oxidation of the melt and of the metal is pre- 
vented by a protective atmosphere of high-pu- 
rity argon. Suitable substrate materials for 
HTE platinum deposition include refractory 
metals such as titanium, niobium, tantalum, 
molybdenum, tungsten, zirconium; steels; 
and other metals such as copper. They must 
generally be pretreated by sandblasting and 
degreasing. 

Advantages of HTE platinum coatings, 
compared with those produced by aqueous 
electrolysis, include low porosity; a wide 
range of film thicknesses (1-400 um), excel- 
lent adhesion; good resistance to mechanical 
impact, thermal shock, and sliding wear; high 
thermal conductivity; and high ductility. 

The largest use is in producing anodes for 
cathodic corrosion protection [218] (often in 
the form of expanded metal) or insoluble an- 
odes for electrolytic technology. Platinum- 
coated molybdenum wire is used in the con- 
struction of thermionic tubes and for fusion 
with glass. High-temperature electrolysis is 
also used for electroforming. 


25.9.9.2 Coatings Produced by 
Chemical Reaction [30] 


Surface coatings of platinum metals can be 
deposited onto metallic or nonmetallic sub- 
strates by chemical reduction or thermal de- 
composition of PGM compounds. 

Platinum acetylacetonate is used for plati- 
nization of titanium. The titanium articles are 
painted with a solution of this compound, 
dried, and heated. Repeated application is nec- 
essary. The process is not widely used due to 
allergic reaction and the low quality of the 
coatings. 
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Platinum coatings are produced on ceramic, 
tubes by saturating them with hexachloropla- 
tinic acid and heating to 600-800 °C [219]. 
Such tubes are used as catalysts for the synthe- 
sis of hydrogen cyanide. 

Platinum metal resinates are used as ce- 
ramic colorants [220, 221]. These can be em- 
ployed to produce conductive platinum 
coatings on ceramic substrates, onto which 
further layers can be deposited electrolyti- 
cally. Platinum coatings are also used for dec- 
orative purposes. 

Hexachlororuthenic(IIT) acid, H,[RuCl,], 
dissolved in alcohol, is painted onto the sub- 
strate, dried, and heated strongly in air to pro- 
duce an extremely adherent coating of RuO, 
[222, 223]. Titanium sheet, coated in this way, 
has outstanding electrochemical properties 
and is being used in chloralkali electrolysis as 
dimensionally stable anodes. Тһе КиО, coat- 
ings are also used in the production of circuit 
boards by screen printing. 


25.9.9.3 Coatings Produced by 
Physical Methods [85] 


Platinum can be deposited as a thin film on 
substrates by evaporating the metal in a high 
vacuum. Modern thin-film technology is 
based mainly on the generation of fine parti- 
cles from a cathode (cathodic sputtering). Due 
to the high kinetic energy of these metal parti- 
cles, extremely good adhesion is obtained. In 
the case of platinum group metals, sputtering 
targets are used only for microelectronics. Ion 
plating is also used to produce high-quality 
coatings. 

Roll-bonded PGM coatings are no longer 
important. 


25.9.10 Dental Materials [85] 


Platinum and palladium have major impor- 
tance in dentistry. 

Up to ca. 1900, dental protheses such as 
gold fillings, crowns, and bridges were made 
mainly of alloys with the same composition as 
those used in coinage and jewelry, and later of 
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22-carat gold (83.3%). Platinum was used 
only to make fixing pins. 

Important quality requirements such as oral 
stability, biological compatibility, color, 
strength, and good functional properties are 
achieved only by modern dental alloys. These 
complex alloys, unlike the earlier gold-con- 
taining ones, have a very fine-grained, homo- 
geneous crystalline structure, giving much 
better corrosion resistance. Also, 'their hard- 
ness is controllable over a wide range and can 
be adapted to particular requirements. 


Standard Alloys. Modern alloys for making 
dentures or prostheses have compositions 
mainly in the range 65-85% gold, 1-10% 
platinum, 1—4% palladium, 10-15% silver, 0— 
10% copper, and 0-1 % zinc. 

In low-gold alloys, which are cheaper, the 
gold is replaced partially by silver or palla- 
dium. These alloys contain 40-60% gold, 0— 
2% platinum, 3—10% palladium, 23-35% sil- 
ver, 0-12% copper, and 0-5% tin, indium, and 
zine. 

Silver-base alloys have very low gold con- 
tent. Adequate oral stability can be achieved 
by including at least 25% platinum group met- 
als or gold. Inexpensive alloys in this category 
contain at least 20-25% palladium, 0-3% 
gold, ca. 55-70% silver, and copper and zinc, 
and are therefore no longer yellow, but white. 


Alloys with ceramic veneers are used in the 
production of ceramic-metal systems. This 
technique, in which a dental ceramic is fused 
onto a metal casting, has been used in den- 
tistry for ca. 25 years. A durable and strong 
bond can then be produced between the tooth 
stump and the porcelain-metal system. The 
advantages of this are a natural appearance 
combined with compatibility with human tis- 
sue. To obtain a good bond between the metal 
and the ceramic, alloys must contain compo- 
nents that form so-called adhesive oxides 
when the ceramic is fired. Because firing is 
carried out at ca. 980 °C, the alloys must have 
a minimum solidus temperature of ca. 
1050 °C. 

Alloys with a high gold content have com- 
positions in the range 75-90% gold, 5-10% 
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platinum, 1—10% palladium, 0-3% silver, 
with small additions of iron, indium, tin, zinc, 
and other elements. 

Attempts have been made to reduce the cost 
of these alloys by replacing gold by palladium 
and silver. Typical Au-Pd-Ag alloys have 
compositions in the following range: 42-62% 
gold, 25-43% palladium, 5-20% silver, and 
4—]096 base metals such as copper, tin, in- 
dium, gallium, and zinc. Typical silver-free 
Au-Pd alloys have the following composition: 
45-60% gold, 32-40% palladium, and 0— 
1496 of the base metals tin, indium, zinc, or 
gallium. 

Palladium-base dental alloys were intro- 
duced in Germany in the early 1980s. These 
were developed to reduce cost. Silver-free and 
silver-containing alloys are available. Both 
contain very small amounts, if any, of gold and 
platinum. The range of compositions for the 
silver-containing palladium-based alloys is 
53-61% palladium, 28-38% silver, 0-12% 
tin, indium, zinc, and gallium. For the silver- 
free palladium-based alloys, the composition 
range is 73-88% palladium, 0-2% gold, and 
12-26% of the base metals copper, cobalt, tin, 
indium, and gallium. 


25.10 Economic Aspects 


See references [5, 10, 23, 29, 44, 46, 55-61, 
73, 211, 224—231]. 


25.10.1 Supply 


The platinum group metals as a whole are 
of moderate importance in the world metal 
market as measured by the total value of the 
raw product obtained from the ore. This total 
value fluctuates according to prices, generally 
equaling the figure for silver, and is ca. 20% 
of the value of gold production. The latter 
amounted to ca. 32 x 10$ DM/a, and is the 
third most important metal in terms of value 
after iron and aluminum. 

The primary production of platinum, palla- 
dium, and rhodium for various producing 
countries is listed in Table 25.8. Production 
figures for the former Soviet Union have 
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never been published: the figures indicate 
sales to the West. 


In addition to PGMs obtained from ores, a 
considerable amount of secondary material 
exists. The extent of this is very vanable and 
fluctuates with time. 


Averaged over all the PGMs, it amounts at 
present to ca. 20% of primary production, 
with the greatest emphasis on platinum and es- 
pecially palladium. The present effort directed 
toward recovery from spent automobile cata- 
lysts will considerably increase the propor- 
tional secondary production of platinum and 
rhodium. 


A high proportion of the PGMs is recycled 
by the users or, in the case of contract suppli- 
ers of semifinished products (e.g., catalysts), 
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by the producers. These materials do not ap- 


pear on the market either on the supply or on 


the demand side, so supply figures essentially 
reflect only mined products and sales from the 
former Soviet Union. 


25.10.2 Demand 


The demands of individual countries or re- 
gions, excluding the former Eastern bloc 
countries, for platinum, palladium, and rhod- 
ium in 1990 are indicated in Figure 25.14. 
This shows that, in value terms, rhodium has 
moved into first place for the first time (see 
Table 25.9 for prices). 


Figure 25.15 depicts how various PGMs 
are divided among areas of use. 


Table 25.8: Platinum, palladium, and rhodium output by regions (10? troy oz). 
1984 1985 1986 1987 1988 1989 1990 


1980 1981 1982 1983 





Platinum 

South Africa 2320 1800 1960 2070 
Soviet Union (sales) 340 370 380 290 
Canada 130 130 120 80 
Others 30 30 30 40 
Total 2820 2330 2490 2480 
Total. t 80 73 77 77 
Palladium 

Soviet Union (sales) 1400 

South Africa 870 

Canada 200 

Others 60 

Total 2340 

Total, t 73 

Rhodium 

South Africa 

Soviet Union (sales) 

Canada 

Others 

Total 

Total. t 


* Including United States. 


2280 2340 2350 2520 2580 2590 2780 
250 230 290 400 440 550 700 
150 150 150 140 145 150 185* 


40 40 40 40 95° 85° 65 


2720 2760 2830 3100 3260 3375 3730 


85 86 88 96 101 105 116 


1690 1440 1600 1790 1770 1650 1850 
950 1010 1040 1090 1105 1135 1235 
190 190 190 190 170 205 370° 


90 90 90 90 270° 215 70 


2920 2730 2920 3160 3315 3205 3525 


91 85 91 98 103 100 110 


165 175 195 195 185 205 
45 85 100 100 130 155 
15 15 18 20 15 17 

0 0 0 0 0 0 


200 225 275 313 315 330 377 


6 7 9 10 10 12 12 


Table 25.9: Prices of the platinum group metals and gold (rounded, DM/g). 





1st July lst Sept. 151 August ist May Ist Oct. 1st June 15th June 

1983 1984 1985 1986 1988 1990 1991 
Osmium 14 54 98 51 40 34 31 
Platinum 37 34 29 28 30 28 22 
Palladium 13 15 11 7 8 7 3 
Rhodium 30 77 83 78 70 143 285 
Iridium 31 51 42 28 20 18 16 
Ruthenium 6 17 9 5 5 4 4 
Gold 34 33 31 24 25 20 21 
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United States Platinum (027.1) 


20% Western Europe 
— 20% 
Others 
7 10% 
Japan B. Poe 
50% 
Palladium (119.5 t) 


United States 
30% 
М. 






Western Europe 
— 18% 


Others 
1% 
Japan 
45% 
Rhodium (10.8 t) 
. L4 
United States ~ Western Europe 
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Japan Nothers 
28% Me 


Figure 25.14: Western World demand for platinum, palla- 
dium, and rhodium (1990). 


25.10.3 Prices 


Variations in the price of platinum group 
metals mostly tend to be linked to the price of 
gold. However, the demand for platinum 
group metals sometimes changes rapidly, even 
suddenly, usually following technical innova- 
tions, and therefore extremely rapid price 
changes are not uncommon. This is especially 
true of metals other than platinum, because the 
availability of a given metal cannot be in- 
creased by increasing the production of that 
metal alone. The demand for platinum, the 
most abundant platinum group metal, is the 
most important factor in deciding whether to 
increase the capacity of a mine. 
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Table 25.9 shows changes in the price of 


platinum group metals over the past ten years. 


Platinum (127.1t] 


Chemical 69/5 Aufocatalyst 38% 


N 


Electrical 4% 
Ka 








Glass 3% 
= Other 3% 


x 
Petroleum 3% 


Jewelry 36% 


Investment ^ 
T% 


Palladium {119.5 t] 


А Dental 2975 
Electrical 49% 


N Autocatalyst 


bag 9% 


~Other 8% 


Jewelry 59/5 


Rhodium (10.8 t} 


Autocatalyst B3% Other 3% 


— Pi 37^ 


Electrical 4% 
7— Chemica! 7% 


Ruthenium (5.2 t) 


Chemical 34% 
Electrical 64% ——— ры 29, 





iridium (0.9 H} 
Crucibles dime ^ dd Chemical 49% 
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Figure 25.15: Western World platinum group metal de- 
mand according to application (1990). 


25.10.4 Producers 


For a long time, the largest producer of 
platinum in South Africa and the world has 
been Rustenburg Platinum Holdings (RPH), 
which was founded in 1931. Its capacity in 
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1992 was 46.4 t (1.5 х 10$ troy ounces). Until 
1972, only the first stages of the production of 
a 50-70% PGM concentrate were carried out 
in South Africa, while the production of pure 
metals was carried out by Johnson Matthey & 
Co., London, in their refinery in Royston, En- 
gland. In 1972, Rustenburg and Johnson Mat- 
they founded the joint subsidiary company 
Matthey Rustenburg Refiners, which since 
that time has converted all the concentrate 
produced in Rustenburg to pure metals. In 
1989 the new SAREF refinery of RPH began 
operation in Bophuthatswana and is now the 
only Refinery in the RPH group. 

In 1969, Impala Platinum became a new 
producer of platinum. From the beginning, 
this company concentrated on the complete 
process of production of pure metal in South 
Africa. The production capacity is ca. 32 t/a. 

Another newcomer among South African 
platinum producers is Western Platinum, a 
company managed jointly by Lonrho and the 
Canadian company Falconbridge, and almost 
completely owned by Lonrho, which took 
over Falconbridge in 1987. The production ca- 
pacity, which started at 85 000 troy ounces 
(2.7 t) of PGMs per year, is now estimated to 
have increased to 500 000 troy ounces (15 t). 

More recently, Gold Fields South Africa 
(located mainly at the head office of the An- 
glo-American Corp. of South Africa) has be- 
come a major PGM producer, with a planned 
annual capacity of 10.6 t PGM. 

Many small firms, mostly in Southern Af- 
rica, extract PGM more or less independently, 
sometimes carrying out only part of the pro- 
cess. In the meantime, most of these, such as 
Anglo-Transvaal Consolidated Investment 
(Anglovaal), and their subsidiaries Atok Plati- 
num Mines, Messina, and Lebowa Platinum 
have been taken over by the major producers. 
The Barplats Crocodile River Mine (formerly 
Lefkochrysos) was closed down soon after be- 
ing taken over by Impala in 1991 because it 
was not profitable. 

Since 19827 the Stillwater Mining Com- 
pany in Stillwater (United States), the most re- 
cent producer, has established 19 production 
plants, with an annual capacity estimated at 
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50 000 troy ounces (1.6 t) of platinum, and ca. 
180 000 troy ounces (6 t) of palladium. 

Canadian PGM-bearing nickel ores have 
been worked since 18907 mainly by Mond 
Nickel Co. (from 1961) and Intemational 
Nickel Co. (Mond) Ltd. (INCO), London, 
later in association with INCO (Canada). 
Since 1925, platinum group metals have been 
produced in the refinery in Acton, London. 

Another important producer of platinum is 
Falconbridge Nickel Mines, Toronto, which 
formerly owned a refinery in Kristiansund, 
Norway, although this produces only platinum 
and palladium as pure metals. 

No reliable information is available about 
the capacity of Russian platinum production, 
which is mainly a by-product of nickel pro- 
duction, with the main production center in 
Norilsk and smaller production centers in the 
Urals, 


25.10.5 Commercial Aspects 


The more important PGM producers sell 
their product through agents (1.e., not via the 
commodity exchange). The agent for Rusten- 
burg material is Johnson Matthey VCC, Lon- 
don. Impala uses Ayrton Metals Ltd., London, 
and INCO uses Engelhard, New York. The 
other producers sell the PGMs themselves. 

For platinum, and to a limited extent other 
PGMs, so-called producer prices have existed 
alongside free market prices for large indus- 
trial consumers for some decades. These 
prices are established by contract and are nor- 
mally well below those of the free market. The 
main aim was to maintain a cautious pricing 
policy to discourage any active search for sub- 
stitute materials. Around 1980, the largest 
South African PGM producer, Rustenburg 
Platinum Mines, abandoned this pricing pol- 
icy, which had been in force for a long time. Its 
selling agents now publish daily prices that are 
closely linked to the market. 

Since 1975, the so-called London free mar- 
ket price for platinum is calculated and pub- 
lished twice daily. Since 1976, a London 
palladium quotation has also been available. 
Both of these were only price indications, not 
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to be compared with the fixed quotations for 
gold and silver. The London Platinum and Pal- 
ladium Market has since been established and 
publishes fixed quotations twice daily. 

Platinum and palladium are also traded on 
the New York Mercantile exchange; platinum 
is also traded on the TOCM in Tokyo. 

Trading in platinum on the New York ex- 
change is in the form of contracts for units of 
50 troy ounces. The purity of platinum sup- 
plied in fulfillment of such a contract must be 
at least 99.9%, and the platinum must origi- 
nate from a producer or assayer registered 
with the exchange. For palladium, the contract 
amount is 100 troy ounces, and the purity must 
be 99.9%. 

Spot transactions (immediate delivery and 
payment) are guided by the London quotation 
and the New York exchange quotation. 


25.11 Health and Safety 


25.11.1 Toxicology [35,36] 


The physiological effects of platinum 
group metals on the human body have been 
extensively investigated (Figure 25.16), par- 
ticularly due to the use of PGMs in automobile 
catalytic converters, which leads to wide- 
spread exposure of the general public. 


Platinum Allergy [232, 233]. Contact with 
platinum compounds, mainly of the hexachlo- 
roplatinate type, has long been known to lead 
to strong allergic reactions. 

Approximately half of the people exposed 
experience symptoms. These range from irri- 
tation of the skin to rhinitis, and sometimes se- 
vere asthma attacks. Allergic reaction seldom 
occurs immediately. It usually becomes no- 
ticeable after weeks, months or, sometimes 
years. People suffering from other allergies 
are more rapidly and seriously affected, and 
existence of a platinum allergy often results in 
increased sensitivity toward other allergens. 
Once sensitivity has been acquired, it can re- 
main for life. In general, if a platinum allergy 
is present, the only effective countermeasure 
is a change of workplace. Sensitivity can be 
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detected in advance by allergen tests (smear- 
ing the skin with a solution of hexachloroplati- 
nate) Protective measures taken at the 
workplace include the installation of effective 
waste-gas extraction systems, and hermetic 
sealing of all containers and apparatus. All 
processes that produce dust or aerosols must 
be contained. This applies to every operation 
involving hot solutions of hexachloropla- 
tinic(IV) acid or its salts, pyrolytic decompo- 
sition reactions, and pouring of fine crystals 
and solutions. 
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Figure 25.16: Schematic representation of the toxic ef- 
fects of platinum. 

Other platinum compounds have not been 
found to have definite allergenic properties, 
probably because they are not handled to a 
comparable extent. Metallic platinum is re- 
garded as harmless, even in finely divided 
form. Compounds of other elements of the 
platinum group do not cause health problems 
of this type. 


Toxicity. Soluble platinum compounds cause 
symptoms similar to those produced by other 
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heavy metals when taken orally. The main 
symptoms are violent vomiting and impair- 
ment of kidney function. Acute toxic symp- 
toms of this kind, which often severely 
distress the patient, are frequently observed 
during the treatment of tumors by cis plati- 
num. Here, the maximum dose rate is ca. 120 
mg of platinum per square meter body surface 
per day [234]. 

Osmium(VIII) oxide, which is very vola- 
tile, is very toxic, has a strong irritant effect on 
the mucous membranes, and causes headaches 
[235]. Ruthenium(VIIT) oxide produces simi- 
lar symptoms. When OsO, is present in the at- 
mosphere, it affects the mucous membrane of 
the eye, producing a characteristic symptom 
(1.е., the appearance of haloes around lights) 
caused by cloudiness of the cornea. Consider- 
able deterioration of vision can occur, which 
may lead to serious hazard when driving at 
night. 

The MAK values for platinum compounds 
are 0.002 mg/m? (calculated as Pt); for rhod- 
ium compounds: 0.001 mg/m? (calculated as 
Rh); and for OsO, 0.002 mg/m? (0.0002 
ppm). 


Automobile Exhaust Catalysts [236, 237]. 
When automobile exhaust catalysts are used, 
some emission of platinum group metals, es- 
pecially platinum, must take place. Rhodium 
and palladium can also be emitted. The noble 
metals present are 909^ in the elemental state, 
209^ of which is respirable. Studies are yield- 
ing consistent results and give no indication of 
a health hazard from automobile catalysts. 
Some published theories that conflict with this 
are not borne out by the facts. Undoubted 
health benefits can be gained by preventing 
the emission of nitrogen oxides, hydrocar- 
bons, and carbon monoxide through use of au- 
tomobile exhaust catalysts. 


25.11.2 Explosion Hazards [238] 


Alloy Formation. The formation of some in- 
termetallic phases is accompanied by consid- 
erable heat evolution. Violent reactions may 
occur between platinum or ruthenium, and 
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lithium, titanium, or arsenic, for example, es- 


pecially when finely powdered, sometimes 
with explosive effect. Initiation can take place 
by ignition of exposed surfaces of compacted 
material. 


Spontaneous Decomposition. Some com- 
plexes of platinum group metals, like explo- 
sives, contain both oxidizing and oxidizable 
groups. These include all PGM complexes 
containing ammonium and nitrate [e.g., 
[Pt(NH;),](NO;).], ammonium and nitro 
ligands (e.g., (NH,),[Pt(NO.),]), and mixed- 
ligand complexes such as [Pt(NH,),(NO.),]. 

In standard BAM explosion tests, some of 
these compounds give higher values than the 
well-known explosive ammonium nitrate. 
They are sensitive to impact and decompose at 
impact energies of more than 10 J (corre- 
sponding to a 5-kg weight falling through 20 
cm in the falling hammer test). 

They can explode on impact or even ‘on 
grinding of crystal agglomerates. These com- 
pounds should therefore be handled in the 
form of aqueous solutions. Some PGM-con- 
taining homogeneous catalysts may ignite as a 
result of friction. 


Ruthenium(VIII) oxide, RuO, is produced 
during the separation of platinum group met- 
als and is removed by distillation. It can un- 
dergo spontaneous explosive decomposition 
near its boiling point or at 100 °C. Quantities 
of several gram should only be steam distilled. 
Ruthenium(VIII) oxide should not be stored in 
either the solid or the liquid state (mp 25 ?C) 
owing to its explosive potential. The com- 
pound Ost), is much more stable than RuO,. 


Oxidative Properties. The oxides of the plati- 
num group metals are generally exothermic 
compounds. Therefore, most of them are 
strong oxidizing agents that can react explo- 
sively with organic substances or other reduc- 
ible materials. Ruthenium(VIII) oxide is a 
very strong oxidizing agent. It reacts, for ex- 
ample, with organic materials such as filter pa- 
per, alcohol, ammonium compounds, grease 
for glass stoppers, or residues in dirty contain- 
ers, sometimes with explosive violence. 
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Hydrogen Explosions. The greatest danger of 
explosion involving platinum group metals 
arises from their hydrogen content, which is 
often high, especially when the metals are in 


. the form of highly dispersed powders. Hydro- 


gen is present in the form of metallic hydrides, 
which are usually nonstoichiometric. Upon 
minor external influences (e.g., shock), free 
hydrogen can be released suddenly, mix with 
atmospheric oxygen, and lead to a Violent ex- 
plosion catalyzed by the noble metal. The ca- 
pacity of all PGMs to absorb hydrogen is very 
high (Table 25.10). 


Table 25.10: Binding and release of hydrogen by plati- 
num group metals. 


Ele-  mLH,bound  Stoichi- Resulting HO, 
ment per g metal ometry mixture, L/g metal 

Ru 123 RuH,, 3.1 

Rh 24 RhH,. 0.6 

Pd 75 PdH,; 1.8 

Os 7.5 OsH,, 1.8 

Ir 35 ЕН, 0.9 

Pt 2.4 PtH о; 0.06 





Platinum metals produced by reduction of 
their compounds at low temperature have a 
high capacity to absorb hydrogen formed as a 
by-product. The formation of ruthenium by re- 
duction with sodium borohydride is especially 
critical. Ruthenium black is common cause of 
accidents. Detonation can occur on contact 
with water or stirring with a spatula, even with 
material that has been stored for a long time. 
Many accidents have occurred after alloying 
indium, platinum, or rhodium with zinc, fol- 
lowed by dissolution of the zinc with acid. 


Spent platinum oxide catalysts often con- 
tain hydrogen and sometimes explode on me- 
chanical handling. Hydrogen oxygen, 
hydrogen chlorine, and some gas air mixtures 
explode immediately in the presence of noble 
metals without any ignition source. 


Flammability. Platinum, palladium, and ind- 
ium are pyrophoric when sufficiently finely 
divided because oxide formation by reaction 
with air is strongly exothermic. Organic sol- 
vents, paper, and active carbon can ignite on 
contact with pyrophoric platinum metals. 
Great care must be taken when drying spent 
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noble metal carbon catalysts, especially palla- 
dium black. 

Almost all organic compounds of the plati- 
num group metals are combustible, and many 
can ignite spontaneously on exposure to air. 


Catalytic Decomposition. Sufficiently con- 
centrated hydrogen peroxide can decompose 
explosively on addition of PGM catalysts. The 
violence of this reaction decreases in the order 


Os > Pd > Pt»? Ir? Au > Ag > base metals 


Peroxides, ozonides, hydrazine, and concen- 
trated peroxo acids such as peroxosulfuric 
acid explode even on contact with massive 
platinum. 

Concentrated formic acid can also explode 
in the presence of noble-metal catalysts. 
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26.1 Introduction 


Tungsten (wolfram, W), is a transition ` 


metal in the third long period and group 6 of 
the periodic table. Its electron configuration is 
[Xe] 6s? 47“ 5d but can also be interpreted as 
[Xe] 6s! 4^ 5d. The naturally occurring iso- 
topes (abundances in parentheses) have rela- 
tive atomic mass 180 (0.14%), 182 (26.42%), 
183 (14.40%), 184 (30.64%), and 186 
(28.41%). There are also 17 known artificial 
isotopes and isomers from Wy to W, with 
half-lives between 14 ps and 140 d. In nature, 
tungsten occurs only in a chemically com- 


bined state (mainly as tungstate). The metal, 
which has a silvery white luster, has a very 
high density (19.3 g/cm? at 20 °C), and the 
highest melting point (3410 °C) of all the me- 
tallic elements. 


History. Long before elemental tungsten was 
discovered (1783), the mineral wolframite 
was known, e.g., in the tin mines of Saxony 
and Bohemia. It was first described in 1574 by 
Lazarus ERCKER, and thought to be a tin min- 
eral that contained arsenic and iron. 

The name wolfram is derived from the 


word wolf, i.e., the wolf that devoured tin. A 
foam (Latin: lupi spuma, wolf’s foam) was 
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formed on the molten tin during the smelting 
of tin ore, reducing the yield of tin. 


In 1757, a new mineral with density 6 
(scheelite) was described by A. F. CRoNsTEDT: 
He named this “tungsten” (Swedish: tung sten, 
heavy stone) and considered it to be a calcium- 
containing iron mineral In 1781, C. W. 
SCHEELE analyzed the ore and announced that 
it contained calcium with a hitherto unknown 
acid. He described digesting the mineral with 
K,CO,, precipitating the unknown acid with 
nitric acid, decomposing the mineral with 
mineral acids, and dissolving the precipitated 
acid in ammonia. In the same year, T. BERG- 
MAN suggested that the metal might be ob- 
tained by reduction of the acid with carbon. 

In 1783, the element was produced by the 
brothers J. J. and F. ре Erxuyar from wolf- 
ramite by reduction of the oxide with carbon. 
They named it wolfram. In 1786, the harden- 
ing of steel was described by H. I. pu Mon- 
cEAU. In 1821, K. C. vou LEoNHARD proposed 
the name scheelite for the mineral CaWO,. 


The real chemistry of tungsten originated 
with В. Oxiawp (1874), who patented a 
method for producing sodium tungstate, tung- 
sten oxide, and metallic tungsten. He was also 
the first to propose a method for the produc- 
tion of ferrotungsten. The possibility of using 
tungsten as an alloying element to increase the 
hardness of steel could not initially be realized 
because of the high price of the metal. 


The developments that led to the industrial 
use of tungsten began 1n 1890 with the produc- 
tion of WC by H. Moissan. They may be sum- 
marized as follows: 


e In 1900, the Bethlehem Steel Company an- 
nounced the first high-speed, high-tempera- 
ture steel at the Paris Exhibition. 


e In 1903, the first tungsten filaments for in- 
candescent lamps were produced in Hun- 
gary by the method patented by Jusr and 
HANAMANN. 


e In his patent of 1909, W. D. Соолрсе de- 
scribed the production of ductile tungsten 
wire by powder metallurgy, a process that 
has not changed in its essential features even 
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today. This process represents the first in- 
dustrial use of powder metallurgy. 


e In 1922, the Osram Research Associatión 
obtained a patent for the production of tung- 
sten carbide—cobalt hard metals. 


e Four years later, the Krupp organization in- 
troduced the first hard metal cutting tool at 
the Leipzig Exhibition. 

The increasing use of hard metals in the 
machining of steel and in the mining industry 
(energy production) led to a great increase in 
the demand for tungsten. As a result of the un- 
certain availability of raw materials in crisis 
situations and the increased use of tungsten 
materials in the armaments industry (hard 
metals, tungsten-containing heavy metals), the 
metal has become of strategic importance. 

All later materials developments are essen- 
tially only a broadening and diversification of 
the early work on the production of the metal 
and its alloys. Tungsten compounds are be- 
coming increasingly important, e.g., as the ac- 
tive components in catalysts. 

Continuously increasing demand up to the 
1980s led to the constant exploration of tung- 
sten deposits and the opening of mines and 
processing plants. However, owing to a fall in 
price and demand, a large number of mines 
have been closed since 1985, especially in the 
industrialized countries. 

In terms of quantity, tungsten is the second 
most important high-melting metal, after mo- 
lybdenum; however, it is the most important 
refractory metal used in powder metallurgy. 

General information on tungsten and its al- 
loys and compounds can be found in [1—7]. A 
summary of the early history can be found in 


[8]. 
26.2 Properties 


26.2.1 Physical Properties 


Tungsten has the highest melting point of 
all metals, exceeded only by elemental carbon 
and the metallic monocarbides of niobium, 
zirconium, tantalum, and hafnium. The ex- 
tremely high bonding energy (due to the half- 
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filled 5d shell) leads to extreme values of other 
properties. For example, tungsten has the low- 
est vapor pressure of all metals, the lowest 
compressibility, an extremely high density, a 
high modulus of elasticity, low thermal expan- 
sion, and high thermal conductivity. 

Some physical properties of tungsten fol- 
low [1, 3, 9]: 


Lattice type A2, bcc 
Lattice parameter : 0.31648,nm ., 
Atomic radius 0.139 nm 
Ionic radius (4-valent) 0.064 nm 
(6-valent) 0.068 
Absorption cross section 
for thermal neutrons 19.2 bam 
Ist ionization potential 8.0eV 
mp . 3410 °C 
bp 5900 *C 
Heat of fusion 35.17 kJ/mol 
Heat of sublimation 850.8 kJ/mol 
Molar heat capacity at 20 °C 24.28 Jmol” K7 
Specific heat capacity at 25°C 0.135 kJkg ! K^"! 
at 1000 °C 0.17 
at 2000 °C 0.20 
Coefficient of thermal expansion 
at 500 °C 2.3 mm/m 
at 1500 °C 7.6 
at 3000 °C 19.2 
Thermal conductivity at 0 °C 129.5 wait) 
at 1000 °C 112.5 
at 2000 °C 96.0 
Vapor pressure at 1700 °C 1x10? Pa 
at 2300 °C 4x101 
at 3000 °C 2x10? 
Standard entropy S$, cat 101 kPa 32.76 Jmol-1K-1 
Standard enthalpy HÉ 23 «¢ 5.09 ¥ 103 J/mol 
Specific electrical resistivity : 
at20?C 0.055 рот 
at 1000 *C 0.330 
at 2000 *C 0.655 
at 3000 °С 1.40 
Magnetic susceptibility at 25°C 0.32 х 10*cm'/g 
Black body temperature at 727 °C 
(А = 665 nm) 693 *C 
Spectral emission at 25 °C 
(А = 665 nm) 0.47 
Total radiation at 527 °C 0.173 
at 1127 °C 3.82 
at 2327 °C 80.60 
Electron emission at 727 °C 1.07 х 1075 A/cm? 
at 1627 °C 2.28 x 107 
at 2227 *C 2.98 x 107 
Electron yield at 727 °C 1.77x 105 АЛУ 
at 1627 °С 1.22 x 107 
at 2227 °C 4.26 x 10° 
Density at 20°C 19.3 g/cm3 
Hardness (Vickers) НУ 30 at0°C 450 
recrystallized 300 
deformed < 650 
at 400 °C 240 
at 800 °C 190 
Modulus of elasticity at 0 °C 407 KN/mm? 
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at 1000 °C 365 
at 2000 °C 285 
Velocity of sound 
longitudinal 5320 m/s 
transverse 2840 
Minimum compression strength 
(sintered) 1150 N/mm? 
Shear modulus at 20 °C 177 kN/mm? 


Mechanical and Metallurgical Properties. 
Pure metallic tungsten has a body-centered cu- 
bic structure, is brittle at room température, 
and is therefore not suitable for cold forming. 
At elevated temperatures (ca. 100—500 °C) it 
is transformed into the ductile state. The tem- 
perature of this sharply defined transformation 
is mainly dependent on the purity and the his- 
tory of deformation and heat treatment of the 
matenal. The transformation temperature is 
increased by the presence of extremely small 
amounts of interstitially soluble elements, 
e.g., oxygen, carbon, and nitrogen, which lead 
to intergranular precipitation. The transforma- 
tion temperature decreases with increasing de- 
formation; highly deformed products such as 
thin sheet and wire are ductile at room temper- 
ature. This 1s mainly due to the distribution of 
the precipitated impurities over a larger inter- 
granular area, and the formation of a fine- 
grained fibrous structure which tends to pre- 
vent intergranular failure perpendicular to the 
fiber direction. In the fiber direction, the ten- 
dency toward intergranular failure is more or 
less constant. 


Addition of rhenium can cause the transfor- 
mation temperature to fall below room tem- 
perature, even for only slightly deformed 
products. With extremely pure single crystals, 
brittle-ductile transformation temperatures as 


low as —190 °C are observed. 


The grain size and grain structure have a 
great influence on the mechanical properties 
of tungsten. These can be controlled by sinter- 
ing conditions, type of deformation, degree of 
deformation, and annealing processes during 
and after machining (intermediate annealing, 
stress-relieving annealing, soft annealing, re- 
crystallization annealing). 


Consequences of the high bonding energy 
of tungsten include its high ultimate strength 
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and yield strength, high modulus of elasticity, 
and high recrystallization temperature. 
The hot strength of tungsten, like its elon- 
gation, depends on its deformation and an- 
nealed condition, and can vary widely at a 
given temperature (Figure 26.1). The hot 
strength of tungsten 1s exceeded only by that 
of rhenium. The upper limit for the hot tensile 
strength corresponds to a stress-relieved sheet, 
and the lower limit to a recrystallized sheet. At 
ca. 1500 °С, both limiting curves coincide, 
ie. at this temperature the tungsten com- 
pletely recrystallizes as it is heated to the ten- 
sile testing temperature (and therefore at 
temperatures above this) independently of the 
starting condition of the tungsten, so that is al- 
ways has the hot strength of recrystallized 
tungsten. The results of hot tensile testing are 
. to some extent influenced by the strain rate. 
The relation between temperature and frac- 
ture strain of recrystallized tungsten sheets is 
shown in Figure 26.2. 
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Figure 26.1: Hot tensile strength of tungsten sheet, thick- 
ness 1 mm, strain rate 15% mir! [3]. 
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Figure 26.2: Effect of temperature on fracture strain of re- 
crystallized tungsten sheet [3]. 


No allotropic transformations of group 6 
metals are known which could lead to changes 
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in their properties. The solubility of the non- 
metals carbon, silicon, oxygen, nitrogen, and 
water in these metals is very small. Therefore, 
impurities in the form of interstitially dis- 
solved nonmetals have a smaller effect on the 
mechanical properties than is the case with 
other transition metals, but have a very signifi- 
cant effect if the solubility limits are exceeded. 
Carbides, silicides, nitrides, and oxides are 
then formed [9], and the inclusions have a 
marked effect on grain shape and size. 

As the solubility of interstitial impurities 
(O, N, C) at room temperature is well below 
0.1 ug/g, and the solubilities, even at the eu- 
tectic temperature, are only 0.01-0.1% [10], 
the insoluble excess segregates at the grain 
boundaries on cooling. Oxide impurities, in 
particular, considerably reduce intergranular 
strength. With carbide impurities, a beneficial 
effect on ductility is apparent, depending on 
the form of the carbides. The effect of nitrides 
is not yet fully understood. In deformed tung- 
sten, it leads to marked anisotropy of the me- 
chanical properties in the direction of 
deformation, so that sheet and bar tend to split. 
In recrystallized tungsten, the intergranular 
impurities enable plastic deformation to take 
place above the transformation temperature, 
as already mentioned [9]. 


26.2. Chemical Properties 


Tungsten is stable in air up to 350 °C, but 
begins to oxidize above 400 °C. A thin film of 
blue tungsten oxides forms on the surface, and 
this at first prevents further attack. As the tem- 
perature increases, cracks develop in the oxide 
film, and these favor oxidative attack. Above 
800 °C, rapid oxidation takes place with for- 
mation of WO,, which sublimes. In oxygen, 
tungsten burns at 500-600 °C. Tungsten is sta- 
ble to mineral acids in the cold, and is only 
slightly attacked at higher temperatures. Its 
stability to cold and hot hydrofluoric acid is of 
practical importance. Mixtures of hydrofluoric 
and nitric acids dissolve tungsten very readily, 
the tungsten remaining in solution because of 
the complexing effect of the fluoride ions. Hy- 
drogen peroxide is a good solvent for finely 
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divided tungsten; the peroxo complexes so 
formed keep the tungsten in solution. Alkaline 
solutions do not attack tungsten, which is also 
very stable to molten alkalis. In the presence 
of oxidizing agents (№а,О,, NaNO,, or 
NaNO, ), rapid dissolution takes place. 

Tungsten is stable to molten glass and silica 
up to 1400 °С. At higher temperatures, it re- 
acts with many elements, e.g., B, C, Si, P, As, 
S, Se, Te, and the halogens. It reacts with fluo- 
rine at lower temperatures. It is stable to chlo- 
rine up to 250 ?C, and to bromine and iodine 
up to 500 ?C. It 1s very stable to gaseous nitro- 
gen and ammonia up to 1400 ?C. There is no 
reaction with hydrogen. With carbon monox- 
ide, the hexacarbony] is formed at low temper- 
atures, and the carbide above 800 ?C. 


26.3 Raw Materials 


26.3.1 Natural Resources 


The average concentration of tungsten in 
the earth’s crust is 1.5 g/t. It is thus a rare ele- 
ment. 


Minerals. Tungsten occurs only in combined 
form. The most important tungsten minerals 
are [4]: 

Anthoinite Al(WO,)(OH)-H,O 

Cuprotungstite Cu,(WO,)(OH), 

Ferritungstite ` Ca,Fe;*Fe3*(WO,),-9H,O 


Raspite PbWO, 

Russellite Bi,WO, 

Sanmartinite ZnWO, 

Scheelite CaWO, 

Stolzite PbWO, 

Tungstenite WS, 

Tungstite WO, DO 

Ferberite FeWO, with up to 20% MnWO, 


Hübnerite MnWO, with up to 20% FeWO, 
Wolframite (Fe, Mn) WO, 

With the exception of tungstenite, all the 
minerals are tungstates, but only scheelite and 
the wolframite group are of industrial impor- 
tance. The most important properties of 
scheelite and the wolframites are listed in Ta- 
ble 26.1 [4]. 

Scheelite is often associated with the iso- 
morphous calcium molybdate (powellite). 
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Pure scheelite has a blue fluorescence in ultra- 
violet light, becoming white with a molybde- 
num content of ca. 1%, and yellow above this 
concentration. This property is utilized in 
prospecting for scheelite. 


Wolframite is a general term for a mixed 
crystal series (with no miscibility gap) of 
Fe(IT) and Mn(IT) tungstates. The minerals be- 
tween pure iron tungstate and 20% MnWO, 
are known as ferberite. Manganese tííngstate 
and mixed crystals containing up to 20% 
FeWO, are known as hübnerite. 


The minerals tungstite and cuprotungstite 
have achieved a small degree of industrial im- 
portance, 


Deposits. All tungsten deposits are of mag- 
matic—hydrothermal origin. During cooling of 
the magma, differential crystallization occurs, 
first of basic and later of slightly acidic rocks, 
and enrichment of tungstate and other ions 
takes place, accompanied by an increase in the 
concentration of silica in the remaining 
magma and the hydrothermal solution. Tung- 
sten cannot replace the main elements such as 
Fe, Mg, Ca, Al, and Si in the basic and slightly 
acidic rocks, and is not incorporated in the 
first material to crystallize. Therefore, 
scheelite and wolframite are often to be found 
in the last crystallization stage of a magma, 
i.e., the pegmatites and the material crystal- 
lized from hydrothermal solutions. 


There are many types of deposit: 


ө Pegmatite deposits are relatively rare and 
can contain wolframite and scheelite. The 
tungsten minerals are crystallized together 
with the pegmatitic minerals. 


e Greisen deposits contain wolframite, and 
are formed by the mineralization of intru- 
sive rock (and of the rock it penetrates) by 
hydrothermal solution processes. 


e Contact-metasomatic deposits are the com- 
monest type and are of pure scheelite. They 
are formed by the reaction between lime- 
stone and residual magma or hydrothermal 
solutions that penetrate into it. 
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Table 26.1: Physical and chemical properties of ferberite, wolframite, hübnerite, and scheelite. 





Ferberite Wolframite Hübnerite Scheelite 

Formula FeWO, (Fe, Mn)WO, MnWO, CaWO, Е 
WO, content, 96 76.3 76.5 76.6 80.6 
Crystal structure monoclinic monoclinic monoclinic tetragonal 
Lattice parameters 0.5257 

a, nm 0.471 0.479 a 0.485 1.1373 

b,nm 0.570 0.574 c 0.577 alc 1:2.165 

c, nm 0.574 0.499 alc 0.498 

В 90° 90°26’ 90°53’ 
Density, g/cm? 7.5 7.1-7.5 7.2-7.3 5.4-6.1 
Color black . dark gray-black red-brown-black brown, yellowish, white 
Hardness (Mohs) · 5 5-5.5 5 4.5-5 
Common form well-formed crystals irregular crystal radiating groups or crystals, mainly fine 

or crystal masses masses or radiating lamellar crystals grained 


crystal groups 


e Vein deposits can contain wolframite and 
scheelite. Hot magma causes cracks and 
faults in the surrounding rock, into which 
hydrothermal solution is injected. It then 


crystallizes. 


e Pneumatolytic deposits are rare, and are 
formed by the transport of volatile tungsten 
compounds in the gas phase. 


e Secondary enriched deposits are very rare 
and contain tungstite formed by weathering 
of wolframite. 


e Placer deposits, in which high density mate- 
rials become concentrated in river sedi- 
ments, are also very rare. 


The gangue minerals differ not only among 
the various deposits, but can also vary greatly 
within a single mine. This is easily under- 
stood, as the various types of deposits can of- 
ten occur together in one mine. The 
commonest types of gangue minerals are: 
quartzite, various silicates, limestone, magne- 
site, fluorspar, apatite, and various sulfide 
Ores. 

The concentration of workable ores is 0.1— 
2.5% WO,, contents of ca. 2% being rare. The 
average content is са. 0.5% МО,. The lower 
limit of workability depends on the ore type, 
gangue composition, and world market price. 
It fluctuates between 0.1 and 0.3% WO,. 


Reserves. Tungsten deposits occur throughout 
the younger mountain ranges, e.g., the Alps, 
the Himalayas, and the circum-Pacific belt. 
The most recent figures for world tungsten re- 


serves (in 10? t) date from 1985, and are listed 


here [11]: 

North America 985 
United States 290 
Canada 670 
Mexico 20 
Others 5 

South America 110 
Bolivia 70 
Brazil 20 
Others 20 

Europe 665 
Austria 20 
France 20 
Portugal 40 
Former Soviet Union 490 
United Kingdom 70 
Others 25 

Africa 20 
Rwanda 5 
Zimbabwe 5 
Others 10 

Asia 1535 
Burma 15 
China 1230 
North Korea 100 
South Korea 60 
Malaysia 20 
Thailand 30 
Turkey 70 
Others 10 

Oceania 10 

Australia 140 


These figures imclude reserves that are 
known, but have so far not been found to be 
economically workable. This type of informa- 
tion is partly based on estimates, as countries 
such as China and the former Soviet countries 
have not published any accurate information. 
By far the largest reserves are in China (35%, 
but may exceed 50%), followed by Canada 
(19%), and the former Soviet Union (14%). 
At the current world annual consumption rate 
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of 30 000 t, these known reserves of ore are 
likely to last for ca. 120 years. Of the ore de- 
posits, 75% are of scheelite and 25% wolf- 
ramite, with a few in which both minerals 
occur together [12]. Over half the reserves of 
ore are in developing countnes. 


26.3.2 Tungsten Scrap 


Tungsten scrap has been used as a raw ma- 
terial for production of pure tungsten for more 
than 50 years. There are several reasons for 
this: 

e The low concentration in the earth’s crust 
results in a consistently high cost of the 
metal; recycling has always been economic. 


e The concentration of tungsten in the various 
types of scrap is always considerably higher 
(30-9994) than 1n any ore, so there are no 
concentration costs. 


e The accompanying elements in scrap do not 
cause serious problems during chemical 
processing. 


High demand and consequent high prices 
from 1975 to 1985 led to an increase in scrap 
processing, and made lower-grade scrap 
(grinding wheel swarf and dusts) more attrac- 
tive for reuse [13]. Since then, the amount of 
scrap used as a percentage of the total tungsten 
raw materials has increased still further in 
spite of falling price and demand. This is 
largely because environmental regulations 
have become increasingly strict, making it im- 
possible to dispose of scrap with even a low 
tungsten content, e.g., wheel swarf or similar 
materials. Consequently, scrap is classified as 
a primary tungsten raw material This is 
shown in Figure 26.3, which also shows that 
approximately one-third of demand is sup- 
plied from scrap [14]. 


The processing of scrap is environmentally 
beneficial. No energy is required for mining 
and preparation, and no chemicals for concen- 
tration processes. This reduces both atmo- 
spheric pollution and chemical waste. 
Especially important for the future is the fact 
that scrap recycling conserves reserves of ore. 


1335 


Scrap is classified as either “hard” or 
"soft". Soft scrap is finely divided material, 
e.g., powder, dust, grindings, and tumings, 
with tungsten content 10-98%. Hard scrap is 
in lump form (sintered material, scrap bar and 
sheet, wire, etc.) with tungsten content 40— 
99.9%. 

Scheelite/wolframite 
ore concentrates 


e 
Primary tungsten . Secondary tungsten 
66% (scrap) 35% 


Total tungsten demand 
10075 


Finat products Scrap originated 


90% during processing 
10% 





Scrap from used parts 
24% 


Figure 26.3: Tungsten flowchart. 


26.4 Production 


26.4.1 Ore Beneficiation 


Most tungsten ores contain less than 1.5% 
WO). Therefore, ore-dressing plants are al- 
ways in close proximity to the mine to keep 
transport costs low. The first steps in the pro- 
cedure are crushing and milling to liberate the 
tungsten mineral crystals from the gangue ma- 
terials. The final grain size to which the ore 
must be reduced depends on the size of miner- 
alization present in the tungsten ore body. This 
can be quite different from deposit to deposit. 
The finer the mineralization, the more costly 
the pretreatment and the lower the recovery. 
No more crushing and milling should be ap- 
plied than is absolutely requiréd, to minimize 
losses. 


Scheelite Ore. After crushing, coarsely crys- 
tallized scheelite can be concentrated by 
gravimetric methods (hydrocyclones, tables, 
spirals, etc.) Finely mineralized scheelite, 
however, has to undergo froth flotation. A 
very high purity may be obtained by gravity 
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methods (sometimes > 90% scheelite in the 
concentrate). The yield is normally 60-70% 
and sometimes 80-90%. The flotation process 
allows recoveries of 80-90%. Modern plants 
combine gravimetric and flotation methods 
because on disintegration some of the 
Scheelite crystals are broken into fine particles 
which are lost if only gravity methods are used 
(scheelite is very brittle). The fine particles 
can be recovered in a subsequent flotation 
step. Typical commercial concentrates contain 
> 70% WO. Fully downstream integrated 
plants that process their concentrates them- 
selves keep the final WO, concentration in the 
flotation process low (540%) to minimize 
losses, giving overall yields of > 9096. 


Wolframite Ore. Gravity methods are used 
for wolframite ore, sometimes in combination 
with magnetic separation. The weakly mag- 
netic wolframite properties enable a further 
concentration. Commercial concentrates 
should assay > 65%. 


26.4.2 Pretreatment of Ore 
Concentrates and Scrap 


Hydrochloric acid leaching of scheelite 
concentrates at room temperature is used to re- 
duce phosphorus, arsenic, and sulfur content 
[4]. | 

Calcination in air (500—600 °С) is used to 
oxidize organic flotation agents which could 
have a detrimental effect on subsequent pro- 
cessing [15, 16]. Also, in mixtures of concen- 
trates with high sulfide and calcium carbonate 
contents, gypsum is formed [16], and arsenic 
and sulfur are removed if they are present in 
high concentrations in wolframites. 


Grinding is necessary for scheelite concen- 
trates produced by gravity methods, and with 
all wolframite concentrates. 

Oxidation of soft scrap by heating in air at 
700-800 °C allows the tungsten to be dis- 
solved in subsequent pressure leaching pro- 
cesses [17]. | 
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26.4.3 Hydrometallurgy 


This section deals with the production of 
high-purity ammonium paratungstate (APT), 
which.is now the most important raw material 
for all other tungsten products. Only the mod- 
em process is described; a comparison with 
classical methods [7] is given in Figure 26.4. 
The most important differences are: 


e The use of solvent extraction instead of pre- 
cipitation of CaWO, to convert the sodium 
tungstate solution to ammonium tungstate 
solution, followed by decomposition to 
H,WO,. i 

e Conversion of the tungsten in aqueous solu- 
tion to a solid compound by crystallization 

- rather than precipitation. Each crystalliza- 
tion is a slower process than immediate pre- 
cipitation, and therefore leads to a purer 
product. 

The advantages of the modem process are: 


e The possibility of using various raw materi- 
als (wolframite, scheelite, scrap) 


e Better energy efficiency 

e Less labor required 

e Ease of automation 

e Higher yields 

e Uniformity and higher purity of the product 
A flow diagram of a modern APT produc- 


tion plant based on various raw materials is 
shown in Figure 26.5. 


26.4.3.1 Digestion 


Wolframite concentrates can be dissolved 
either at atmospheric pressure with concen- 
trated NaOH solution (40-50%, 15 mol/L) at 
100—145 °C followed by dilution [18], or by 
high-pressure digestion with dilute NaOH so- 
lution [19]. 

(Fe, Mn) WO, + 2NaOH — Na, WO, + (Fe, Маон), 


Scheelite concentrates are always leached 
with Na,CO, solution under pressure [4]. The 
process requires a large excess of reagent, but 
gives a milder reaction with respect to dissolu- 
tion of gangue, and can be carried out in mild 
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steel autoclaves (NaOH treatment requires In- 
conel cladding). | 
СаО, + Na,CO, э Na,WO, + CaCO, 


Mixtures of concentrates of wolframite 
and scheelite can be dissolved by Na,CO, so- 
lutions with addition of NaOH under pressure 
[20]. Oxidized soft scrap is digested with 
NaOH solution, as in the treatment of wol- 
framite [15]. , DET 

Information on the parameters and yields 
for various chemical leaching processes is 
given in Table 26.2. . 


26.4.3.2 Purification 


The sodium tungstate solution obtained by 
leaching the ore contains amounts of dissolved 
impurity elements depending on the composi- 
tion of the raw material. If the concentration of 


Classical process 


Raw material 










Alkali digestion 


Na,WO, solution 


Purification steps 
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| Acid digestion | digestion 









Acid decomposition 





HAD, 
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Figure 26.4: Comparison of classical and modern WO, production. 
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these elements is too high, subsequent pro- 
cessing may be disturbed or the end product 
may have too high an impurity level. Purifica- 
tion is carried out by precipitation and filtra- 
tion. 


Silicate Precipitation. Silicates are common 
gangue minerals which dissolve on pressure 
leaching, at least partially. Dissolved silicate 
can be precipitated by the addition of’an alu- 
minum sulfate or magnesium sulfate solution, 
or a mixture of the two at pH 8-11 [21]. The 
chemistry of the precipitation is complex and 
has not been investigated in detail. With 
higher silicate content, a two-stage precipita- 
tion with a mixture of aluminum and magne- 
sium sulfates is preferable, enabling the S10, 
content to be reduced to 3060 mg/L [4]. 


Modern process 


Raw material 












Na;WO, solution 










AP 


T 
WO; 
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Table 26.2: Typical parameters for pressure leaching of tungsten raw materials. 


Scheelite concentrate 


Particle size, um. <44to <90 
Temperature, °C 190—225 
Pressure, MPa 1.2-2.6 
Time, h 154 


Reagent concentration, % 


Molar ratio WO, :reagent 1:2.5-4.5 
Scheelite Wolframite Tungsten 
concentrates concentrates soft scrap 











Calcination, 
leaching, 
grinding 







Roasting, 
grinding 


NaOH 
pressure leach 











М№а,С0; 
pressure leach 








| 


10-18 (Ча„СО,) 


Oxidation, 
grinding, 
streening 


Wolframite concentrate Oxidized scrap 
« 44 « 100 
175-190 150-200 
08-12 ` 0.5-1.2 
4 2-4 
7-10 (NaOH) 20 (NaOH) 
1:1.05 А 1:14 
Tungsten 
hard scrap 















Na,CO, + NaNO, 
fusion 








Dissolution 
in H,0 





Impure sodium tungstate solution 
containing gangue and precipitates 









Filtration, 
Si precipitation, 
Mo precipitation 


Purified sodium fungsfate solution 


Solvent 


extraction 





Ammonium polytungstate solution 





Crystallization 


Ammonium paratungstate 


Figure 26.5: The modem APT process. 


This precipitation technique reduces not 
only the silicate content, but also the phos- 
phate and fluoride concentration. Precipitation 
is first performed with magnesium sulfate at 
pH 10-11, and then with aluminum sulfate at 
pH 7-8 [22]. 


Molybdenum Precipitation. Molybdenum is 
a very common companion element in tung- 
sten ores. It remains in the concentrate and 
goes into solution on chemical digestion, ei- 
ther completely or partially. Precipitation is 
carried out by adding excess sodium sulfide to 


Tungsten 


the neutral or mildly alkaline solution, form- 
ing thiomolybdate: 


MoO} + 4S% + 4H,0 — MoS} + 80H- 


The solution is then acidified with sulfuric 
acid to pH 2.5—3.0. This causes the molybde- 
num to be precipitated as the trisulfide [20]: 
MoS; + 2H,0* > MoS, + H,O + H,S 


This purification stage is not only effective 
for Mo, but also removes a number of other el- 
ements that form insoluble sulfides, e.g., As, 
Sb, Bi, Pb, and Co. 


26.4.3.3 Conversion of Sodium 
Tungstate Solution to Ammonium 
Tungstate Solution 


In modern plants, this reaction is now car- 
ned out exclusively by solvent extraction or 
ion exchange resins. The sodium ion concen- 
tration must be reduced from ca. 70 g/L to « 
10 mg/L, as sodium levels > 10 ppm in the 
APT cause problems during the reduction 'to 
metal powder. 


Extraction 


Loaded solvent 








Scrubbing 
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Solvent Extraction | H. 23], (Figure 26.6) 


The sodium tungstate solution (pH 2-3) is 
contacted with the organic phase, which ex- 
tracts the isopolytungstate ions as an ion asso- 
ciate complex. Mixtures of tertiary or 
secondary, aliphatic amines (ep. trioctyl- 
amine) with isodecanol and kerosene form the 
organic phase. The amine is the reagent that 
forms the ion associate complex, the isode- 
canol increases the solubility: of the complex 
(modifier), and kerosene is the solvent. 


5R,NH* + [HW,404,]* > (R,NH)HW,O;, 


Table 26.3: Maximum impurity concentrations in APT 
crystallization. 


Feed solution, Mother li : 
Element mal. T 1910г, APT, ppm 


mg/L 
Al <10 « 100? <10 
<3000" 
As « 50 « 2000 «20 
F «250 « 3000 «10 
Fe « 10 « 200 «10 
Mo ^ «10 : «60 «20 
Na «10 «100 «10 
P «50 « 400 «20 
Si «10 « 200 «20 
V « 100 « 1200 «20 


1 [n absence of fluoride. 
* For fluoride concentration of ca. 4000 mg/L. 
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Figure 26.6: Tungsten solvent extraction. 
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The extract is washed with deionized water, 
and the isopolytungstate is then reextracted 
with dilute ammonia solution into an aqueous 
phase: 


(R;NH),HW,O,, + SOH” — [HW,O,,]* + 5(R;NH)OH 


The solvent goes through a regeneration stage 
and is then returned to the extraction process. 


Ion Exchange Process — [24,25] 


This process is now used only in small 
plants in China. A strongly alkaline ion ex- 
change resin in the chloride form is used. On 
contact with the sodium tungstate solution, the 
tungstate is adsorbed. Desorption is carried 
out with ammonium chloride solution. Ele- 
ments that form heteropolytungstates, e.g., Si, 
P, As, and Mo, can be removed. 


26.4.3.4 Crystallization of Ammo- 
nium Paratungstate (APT) [26] 


This compound has the formula 
NH JHW 204) AHC, 

On evaporation of the isopolytungstate so- 
lution, water and ammonia are distilled, the 
pH of the solution decreases, and the sparingly 
soluble APT crystallizes [27, 28]. The ammo- 
nia—water mixture is condensed and recycled 
to the solvent extraction process. The crystal- 
lization conditions are used to control the 
physical properties that influence the subse- 
quent processing to give tungsten powder. The 
process is carried out batchwise or continu- 
ously in recirculating crystallizers with partial 
recycling of mother liquor (to maintain the 
concentration of impurities in the mother li- 
quor and hence in the crystals formed). Owing 
to the low solubility of APT compared with 
the impurities in the mother liquor, this pro- 
cess step represents not only a conversion 
from the dissolved form to a solid, but also a 
very important purification (Table 26.3). 
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26.4.4 Calcination of Ammonium 
Paratungstate [4,21]: Р 


On heating APT to 400—800 °С, ammonia 
and water are evolved. This decomposition 
becomes more complete as the temperature 
and duration of heating are increased. The 
form of the solid phase is determined by the 
decomposition temperature, the retention 
time in the reactor, and the reduction potential 
of the decomposition atmosphere. If heating 
takes place with air addition, yellow WO, is 
obtained; with exclusion of air, blue oxide. In 
the blue oxide, some tungsten atoms are pen- 
tavalent, owing to H, reduction (NH, decom- 
position). Unlike the yellow oxide, blue oxide 
is not a single, well-defined chemical com- 
pound. It contains WO, together with the ox- 
ides Wa and W,,0,,, depending on the 
decomposition conditions, and also ammo- 
nium and hydrogen tungsten oxide bronzes 
(residual NH, and H,O content). Nevertheless, 
it is currently used more than the yellow ox- 
ide. 

On an industrial scale, calcination is usu- 
ally carried out in rotary furnaces, more rarely 
in pusher furnaces. The former yield a more 
uniform product. The chemical composition 
and micromorphology of the oxide particles 
are determined by the duration and tempera- 
ture of heating. The micromorphology is very 
important in the production of submicron 
tungsten powders. 


26.4.5 Reduction by Hydrogen to 
Tungsten Metal Powder [2931] 


The production of tungsten metal powder is 
today carried out almost exclusively by the 
hydrogen reduction of high-purity tungsten 
oxides (WO,, WO, J. Reduction of the oxide 
by carbon is now used only for the production 
of tungsten carbide (direct carburization). The 
reduction of tungsten halides (Axel Johnson 
process) has not become established on a large 
scale. 

The reduction of tungsten trioxide or blue 
oxide can be controlled by the temperature 
and the water vapor partial pressure. 


Tungsten 


At lower temperatures (600 °C) and lower 
moisture contents, the reduction proceeds by 
solid-state diffusion of the oxygen out of the 
oxide, and can be represented by the following 
equation: 

МО, + Ze > Wo +ЗН,О,, 


On complete reduction, an oxide-pseudomor- 
phic metal sponge is formed. 

At higher temperatures and moisture con- 
tents, the reaction proceeds stepwise via the 
oxides Wales, №; О; and WO, to tungsten 
metal. Only the first transformation to Wl 
and each nucleation of a newly formed phase 
on further reduction are solid-state reactions. 
All other transformations are linked with gas- 
phase transport of tungsten as the volatile ox- 
ide hydrate WO,(OH),, and are associated 
with a significant change in shape of the crys- 
tal faces. The formation of the vapor-phase 
oxide hydrate takes place by reaction of the 
corresponding suboxide with water formed in 
the reduction. The vapor pressure of the ox- 
ide-hydrate in equilibrium with a stable com- 
pound formed under the reaction conditions is 
lower than that in equilibrium with the contin- 
ually decreasing amount of the unstable com- 
pound. As a result of these gradients, chemical 
vapor transport (CVT) takes place, so that the 
higher oxide decreases in quantity, and the 
lower oxide increases. The interphase reaction 
can plausibly be divided into three steps: 


e Formation of WO.(OH), from the oxygen- 
rich compound with H4O 


МО, + 2H,0( > WO,(OH) ai) + Hg 


e Transport of WO,(OH), to the compound of 
lower oxygen content 


e Reduction of WO.(OH), by hydrogen at the 
surface of the compound of lower oxygen 
content (or the metal) 


МООН), + Н, — We + Hat 


Formation of a new phase must be preceded 
by nucleation. This takes place on the surface 
of the reacting oxide if the water vapor pres- 
sure is lower than the equilibrium water vapor 
pressure for the phase transformation con- 
cerned. The nucleus then continues to grow as 
described above. | 
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Reduction on an industrial scale is carried 
out in pusher furnaces, in which the powder 
passes through the furnace in boats, or in ro- 
tary furnaces. Walking beam furnaces or fur- 
naces with internal band conveyors are less 
often used. Furnaces are provided with several 
temperature zones controllable between 600 
and 1100 °C. The flow of hydrogen is usually 
in a countercurrent direction, more rarely 
cocurrent, and a drying stage is always in- 
cluded in the circuit, as a large excess is used. 
The hydrogen acts not only as a reducing 
agent, but also carries away the water formed. 
The flow rate is therefore one of the parame- 
ters for controlling the water vapor partial 
pressure. Other control parameters are: 


e The amount of oxide charged to the furnace 
per unit time 


e The depth of the oxide bed 


e The porosity of the oxide bed (particle size 
and particle size distribution) 


e The moisture content of the hydrogen enter- 
ing the furnace 


The porosity and depth of the bed, in con- 
junction with the H, flow rate, determine the 
rate of diffusion of water vapor from the bed. 


In practice, the average grain size of the 
tungsten powder (0.1-60 рт) is controlled 
empirically by setting the temperature, oxide 
quantity, heating time, and H, flow rate. In 
general, these have the following effects: 


e Fine Powder: lower temperature, low bed 
depth, long dwell time, and high H, flow 
rate. These conditions correspond to a low 
water vapor partial pressure (and hence a 
more rapid nucleation rate), low crystal 
growth rate via the gas phase and short 
transport distances of WO.(OH),. The fur- 
nace capacity is low. 


Coarse Powder: high temperature, greater 
bed depth, lower heating time, lower H, 
flow rate. These conditions correspond to a 
high water vapor partial pressure, a lower 
rate of nucleation, and more rapid transport 
via the gas phase over longer distances. The 
furnace capacity is high. 
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In the powder bed, there is a water vapor 
concentration gradient, as diffusion from the 
interior takes longer than from the outer parts. 
This leads to a grain size distribution in the 
tungsten powder; the powder in the interior of 
the bed is coarser than that in the outer zones 
and at the surface. 


Doping with low concentrations of alkali 
metals (Na or Li salts) catalyzes crystal 
growth during the reduction process, and en- 
ables coarser tungsten powders (100—200 
um) to be produced [32]. 


26.4.6 Production of Compact 
Metal 


Conversion of tungsten metal powder to 
compact metal is carried out exclusively by 
powder metallurgy, i.e., by a heat treatment 
(sintering) of a compacted preform. 


Compaction. In the first step, the powder is 
compacted hydraulically or mechanically by a 
polydirectional pressure of 200 MPa (2000 
bar) to produce preforms—rods or plates that 
have edge stability and are of the correct di- 
mensions. Circular blanks with a low 
height/diameter ratio and small items such as 
pins are produced in automatic presses at high 
outputs. The raw material for this must consist 
of free-flowing granules similar to the granu- 
lated hard metals produced in spray drying 
equipment [33]. 


Sintering. Pure tungsten is today sintered al- 
most exclusively by the economic indirect sin- 
tering process. Furnaces for this consist of 
tungsten heating elements surrounded by radi- 
ation shielding made of tungsten sheets on the 
inside and molybdenum on the outside, and 
are purged with hydrogen as a protective gas. 
At maximum sintering temperature (2800 ?C), 
sintering times of several hours are required. 
In the production of so-called non-sag tung- 
sten for incandescent lamp manufacture, di- 


rect sintering, i.e., by passage of an electric. 


current, is usual. In both processes, the sin- 
tered densities achieved are ca. 95% of theo- 
retical. 
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The weight of individual sintered tungsten 
components is usually 1-100 kg. The choice 
of optimum sintering parameters greatly influ- 
ences the structure and hence the strength and 
ductility of sintered tungsten. 

In the direct sintering process, very high 
sintering temperatures, and hence short sinter- 
ing times can be used. However, the practical 
limits on rod dimensions and production rates 
are a considerable disadvantage, and electric- 
ity costs per kilogram are significantly higher 
than with indirect sintering. Also, the fixing 
points, which are poorly sintered, must be 
knocked off the rod, causing further loss. Dis- 
advantages of the indirect sintering process in- 
clude the high cost of the plant and heating 
elements. Nevertheless, overall this process is 
considerably more economic, and it is the only 
process that allows the sintering of preforms. 

Another important aspect is that sintering is 
an extremely effective purification process, 
removing a high proportion of impurities from 
the material. The hydrogen flow rate during 
sintering should therefore be high enough to 
transport the impurities away. 


Melting. Approximately since the 1950s, i.e., 
after the development of electric arc melting 
plants and high-capacity vacuum equipment, 
it has been possible to melt highly refractory 
metals on an industrial scale. Some time later, 
trials on plasma melting and electron beam 
melting of tungsten showed that these pro- 
cesses led to a product with extremely coarse 
crystals and hence poor working properties, so 
these melting processes are of no technical 
value for tungsten (unlike molybdenum and its 
alloys). Electron beam zone melting is in fact 
used in the production of single crystals of 
tungsten [5], but these products have only a 
few special uses as production costs are high. 


26.4.7 Processing of Sintered Parts 


26.4.7.1 Shaping 


Completely dense, pore-free bodies cannot 
be obtained by sintering, the residual porosity 
being 3—10%. To obtain a completely dense 


Tungsten 


material, a complex multi-stage forming pro- 
cess is required. Tungsten can be shaped by all 
the usual forming processes, e.g., forging, roll- 
ing, extruding, and wire drawing. The first 
forming step is usually carried out at 1500— 
1700 °C. Many reheating stages are necessary 
in the first stages of shaping, as the heat is rap- 
idly lost at these temperatures and a stress-re- 
lieving operation below the recrystallization 
temperature is often advantageous. Intérmedi- 
ate heating operations are necessary for re- 
crystallization. The forming temperature is 
progressively reduced, since the recrystalliza- 
tion temperature decreases as forming pro- 
ceeds. To give a well-defined fiber structure 
(high degree of deformation), a final cold 
forming can be carried out, as already stated. 


Chipless Forming, Including Stamping and 
Cutting. The temperature range for the form- 
ing of tungsten has a lower limit, set by the 
transformation temperature, and an upper 
limit, set by the recrystallization temperature. 
Thin, strongly deformed sheet and foil have a 
pronounced structure in the longitudinal direc- 
tion due to elongation of the grains during roll- 
ing. The bending properties along the 
direction of rolling are therefore different 
from those across it. Tungsten sheet should 
therefore always be bent perpendicular to the 
rolling or longitudinal direction. If bending in 
the longitudinal direction cannot be avoided, 
owing to the design, a much higher tempera- 
ture is required. 

Tungsten can also be formed at high tem- 
peratures by pressing, flow-turning (spin- 
ning), or forging. 

Die stamping of tungsten sheet is possible 
if the working temperatures of the sheet and 
the tool are kept high. 

Tungsten can be punched and forged at 
high temperatures. Blunt edges on punching 
tools and shears, or low punching or cutting 
temperatures can cause cracking and splitting. 


Machining. Tungsten can be drilled, turned, 
milled, planed, and ground. However, machin- 
ing operations require great experience and 
close adherence to optimum conditions [3]. 
Complex shapes and holes can be produced by 
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spark erosion; the tungsten workpiece forms 
the anode and the working electrode the cath- 
ode. Suitable electrode materials can be based 
on tungsten—copper. 


26.4.7.2 Mechanical Bonding of 
Tungsten to Tungsten and Other 
Metals 


Rivets. Tungsten components can be"bonded 
together or to components made of other met- 
als by means of rivets, provided the joint need 
not be impermeable to liquids and/or gases. 
Tungsten rivets and round-head and counter- 
sunk molybdenum rivets can be used. 


Brazing. The parts to be joined must be free 
from grease, oils, oxides, or other impurities, 
and should preferably be etched immediately 
before brazing. As tungsten is very sensitive to 
oxidation, it is preferable to carry out the oper- 
ation under a protective gas, hydrogen, or vac- 
uum. Parts with a large surface area or of 
complex geometric shape should be brazed in 
a furnace with the aid of a special jig. If braz- 
ing temperatures exceed 1150 °C, there is а 
possibility of recrystallization. Typical braz- 
ing metals and temperatures are: Rh 
(1970 °C), Pd (1550 °C), CuNi45 (1300 °C), 
etc. [3]. 


Welding. Tungsten has only moderate weld- 
ing properties. The weld seams have a coarse- 
grained structure in the hot fusion zone, owing 
to recrystallization, and can therefore with- 
stand only low mechanical stresses. If welding 
is unavoidable, weld seams should if possible 
be located in regions of low internal and me- 
chanical stress. It is preferable to locate weld 
seams as far as possible from the edges or ends 
of fabricated articles. 

Tungsten inert gas (TIG) welding can be 
performed in protective gas chambers. How- 
ever, in electron beam welding, the melting 
and hot fusion zones are much more limited in 
size, so this technique is preferable for weld- 
ing tungsten. It is advantageous to preheat the 
parts to be joined to ca. 700—800 °C by a defo- 
cused electron beam immediately before 
welding. Welded components should be 
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cooled as slowly as possible. Tungsten can be 
electron beam welded to tungsten-rhenium 
and molybdenum-rhenium alloys, copper, and 
stainless steel. Tungsten-rhenium alloys аге. 
recommended as filler metal for welding tung- 
sten. 

As fusion welding can be used only under 
certain circumstances, diffusion welding of 
tungsten to tungsten and to other metals is im- 
portant. Despite the high melting point of 
tungsten, temperatures of 1300-2000 °C and 
pressures of 2—20 N/mm? give satisfactory 
joints. The diffusion welding of tungsten is 
carried out in either vacuum or pure hydrogen. 

Thin intermediate layers in the form of 
films of nickel, platinum, rhodium, ruthenium, 
and especially palladium, considerably accel- 
erate the diffusion processes. 

Tungsten wires and small tungsten compo- 
nents can be bonded to fusible alloys based on 
iron-nickel-cobalt and to other metals by spot 
welding under a protective gas blanket. The 
use of small pieces of foil made of platinum, 
niobium, tantalum, or zirconium is recom- 
mended. Laser beam welding of tungsten is 
likely to become very important in the future. 


26.4.8 Surface Treatment 


Tungsten components can be degreased 
with trichloroethy lene, perchloroethylene, and 
similar solvents. 

Tungsten can be etched with alkaline and 
acid media. Whereas oxidized tungsten is 
more easily cleaned with alkaline etchants, 
. grinding residues and metallic contamination 
are more easily removed by acids; very clean 
tungsten surfaces can be obtained by alkaline 
etching followed by acid etching. 

An alkaline etchant can consist of molten 
NaOH containing 10% NaNO,. The melt tem- 
perature is 400—450 ?C. Thin oxide films can 
also be removed by dipping tungsten in alka- 
line solutions of K,[Fe(CN),]. Other common 
alkaline etchants are 1096 solutions of NaOH 
or NH,/H,0,. Acid etchants usually consist of 
HNO,/HF/H,O mixtures. Other commonly 
used mixtures are HNO,/HF/CH,;COOH and 
HCIO/H4PO /H5O. 
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Electropolishing. Tungsten can be anodically 
electropolished in а  K,CO,/KCIO,/ 
NaOH/H,O mixture. Another possible electro- 
lyte is CH,OH/H,SO,/HF. 


26.4.9 Tungsten Coatings 


Tungsten coatings are applied to metals, 
glass, ceramics, semiconductors, inorganic 
woven products, uranium carbide nuclear fuel 
granules, etc., for a large number of reasons, 
including the improvement of wear resistance, 
corrosion resistance, emissivity, and high- 
temperature properties [5]. The most impor- 
tant processes used today are: 


Plasma Spraying. This process is often used 
to apply very thick tungsten coatings (e.g., in 
the construction of engines and rockets), as the 
flame spraying. process (used successfully 
with molybdenum) cannot be used with tung- 
sten. The cathode material in the plasma 
burner is also tungsten. 


Vacuum Vapor Deposition, Ion Sputtering, 
and Physical Vapor Deposition (PVD). In 
most of the usual coating processes, the sub- 
strate material must be raised to a high temper- 
ature, which usually has a detrimental effect 
on its mechanical properties. When tungsten is 
deposited by vacuum vapor deposition or ion 
sputtering onto a relatively cool substrate, 
these problems can be largely avoided. These 
coating methods are therefore very useful for 
metallizing ^ semiconductors, ceramics, 
glasses, and also metals. The coatings are 
comparatively thin, but adhere well [34]. 


Deposition from the Vapor Phase, Chemical 
Vapor Deposition (CVD). Suitable readily 
vaporizable tungsten compounds include 
chlorides, fluorides [35], carbonyl com- 
pounds, and organometallic tungsten com- 
pounds. The carrier gas is hydrogen or a noble 
gas. Tungsten and tungsten alloys are applied 
in this way to, e.g., nuclear fuels (UC, UO,), 
metallic substrates, and semiconductors. 
Small tungsten components are today manu- 
factured by CVD. | 


Tungsten 


Electrolytic Methods. Although there is an 
extensive patent literature [5] on the electro- 
lytic deposition of tungsten coatings on metal- 
lic substrates, the method is not of practical 
significance. The production of tungsten coat- 
ings by diffusion, metallization, or cladding 
(including explosion cladding), has often been 
proposed, but has not become established as 
an alternative to other methods. . 


26.4.10 Production of High-Purity 
Tungsten Metal (99.999—99,9999 94) 

The starting material is ammonium para- 
tungstate (APT) of normal purity, but with ura- 
nium and thorium contents as low as possible. 

Important steps to high purity include: 

e Selective extraction of uranium and thorium 
[36] 

e Multiple crystallization of APT (giving a 
general reduction in the various trace impu- 
rities) 

e Working under clean-room conditions [38] 

e Electron beam zone melting [37, 39] 


26.5 Uses 


The uses of tungsten, its alloys, and com- 
pounds are extremely diverse. They can be di- 
vided into the following large groups (by 


consumption): 
Hard metals 50-60% 
Steel 20-30% 
Tungsten metal and its alloys 6-20% 
Tungsten chemicals 

(for uses, see Section 26.7) 4-8% 


Hard Metals. These products represent by far 
the largest consumption of tungsten world- 
wide. With few exceptions, their main compo- 
nent is tungsten carbide (WC). Carbides, 
nitrides, or carbonitrides of Ti, Nb, Ta, and Hf 
can also be present as mixed crystal formers. 
The hard material phases are bonded together 
by a ductile metallic phase that surrounds 
them (cemented carbides), usually Co, more 
rarely Ni or Fe alloys. f 

The outstanding properties of the hard met- 
als are their high hardness and wear resistance, 
especially at high temperatures, combined 
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with good toughness properties. This unusual 
combination of properties is achieved by com- 
bining the hard and brittle carbide phase(s) 
with the ductile and deformable binder. By 
varying the carbide/binder ratio, and by suit- 
able choice of the carbide composition, the 
properties can be varied within wide limits. A 
further control parameter for certain proper- 
ties is the microstructure, i.e., the grain size of 
tb.e carbide phase(s), which can be controlled 
via the particle size of the powder used, the 
powder milling, and the sintering conditions. 
The most important groups of applications 


. of hard metals are: 


e Metal cutting tools (drilling, turning, mill- 
ing) 

e Tools for processing wood and plastics 

e Drilling tools in mining and mineral oil and 
water drilling technology 

e Wear-resistant components in a wide range 
of machinery (a continuously increasing 
group with the widest diversification) + 

e Elastically bonded abrasive materials 


Steel. Tungsten is added to a very wide range 
of steels in a concentration of 1—189^. It in- 
creases the hardness and wear resistance at 
high temperatures (carbide formation), resis- 
tance to thermal shock, and high-temperature 
properties. The main areas of use are in high- 
speed steels, high-temperature steels, and tool 
steels. The use of tungsten in steel is signifi- 
cantly greater in China and the former Eastern 
Bloc countries, as high-speed steel is still used 
for many applications rather than hard metals, 
as in the West. In the United States, tungsten . 
has mainly been replaced by molybdenum in 
high-speed steels. ` ` 


Tungsten and Tungsten Alloys. This group 
represents the widest range of uses. It extends 
from everyday uses, e.g., the coil of an incan- 
descent lamp or the contact tip of. an automo- 
bile horn, to components of nuclear fusion 
reactors or ion drive motors in space probes. 
The reason for this range of uses lies in the 
many outstanding properties of tungsten: 

e High melting point 

e Low vapor pressure 
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e High atomic number 

e Good electrical and thermal conductivity 

e High density and modulus of elasticity 

e Wide radiation band in visible light and 
good light yield 

e Good X-ray yield 


e Expansion coefficient comparable to those 
of glass and silica 
The following list shows this versatihty 
very clearly. 
e Lighting Technology 
— Incandescent lamps (NS-W) 
— Halogen lamps (NS-W) 
— Gas discharge lamps: Hg, Na vapor lamps 
(W) 
— Fluorescent tubes (W) 
— Xe short arc lamps (W, W-ThO,, W—Re) 
e Electrical and Electronic Technology 
— Sputter targets in VLSI technology (W— 
Ti, high-purity W) 
— Transistors (W) 
— Diodes (W) 


— Electronic tubes (W, W-ThO,, porous W - 


with Ba or ThO;) 

— Thyristors (W) 

— Switch contacts IW W-Cu, W-Ag, W- 
Fe-Ni-(Cu)] 

— Heat sinks (W-Cu) 

e High-Temperature Technology (furnace 
construction, nuclear energy, thermal power 
stations) 

— Structural components (W) 

— Walls of fusion reactors (W, W—-Re—ThO,, 
W-Re-HfC) 

— Construction components in the plasma 


space in magnetohydrodynamic electric- 
ity production (W, W—Cu) 

— Thermocouple elements (W/WRe, W/Mo, 
Wir W/graphite) 

— Heating elements (W) 

e Vacuum and Plasma Metallization, Welding, 
Spark Erosion 
— Nozzles (W-ThO;) 
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— Electrodes [W-ThO,, W-Ag, W-Fe- 


Ni(Mo)] ‚ 

— Welding electrodes (W-ThO,, W-LaO,, 
W-CeO,, W-ZrO,, W-Y.03) 

e X-Ray and Radiation Technology, Medical 

Technology . 

— Anodes (W) 

— Rotating anodes (W—Re) 

— Containers for radioactive materials (W— 
Fe-Ni) 

— Components for radiation shielding, e.g., 
collimators in computer tomography 
scanners [W—Fe-Ni-(Cu)] 

e Machinery and Motor Construction 

— Governor balance weights, counterbal- 

` ance weights, flywheel weights and other 
weights, e.g., in Formula 1 racing cars 
[W-Fe-Ni(Cu)] 

e Chemical Industry 
— Electrodes, nozzles, crucibles (W) 
— Construction materials (W—Mo) 

e Space Travel 
— Rocket nozzles (W, W—Ag) 
— Space nuclear reactors Oé Hei 

: — Thermionic converters (porous W, CVD- 
W, W-Re) 

— Ionic reactive thrust motors (porous W) 

— Structural components (tungsten fiber-re- 
inforced niobium matrix composites, su- 
peralloys, Al, Ti) 

e Armaments 

— Armor piercing shells, armor plating, 
scatter grenades, shaped charge liners, 
counterweights in tanks, nozzles for air- 
to-air rockets, gas rudders (W—Fe—Ni, W- 
Cu, W-ThO;) 

e Aircraft 

— Aircraft nose counterweights (W—Fe—N1) 
Turbine blades of fiber-reinforced nickel- 
based superalloys (W—Re-ThO, and W- 
Re-HfC fibers) 

e Laser Technology 
— Cathodes (porous W/barium aluminate) 
— Components of gas lasers (W-Cu) 
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26.6 Analysis 


26.6.1 Raw Materials 


The determination of the tungsten content 
of ore concentrates and scrap is very impor- 
tant, as the price is calculated from this. Sam- 
pling procedures are also extremely important, 
as the high density of tungsten can easily lead 
to segregation [40]. Determination of tüngsten 
itself is almost exclusively carried out be X- 
ray fluorescence analysis [41]. Thus, matrix 
effects are compensated for by dissolution and 
dilution, and by the addition of an internal 
standard. Molten lithium tetraborate is widely 
used as a solvent, with tantalum pentoxide-as 
an internal standard. Matrix corrections are 
carried out with computer programs. 


26.6.2 High-Purity Intermediate 
Products, Tungsten Powder, and 
Compact Tungsten Metal 


In these materials, it 1s not sufficient to de- 
termine the tungsten. In any case, especially in 
the metallic state (99.97-99.98% W) this 
would be far too inaccurate. Here, it is impor- 
tant to measure trace impurity contents. In all 
these products, the specifications applicable 
are very rigorous, setting maximum accept- 
able upper limits for concentrations of individ- 
ual elements. For industrial tungsten and its 
high-purity precursor materials, these are all 
in the ug/g range, the maximum tolerable 
level for most elements being 10 pg/g. Excep- 
tions include Mo (50 ug/g), Si (20 ug/g), and 
Н (1 ug/g). 

Routine determination of trace elements is 
mainly carried out by the following methods: 


e Flame atomic absorption spectrometry 

e Graphite tube atomic absorption spectrome- 
try 

ө Inductively coupled plasma optical spec- 
trometry 


e Photometry 
e Vacuum fusion hot extraction (H, N) 
e Carrier gas hot extraction (O) 
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e Ignition in oxygen combined with IR spec- 

trometry (C) 

Up-to-date literature on this topic is rare, as 
improved and refined analytical methods are 
increasingly regarded as industrial secrets. 
The determination of metallic trace impurities 
is described in [42, 43], and of nonmetallic 
trace impurities in [44—46]. 

Large samples are always used. The result 
therefore always represents a теа value. 
Also, these analyses give no information on 
the distribution of a trace element and its state 
of bonding in the compact metal [47, 48]. It is 
well known that impurities can exist in various 
forms and states of combination in metals 
(dissolved interstitially or as mixed crystals, 
as precipitates in the crystal or at grain bound- 
aries, etc.). This knowledge is often important 
for subsequent treatment processes or for the 
final . properties. Topochemical analytical 
methods are also used: 


e Scanning electron microscopy coupled,with 
energy or wavelength dispersive X-ray 
spectrometry 


e Auger electron spectroscopy 
e Auger microprobes 


e Ion beam microprobes UV and X-ray photo- 

electron spectrometry, etc. . 

These techniques are not used routinely, 
mainly because of their cost, but for special 
applications and in research. 

Heterogeneous impurities represent a spe- 
cial case (though often widely occurring) of 
particular importance in powder metallurgy. 
These impurities are small foreign particles 
present in a certain statistical distribution 
alongside the matrix particles. In most cases, 
they are due to mechanical abrasion or corro- 
sion of production equipment. They can be- 
come concentrated in fumaces by 
vaporization, and can then end up in the mate- 
rial. Organic materials can also be present in 
the powders, e.g., fibers from filter cloths, 
packing materials, or plastic films. The vari- 
ous types of heterogeneous impurities, their 
effects, and their analytical determination are 
described in [49—52]. 
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The presence of this type of heterogeneous 
impurity can lead to very serious material de- 
fects on powder metallurgical processing. Un- 
like molten metallurgical processes, where 
small foreign particles can dissolve in the ho- 
mogeneous melt or slag, and hence cause very 
little change to the composition, the sintering 
of a compact can still leave locally high con- 
centrations of a foreign element. Conse- 
quently, many kinds of defects can occur, e.g., 
empty or filled pores, porous zones, zones 
with completely changed material properties, 
etc., leading to fractures and cracks on subse- 
quent processing. Fine wires and thin sheets 
are therefore extremely sensitive to heteroge- 
neous impurities. 

In the characterization of tungsten powder, 
physical analysis is important as well as chem- 
ical analysis [53]. Typical powder characteris- 
tics include: 

e Mean grain size (Fisher sub-sieve sizer, 

ASTM No. 430-1970) 

e Morphology, heterogeneity (scanning elec- 
tron microscopy, SEM) 

e Particle size distribution (sedimentation, la- 
ser scattering, ultracentrifuge) 


e Bulk, tapped, and pressed density 
e Specific surface area (BET method) 
e Degree of agglomeration 


26.6.3 Trace Elements in High- 
Purity Tungsten Metal 


In high-purity tungsten metal, levels of 
trace elements are in the ng/g range. There are 
therefore special analytical requirements: 

e Working in a clean-room laboratory 
e Prevention of any other contamination 
e Correct calibration, etc. 

Comparisons between various methods and 
laboratories show clearly that in trace analysis 
of this kind the results can have considerable 
scatter [54, 55]. The analytical techniques are 
always very complex and expensive, the most 
important being: 

e Glow discharge mass spectrometry 
e Secondary ion mass spectrometry 
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e Isotope dilution mass spectrometry 


e Trace matrix separation combined with in- 


ductively coupled plasma mass spectrome- 


Very significant improvements in this type 
of analysis have been achieved, especially in 
recent years [38]. 


26.7 Compounds and 
Intermetallic Compounds 


26.7.1 Tungsten Chemistry 


Tungsten occurs in all oxidation states from 
2+ to 6+ inclusive, the most important being 
6+. Valencies between 2— and 1+ exist only in 
organometallic compounds and compounds 
with m-acceptor ligands. In the lower valen- 
cies, tungsten forms bases (sometimes unsta- 
ble), but in the higher valencies it forms very 
stable acids. 

Tungsten combines with most elements and 
with a large number of inorganic and organic 
ligands. The highest coordination number is 8, 
and the most important donor atoms are O, N, 
S, and the halogens. Tungsten has a very 
marked tendency to form polymeric com- 
pounds. 

This chemistry is extremely complex [58, 
59], as the tungstate anion exists in mono- 
meric form only in strongly alkaline solutions. 
In mildly alkaline solution, the tungstate an- 
ions begin to polymerize, and this progresses 
with decreasing pH. Below pH 1, sparingly 
soluble tungsten oxide hydrate (tungstic acid) 
precipitates. Various degrees of polymeriza- 
tion (isopolytungstates, metatungstates, para- 
tungstates, etc.) are favored as the pH changes 
[60]. Other parameters influencing the poly- 
merization include concentration, tempera- 
ture, and time. Time plays an important role in 
reactions that proceed slowly. Thus, the prop- 
erties of mildly acid or almost neutral solu- 
tions of tungsten change markedly after long 
periods of storage (a process often referred to 
as aging). Foreign ions also influence various 
polymerization reactions. Ammonium tons fa- 
vor polymerization, even at higher pH values. 
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This is why (NH,),WO, cannot be crystallized 
from aqueous solution (it always forms APT), 
but only from tungstic acid and liquid ammo- 
nia. Anions such as phosphate, silicate, arsen- 
ate, etc., copolymerize with tungstates to form 
heteropolytungstates which usually have a 
higher degree of polymerization than the iso- 
polytungstates stable at the same pH. Several 
isopolytungstates group around Mis central 
heteropolyanion. 

Fluoride, sulfide, and peroxo anions ER a 
depolymerizing effect, as these replace O at- 
oms on the W [58]. The substitution of several 
O atoms by organic compounds with two or 
more donor atoms leads to the formation of 
numerous chelate complexes, and hence to de- 
polymerization [58]. 

There are a number of compounds of tung- 
sten with the elements Al, Be, Co, Ni, Fe, Zr, 
Hf, Ir, Os, Re, Ru, and Tc which can play a 
positive or negative role in the metallurgy of 
tungsten alloys. A comprehensive review of 
the literature on this subject can be found in 


(4]. 


26.7.2 Tungsten—Boron 
Compounds [4,61] 


The following compounds are known: 
W.B, WB, WP and WD, They are prepared 
by sintering the elements, from the oxides in 
an aluminothermic reaction, or by deposition 
from the gas phase. They are hard, brittle, 
crystalline, and electrically conducting, and 
are of no industrial importance. 


26.7.3 Tungsten—Carbon 
Compounds [4] 
There are three carbides (Table 26.4): Ұ.С, 


WC, and the сис тиешен phase а- 
WC,. 


Table 26.4: Physical properties of tungsten carbides. 


Crystal Densit 

D 

mp, °C system ed 
WC 2770 hexagonal 17.2 
WC > 2600 (decomp.) hexagonal 15.6 
GW, ; ca. 2750 cubic 
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Production. The carbides are formed from 
tungsten or its compounds by reaction with 
carbon or carbon compounds. The most im- 
portant industrial process is the reaction of 
tungsten metal powder with carbon black or 
graphite at 900—2200 ?C. The reaction of WO, 
with carbon is of less importance, as it is diffi- 
cult to control the carbon balance. 


Industrial Importance. WC is quantitatively 
the most important tungsten compoünd be- 
cause of its hardness. It is also used as a re- 
forming catalyst. 

WC like WC, is present in the carbide 
melt used for "hard facing". 

Mixed-crystal carbides such as WC-TiC 
(50:50) and WC-TiC-Ta(Nb)C (very variable 
composition) are widely used in hard metal 
production. 

The m-earbides, of composition Co,W,C 
and Co,W,C to CO,W,C, and analogous com- 
pounds with Fe occur as intermediates in tung- 
sten-containing steels and in special grades of 
hard metal. 


Tungsten Hexacarbonyl W(CO), [62]. This 
can be produced from W + CO or from WC, 
t CO + А]. It is a white, crystalline substance 
that decomposes at 150 °С and is soluble in 
organic solvents, e.g., ССІ,. It is used as a cat- 
alyst in organic syntheses. 


26.7.4 Tungsten-Silicon 
Compounds [4, 61-63] 


The following compounds are known: 
WSi, W;Si W3Si,, W,Si, and W;Si.. They 
are produced by heating the elements together. 
They are hard and stable to 900 °C. Tungsten 
silicide sputter targets are used in microelec- 
tronics to produce WSi, films because of their 
exceptional characteristics and their thermal 
and chemical stability. 


26.7.5 Tungsten-Nitrogen 
Compounds [62] 
The following compounds are known: WN 


and WN. They are not formed by reaction of 
the elements, but by heating tungsten in am- 
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monia gas. They are of no industrial impor- 
tance. 


26.7.6 Tungsten-Phosphorus 
Compounds [463] ` 


The following compounds are known: 
WP., WP, WP. These can be synthesized from 
the elements. They are of no industrial i impor: 
tance. 


26.7.7 Tungsten—Arsenic 
Compounds [4] 


The following compounds are known: 
WAs,, W.As3. Synthesis is from the elements. 
They have no industrial importance. 


26.7.8 Tungsten—Oxygen 
Compounds 


Oxides [62, 64]. In the W—O system, there are 
not only the stoichiometric oxides WO,, 
WO, „МО, aa, WO., but also nonstoichiomet- 
. Tic structures that represent the ordered or par- 
tially ordered defect structures of the oxygen- 
rich oxides, in which the central W atom is oc- 
tahedrally surrounded by six oxygen atoms. In 
WO,, neighboring octahedra are in contact 
only at the corners. With increasing oxygen 
deficiency (reduction, conversion to lower ox- 
ides), common edges and surfaces are pro- 
gressively formed. 

Tungsten trioxide, WO,, is formed on 
strongly heating tungstic acid or APT in air. It 
is yellow, but even a small oxygen deficiency 
leads to greenish colorations. There are sev- 
eral crystallographic modifications which dif- 
fer structurally from each other (variable 
distortion of the WO в octahedra). Commercial 
WO, (density 7.29 sien? ) is monoclinic at 
room temperature. Heating to just below 
700 °C leads to orthorhombic WO,, and above 
this temperature to the tetragonal form. It be- 
gins to vaporize appreciably below its melting 
point (1473 ?C). It is much more volatile in 
the presence of water vapor. WO, is soluble in 
alkaline solutions and melts. 
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WO, , СУ Оӊ) is bluish-violet, and occurs 
as an intermediate product during the reduc- 
tion of WO, with hydrogen. It can be preparéd 
by the reduction of WO, by moist hydrogen 
(e.g., 500—550 °C, water vapor pressure 60 
kPa). It is a component of commercial blue 
oxide. 

МО, СУМО) is reddish-violet, and 
above 570 °C occurs as a characteristic nee- 
dle-shaped intermediate product of WO, re- 
duction. It is prepared in the pure state by 
reducing WO, with moist hydrogen (e.g. 
800 °C, water vapor pressure 80 kPa). It can 


be present at low concentrations in industrial . 


blue oxide. 

Tungsten dioxide, WO,, is chocolate brown 
in color, and is also an intermediate product of 
the reduction of tungsten compounds. It forms 
monoclinic crystals with a distorted rutile 
structure, and is therefore structurally very 
different from the higher oxides. The pure ma- 
terial is produced by reduction of WO, with 
moist hydrogen (e.g., 900°C, water vapor 
pressure 50 KPa). 

B-Tungsten, W30, [65, 66], is a gray or 
black substance produced at low reduction 
temperatures, usually during the reduction of 
doped tungsten oxides. It has a cubic Àj; 
structure, and was first described as an allotro- 
pic modification of the metal, later as the sub- 
oxide WO It is now thought that it is a 
metastable metallic phase stabilized by oxy- 
gen. It is stabilized by a series of other foreign 
elements, e.g., K, Be, P, B, As, and Al. It oc- 
curs as a characteristic intermediate product in 
the reduction of tungsten oxides doped with K, 
Al, and Si. Pure B-tungsten (by X-ray analy- 
sis) can be prepared by reduction of a thin 
layer of Was powder in dry hydrogen at 
500-600 °C. 


Oxide Hydrates. WO,-H,O or WO4(OH), 
[67] occurs as a monomeric gaseous com- 
pound during the industrial reduction of tung- 
sten oxides with hydrogen at > 600 °С. It is 
formed by the reaction of the oxides with the 
water vapor formed during the reduction, and 
is the substance on which the chemical vapor 
transport of tungsten depends. 
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Tungstic Acids [4, 62, 68]. H,WO, is formed 
when a hot alkali metal tungstate solution is 
acidified with a strong acid. It is a yellow 
powder, very sparingly soluble in water and. 
acids, but very soluble in alkaline media. 

White tungstic acid is obtained by precipi- 
tating in the cold and reversing the order of ad- 
dition. It corresponds to the саш wo, 
-xH,O, where x = 2. 


If tungstic acids are dried at < 300 °C, the 
orange-yellow hemihydrate 2WO,-H, O is ob- 
tained. 

Tungstic acid was formerly the most impor- 
tant high-purity intermediate product used in 
tungsten production, but has now been re- 
placed by APT. 


Tungstic acid in a highly pure form is today 
produced from APT by treatment with strong 
acids, and is used in the production of very 
fine tungsten powder and various tungsten- 
based chemicals. 


Tungstates [4, 62, 69]. These are formed by 
most metal cations (eg. Na,WO,, NiWO,, 
Cr,WO,, ZrW.O;). The structure of the tung- 
states is mainly determined by the size of the 
metal cation. Tungstates with large bivalent 
cations (» 0.1 nm) have the scheelite structure, 
and those with smaller ions (< 0.1 nm) the 
wolframite structure. Apart from the alkali 


. metal and magnesium tungstates, these are all 


sparingly soluble in water. All the most impor- 
tant ores are tungstates. 

Sodium tungstate crystallizes . with two 
molecules of water of crystallization. Aqueous 
solutions are used as heavy liquids, in fuel 
cells, for flame-resistant and antistatic textiles, 
in cigarette filters, and as corrosion inhibitors 
for steel. Anhydrous sodium tungstate is ob- 
tained by melting WO, with sodium hydrox- 
ide or carbonate. 

Calcium tungstate fluoresces under ultravi- 
olet light, a phenomenon which is utilized 
when prospecting for scheelite deposits. Cal- 
cium tungstate is used in the production of 
phosphors for lasers, fluorescent lamps, oscil- 
loscopes, luminescent dyes, scintillation 
counters, X-ray screens, etc. 
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A wide range of tungstates are used in the 
ceramic industry, in catalysts, and in pig- 
ments. 


Polytungstates. The tendency of tungstate 
ions to polymerize in aqueous solution has al- 
ready been referred to. The degree of polymer- 
ization increases with decreasing pH until 
tungstic acid is precipitated at pH 1. Other an- 
ions, e.g., arsenate, phosphate, silicate, can be 
incorporated into these highly polymeric ions. 
According to whether the polyanions are com- 
posed only of tungstate or also include foreign 
ions, they are referred to as isopolytungstates 
or heteropolytungstates. 

Isopolytungstates can have various pre- 
ferred degrees of polymerization, as men- 
tioned above [60]. The most industrially 
important compound in this class is APT, the 
most widely used high-purity raw material i in 
the tungsten industry. 

Ammonium metatungstate is produced ei- 
ther with the aid of ion exchangers or by elec- 
trodialysis, and, owing to its high solubility in 
water, is used for impregnating carriers (e.g., 
aluminum oxide) in the production of cata- 
lysts. 

Sodium metatungstate is used as a heavy 
liquid when drilling for oil. 


Amine Tungstates [60, 70, 71]. Organic 
amines form water-insoluble ion associate 
complexes with isopolytungstates. Complex 
long-chain amines (C,-C,,) are used as re- 
agents in the industrial solvent extraction of 
tungsten. Complexes with short-chain amines 
(ethylenediamine, propylamine, etc.) show au- 
toreductive and autocarburizing properties on 
heating. This is of interest for the production 
of finely powdered W or WC, which can be 
obtained from the precursor in a single-step 
process. 


Heteropolytungstates. There are over 30 ele- 
ments known to form the central anion in these 
compounds. Typical properties independent of 
the central heteroatom include high relative 
molecular mass (> 3000), high degree of hy- 
dration, and high solubility in water and or- 
ganic solvents. A summary of possible 
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structures and compositions can be found in 
[62]. 

One of the most industrially important 
compounds in this group is Na,;PW,,0,9° 
хН,О [72, 73]. This has many uses: for fixing 
and oxidizing in photographic processes; as an 
additive in electroplating: for waterproofing 
plastics, adhesives, and cement; in the produc- 
tion of organic pigments; for the surface treat- 
ment of skins; as an antistatic agent for 
textiles; for printing and paper dyes; for coat- 
ings; wax pigments; steel passivation; and as a 
catalyst in the organic chemical industry. 


Tungsten Bronzes [4, 62, 69]. These are well- 
defined though nonstoichiometric compounds 
with the general formula M,WO,, in which x 
is between 0 and 1; M represents a metal cat- 
ion, Н“, or NH The name is derived from the 
metallic luster and intense colors (golden yel- 
low to blue-black) of these compounds. The 
bronze character is determined by the amount 
of metal in the structure. With high values of x, 
interaction between the metal ions leads to the 
formation of metallic bonds. The stability of 
the bronzes is determined by the size of the 
metal ions. Stability decreases as the ionic ra- 
dius decreases. Small metal 1ons, e.g., Si and 
Ge, do not form bronzes. Owing to the oxygen 
deficit, these compounds are electrical semi- 
conductors or conductors. The sodium 
bronzes for which the Na/WO, ratio is > 0.3 
have a positive temperature-resistance coeffi- 
cient, and vice versa. 

The bronzes are produced: 

e By partial reduction of the corresponding 
tungstates Q7 

e By electrolytic reduction 

ө By the reaction in the fused or solid state of 
WO4-WO, mixtures with metal compounds 

Tungsten bronzes are used as colored pig- 
ments, catalysts, e.g., for the oxidation of CO, 
and in fuel cells. Electrodes made of La, WO, 
are used in sensors for the potentiometric de- 
termination of dissolved oxy gen. 

Hydrogen and alkali metal bronzes are used 
as electrochromic coatings for so-called dy- 
namic glasses. Application of an electrical po- 
tential causes migration of the ions (H*, Na‘) 
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into or out of the coating, thereby changing the 


properties of the glass from transparent (ox- 


idic) to reflecting (metallic due to bronze for- 
mation). The only practical application of this 
so far is in electrochromic sunglasses. 


26.7.9 Tungsten—Chalcogenide 
Compounds 


Tungsten-Sulfur Compounds [4, 62, 74, 
75]. The following compounds are known: 
WS, WS,. Tungsten disulfide is of industrial 
importance. It is black, forms hexagonal or 
rhombic crystals, and can be synthesized from 
the elements. It is used as a catalyst for the 
desulfurization of mineral oil, and as an oil- 
soluble lubricant under extreme conditions 
(pressure, temperature, vacuum). 


Tungsten-Selenium Compounds [4, 75]. 
The following compounds are known: WSe,, 
WSe,. The diselenide can be synthesized from 
the elements, and is used as an oil-soluble lu- 
bricant. 


Tungsten-Tellurium Compounds [4]. WTe, 
is known, but is of no industrial importance. 


26.7.10 Tungsten—Halogenide 
Compounds 


Tungsten-Fluorine Compounds [4, 62]. 
The following compounds are known: WF, 
WF. WF, МОЕ, МОЕ, WOF,. Only the 
hexafluoride is of industrial importance, being 
used to produce C VD tungsten. It can be pro- 
duced by the reaction of tungsten hexachloride 
with hydrogen fluoride, or by direct combina- 
tion of the elements at 350—400 ?C. The boil- 
ing point is 17.5 ?C. The colorless gas is 
soluble in organic solvents, and is sensitive to 
moisture (hydrolysis). 

Tungsten-Chlorine Compounds [4, 62]. The 
following compounds are known: WCI, 
WCl, СІ, WCL, WOCl4 WO4CL, WOCL, 
W ОС1„. Two of these are of industrial impor- 
tance: 


Tungsten hexachloride 1s a crystalline blue- 
black compound (mp 275 °C, bp 346 °C). Itis 
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obtained by direct combination of the ele- 
ments at 600 °C. It is soluble in carbon disul- 
fide and organic solvents, and is hydrolyzed 
by water. It has a wide range of uses in cataly- 
sis. 

Tungsten oxytetrachloride forms red crys- 
tals (mp 211 °C, bp 327 °C), and is soluble in 
carbon disulfide and benzene. It is produced 
by the reaction of sulfuryl chloride with WO}. 
It too has a wide range of uses in catalysis. 


Tungsten-Bromine Compounds [4, 62]. The 
known compounds, which are of no industrial 
importance, аге: WBrg, WBr,, WBr,, WBrs, 
WOBr,, WOjBr,, WOBr,, WOBr;,. 


Tungsten-Iodine Compounds [4, 62]. The 
known compounds, which are of no industrial 
importance, are: WI, WL, МІ, WO4L,, WOL, 
WO WOL. 


26.8 Tungsten in Catalysis 
[57, 76-78] . 


Tungsten, both in metallic form and in a 
wide range of compounds, is used as a catalyst 
or catalyst component in a large number «of 
chemical processes. 

In the form of a metallic alloy with Ni, Co, 
or Rh, sometimes in the form of a sulfide, and 
sometimes on aluminum oxide carriers, it can 
catalyze the reaction of CO with H. and also 
hydrotreating, hydrocracking, reforming, and 
hydrodesulfurization reactions. 

The following oxides are used as catalysts: 

WO, is used in colloidal form for the pho- 
tocatalytic reduction of organic compounds. 

Was catalyzes hydrogenation, dehydro- 
genation, hydroxylation, epoxidation, etc. 

Mixed oxides of WO, with TiO, and/or 
V5Os, Al,O3, or SiO, have а wide range of 
uses, e.g., as DENOX catalysts for exhaust gas 
cleaning in thermal power stations, hydroge- 
nation, aldol condensation, ring opening reac- 
tions, dimethyl sulfoxide synthesis, etc. 

Of the halides, the compounds WCl, and 
WOCI, play a very important role in organic 
chemistry as catalyst components, e.g., in as- 
sociation with organometalic compounds 
such as AICL(C;Hj, Sn(C,H;),, Sn(CH3;),, 
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Sn(C,Hg),, triaryl- or trialkyltin hydroxides, 
or the analogous lead compounds. Typical 
uses include: diene polymerizations, ring 
opening polymerizations, alkylations, etc. 

WC is used for reforming n-heptane, as а 
redox catalyst for the oxidation of hydrogen in 
fuel cells, and for the formation of hydrogen 
from water. 

W(CO), catalyzes a wide range of organic 
reactions, e.g., the metathesis of alkenes. 

Sodium tungsten bronze catalyzes the oxi- 
dation of CO. 

The sodium salt of 12-tungstophosphoric 
acid is used as a catalyst for isomerization, po- 
lymerization, nitrile synthesis, dehydrochlori- 
nation, dehydrogenation, ketone syntheses, 
and ring closure syntheses. 

WS, and WSe, in the form of colloidal 
coatings have been tested for photocatalysis. 


26.9 Economic Aspects [79] 


The price of tungsten in ore concentrate de- 
pends on supply and demand, and is therefore 
subject to fluctuations (Figure 26.7). It is ex- 
pressed either as $/STU (short ton unit = 20 Ib 
WO, = 7.19 kg W) or in $/MTU (metric ton 
unit = 10 kg WO, = 7.93 kg W). In times of 
warlike confrontation, the strategic impor- 
tance and consequently increased demand for 
tungsten have led to high prices. On average, 
prices increased until 1977, although this was 
partly caused by. inflation. The price maxi- 
mum reached in 1977 was a consequence of 
increased consumption. Hand in hand with 
this development, the mining of tungsten 
shifted from the developing countries to the 
highly industrialized countries. This was 
mainly to secure supplies in times of crisis. In 
1970, 49% of tungsten came from western in- 
dustrialized countries. In 1980, this figure was 
58%, and 69% was predicted for 1990. How- 
ever, this figure was never reached, as the 
market share of China had continuously in- 
creased (Figure 26.8). 

In 1977, world tungsten demand was still « 
40 000 t. As shown in Figure 26.8, demand 
continued to increase unti] 1989, reaching ca. 
52 000 t, but the price fell from 1977 onward. 
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Thus, the price control mechanism that had 
been operating well until then was obviously 
no longer effective. 

Severa] circumstances were responsible 
for this: 

Up to 1977, China, for long the most im- 
portant exporter of tungsten ore concentrates, 
had been price conscious in its trading, as this 
was only carried out by state officials. Follow- 
ing the liberalization of trading in China, pro- 
ducers attempted to obtain foreign currency 
directly by quoting low prices. Internal com- 
peütion and pressure from dealers led to con- 
tinued price reductions. 
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This fall in prices was exacerbated by the 
fact that high-purity intermediate products, 
e.g., APT, blue tungsten oxide, tungstic acid, 
and ferrotungsten, were offered at the same 
price per unit of tungsten as ore concentrates. 
At the end of 1993, the price of high-purity 
APT was so low that even the Chinese produc- 
ers were no longer able to sell at a profit. 


The drastic fall in demand that started in 
1990 and which was caused by the general re- 
cession, the breakdown of the communist 
world, and the associated decline in the arma- 
ments industry led to stabilization of the lower 
prices. 


1980 1985 1990 


Figure 26.7: Average mid-range price of wolframite 1955—1992 (from Metall Bulletin). 
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Figure 26.8: Tungsten supply and demand 1985-1992. 
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Figure 26.9: Tungsten supply in China 1981-1992. 


Quite simply, the low tungsten price and 
the fact that there was no price difference be- 
tween ore concentrate and intermediate prod- 
uct led to the enforced closure of almost all the 
larger mines in North America, Europe, South 
Korea, and Australia, and the suspension of 
many associated industries based on the treat- 
ment of ore concentrates. e 


In consequence, not only has the proportion 
of tungsten supplied from China increased 
(Figure 26.8), but also the makeup of the prod- 
ucts has changed (Figure 26.9) Whereas 
China was stil an exporter exclusively of 
tungsten ore concentrate in the early 1980s, to- 
day it is the largest supplier of high-purity 
tungsten intermediate products. 

Thus, none of the predictions, e.g., 4% an- 
nual growth, opening of new mines, further 
shifting of mine production to the industrial- 
ized countries, self-sufficiency, etc., has been 
fulfilled. World demand for tungsten has de- 
creased drastically; China is the main supplier. 


26.10 Tungsten Recycling 


As stated in Section 26.3, large amounts of 
tungsten scrap have been used as a raw mate- 


rial for several decades. This is because of: 


e The value of the tungsten content 
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NY Domestic consumption 


o The value of other metals in the alloys, e.g., 
Ta and Co in hard metals and Ni in heavy 
metals 


e Environmental aspects 


ə Economic aspects 


Methods for the treatment of scrap and uti- 
lization of the recovered materials are opti- 
mized where possible in the light of these 
factors. 


Both direct and indirect recycling processes 
are used. In direct recycling, scrap is con- 
verted from the compact form to a powder 
which is then recycled only to the process that 
produced the material from. which the scrap 
originated. For this, the scrap must consist of 
one grade only, and must not contain heteroge- 
neous impurities. 

In the indirect process, scrap is chemically 
converted to materials from which the impuri- 
ties and other components are removed, and is 
then converted to APT as described in Section 
26.4. 


The direct method is preferable for eco- 
nomic and environmental reasons, but it can 
be used only for certain types of scrap, and the 
demand for the recycled product is not always 
certain. For this reason, the propórtion of 
scrap tungsten treated by conversion to APT is 
continually increasing. 
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Table 26.5: Tungsten recycling (B = best; G = good; L = least economic use) [13, 14]. 





Heavy metal 
Treatment Hard metal scrap W-Cu W-Ag Риге tungsten 
Hard Soft 
Zine process B 
Coldstream B G L 
Bloating/crushing B 
Oxidation/reduction B L 
Hydrometallurgy L L B B L 
Electrolytic L L B G L 
Chlorination L L L L L L 
Melting (ferrotungsten, stellite) G G G G 


Combined processes are also used, e.g., the 
selective separation and recovery of one alloy- 
ing component. Examples include the leach 
milling of hard metal scrap to liberate the co- 
balt binder metal, leaving behind the carbide 
phase(s) which can be recycled to the hard 
meta] production process. 

A proportion of tungsten scrap goes to 
smelting metallurgy for the production of stel- 
lites, melting base alloys, menstruum WC, and 
steel. 

The economics of various treatment pro- 
cesses for the important types of scrap are 
compared in Table 26.5. 


26.11 Beneficial Effects on 
Human Health [80,81] 


In contrast to certain toxic effects of metal- 
lic tungsten and its compounds and alloys, 
some very beneficial effects on human health 
have recently been described. An aqueous so- 
lution of sodium tungstate (ca. 296) was taken 
orally, applied to the skin, used as a gargle or 
an eye lotion, or injected subcutaneously. Ex- 
periments on 100 people in Japan showed re- 
markably successful results with a wide range 
of illnesses, e.g., cataract, stomach ulcers, 
duodenal ulcers, cancer, diabetes, herpes, mi- 
graine, gout, cardiac arrhythmia, and many 
others. Tungstate is also beneficial in cases of 
mercury or selenium poisoning, burns, and 
sunburn, and it can counteract the unpleasant 
aftereffects of excessive alcohol consumption, 
as is also reported for molybdate. It has fur- 
thermore been established that the natural ag- 
ing process is significantly retarded. It is to be 
hoped that funded scientific investigations 


into the action of tungstate will be undertaken 
as soon as possible. 


26.12 Toxicology and 
Occupational Health 


Tungsten and most of its compounds gener- 
ally show relatively low toxicity compared to 
most other heavy metals and their compounds. 
However, some tungsten compounds are more 
toxic than they were orginally considered to 
be. 

Intoxications with tungsten and its com- 
pounds are comparatively rare; they occur al- 
most exclusively by occupational exposure. 

Physiological responses, toxicokinetics, 
toxic effects, levels of tolerance, and ecotoxic- 
ity of tungsten and its compounds have been 
reviewed [82-84]. 


Toxicokinetics. In animal models, nearly one- 
half of ingested soluble tungsten compounds 
and roughly one-third of deposited inhaled 
tungsten trioxide aerosol is readily absorbed. 
Most of the absorbed tungsten is rapidly ex- 
creted in the urine. The remainder is distrib- 
uted among the red blood cells, spleen, kidney, 
and bone. About 3 months after ingestion and 
6 months after inhalation, most of the com- 
plete tungsten body burden has been trans- 
ferred into bone. However, this amount is very 
small as compared to the administered dose 
[83]. The biological half-life of tungsten in 
bone is calculated at 1100 d for the slowest 
component of a three-component elimination 
kinetics [85]. 

Tungsten seems to have an influence on 
molybdenum homeeostasis. In rats, the addi- 


Tungsten 


tion of 100 ppm tungsten to a diet containing 
30 ppm molybdenum caused a decrease in the 
activities of sulfite oxidase and xanthine oxi- 
dase, which led to a significant increase in the 
susceptibility of these animals to sulfur diox- 
ide [86]. 


Acute Toxicity. Acute intoxications are 
caused especially by tungsten hexafluoride, 
WF,. Liquid or gaseous WF, reacts readily 
with water, generating highly toxic hydrogen 
fluoride. Consequently, the mucous mem- 
branes of the respiratory tract and the eyes are 
damaged severely after contact with WF,. 
Acute intoxication causes a strong irritation of 
the upper respiratory tract, laryngitis, and 
bronchitis; after a period of less severe symp- 
toms the development of cyanosis and lung 
edema is possible [87]. 

In contrast, 25-80 g of powdered tungsten 
metal did not cause adverse effects when ad- 
ministered orally as a substitute for barium 
sulfate in radiological examinations [88]. 


Chronic Toxicity. Cemented tungsten car- 
bide, WC, is suspected of causing respiratory 
diseases in humans. However, these effects are 
possibly not due to WC itself, but rather to its 
content of cobalt metal. In workers processing 
WC the development of interstitial pulmonary 
fibrosis has been reported [89, 90]; the clinical 
picture includes cough, exertional dyspnea, 
and weight loss. Abnormal gas transfer was 
detected in respiratory function tests. 

In the case of a 33-year-old woman who 
was exposed to cemented WC for several 
years and who died after development of 
pneumoconiosis, an increased content of co- 
balt ions in bones and lung was demonstrated 
after autopsy [91]. In various test series with 
rats there were strong indications that cobalt 
was the main reason for the development of 
the lung diseases [92]. 

In long-term studies with rats and mice, 5 
ppm tungsten (as sodium tungstate) was added 
to the drinking water during the life span of 
the test animals. In rats, growth development 
increased slightly, whereas the life span de- 
creased significantly [93]. Mice did not show 
these effects [94]. 
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Genotoxicity. In a long-term study with mice, 
in which 5 ppm tungsten (as sodium tungstate) 
was added to the drinking water during their 
life span, no tumorigenic effect was seen [94]. 


Reproductive Toxicity. In rats, tungsten 
causes an increased embryo lethality. and de- 
creased ossification of bones in a dose range 
with no toxic effects to the maternal organism 
[95]. Tungsten accumulates in the fetus with- 
out being retained significantly by the pla- 
centa. - 

In another study on the embryonic and fetal 
development in mice [96], tungsten was in- 
jected as sodium tungstate before implantation 
or at early organogenesis (on day 3 or 8 of 
pregnancy, injection of 0.1 mL of 25 mmol/L 
sodium tungstate). The treatment did not show 
any effect on implantation, but increased the 
frequency of resorption. 


Immunotoxicity. In a patch test, no allergic 
reactions to Na,WO, were seen on the skin of 
853 hard-metal workers [97]. However, ‘irri- 
tant pustular reactions appeared in 2% of the 
test persons. 


Toxicological Data. Tungsten: LD;, (rat, i.p.) 
5000 mg/kg [98]; sodium tungstate, Na,WO, 
(rat, s.c.) 223-255 mg/kg [99]; phosphotung- 
stic acid, H;P(W,O;9,: LDso (rat, oral) 3300 
mg/kg [100]; tungsten carbide, WC (contain- 
ing 8% cobalt): LDLo (rat, intratracheal) 75 
mg/kg [101]; tungsten carbide, WC (contain- 
ing 15% cobalt): LDLo (rat, intratracheal) 50 
mg/kg [101]. 

In humans normal mean blood levels are 
considered to be 5.8 (+ 3.5) ре W/L [82]. 


Treatment. Dimercaprol (British  Anti- 
Lewisite) may be useful in the treatment of 
acute tungsten poisoning [102]. Cortisone 
preparations have been proposed for decreas- 
ing the development of lung fibrosis [103]. 


Occupational Health. The MAK value is 1 
mg/m? for tungsten and soluble tungsten com- 
pounds, and 5 mg/m? for tungsten carbide and 
other insoluble tungsten compounds, mea- 
sured as total dust [104]. In the United States, 
NIOSH has set exposure limits (TLV-TWA) 
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of 1 mg/m? for soluble and 5 mg/m? for insolu- 

ble tungsten compounds [105]. | 
Lung fibrosis caused by tungsten or tung- 

sten carbide is included in the list of the Ger- 


man 


Berufskrankheitenverordnung 


(Occupation Disease Regulations) [106]. 

Since tungsten tends to accumulate, per- 
sons exposed at the workplace should undergo 
periodical medical checks including chest X 
rays and ventilatory function tests for insolu- 
ble tungsten compounds, as well as examina- 
tions of the digestive tract and the central 
nervous system for soluble tungsten com- 
pounds [107]. 
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27.4 History [4 


Molybdenum commonly occurs in nature 
as the mineral molybdenite, MoS., and is 
found as veins in quartz rock. It was discov- 
ered by ScHEELE in 1778, but for the next hun- 
dred years, molybdenite was merely a 
laboratory curiosity. The first major use came 
during World War I when additions of molyb- 
denum produced steels with excellent tough- 
ness and strength at high temperatures for use 
as tank armor and in aircraft engines. 

The main source of molybdenite through- 
out the 19th century was the Knaben mine in 
Norway in which the molybdenite was con- 
centrated by hand. The World War I demand 
for molybdenum, however, spurred develop- 
ment of the Climax Mine (Colorado), which 


was put on stream in 1918 by the Climax Mo- 
lybdenum Company. By that time the froth 
flotation process had replaced hand sorting for 
concentrating ores. 

Although the Climax Mine was closed after 
the war because of the suddenly decreased de- 
mand, it was reopened in 1924 as new peace- 
time uses of molybdenum, largely in the 
automotive industry, were developed. De- 
mand for molybdenum steadily grew as new 
chemical and metallurgical applications con- 
tinued to be developed, largely stimulated by 
the research efforts of the Climax Molybde- 
num Company. 

In 1933 a process for the selective flotation 
of molybdenite from copper porphyry ores 
was developed by the Anaconda Company at 
its Cananea subsidiary in Mexico. The Ken- 
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necott Copper Company soon followed at its 
Utah mines. The technology was later ex- 
tended to Chile at Kennecott's El Teniente 
Mine and Anaconda's Chuquicamata mine. 
Thus began the age of molybdenum produc- 
tion as a by-product of copper. 


During World War IL, the United States 
supplied about 9096 of the world molybdenum 
demand, most coming from Climax with the 
balance from Kennecott's Utah mines and 
Molycorp's Questa mine. The largest of the 
other Westem-world producing countries 
were Chile, Mexico, and Norway. 


Climax Molybdenum Company continued 
to be the largest Western- World producer into 
the 1980s, doubling its capacity when it 
opened the massive Henderson mine (near 
Empire, Colorado) in 1976. Production from 
Mexico and Norway remained small, but less 
expensive by-product molybdenum produc- 
tion from Chile and the United States contin- 
ued to grow, and the Endako and other mines 
in Canada began molybdenum production. In 
1977, total world production exceeded 200 x 
105 pounds (ca. 90 000 t) for the first time. 


During the late 1970s the high price of mo- 
lybdenum stimulated the opening of several 
new primary mines and the expansion of many 
by-product molybdenum facilities. When the 
price declined in the early 1980s, by-product 
molybdenum became the dominant economic 
force in the marketplace. Climax Molybde- 
num Company closed the underground mine 
at Climax, but was still a major producer with 
the Henderson mine and the open pit at Cli- 
max Cyprus Minerals, with four operating 
mines, became a major producer. Other impor- 
tant Western-world producers at the end of the 
1980s were Codelco's Chuquicamata mine in 
Chile, Placer's Endako mine in Canada, the La 
Caridad mine in Mexico, and the Cuajone and 
Toquepala mines in Peru. Annual world pro- 
duction and consumption averaged (180—200) 
x 105 pounds (80 000—90 000 t) of molybde- 
num during the late 1980s. 
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27.2 Properties 


Physical Properties. Molybdenum, electronic 
configuration [Kr] 4d? 5s", is the second mem- 
ber of group 6 of the periodic table. As a tran- 
sition element it may have a valency of 2, 3, 4, 
5, or 6: In the massive state molybdenum is a 
lustrous silver-white solid with typically me- 
tallic properties. When produced as a powder 
it is dull grey. It has a body-centred cubic lat- 
tice with ag = 0.31472 nm. The physical prop- 
erties of molybdenum depend to a large degree 
on the method used to produce it and on its 
subsequent treatment. For example, its rela- 
tive density calculated from a, is 10.22 
whereas an earlier measurement gave 9.01 and 
later work showed that the lower value in- 
creases with the amount of mechanical work- 
ing to which the metal is subjected. The 
accepted values of the main physical proper- 
ties of the metal are given below. A more ex- 
tensive compilation is available giving, in 
particular, data of importance to metallurgists 


[5]. 


mp 2617 °C 

bp (101.3 kPa) 4612 °C 
Latent heat of fusion at mp 35.6 kJ/mol 
Mean specific heat (0-100 °C) 251Jkg'K"! 
Density (20 °C) 10.22 g/cm? 
Thermal conductivity (0-100 °C) 137 Wn! Kk? 
Electrical resistivity (20 °C) 5.7 pQ-cm 
Temperature coefficient (0-100 PC) 4.35 x 10-3 К" 


Elastic constants of polycrystalline metal (20 °C) 
Young’s modulus 324.8 GPa 


Rigidity modulus 125.6 GPa 
Bulk modulus 261.2 GPa 
Poisson’s ratio 0.293 

Linear coefficient of thermal expansion 
(0-100 °C) 5.1 x 10 $5 K^! 


Standard electrode potential EL -0.200 V 
Mo ‚Мо 


Chemical Properties. Molybdenum retains 
its luster almost indefinitely in air, particularly 
when it has been drawn to fine wire. It can be 
passivated by oxidation, especially by electro- 
lytic oxidation, becoming chemically unreac- 
tive. On prolonged heating in air below 
600 *C, the metal becomes covered with its 
trioxide; at 600 °С the oxide sublimes and 
rapid oxidation occurs. Molybdenum burns in 
oxygen at 500-600 °C. It is slowly oxidized 
by steam, is attacked by fluorine when cold 
and by chlorine and bromine when hot. Dilute 
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acids and concentrated hydrochloric acid have 
very little effect on the metal. Moderately con- 
centrated nitric acid dissolves it but concen- 
trated nitric acid soon passivates the surface 
and reaction ceases. Molybdenum is dissolved 
by a mixture of concentrated nitric and con- 
centrated hydrofluoric acids. It is practically 
unaffected by alkaline solutions and very 
nearly so by fused alkali-metal hydroxides. 
However fused oxidizing salts such‘as-sédium 
peroxide, sodium or potassium nitrate or per- 
chlorate dissolve the metal rapidly. It reacts on 
heating with carbon, boron, nitrogen, and sili- 
con and forms many alloys. It is used in a vari- 
ety of catalysts, especially combined with 
cobalt in the desulfurization of petroleum. 
Molybdenum is a biologically active metal 
which is involved in the functioning of en- 
zymes causing reduction of nitrogen to ammo- 
nia, and of nitrates. 


27.3 Occurrence 


27.31 Minerals 


e 


Molybdenum occurs in the earth's crust in 
an abundance of about 10%, mainly as mo- 
lybdenite, MoS.. Small quantities are also as- 
sociated with other metals having similar 
chemical properties. Thus — wulfenite 
(PbMoO,) is found in oxidized parts of sul- 
fidic lead deposits in many regions of the 
world; powellite [Ca(Mo,W)O,] is a calcium 
molybdate usually formed from the modifica- 
tion of molybdenite in deposits containing 
tungsten as scheelite (CaWO,) and tungsten 
substitutes for molybdenum up to about 10%. 
Ferrmolybdite (Fe;Mo40,?:8H40) is the 
product of oxidation of molybdenite in the 
presence of iron(II) compounds. Molybdenite 
is the primary source of molybdenum. Should 
demand for molybdenum rise so that addi- 
tional sources become necessary, wulfenite, 
powellite, and ferrimolybdite may become 
commercially significant. Other molybdenum 
minerals include achrematite, belonesite, chil- 
lagite, eosite, ilsemannite, jordisite, koechlin- 
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ite, lindgrenite, and paterite. These are of no 
commercial importance however. 


27.3.2 Deposits 


There are five genetic types of molybde- 
num deposits: 


e Porphyry deposits in which metallic sulfides 
are disseminated throughout large volumes 
of altered and fractured rock e 


e Contact-metamorphic zones and bodies in 
which silicated limestone is adjacent to in- 
trusive granites 

e Quartz veins 

e Pegmatites 

e Deposits bedded in sedimentary rocks. 

The first three types are of hydrothermal or- 
igin and provide almost all of the molybde- 
num ore currently mined. The last two are of 
no economic importance at present. Average 
molybdenite concentrations in primary por- 
phyry deposits range from 0.05 to 0.2596; in 
secondary copper molybdenum porphyry de- 
posits molybdenite concentrations are much 
lower (0.01-0.05%) so that the mineral can 
only be recovered as a by-product. 

In hydrothermal deposits, the cracks and in- 
terstices of the intrusive rock forming the ma- 
trix were originally penetrated by aqueous 
metal-containing solutions. Such solutions 
are often formed close to magma and so are at 
a high temperature and pressure and contain 
sulfide species. As the solution cools, minerals 
are deposited within the intrusive matrix and 
also commonly in the surrounding country 
rock. Thus the famous deposit at Climax, Col- 
orado (USA) was formed.by an intrusion of a 
quartz-monzonite magma into a granitic coun- 
try rock. The hydrothermal solution deposited 
quartz and molybdenite in even the smallest 
fractures so that the host rock appears to con- 
sist of angular fragments separated by narrow 
bands of the minerals. In many porphyry de- 
posits small amounts of molybdenite are dis- 
seminated with copper sulfide minerals 
throughout large volumes of granitic rock. The 
chief mineral values аге chalcopyrite 
(CuFeS,) and chalcocite (Cu,S), associated 
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with pyrite (FeS,), and small amounts of other 
sulfides, including molybdenite. Where sec- 
ondary enrichment of the copper ore has oc- 
curred, chalcocite has replaced pyrite and 
chalcopyrite. In limestone silicate sedimen- 
tary rocks containing intrusions of granitic 
rocks, small amounts of molybdenite are occa- 
sionally widely distributed along the inter- 
faces between the rocks and are often 
associated with scheelite (CaWO,), bismuth- 
inite (Bi,S,), or copper sulfides. These depos- 
its may contain up to 0.6% molybdenite. 


Pegmatites are the result of igneous activity 
and subsequent solidification of the magma. 
The slow cooling of the mass results in the for- 
mation of coarse crystals, almost exclusively 
of quartz and feldspar. Molybdenite occurs in 
small amounts as an accessory mineral, usu- 
ally as large crystals; pegmatites are not an im- 
portant source of molybdenum. Nevertheless, 
a pegmatite deposit containing molybdenite 
together with bismuth was mined until re- 
cently at Val d'Or and Preissac (Québec, Can- 
ada) Sedimentary rocks in which 
molybdenum minerals may occur include 
coals, shales, phosphorites, and sandstones. 
They are not used as sources of molybdenum 
and the technology to recover it from them has 
not been developed. 


Molybdenum is obtained commercially al- 
most exclusively from molybdenite, which is 
either mined and concentrated as the primary 
product of the mine or open pit, or recovered 
as a concentrate during the processing of ore 
from a copper mine. In the latter case the mo- 
lybdenite can be either a by- or a coproduct, 
depending on its economic importance to the 
output of the mine. Molybdenum is also re- 
covered from solutions obtained by leaching 
scheelite ores in the production of tungsten. 
Molybdenum supply in the Western world can 
be broken down into four production segments 
[6]: 


e Primary mine production (ca. 40%) 


e By- or coproduction output from copper and 
scheelite mines (ca. 5596) 


e Imports from China (396) 
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e Molybdenum recovered from the processing 
of spent petroleum catalyst (2%). | 


Reserves of molybdenite in the market 
economy countries have been estimated by 
evaluating identified ore bodies [7], 1.е., those 
which have been explored as well as those 
which have been exploited. The results indi- 
cate the following amounts of recoverable mo- 
lybdenum (10? t): United States, 4100; Chile, 
1770; Canada, 928; Mexico, 306; Peru, 288; 
other countries, 356. Ore bodies producing 
primarily molybdenum contain 5596 of the re- 
serves identified; only 2996 of these ore bod- 
ies were being exploited at the time of the 
survey (January 1985). Properties producing 
molybdenum as a by-product contained the re- 
maining 45% of reserves and 67% of them 
were producing molybdenite. The total recov- 
erable molybdenum from primary and by- 
product reserves has been estimated as follows 
(10? t molybdenum in concentrate) [8]: 


Primary producing properties 1265 
Primary nonproducing properties 3036 
By-product producing properties 2316 


By-product nonproducing properties 1142 


Molybdenum occurs widely in all conti- 
nents but usually in small quantities. The 
large-scale mining, milling, and processing fa- 
cilities now required for economic production 
of molybdenum compounds are only justified 
where large reserves of ore exist. Where these 
are exploited they are the primary molybde- 
num producing mines. In Canada, Endako 
(Placer Dome) is the only pnmary molybde- 
num mine and is in British Columbia. The Cu- 
mobabi mine (Empresso Frisco SA de CV) is 
in Mexico; the Jinduicheng mine is the largest 
molybdenum producer in China and all of the 
others, except perhaps for some in the former 
Soviet Union, are in the United States. In 
Alaska, Quartz Hill is under long-term devel- 
opment. The famous, very large Climax and 
Henderson mines (both Amax) are in Colo- 
rado; Thompson Creek (Cyprus Minerals) is 
in Idaho; Tonopah (Cyprus Minerals) is in Ne- 
vada; and Questa (Molycorp) is in New Mex- 
ico. A detailed list of major molybdenum- 
producing companies is given in [8]. 
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Molybdenum is extracted as a by-product 
or coproduct of copper production in Canada, 
Chile, Iran, Mexico, Papua New Guinea, Peru, 
Philippines and, in the United States (Arizona, 
Nevada, New Mexico, and Utah). It is ex- 
tracted from the scheelite mine at Sang-dong, 
Gangwondo, Korea (Korea Tungsten Mining) 
as a by-product of tungsten recovery. 
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27.41 Concentration [9] 


Molybdenum ore is mined by underground 
and open-pit methods. A typical primary mo- 
lybdenum ore body contains 0.05-0.2596 Mo, 
and secondary ore bodies (copper porphyry 
ores) average 0.3-1.696 Cu and 0.01-0.05% 
Mo. Flotation remains the preferred and al- 
most exclusive method of upgrading the mo- 
lybdenite mineral to ап  industrial-grade 
molybdenite concentrate containing 90-95% 
MosS,, the balance being gangue. 

The flotation process [10, 11] starts by pul- 
verizing the ore to liberate the molybdenite 
(either alone or in association with copper sul- 
fide minerals) from the host rock (mainly 
quartz monzonite), and then agitating the pul- 
verized ore with water, a collector oil, and 
other special chemicals to cause preferential 
wetting of the host rock particles. The unwet- 
ted copper and molybdenum mineral particles 
are carried to the surface by air bubbles as the 
wetted host rock particles settle or remain sus- 
pended. A frothing agent is used to stabilize 
the bubbles, which contain the sulfide miner- 
als, for easy skimming from the surface. 

Molybdenite flotation is so spontaneous 
that it is termed a natural floater. Other miner- 
als, such as clay and covellite (CuS), that are 
commonly associated with molybdenite-con- 
taining ores are, however, also natural floaters. 
For this reason the flotation process for mo- 
lybdenum production from primary ore bodies 
differs from that of secondary ore bodies. Fac- 
tors such as the grinding method, particle size, 
alkalinity, slurry density, and reagent usage 
dictate the recoveries and process economics. 


1365 


Recovery from Primary Ore Bodies. Figure 
27.1 illustrates a basic recovery flowsheet 
from a primary molybdenum ore body. Al- 
though the methods of comminution vary, the 
objectives are to break down the ore to liberate 
the molybdenite. For example, Climax uses 
primary, secondary, and tertiary crushing with 
screening and rougher ball mills in closed cir- 
cuit with spiral and hydrocyclone classifica-. 
tion to produce a flotation feed’ [12]. 
Henderson [13] and Thompson Creek [14] use 
primary crushing and semi-autogenous grind- 
ing in closed circuit with hydrocyclone classi- 
fication. 


An initial primary grind [ca. 48%-200 
mesh (74 um)] is usually acceptable to pro- 
duce a 2.5—5.0% Mo concentrate in the first 
“rougher” flotation stage. This concentrate is 
then upgraded by further grinding and 
“cleaner” floating. This concept of upgrading 
progressively smaller volumes of concentrate 
has proved to be the most cost effective means 
of handling large tonnages of low-grade mo- 
lybdenum ores. 


Mined ore 
0.05-0.25% Mo 


Primary grind 
-68%-200 mesh 


Rougher 
molybdenite 
flotation 














Nonfloat Reagents 









Multiple steps of 
regrinding and 
cleaner flotation 


Final concentrate 
70-90% Mo 

<0.5-2.5% Cu 

0.1-0.9% Pb 

0-3% Fe 

0.5-15% acid insolubles 


Figure 27.1: Primary molybdenite recovery process [9]. 
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Sufficient regrind and cleaner steps follow 
to obtain the degree of liberation required for a 
final concentrate grade. For example, six 
cleaner flotation steps are used at Thompson 
Creek [14], five at Climax [12], and four at 
Henderson [13]. The nonfloat from the last 
stage of cleaner flotation is circulated counter- 
currently through the previous cleaner stages. 
Overall recovery is generally about 85%. 

Ateach flotation step molybdenite particles 
are floated and collected, and contaminants 
are depressed and rejected by adding reagents. 
Different reagent programs are used depend- 
ing on the properties of the mined ore [15]. 
Simple hydrocarbon collectors can be used 
such as kerosene, stove oil, or light oil. Pine 
oils and Syntex VB (sulfated monoglyceride 
of coconut oil), which also have emulsifying 
and collecting properties, are used as frothers; 
lime or soda ash is used to control alkalinity, 
usually at pH 8.5. Contaminants are rejected 
by controlling the pH at an optimum level and 
by adding depressing reagents such as Noke's 
reagent (a product formed by reaction between 
stoichiometric quantities of sodium hydrox- 
ide and phosphorus pentasulfide) and sodium 
cyanide. Sodium silicate 1s used to disperse 
slimes. | 


Recovery from Secondary Ores. The gener- 
ally accepted practice for secondary molybde- 
num recovery (Figure 27.2) is to float a 
copper-molybdenum sulfide concentrate and 
then extract the molybdenum from the com- 
bined concentrate by methods governed by the 
type of copper mineralization present. 

In practice, fine grinding [50—7096—200 
mesh (74 um)] is usually performed to maxi- 
mize copper recovery [16]. Then bulk flota- 
tion of the molybdenum-copper sulfide 
concentrate generally employs strong alkyl 
xanthates (e.g., potassium amyl xanthate or 
sodium isopropyl xanthate) and nonselective 
frothers (e.g., methylisobutylcarbinol) to float 
as much of the total copper-molybdenum 
product as possible. 

The bulk copper-molybdenum flotation 
stream is thickened by settling the solids and 
decanting the clear process water to obtain a 
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copper-moly bdenum slurry with a higher sol- 
ids content. The slurry is conditioned by add- 
ing reagents during the thickening step as'a 
method of premixing the reagents that will be 
used in the rougher flotation step. 

On a worldwide basis, molybdenum losses 
in the copper molybdenum bulk flotation pro- 
cess amount to about 48% of the total molyb- 
denum feed, but this level is gradually being 
reduced. Most of the molybdenum losses are 
incurred because the circuits are designed and 
operated for optimum copper recovery. 

Mined ore ` 
0.01-0.05% Mo 
0.3-1.6% Cu 






Primary grind 
~50-70%,-200 mesh 





Reagents 
(bulk, 
nonselective) 





Bulk Cu/Mo 
flotation 
8-20% Cu 
0.1-0.5% Mo 
Thicken 
and 
condition 










Rougher 
molybdenite 
flotation 
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(selective) 






Multiple steps of 
regrinding and 
cleaner flotation 





Copper 
nonfioat 







Final concentrate 

70-90% Mo 

<1-2.5% Си 

0.1-0.9% Pb 

0-3% Fe 

0.5-15% acid insolubles 
Figure 27.2: By-product copper-molybdenite recovery 
process [9]. 


Selective collectors [17] are then used for 
separating molybdenum from the bulk copper 
molybdenum concentrate beginning in the 
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rougher flotation stages. For example, chal- 
copyrite (CuFeS.), the most common type of 
copper mineralization, is particularly amena- 
ble to sodium hydrosulfide treatment. Tt is de- 
pressed with a 40% solution of sodium sulfide 
or hydrosulfide. The hydrosulfide ion in the 
solution preferentially desorbs the bulk collec- 
tor from the copper sulfide mineral, leaving it 
in the water-wetting nonfloating condition. 

Hypochlorides, peroxides, permanganates, 
and dichromates can also oxidize the adsorbed 
collectors giving an initial depressing effect to 
copper sulfides; cyanides will further depress 
copper to yield a high-grade molybdenite con- 
centrate. When using these oxidants and de- 
pressants, chalcocite (Cu,S) ores require 
more circuit design, i.e., additional flotation 
stages and more reagent addition points. 

Covellite (CuS) ores float naturally and 
have been removed from flotation (depressed) 
with lignin sulfonate but now the simpler pro- 
cess of adding excess collector is used. Clays 
have been depressed with aluminum sulfate. 
Noke’s reagent is a strong but short-lived de- 
pressant of copper sulfides. Lime is used for 
pH contro] at 9.5—11.5 to diminish pyrite flota- 
tion. 

Sufficient grind and cleaner steps follow to 
obtain the desired degree of separation of the 
copper ore and molybdenite. Common re- 
agents used for cleaner flotation are diesel oil 
and other light hydrocarbons. The nonfloat 
copper ore is filtered and dried before being 
converted to copper metal by smelting. The 
floated MoS, is filtered to remove bulk water. 
The wet, oily MoS, is not treated any further 


. before roasting to MoO}. 


A careful balance of all reagent combina- 
tions must be determined in actual plant prac- 
tice. The scarcity of collector oils has initiated 
intensive studies of collector substitutes, and 
environmental considerations are causing con- 
centrators to move away from cyanides, arsen- 
ates, chromates, and other hazardous reagents. 


27.4.2 Processing of Concentrate 


Direct Use. Some commercial-grade molyb- 
denite concentrate is subjected to additional 
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grinding and flotation to produce lubricant- 
grade molybdenum disulfide (99% MoS,). 
Residual flotation oils and water are then vola- 
tilized by passing the upgraded concentrate 
through an inert-gas-swept kiln. This high-pu- 
rity product is added to grease and oils as a 
solid lubricant. 


Raw 
50, gas MoS, 





Figure 27.3: Multiple-hearth roasting furnace of the 
Nichols-Herreshoff type [20]: a) Rotating hollow shaft 
for passage of air to hearth; b) Rabble arms connected to 
shaft; c) Multilevel hearths; d) Beveled gear; e) Motor; f) 
Drive gear. 

Production of Molybdenum Trioxide. The 
principal commercial molybdenum product is 
technical-grade molybdenum trioxide 
(MoO,). In addition to being the major com- 
pound for adding molybdenum to steel, it is 
also the starting compound for all other mo- 
lybdenum products including ammonium di- 
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molybdate, pure molybdenum trioxide, 
sodium molybdate, molybdenum metal, and 
ferromolybdenum. | 

Molybdenite is converted to technical- 
grade MoO, by roasting it in air in a multiple- 
hearth furnace of the Nichols-Herreshoff or 
Lurgi design [16, 17], (Figure 27.3). The 
roasted MoO, product typically contains < 
0.196 sulfur The multiple-hearth furnace is 
used because the hearths can be segmented to 
accomplish specific and different conversion 
operations within a single unit. Figure 27.4 
shows the hearth-by-hearth composition of the 
molybdenum during roasting [18]. 


100 
90 Ма5, 
80 Моб; 


Concentration, mol% 


DE ги LLL. LLL Lud 
12 34 5 6 7 89 01 12 
Number of hearths ——» 





Figure 27.4: Composition of molybdenum sulfide and 
oxide in multiple-hearth roasting [18]. 

The upper hearths of the furnace are mainly 
used to burn off flotation oils and evaporate 
water. This part of the process is usually aug- 
mented by burning fossil fuels to ensure con- 
sistent temperature control and uniform 
roasting throughout the remainder of the unit. 
Upper hearth temperatures range between 600 
and 700 °С. 

The bulk of the sulfur is removed by oxida- 
tion in the intermediate hearths: 


2MoS, + 70, э 2MoO, + 4SO, 
MoS, + 6MoO, э 7MoO, + 280, 
2MoO, + О, э 2MoO, 


Since the sulfur oxidation reactions are highly 
exothermic, additional heating is not needed 
in this section. The hearth temperatures are 
controlled between 600 and 650 °C by the ad- 
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dition of excess air and/or with water spray 
cooling. 

As sulfur burning nears completion, the 
composition of the roaster hearth is mostly 
MoO, with < 20% MoO, and MoS. The reac- 
tion of MoO, with MoS, to form MoO, is 
driven by the strong oxidizing power of 
Mot), so that the production of MoO; is lim- 
ited until most of the MoS, is gone. 

Once the availability of MoS, is less than 
the availability of MoO,, MoO, is rapidly con- 
verted to MoO . Although this reaction is exo- 
thermic, it is not sufficient to maintain the 
temperatures above 525 °C which arc required 
to complete sulfur removal and conversion to 
MoO,. Hence supplementary heating is re- 
quired in these lower hearths. The oxide prod- 
uct is discharged from the roaster, cooled, and 
milled to form technical-grade Mot), Techni- 
cal-grade MoO, typically contains 85-90% 
Mot, the balance being silica with some 
Fe,O, and ALO,. 

Sulfur dioxide and sulfur trioxide leave the 
roaster in the flue-gas stream. This gas stream 
is handled by methods which comply with 
emission regulations. The most common are 
contacting the off-gas with lime to produce 
disposable CaSO,:2H,O and the production 
of sulfuric acid. Sulfuric acid is produced by 
catalytically oxidizing the sulfur dioxide to 
sulfur trioxide which is absorbed by a HSC, 
solution. 

In addition to sulfur removal, certain metal 
contaminants tend to vaporize during the 
roasting process. Any rhenium oxide, Re;O;, 
in the concentrate can be scrubbed from the 
off-gas stream and recovered by solvent ex- 
traction or ion-exchange processes. Selenium 
oxide, ЅеО,, is also preferentially vaporized 
and can be collected to avoid creating an envi- 
ronmental hazard. 

In many cases chemical leaching of the 
concentrate is required prior to roasting to 
preferentially remove nonferrous impurities 
detrimental to steel production. Three leach- 
ing processes are practiced: 


e Sodium cyanide leachate is used for copper 
and gold removal 
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e Iron(IIT) chloride for copper, lead, and cal- 
cium removal | 


e Hydrochloric acid for lead and bismuth re- 
moval. 

Pure molybdenum trioxide can be produced 
from technical-grade MoO, via calcination of 
ammonium dimolybdate (ADM) or by subli- 
mation. 

Ammonium dimolybdare is obtained by first 
leaching the technical-grade oxide with water 
at ca. 75 *C to remove soluble alkali impuri- 
ties, primarily potassium DO. 21]. The oxide is 
then filtered and dissolved in a 10-20% am- 
monium hydroxide solution at 40-80 °C to 
form ammonium molybdate: 


MoO, + 2NH, + H,O > (NH,),MoO, 


The ammonium molybdate solution is sepa- 
rated from the insoluble gangue minerals (pri- 
marily silica and some iron) by filtration and 
then further purified by precipitation of the 
heavy metals (e.g., copper) with sulfide. The 
filtered solution is then fed to an evaporative 
crystallizer operating at atmospheric pressure 
to produce ADM crystals: 

2(NH,),MoO, > (МН,),Мо,0, + 2NH, + H,O 


r 


Varying degrees of rejection for sodium, 
calcium, magnesium, and aluminum occur 
during crystallization and these impunities 
build up in the mother liquor. They are elimi- 
nated by periodic purging of the crystallizer. 
The ADM crystals are recovered by centrifu- 
gation and then dried. Calcining the ammo- 
nium dimolybdate in an indirectly fired rotary 
kiln at temperatures in excess of 420 °C pro- 
duces pure MoO,. 

Pure MoO, is also produced by sublimation 
of technical-grade MoO, [22]. The oxide is 
heated to 1100—1200 °C as a thin layer on a 
doughnut-shaped furnace hearth that rotates 
under electrical resistance heating elements. 
Air is drawn over the heated surface and 
sweeps away the vaporized Mot), leaving the 
nonvolatile gangue and other metallic impu- 
rity elements behind. The charge on the hearth 
makes one pass under the heating elements. 
The residue, still rich in molybdenum, is dis- 
charged for use as a steel additive. The subli- 
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mation yield is about 60-70%. The sublimed 


: vapor is then cooled, condensed, and collected 


in baghouses prior to densifying, screening, 
and packaging. 

The molybdenum oxides produced by the 
ADM and sublimation processes are both of 
high purity (99.9% MoO,). Compared to cal- 
cined ADM, sublimed pure oxide has a signif- 
icantly lower alkali content, but higher silica, 
iron, lead, and tin levels. Sublimed puré oxide 
also tends to be finer in size and acicular (nee- 
dle-like) in shape. 

Sodium molybdate (and other similar mo- 
lybdates) may also be produced from techni- 
cal-grade MoO, [23], although pure MoO, is a 
common, but more expensive, starting mate- 
tial. Technical-grade MoO, is leached as in the 
ADM process and then dissolved in sodium 
hydroxide at 50—70 °C to produce an almost 
saturated solution of sodium molybdate. A 
minimum excess of caustic (NaOH) is main- 
tained to inhibit silica dissolution; a small 
quantity of sulfide ion is added to precipitate 


. heavy metals. If pure oxide is used, the initial 


leaching step is eliminated. 


After filtration, the solution is fed to an 
evaporative crystallizer to produce sodium 
molybdate dihydrate (Na,MoO,:2H,O). If 
crystallization is performed below 10 °C, the 
decahydrate is formed (Na,MoO,-10H,O). 
The crystals are recovered by centrifugation 
and dried at 70 °C. Anhydrous sodium molyb- 
date (Na,MoO,) is produced by drying at > 
100 °C. 


27.4.3 Recovery from Spent 
Petroleum Catalysts 


Molybdenum-containing catalysts аге 
widely used in the petroleum refining industry 
for mild hydrogenation and removal of het- 
eroatoms such as sulfur (hydrodesulfuriza- 
tion), nitrogen, and oxygen, as well as metals 
like nickel and vanadium. A typical catalyst 
uses molybdenum in combination with cobalt 
or nickel on a porous alumina (А1,0,) support. 
The composition range of such a catalyst 
when spent is 2-10% Mo, 0-12% V, 0.54% 
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Co, 0.5-10% Ni, 10% S, 10% C, with the bal- 
ance being Al.O,. 

Numerous approaches have been explored 
to recover the metal values from spent cata- 
lysts. The fundamental strategy involves: 


e Initial heat treatment in air to remove the re- 
sidual sulfur, carbon, and hydrocarbons, and 
to oxidize the metals to soluble molybdate 
and vanadate. 


e A leaching step resulting in preferential sol- 
ubilization of molybdate and vanadate, leav- 
ing the Ni-Co-alumina as a solid. 


e Separation of the Mo and V. 


e Treatment of the Ni-Co-alumina residue to 
recover Ni and Co. 


Production of Molybdate and Vanadate. 
One basic process is to roast the ground (100 
mesh, « 149 pum), spent catalyst in air at 
600 °C and then mix the roasted material thor- 
oughly with soda ash (Na,CO,) [24]. The 
Na,CO,-spent catalyst mix is roasted again in 
air at 600-800 °C to convert the molybdenum 
and vanadium oxides to soluble sodium mo- 
lybdate and sodium vanadate, respectively: 


MoO, + Na,CO, — Na,MoO, + CO, 
У.О; + Na,CO, —> 2NaVO, + CO, 


The roasted mix is leached with water at up to 
100 °C to dissolve the soluble molybdenum 
and vanadium compounds. The molybdenum- 
and vanadium-containing solution is recov- 
ered by filtration for subsequent separation, 
the insoluble Ni-Co-alumina filter cake is 
treated separately to recover the respective 
metal values. A similar process uses sodium 
chloride instead of soda ash and results in the 
same sodium molybdate-sodium vanadate so- 
lution [25]. 

An alternative process uses wet-air oxida- 
tion to combine the first two oxidation steps 
[26]. The as-received and ground (100 mesh, 
< 149 pm) spent catalyst is slurried with water 
and soda ash at temperatures up to 300 *C and 
air pressures up to ca. 17 MPa (2500 psi). The 
molybdenum and vanadium sulfides are di- 
rectly converted to soluble sodium molybdate 
and vanadate, respectively: 
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2Mo68, + 6Na,CO, + 90, > 
2Na,MoO, + 4Na,SO, + 6CO, 


4VS + 6Na,CO, + 110, — 4NaVO, + 4Na,SO, + 6CO,’ 


In addition all the carbon and hydrocarbons 
are oxidized (burned off). The nickel and co- 
balt sulfides are also oxidized and the sulfur is 
converted to sodium sulfate. The Ni-Co-alu- 
mina remains insoluble as in the previous pro- 
cesses. 


Recovery of Molybdenum and Vanadium. 
A number of technologies are available for re- 
covering the metal values from the molybde- 
num- and vanadium-containing solution [26]. 
For example, addition of ammonium chloride 
or ammonium sulfate precipitates the vana- 
dium as ammonium vanadate, NH,VO,, 
which is removed by filtration [24]. The mo- 
lybdenum can then be precipitated as calcium 
molybdate by adding lime. 

In another method, treating the solution 

with hydrogen sulfide under very acidic con- 
ditions (1-2 mol/L H,SO,) preferentially pre- 
cipitates molybdenum  trisulfide. Тһе 
vanadium remaining in solution can be precip- 
itated as the hydrated oxide, V(OH),°1.5H,O, 
by neutralization of the solution with sodium 
hydroxide, or as red cake (Na;H,V4O,;) by 
first oxidizing the vanadium in solution with 
NaClO, and adjusting the pH to about 6 with 
NaOH or Na,CO,, In a final solvent extraction 
method the vanadium is preferentially ex- 
tracted from the solution with a quaternary 
ammonium compound such as Aliquat 336 
(tricapryl monomethyl ammonium chloride). 
The molybdenum can then be extracted with a 
secondary amine such as Adogen 283, a 
ditridecylamine. 
Recovery of Nickel and Cobalt. A number of 
technologies are also available to recover the 
nickel and cobalt from the alumina. They can 
be leached from the alumina with 5% HCl or 
H,SO, solution at 75 °C [27]. They can also be 
recovered by caustic digestion of a slurry of 
the Ni-Co-alumina residue in a 25% caustic 
(NaOH) solution at 250 *C for 2 h [26]. The 
dissolved nickel and cobalt are recovered and 
separated by other methods standard in the 
nickel industry. 
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27.4.4 Recovery during 
Production of Tungsten Ores 


The occurrence of tungsten ores, such as- 


scheelite (CaWO,), is commonly associated 
with trace amounts of powellite (CaMoO,). 
Most of the powellite stays with the scheelite 
during its processing to a sodium tungstate so- 
lution by soda ash digestion in an autoclave. 
The powellite forms sodium molybdate and is 
solubilized. This is not a significant source of 
molybdenum and the recovered molybdenum 
is usually discarded because it is contaminated 
with tungsten. However the molybdate is rou- 
tinely removed from the tungstate solution to 
purify the tungsten. 

The most common method of removing 
molybdenum from a sodium tungstate solu- 
tion is to treat the solution with sodium sulfhy- 
drate, NaSH-2H,O [28] This compound 
reacts with the sodium molybdate and some of 
the sodium tungstate to precipitate the trisul- 
fides, MoS, and WS, respectively. The pre- 
cipitate generally contains two to three parts 
of molybdenum to one part of tungsten; it can 
be calcined to give the relevant oxides arid 
then leached with strong hydrochloric acid to 


sten. 


27.4.5 -Production of 
Molybdenum Metal Powder 


Molybdenum metal powder is produced in- 
dustrially (30] by reducing high-purity molyb- 
denum compounds with hydrogen. The 
following compounds are used: 


e Molybdenum trioxide, MoO, (grey-green 
powder). 


e Ammonium hexamolybdate, 
ONT. Moie (yellow powder). 


e Ammonium dimolybdate, (NH,),Mo,0, 
(white powder). 

To allow further processing by powder metal- 

lurgy, reduction conditions should result in a 

powder that can be pressed and sintered. Re- 

duction is usually performed in two stages: 


dissolve the molybdenum, leaving the tung- 
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e Reduction to MoO, (molybdenum red). 


e Reduction of MoO, to molybdenum metal 
powder. 


This gives satisfactory yields of a completely 
reduced powder with the desired particle size 
distribution and a sufficiently high specific 
surface area in a reasonable length of time. 
Since reduction to MoO, is exothermic, this 
step is performed at 600 °C to prevent'caking 
due to the melting of MoO, (mp 800 °C). The 
MoO, is reduced to molybdenum powder at 
ca. 1050 °C. The powder has a particle size of 
2—10 шп, a specific surface area of O.1-1 
m?/g, and an oxygen content of 100—500 
mg/kg (partly adsorbed and partly as oxide). 


Reduction is usually performed in an elec- 
trically heated continuous furnace (e.g, a 
pusher furnace, a walking beam furnace, or a 
rotary kiln) with a counterflowing stream of 
hydrogen. Reduction in fluidized-bed reactors 
is also known. Introduction of impurities 
should be avoided at all stages. Molybdenum 
powder 5N5 with an impurity content of < 5 
mg/kg can be produced; this figure does not, 
however, take into consideration gases and re- 
fractory metals. Special purification proce- 
dures such as multiple recrystallization, ion 
exchange, solvent extraction and adsorption 
are used to remove undesirable impurities 
such as alkali metals, ferrous metals, and ra- 
dioactive elements from molybdenum to be 
used in the semiconductor industry. Special 
mixer linings, furnace linings, and sintering 
boats prevent contamination with iron and ce- 
ramic particles. 


Good flow properties and a constant appar- 
ent density are critical for satisfactory process- 
ing of molybdenum, powder in automatic 
presses. Molybdenum powder is typically 
mixed with an organic binder, e.g., poly(vinyl 
alcohol), and a volatile agent, e.g., water. The 
slurry is sprayed into a heated free-fall cham- 
ber where spherical agglomerates are formed 
due to surface tension. Heating causes vapor- 
ization of the volatile agent, giving a hard, 
densely packed agglomerate (spray-drying 
process). 
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Figure 27.5: Production of molybdenum by powder metallurgy. 


27.4.6 Production of Compact 
Molybdenum Metal [30,31] 


More than 95% of the total world produc- 
tion of molybdenum and molybdenum alloys 
high in molybdenum is produced by powder 
metallurgy, the remainder is obtained by vac- 
uum arc remelting and electron beam melting. 

Molybdenum produced initially by melting 
has to be worked by extrusion due to its 
coarse-grained, columnar — microstructure; 
metal produced by powder metallurgy can, 
however, be worked by almost all standard hot 
metalworking techniques. 


Production by Powder Metallurgy. More 
than 99% of industrially produced molybde- 
num is prepared by the method shown on the 
left-hand side of Figure 27.5. In the case of 
large workpieces and round bars, the molyb- 
denum powder is filled into rubber containers 
that are sealed and then compressed isostati- 
cally at 100—300 MPa. Due to frictional 


losses, a somewhat higher pressure (150—500 
MPa) is used with die presses. 

Sintering with resistance heating according 
to the Coolidge method is still used but indi- 
rect heating with tungsten heating elements is 
now the most common method.: This proce- 
dure has a lower specific energy consumption, 
produces a homogeneous structure, and can be 
used to sinter large and complex components. 
Large items weighing up to 5t (such as are 
used in isothermal forging dies) can only be 
produced by this method. 

Depending on furnace design and the mo- 
lybdenum alloy, sintering is performed at 
1600—2200 °C for 3-30 h in a hydrogen atmo- 
sphere. Minimum sinter densities of 90%, but 
preferably 95%, are required to avoid subse- 
quent processing difficulties. Neck formation 
between the particles starts at са. 1200 °C and 
shrinkage at ca. 1600 °C. Addition of small 
quantities of platinum, palladium, or nickel al- 
lows the sintering temperature to be reduced 
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to 1300-C. These dopants have a low solubil- 
ity in molybdenum and accumulate at the 
grain boundaries where they accelerate diffu- 
sion but have an adverse effect on ductility. 


Production by Melting. Vacuum arc furnaces 
are used for large-scale melting of molybde- 
num. Electron beam devices are, however, 
used for special applications, particularly for 
the production‘ of sputtering targets. Presin- 
tered molybdenum rods are fed into the elec- 
tric arc furnace as electrodes and melted. In 
electron beam devices, sintered or hot isostati- 
cally compressed molybdenum rods are used. 
The resulting molybdenum billets are ex- 
truded by the Séjournet process. In this pro- 
cess the heated billet is rolled over a bed of 
glass powder, which softens during contact, 
insulates the tooling from the hot billet, and 
lowers oxidation. 

Recent efforts have been directed at pro- 
ducing a fine-grained as-cast structure by vac- 
uum double-electrode remelting or cold hearth 
electron beam melting. This should give mol- 
ten molybdenum which can be processed im- 
mediately without intermediate hot extrusion. 


27.4.7 Processing of Molybdenum 


Manufacture of Semifinished Products. 
Molybdenum produced by powder metallurgy 
can be processed into semifinished articles by 
almost all classical forming techniques. High 
temperatures are, however, necessary and spe- 
cial equipment and tools are required. In mo- 
lybdenum produced by melting the initial 
forming steps are important for obtaining a 
fine-grained structure. 


The sintered starting material first has to be 
preheated to 1200—1400 °C to prevent any 
damage occurring during the first deformation 
steps. In this temperature range the tensile 
strengths of some molybdenum alloys corre- 
spond to those of hot-work tool steels at 
700 °С. Preheating can be performed in elec- 
trical or gas-fired furnaces in a neutral or re- 
ducing atmosphere. Processing is carried out 
in air even though considerable oxidation oc- 
curs at this temperature. Embrittlement does 
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not occur because oxygen and nitrogen are al- 
most completely insoluble in molybdenum. 

As forming proceeds, ductility increases 
and the temperature can gradually be reduced 
to room temperature. After hot and cold work- 
ing, the moly bdenum 1s subjected to stress-re- 
lief annealing at ca. 800 ?C. 

Large items are produced by press forging. 
Round products (diameter 10 um to ca. 200 
mm) are manufactured by extruding (Séjour- 
net method), forging, swagging, rolling, or 
drawing. Sheets are available in thicknesses of 
10 um to 50 mm. 


Manufacture of Finished Products. Molyb- 
denum can be worked by most of the custom- 
ary techniques (e.g, deep drawing, flow 
turning). The working temperature should be 
higher than the ductile-to-bnittle transition 
temperature but lower than the recrystalliza- 
tion temperature (1100 °C). 

Molybdenum can readily be machined by 
chip removal and by electrical discharge. 
Tools used tor milling, turning, and planing 
should comply with ISO hardmetal K specifi- 
cations and have a highly positive cutting ge- 
ometry. Since the cutting edges of the tools 
must be extremely sharp, coated indexable in- 
serts are unsuitable. Commercially available 
emulsions or, in special cases, highly chlori- 
nated hydrocarbons are used as coolants and 
lubricants. 

When ceramic silicon carbide disks are 
used for grinding, low speeds must be used (« 
33 m/s) to avoid buildup of heat. Molybdenum 
is machined by electrical discharge with zinc- 
coated brass wires and behaves similarly to 
hard metals. Graphite or tungsten copper elec- 
trodes are recommended for cavity sinking by 
electrical discharge machining. 


Joining (32]. Molybdenum and molybdenum 
alloys can be welded and brazed but mechani- 
cal joining methods are widely used to avoid 
embrittlement. 


Welding. Tungsten inert-gas welding (in 
gastight chambers filled with argon) and elec- 
tron-beam welding are usually employed. The 
oxy gen partial pressure must be extremely low 
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(« 0.5 Pa) because molten molybdenum rap- 
idly takes up oxygen which leads to the pre- 


cipitation of MoO, on cooling and thus to pore - 


formation. 

Diffusion welding at a welding temperature 
slightly below the recrystallization tempera- 
ture (1100 °C) is particularly suitable for 
workpieces that are to be subjected to high 
mechanical loading Resistance welding is pri- 
marily used in the electron tube and lamp in- 
dustries for joining thin wires, ribbons, and 
foils. 


Brazing is a suitable alternative to welding for 
operating temperatures below 1400 °C. Since 
the thermal expansion coefficient of molybde- 
num is about the same as that of graphite, mo- 
lybdenum graphite composites with 


advantageous properties can be produced, par- ` 


ticularly for applications in nuclear fusion re- 
search and aerospace. Amongst others AgCu, 
PdCu, PdAg, Zr, and Ti are used as brazing 
filler materials. 


Oxidation-Resistant Coatings (33]. Molyb- 
denum alloys that can withstand oxidizing 
conditions at high temperature are still not 
available. Oxidation resistance decreases dras- 
tically above 500 °C and above 600 °C signif- 
icant loss of material occurs due to formation 
of volatile MoO,. Owing to the increasing de- 
mand for high-temperature materials (e.g., in 
aerospace, turbine construction, and chemical 
reactors), oxidation-resistant coatings are be- 
ing developed to permit the use of molybde- 
num materials in these applications. 


Table 27.1: Uses of molybdenum and molybdenum alloys. 


Area of application 
Lamp and lighting industries 
Electronic and semiconductor industries 
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Coatings based on aluminides, silicides, ce- 


ramics (e.g., Al,O,, ZrO,), and metals (chro- 


mium, noble metals) have been studied. 
Coating processes such as dip alloying, elec- 
troplating, but primarily pack cementation and 
slurry techniques, as well as plasma spraying, 
physical vapor deposition, and chemical vapor 
deposition have all been used. 

Coatings based on silicides (eg. MoSi,, 
maximum use temperature 1600 °C) and com- 
plex silicides (e.g., SiCrFe, maximum use 
temperature 1500 °C) provide the best protec- 
tion against oxidation but are only effective 
for a limited penod. 


Surface Hardening. Nitriding, carburizing, 
and boriding have been increasingly used to 
increase the surface hardness and abrasion re- 
sistance of molybdenum materials. These 
thermochemical processes harden the surface 
to a depth of ca. 0.2 mm. Plasma-assisted pro- 
cesses are also becoming more important. 


27.4.8 Alloys [34—36] 


Alloying with rhenium increases the 
strength and ductility, the latter effect is espe- 
cially pronounced in alloys containing 40~ 
50% rhenium. These alloys also have excel- 
lent welding properties. 


Molybdenum-tungsten alloys are ex- 
tremely resistant to molten zinc and are there- 
fore used in zinc metallurgy for tanks, pipes, 
pumps, and stirrers. 


Examples of uses 


support wires, sealing ribbons, dimming caps 
semiconductor base plates, heat sinks, contact pins, sputtering tar- 


gets, control grids, klystron and travelling-wave tube components 
High-temperature and vacuum furnace construction heating elements, thermal radiation shields, furnace ware 


Glass and ceramic industries 


glass-melting electrodes, installations in glass production tanks, 


drawing dies, crucibles for producing sapphire single crystals 


Casting technology and metalworking 


forging dies for isothermal forging, extrusion dies, die-casting 


molds, hot-galvanizing equipment 


Coating spray wire, spray powder, evaporation boats, sputtering targets, 
components of chemical vapor deposition equipment 


Nuclear technology 


furnace parts and charging equipment for sintering UO, first wall, 


divertor. and limiter components for experimental fusion reactors 


Medicine 


rotating X-ray anodes, collimators 
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27.5 Uses 


Molybdenum is mainly used as an alloying 
element in steel, cast iron, and superalloys to 
increase hardenability, strength, toughness, 
and corrosion resistance. However, only the 
use of elemental molybdenum and molybde- 
num-base alloys is discussed in this section. 


Initially, molybdenum was prirharily used 
in the lamp industry. It is, however, now an in- 
creasingly important material in a wide range 
of applications (Table 27.1). In high-tempera- 
ture applications, molybdenum competes 
with iron-, nickel-, and cobalt-base superal- 
loys, ceramics, and other high-melting metals 
(tungsten, tantalum, and niobium). Superal- 


loys can be used up to 1200 °C; molybdenum 


materials, especially the carbide-hardened al- 
loys and molybdenum doped with potassium 
silicate, show adequate heat resistance (Figure 
27.6) and creep properties up to 1800 °C. The 
lack of resistance to oxidation’ should, how- 
ever, always be borne in mind. Molybdenum 
materials have a higher failure tolerance and 
ductility than ceramics and are less expensive 
than tantalum and niobium. Heating elements, 
thermal radiation shields, and furnace ware 
made of molybdenum are used, for example, 
in hot isostatic presses, sintering furnaces for 
the ceramic industry, and heat treatment fur- 
naces. 


C 
1000 








E Cc со 
ec o o 
о oc xo 





T 


N 
о 
c 


Tensile strength, MPa ——— 





e 
с 


400 800 1200 1600 2000 
Temperature, °C ——» 


Figure 27.6: Tensile strengths of 1-mm thick molybde- 
num and TZM sheets as a function of temperature: a) 
TZM subjected to stress-relieving annealing; b) Molybde- 
num subjected to stress-relieving annealing; c) Recrystal- 
lized TZM; d) Recrystallized molybdenum. 
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Molybdenum is resistant to corrosion by 
most glasses and is therefore used as an elec- 
trode material in electric glass-melting fur- 
naces. Glass produced in such furnaces is of 
better quality than that produced in fuel-fired 
furnaces and the process is more acceptable 
environmentally. 


Crucibles and mandrels used to draw quartz 
glass or crucibles used for making single sap- 
phire crystals have to withstand temperatures 
up to ca. 2100 °С. Molybdenum ribbon is used 
for electrical lead-in (e.g., in halogen lamps). 
In this application a vacuum-tight seal is 
formed by squeezing the quartz tubing around 
the ribbon at high temperature (ca. 2100 °C) 
and pressure. The high heat resistance of mo- 
lybdenum and its low coefficient of thermal 
expansion are important prerequisites for 
these applications. 


Electronic applications have and will con- 
tinue to be a high-growth market for molybde- 
num parts. Molybdenum disks are used as 
base plates and heat sinks for power transis- 
tors and silicon rectifiers. 


Molybdenum is also an important sputter- 
ing target material for electronic applications, 
mainly for codeposition of MoSi, films from 
ultra-high-purity molybdenum and silicon tar- 
gets. Integrated circuits employing these films 
have low parasitic capacitances and also low 
gate and interconnection propagation delays. 


Molybdenum layers produced by thermal 
spraying possess exceptionally good sliding 
properties and high abrasion resistance. They 
are deposited on machine components, espe- 
cially car engine parts such as piston rings, 
synchrorings, and selector forks. 


More than 80% of the rotating X-ray an- 
odes currently used in clinical diagnostics are 
made of molybdenum alloys. Loading can be 
increased by a thin tungsten rhenium layer on 
the molybdenum body. Rhenium in tungsten 
has the same effect on ductility as rhenium in 
molybdenum and decreases the susceptibility 
to cracking initiated by thermal stress. Brazing 
a thick graphite disk onto the back of a target 
increases its heat and emission capacity. 
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27.6 Compounds 


As а transition element, molybdenum 
shows variable valency and forms many com- 
plexes and colored compounds. The outstand- 
ing feature of molybdenum is its chemical 
versatility: oxidation states from 2- to 6+; co- 
ordination numbers from 4 to 8 and, accord- 
ingly, a very varied stereochemistry; the 
ability to form compounds with most inor- 
ganic and organic ligands, with a particular 
preference for oxygen, sulfur, fluorine, and 
chlorine donor atoms; the formation of bi- and 
polynuclear compounds containing bridging 
oxide and chloride ligands and/or Mo-Mo 
bonds. 

Molybdenum is very similar to tungsten, 
the third member of Group 6, but different 
from the first member, chromium. Molyb- 
dates(VI) unlike chromates(VD) are not 
strong oxidizing agents: much of the familiar 
chemistry of molybdenum is that of the 6+ and 
5+ oxidation states. 

In recent years research on molybdenum 
compounds has greatly increased because of 
their academic interest and their developing 
technical applications as lubncant additives 
(molybdenum disulfide and sulfur com- 
plexes), corrosion inhibitors, pigments, smoke 
suppressants, and heterogeneous catalysts 
(molybdenum trioxide and molybdates). 

Recognition of the central role of molybde- 
num in a number of metalloenzymes (nitroge- 
nase, nitrate reductase, xanthine oxidase) and 
the problem of molybdenum toxicity in rumi- 
nants have stimulated research in both molyb- 
denum biochemistry and inorganic chemistry. 
The fact that molybdenum compounds are 
nontoxic to humans has lead to interest in the 
possibility of replacing compounds of toxic 
metals with safer molybdenum compounds, 
e.g., chromium in corrosion inhibitors, anti- 
mony in flame and smoke suppressants. 

For more background information on mo- 
lybdenum chemistry, see [37—42]. 


Compound Types. Typical compounds of 
molybdenum(VI) are the trioxide, MoO,; so- 
dium molybdate, Na,MoO,; and ammonium 
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heptamolybdate, (NH,),Mo,0,,°4H,O and 
(NH,),Mo,0,,-2H,O. These compounds are 
the starting points for the preparation of many 
other molybdenum compounds. The chemis- 
try of the higher oxidation states (4+ to 6+) is 
dominated by oxomolybdenum cations, e.g., 
МоО?*, Mo,03*, Moi", Mo", MoO". 
The oxide ligands may be bound to just one 
molybdenum (terminal oxide) or to two or 
more molybdenum atoms (bridging) [43]. Re- 
placement of one or more oxide ligands by 
sulfide has produced many molybdenum-sul- 
fur complexes and clusters [44, 45]. 

The higher halides are covalent, e.g., mo- 
lybdenum hexafluoride, MoF,, and molybde- 
num pentachlonde, МоСІ,. 

Compounds of molybdenum(1I) and lower 
oxidation states are stabilized by unsaturated 
ligands such as carbon monoxide, e.g., in mo- 
lybdenum hexacarbonyl, Mo(CO)X, and by 
molybdenum-molybdenum bonds, and so are 
bi- or polynuclear, e.g., molybdenum(IT) ace- 
tate, Mo.(CH,COO),, and molybdenum(II) 
chloride, Mo,Cl,. 

Aqueous NaDH 





Мо0; М№а,Мо0, 
is Aqueous NH; (NH,),Mo,02,- 4H,0 
500°C (NH,);Mo;0; 
Ha, 900°C 
Mo(CO), 
MoS, 


CO, pressure 
CjHsMg8r, ice 


Cl, 25°C 
Ma metal —— — —*- Molt, 


Figure 27.7: Relationship between some molybdenum 
compounds. 

Preparative Chemistry. The starting point in 
preparative molybdenum chemistry is molyb- 
denum(VI) oxide, MoO, (Figure 27.7). Mo- 
lybdenum disulfide, the naturally occurring 
form of molybdenum, is unreactive. 


Aqueous Solution Chemistry. The aqueous 
chemistry of molybdenum is complicated 
[38]. It is dominated by oxo species which are 
prone to dimenze or polymerize. Hydrated 


Molybdenum 


cations (1.е., cations having only water bound 
to molybdenum) are known only for oxidation 
states 2+ and 3+; they are powerful reducing 
agents which. oxidize in air. The aqueous 
chemistry of molybdenum is summarized in 
Figure 27.8. The aqueous ion of molybde- 
num(IV) (not shown in Figure 27.8) is the red 
trimer, [Мо;О (Н,О),]“. 


Redox Chemistry. Molybdenum exemplifies 
the general trend of a transition metal group; 
the higher oxidation states of the heavier ele- 
ments (molybdenum and tungsten) are more 
stable (resistant to reduction) and the lower 
oxidation states less stable (more prone to oxi- 
dation) than those of the first element (chro- 
mium). Reduction potentials are summarized 
in Figure 27.9 [46]. Note that reduction in wa- 
ter bypasses molybdenum(IV). 


For the reduction of molybdate in neutral ог 
alkaline solution, sodium dithionite is useful, 
e.g., in the preparation of the molybdenum(V) 
cysteine complex, Na.[Mo,0,{SCH,CH 
(NH3)COOj,] -5H,0 [47]. 

Molybdenum(III) solutions oxidize rapidly 
in air and must be handled under nitrogen or 
argon. With molybdenum(V), aerial oxidation 
is slow. Titration of reduced molybdenum so- 
lutions with cenum(IV) sulfate or permangan- 
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ate is a volumetric method of determining 
molybdenum [48]. i 


| a, pH>7 
[Mo0, ^" і Mo blues 


pH5-6 
»107? mol/L 


(oa 


pH3-5. 
»10?mol/L 


[M0031 
pH 0.9 


1 
00, precipitates 
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Dit. HCL| b.ed ` (asdf:  [MolH;0I,* 
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" [Mog OHLIB,O)J** 
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Conc. | b, conc. НСІ M ‘ 
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дгееп 
[MoQ;?* 

Figure 27.8: Aqueous chemistry of molybdenum show- 

ing species [38], reducing agents, and conditions. Reduc- 

ing agents: a) Sodium dithionite, NaS,0, Б) 


Hydrazinium hydrate, №,Н,:Н,О; c) Tin(II) chloride; d) 
Liquid mercury. 
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Figure 27.9: Reduction potentials (in volts) of molybdenum couples in acidic and alkaline aqueous solutions [46]. The 
more negative the potential, the more reducing is the couple, i.e., the more stable is the higher oxidation state. 
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Table 27.2: Properties of molybdenum trioxide and diox- 
ide. ` 


Ргоргпу MoO, MoO, 
Crystal structure orthorhombic monoclinic 
Space group Pbnm Pie 
2 4 4 
a, nm 0.39628 0.56109 
b,nm 1.3855 0.48562 
c,nm 0.36964 0.56285 . 
а, B, y 90°, 90°, 90° 90°, 120.959, 90° 
Mo coordination octahedral, octahedral, 
distorted distorted rutile 
AH, kJ/mol? -745.2 —588.7 
AG, kJ/mol? -667.9 -533.1 
S, ЈК" 777 47.2 
Density, g/cm? (21 °C) 4.692 6.29 
mp, °C 801 
bp, °C 1155 
Sublimation, °C ca. 700 ca. 1100 
Solubility, g/L 
Water 28°C 0.49 insoluble 
100°С 1.5 insoluble 
HNO, (4 mol/L, 
20 °C) са. 14 insoluble 
Aqueous ammonia 
and alkali soluble insoluble 
Organic solvents insoluble insoluble 


* Standard enthalpy and free energy of formation from the ele- 
ments and entropy at 298.15 K (49, 50]. 


27.6.1 Oxides 


Well characterized oxides are molybde- 
num trioxide, MoO,, and molybdenum diox- 
ide, Mo, Mixed-valency oxides and 
molybdenum blues are also important. 


Molybdenum Trioxide. Molybdenum triox- 
ide, molybdenum(VI) oxide, Mot), is the ulti- 
mate product of the oxidation of molybdenum 
compounds. It forms white orthorhombic 
crystals that are photosensitive, 1.е., turn blue 
in light. The compound is weakly paramag- 
netic and an z-type semiconductor. 


Other properties are listed in Table 27.2. It 
is produced by roasting molybdenum disulfide 
in air at 600 °C and may be purified by subli- 
mation (see Section 27.4.2). It can also be pre- 
pared by reacting ammonium molybdate at 
550 *C with oxygen or by precipitation from 
an aqueous ammonium molybdate solution 
treated with concentrated nitric acid [51]. 
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The structure of molybdenum trioxide 
comprises layers built from linked, distorted 
MoO, octahedra. Crystal morphology depends 
on the method of preparation: needles occur 
after vapor condensation, platelets after crys- 
tal growth on silica or graphite [52]. Moly bde- 
num trioxide has a characteristic IR spectrum 
showing Mo-O vibrations (996, 870, 821, and 
570 enr). 


Molybdenum trioxide is an acidic oxide 
soluble in aqueous alkali and ammonia. 
Freshly precipitated Mot), which is much 
more reactive than the aged oxide, dissolves in 
aqueous solutions of citric, malic, and other 
hydroxycarboxylic acids [53], and in solutions 
of ethylene glycol, glycerol, and other polyols 
to form molybdenum(VI) complexes [54]. 
Molybdenum trioxide also reacts with B-dike- 
tones (e.g., acetylacetone) to form complexes 
such as MoO.(CH,;,COCHCOCH,), which is 
a useful starting compound for preparing other 
molybdenum(VI) complexes by ligand ex- 
change reactions. It is reduced by hydrogen at 
500-600 °C to MoO, and at 900-1000 °C to 
molybdenum metal. 


Molybdenum trioxide in combination with 
more basic metal oxides finds application in 
heterogeneous catalysis. Studies of MoO, 
specimens with different crystal habits have 
demonstrated structure sensitivity of MoO, se- 
lective oxidation catalysts; the type of reaction 
catalyzed depends on the predominant crystal 
face. Platelike crystallites predominantly ex- 
pose the (010) face which is responsible for in- 
sertion of oxygen into allylic compounds; 
activation of, for example, propene occurs at 
the (100) and (101) faces, and total oxidation 
at all faces [52]. 


Hydrates of MoO, The monohydrate, 
Mot, HO. precipitates when a concentrated 
solution of sodium molybdate is acidified with 
hydrochloric acid. The dihydrate, 
MoO,-2H,0, precipitates when a solution of 
ammonium heptamolybdate is acidified with 
nitric acid [51]; it is commonly referred to as 
molybdic acid (H,.MoO,-H,0). Both hydrates 
are yellow. 
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Molybdenum Dioxide. Molybdenum diox- 
ide, molybdenum(IV) oxide, MoO,, is a dark 
blue crystalline solid and consists of chains of 
distorted MoOg octahedra. The distortions 
arise from Mo-Mo bonding leading to alter- 
nate long (0.31118 nm) and short (0.25106 
nm) Мо-Мо distances [55, 56]. Properties are 
listed in Table 27.2. Molybdenum dioxide is a 
metallic conductor and is weakly paramag- 
netic. It is produced by reducing MoO, with 
hydrogen, ammonia, and carbon monoxide at 
600 ?C. 


‘Molybdenum dioxide is a neutral oxide that 
is insoluble in acid and alkali. It reacts with 
chlorine giving  dichlorodioxomolybde- 
num(IV), MoO.Cl, and with carbon tetra- 
chloride giving molybdenum tetrachloride, 
Mol, 


Molybdenum Blues. Molybdenum blues, so 
called because of their blue color, are mixed 
oxide hydroxides of molybdenum(VI) and 
molybdenum(V) (Figure 27.8) [57]. They are 
amorphous solids that are soluble in water and 
alcohols. A typical species is 
(Mof'Moi*O,,H) which has an absorption 
maximum at 450 nm. 


The formation of molybdenum blues is the 
basis of a colorimetric method for determining 
phosphorus [58]. Molybdate and orthophos- 
phate ions condense in acidic solution to give 
molybdophosphoric acid which is reduced by 
hydrazinium sulfate to a molybdenum blue 
with maximum light absorbance at 820-830 
nm. The color intensity is proportional to the 
amount of phosphate incorporated. The re- 
duced molybdophosphate is an example of a 
heteropoly blue [57]. 


Mixed Valency Oxides. The mixed Mo VI. 
Mo(V) oxides (molybdenum oxide bronzes) 
have an intense color and metallic luster [59]. 


The binary bronzes MoO, (x between 2 and 
3), constitute a series of deep blue or purple 
compounds. They are prepared by heating 
MoO, in vacuo or with molybdenum metal. 
The structures are built from edge- and corner- 
sharing [MoO,] octahedra, or [MoO,] octahe- 
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dra and [MoO,] tetrahedra. The Magneli 
phases, Mo, and Mole, have metallic 
properties at room temperature. 


The ternary oxides include the red bronzes, 
Ao33MoO, (A = Li, К, Rb, Cs, Tl), which are 
semiconductors, the blue bronzes A, Mo, 
(А = К, Rb, ТІ), purple bronzes А, „Мо»0}; (A 
= Li, Na, K, Tl), and a rare-earth bronze 
La,Mo,0,; they behave like metals at room 
temperature. Interest in these compóunds is 
focused on their electrical and optical proper- 
ties. 


27.6.2  Chalcogenides 


The most important chalcogenide of mo- 
lybdenum is molybdenum disulfide, which is 
the principal source of molybdenum, in the 
form of the mineral molybdenite. Molybde- 
num selenide, MoSe,, and telluride, MoTe,, 
are also known. 


Molybdenum Disulfide. Molybdenum disul- 
fide, molybdenum(IV) sulfide, MoS,, is a 
black crystalline solid that occurs in two 
forms: hexagonal, which is found in the min- 
eral molybdenite and rhombohedral (Table. 
27.3). The solid is diamagnetic and a semicon- 
ductor. It is built of S-Mo-S layers whose sul- 
fur atoms are in contact (Figure 27.10). Within 
each layer molybdenum is at the centre of a 
trigonal prism of sulfur atoms. Since the 
forces operating between the layers are weak 
van der Waals attractions, the layers can slide 
over one another giving molybdenum disul- 
fide a slippery texture and solid-state lubrica- 
tion properties like graphite. 

The hexagonal form is produced by heating 
molybdenum with sulfur ammonium tetra- 
thiomolybdate [(NH,),MoS,], or molybdenum 
trisulfide at 1100 °C. The compound is amor- 
phous at 250—400 ?C; crystallization requires 
prolonged heating at 1100 °C. The rhombic 


form is obtained by heating the hexagonal 


form in vacuo at 7.5 GPa and 1200 ?C, or by 
reacting MoO, with sulfur and potassium car- 
bonate at 1100 °С. 
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Figure 27.10: Structure of molybdenum disulfide. A) Side view showing the S-Mo-S layers; B) Top view of a hexago- 


nal fragment of one layer. 


Table 27.3: Properties of molybdenum disulfide. 
Hexagonal crys- Thombohedral 


Property tal structure crystal structure 
Space group P6;/mmc, Da ЕЗт, C3, 
Z 2 3 
a, b, c, am 0.316, 0.316, 0.317, 0.317, 
1.229 1.838 
о, B, Y 90°, 90°, 120° 90°, 90°, 90° 
Density, g/cm? 5.05 5.02 


Mo coordination . trigonal prismatic 


Interatomic distances,nm 


Mo-S 0.242 

Mo-Mo 0.316 

5—5 0.349 
АН, kI/mol* —234.1 
Аб, kJ/mol —2257 
5°, К. 62.8 
mp, °C > 1600 


* Standard enthalpy and free energy of formation from the el- 
ements and entropy at 298.15 K [49, 50, 60]. 


Molybdenum disulfide dissolves only in 
strongly oxidizing acids (e.g., aqua regia) to 
give molybdenum(VI) compounds. When 
heated in vacuo at 1200 ?C it decomposes to 
Mo,S, and metallic molybdenum. Heating in 
air at 500 °C produces МоО,. Reduction with 
hydrogen at 1100 °С or > 1500 °C yields 
Mo.S, or molybdenum metal, respectively. 


Molybdenum Sesquisulfide. Molybdenum 
sesquisulfide, dimolybdenum trisulfide, mo- 


lybdenum(II]) sulfide, Mo.S,, has a different 
structure from MoS,; the molybdenum is at 
the center of a distorted octahedron of sulfur 
atoms. Molybdenum sesquisulfide is a grey 
solid and is prepared by heating molybdenum 
and sulfur (2:3) in vacuo at 1400 °C. It dis- 
solves in, and is oxidized to molybdenum(VD, 
by aqua regia. In air at 350 °C it oxidizes to 
molybdenum trioxide. Hydrogen at 1500 °C 
reduces it to molybdenum metal. 


Molybdenum  Trisulfide. Molybdenum 
trisulfide, molybdenum(VT) sulfide, MoS,, is 
the sulfide precipitated in conventional inor- 
ganic analysis when hydrogen sulfide is 
passed through an acidified molybdate solu- 
tion. Molybdenum trisulfide, like the sulfides 
of tin, arsenic and antimony, dissolves in yel- 
low ammonium sulfide giving a tetrathio salt, 
MoS;. 

According to X-ray absorption spectros- 
copy, the composition MoS, corresponds to 
Mo(S*).(S3)o5, one third of the sulfur is di- 
sulfide (S2); the formal oxidation state of the 
molybdenum is 5+ [61]. 

When heated in nitrogen at ca. 350 °C mo- 
lybdenum trisulfide decomposes to amor- 
phous molybdenum disulfide. Heated in air, it 
begins to oxidize to molybdenum tnoxide at 
200 °С. 
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Chevrel Phases. The Chevrel phases are ter- 
nary molybdenum chalcogenides, M, Mo, X, 
(where M is a metal and X a chalcogenide), for 
example, PbMo,8, [62]. They are black pow- 
ders prepared by heating the constituent ele- 
ments in vacuo at 1000 °C. They consist of 
linked [Mog] clusters having sulfur atoms at 
the corners of a cube and molybdenum atoms 
at the face centers (the same structure as the 
[Мо„С1„] structure. These compourids have at- 
tracted great interest as superconductors with 
critical temperatures as high as 15 K and as 
battery materials. 


Ammonium Tetrathiomolybdate. Ammo- 
nium tetrathiomolybdate, (NH,).[MoS,], crys- 
tallizes from a solution of ammonium 
molybdate saturated with hydrogen sulfide to 
form deep red crystals. The [MoS,] ion is tet- 
rahedral and is the thio analogue of molyb- 
date. Ammonium tetrathiomolybdate has an 
extensive chemistry and is an entry point to 
much molybdenum sulfur chemistry. The sul- 
fur atoms form bridges to metal ions so form- 





ing clusters, e.g., the species 
[S,MoS,CoS,MoS,]*" with Co?* [38]. p 
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Figure 27.11: Preparation of molybdenum fluorides and 
chlorides. 
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27.6.3 Halides 


Binary halides are known for molybdenum 
in oxidation states (II) to (VI). The preparation 
of molybdenum fluorides and chlorides is 
summarized in Figure 27.11. The only molec- 
ular ‘halide is molybdenum hexafluoride, 
МоЕ,, which is a volatile liquid. The coordi- 
nation number of molybdenum is six in the ha- 
lides of Mo(V) (IV) and (Ш), the 
molybdenum atoms being linked by bridging 
halogens. 

Molybdenum(II) chloride is an extended 
solid containing [Mo,Cl,]* clusters linked by 
bridging chlorines so giving the formula 
Mol, In the cluster eight chlorine atoms 
are at the corners of a cube. Molybdenum at- 
oms, linked by Mo-Mo bonds, are at the face 
centers of the cube and so constitute an octa- 
hedral Mo, cluster. The cluster is very stable 
both to hydrolysis and oxidation and persists 
through many reactions.’ 

A feature of the halides of Mo(IV), IID, 
and (IT) is the formation of bonds between mo- 
lybdenum atoms. Consequently, there is pair- 
ing of electron spins on adjacent molybdenum 
atoms and so the magnetic moments of the ha- 
lides are less than the spin-only values. 


Molybdenum Pentachloride. Molybdenum 
pentachloride, molybdenum(V) chloride, 
MoCl;,, is the most important molybdenum ha- 
lide. The dark green black crystals (тр 
194 °C) consist of Mole dimers; the vapor 
and solutions contain МоСІ, monomers. 

Molybdenum pentachloride is soluble in 
carbon tetrachloride, benzene, and many other 
organic solvents. It is very reactive, undergo- 
ing hydrolysis in air, water, and damp organic 
solvents to form brown oxomolybdenum(V) 
chlorides. It is supplied and stored in sealed 
ampoules and must be handled under argon or 
nitrogen or in vacuo. 

The outstanding property of molybdenum 
pentachloride is its ability to abstract an oxy- 
gen atom from water, sulfur dioxide, triphe- 
nylphosphine oxide (Ph,PO), dimethyl 
sulfoxide (Me,SO), and other oxygen-contain- 
ing compounds lo form oxomolybdenum 
complexes, MoOCLA,, (e.g, A = Ph3PO, 
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Ме,50). In concentrated hydrochloric acid 
molybdenum pentachloride forms the deep 
green complex ion [MoOCI,]*. 

Molybdenum pentachlonde is the starting 
point for much nonaqueous and organomoly b- 
denum chemistry. 


Oxomolybdenum Halides. In oxidation 
states 5+ and 6+ molybdenum has a strong 
tendency to form multiple bonds to oxygen. 
The oxomolybdenum halides are volatile sol- 
ids which may be sublimed in vacuo. They are 
more stable than the binary halides and are 
formed when the binary halides are exposed to 
air and water. 


Oxomolybdenum(VI) compounds are of 
two types: MoOX, (X = Е, Cl), and MoO,X, 
(X = F, Cl, Br). Oxomolybdenum(V) com- 
pounds are generally monoxo, e.g., МоОС1,. 


Trichlorooxomolybdenum(V). ` Tuchloro- 
oxomolybdenum(V), MoOC],, is a green solid 
consisting of octahedral [MoOCl.] units 
linked through cis-chlorine atoms. It forms ad- 
ducts with many organic ligands, e.g., 
MoOCLL (L = ligand) with acetylacetone and 


Table 27.4: Properties of some molybdates [39. 63]. 
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2,2'-bipyridyl, and MoOCl,-2L with diethyl 
ether and pyridine. 


27.6.4 Molybdates, Isopolymolyb- 
dates, and Heteropolymolybdates 


Sodium molybdate and other simple mo- 
lybdates contain the tetrahedral [MoO,]* ion. 
Ammonium heptamolybdate (an isopolymo- 
lybdate), (NH,),Mo,0,,-4H,O, is composed 
of linked, distorted [MoO,] octahedra. In the 
heteropolymolybdates, molybdenum and an- 
other element are present in the same struc- 
ture. The properties of some of the more 
important molybdates are summarized in Ta- 
ble 27.4. 


Ammonium and Alkali-Metal Molybdates. 
Ammonium and alkali-metal molybdates are 
soluble in water (Table 27.4). They are made 
by crystallizing or evaporating solutions of 
molybdenum trioxide dissolved in aqueous al- 
kali. Ammonium dimolybdate is used as an in- 
termediate for purifying technical-grade 
MoO. | 





Molybdate M, Structure? Color Solubility in water, 9? ` AH, kJ/mol‘ 

(NH,).MoO, 196.01 4 white 39 
(NH,).Mo.0, 339.95 4 or 6 30 
(NH,),Mo,0,,:4H,O 1235.8 6 white 30 
Na,MoO, 205.92 6+4 white 40 —1466 
MgMoO, 184.24 6+6 white 16 —1248 
CaMoO, 200.01 8+4 white 0.005 —1548 
SrMoO, 247.56 8+4 white 0.003 —1449 
BaMoO, 297.26 8+4 white 0.005 562 
CoMo,’ 218.87 -1032 

a 6+4 violet 

b 6+6 rose 
NiMoO,! 218.63 -947.7 

a | 6+4 ртееп 

b 6+6 green . 
PbMoO, 367.14 8+4 white 10° —1076 
ZnMoO, 225.33 Sor6+4 white 0.5 -1140 
Fe4(MoO,), 591.50 6+4 yellow —2963 


* Coordination of the countercation (except ammonium) by oxide and coordination of molybdenum (4 = tetrahedral; 6 = octahedral). 


* Weight percent of anhydrous salt in 100 р saturated solution at 25 °C. 


* Standard heat of formation from the elements at 298.15 K. 


d Two polymorphs: low-temperature form, b, transforms to the high-temperature form, а, at 400 °C [64]. 


Molybdenum 


Ammonium molybdates are made by dissolv- 
ing MoO, in aqueous ammonia solution; 
(NH,),MoO, then crystallizes from aqueous 
ammonia, (NH,),Mo,0,,-4H.O from a solu- 
tion kept at the boiling point for 1 h, and 
(NH,),Mo,0,,°5H,O from an acidified aque- 
ous solution of (NH,),Mo,0,,-4H,O. The di- 
molybdate, (NH,),Mo,0O,, may be crystallized 
from hot ammoniacal molybdate solutions. 


The structures of the isopolymolybdates are 
based on linked, distorted [MoO,] octahedra. 
The structure of ammonium dimolybdate con- 
sists of infinite chains of pairs of edge-shared 
[MoO,] octahedra with adjacent pairs linked 
by [MoO,] tetrahedra [65]. 


Ammonium di- and heptamolybdates are 
used as sources of water-soluble molybde- 
num, for example, in the preparation of cata- 
lysts. When the catalyst is calcined, the 
molybdate decomposes to molybdenum triox- 
ide and ammonia. 


Molybdates of Di- and Trivalent Cations. 
Molybdates of divalent cations (except Mg”) 
are insoluble in water (Table 27.4). They are 
prepared by precipitation from a sodium ‘or 
ammonium molybdate solution or by heating 
mixed solid oxides. The coordination environ- 
ment of the molybdenum may be tetrahedral 
or octahedral. 


Molybdates of trivalent cations have the 
formula A,(MoO,), or A,Mo4O,,, with A = 
Al, Cr, Fe, Bi, lanthanide. Coordination of the 
molybdenum is tetrahedral; the other cation is 
usually octahedral. 


A number of these molybdates have impor- 
tant uses. Cobalt, iron, and bismuth molyb- 
dates are catalysts for the selective oxidation 
of organic compounds: olefins are oxidized to 
unsaturated aldehydes and ketones, e.g., pro- 
pene to acrolein (cobalt and bismuth), propene 
and ammonia to acrylonitrile (bismuth), meth- 
anol to formaldehyde (iron). Molybdenum is 
the source of selectivity in these reactions. The 
first step is generally activation of a С-Н bond 
over the more basic (nonmolybdenum) oxide 
and the molybdenum then controls oxygen in- 
sertion. The well known Co-Mo/alumina hy- 
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drodesulfurization catalyst does not, however, 
strictly contain cobalt molybdate. 

Other actual or proposed applications are: 

calcium and strontium molybdates doped with 
neodymium as lasers; lanthanide molybdates 
for optical and optoelectric applications; zinc 
molybdate as a white pigment and corrosion 
inhibitor. 
Heteropolymolybdates. The heteropolymo- 
lybdates consist of [MoO,] octahedra incorpo- 
rating atoms of a different element, the 
heteroatom [38, 66]. The heteroatoms are 
completely surrounded by the oxygen atoms 
of the [MoO,] octahedra. The resulting coor- 
dination of the heteroatom may be tetra- or oc- 
tahedral. The | 12-molybdo species, 
[Х”*Моу„О„]® 7^, is an important group with 
tetrahedrally coordinated heteroatoms (X). An 
example 15 12-molybdophosphoric acid, 
H4[PMo,,04,]-28H4O, prepared by dissolv- 
ing molybdenum trioxide in phosphoric acid; 
it is yellow and readily soluble in water. Am- 
monium 12-molybdophosphate, which precip- 
itates when ammonium molybdate is added to 
a solution of disodium hydrogen phosphate, is 
used for the gravimetric determination of 
phosphate [62]. The phosphomolybdates are 
selective oxidation catalysts, e.g., in the con- 
version of acrolein to acrylic acid [67]. 


27.6.5 Other Compounds 


Molybdenum forms a large number of co- 
ordination compounds or complexes [38]. 
Complexes with organosulfur ligands attract a 
great deal of current interest because of their 
significance in molybdenum biochemistry and 
applications as oil-soluble antiwear and fric- 
tion-reducing additives [68]. Examples of the 
latter are phosphorodithioates (dithiophos- 
phates) and dithiocarbamates, [Мо,О; „| and 
[Mo,0,S5L.] where L is (КО).Р55, R;NCS;. 

Molybdenum hexacarbonyl, Mo(CO), тр 
150 °C, bp 156.4 °C (sublimes), is a white, 
air-stable solid that is insoluble in water but 
soluble in organic solvents. It is made from 
molybdenum pentachloride (Figure 27.7) and 
is commercially available. It is a starting point 
for the synthesis of low-valent and organomo- 
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lybdenum compounds [69]. The structure con- 
sists of CO groups octahedrally disposed 
around molybdenum and bound through car- 
bon. 


27.7 Uses of Molybdenum 
Compounds 


Molybdenum-containing catalysts are used 
for a broad range of reactions [76]. In some 
cases, the catalyst is a single molybdenum 
compound, and either soluble (homogeneous) 
or insoluble (heterogeneous) in the reaction 
medium. In other cases, the catalyst is a binary 
mixture of the oxides and/or sulfides of mo- 
lybdenum and of another element (usually Co, 
Ni, Fe, W, or Bi). The catalytic properties of 
these binary compositions differ greatly from 
those of the individual compounds. The heter- 
ogeneous catalysts are often formed and sup- 
ported on a substrate such as activated 
alumina, silica, carbon, or zeolite. The support 
can greatly improve catalyst activity, selectiv- 
ity, and mechanical strength. In industrial 
practice other elements or compounds (e.g., 
potassium, phosphorus, tungsten, or silica) are 
often added to the binary compositions as ad- 
ditives to further enhance activity, selectivity, 
and strength. 


The scope and versatility of molybdenum 
catalysts are illustrated 1n Table 27.5 [77]. The 
activity and selectivity of catalysts based on 
MoO, and MoS, are summarized for redox re- 
actions; isomerization, polymerization, addi- 
tion, and decomposition (usually classified as 
acid base reactions). 


One of the largest uses for molybdenum 
catalysts is in the desulfurization of petro- 
leum, petrochemicals, and coal-derived liq- 
uids, in which organosulfur compounds react 
with hydrogen at the catalyst surface and sul- 
fide ions are removed as hydrogen sulfide. 
Desulfurization is used to improve product 
color, smell, and stability, to eliminate sulfur 
dioxide emission on fuel combustion, and to 
make possible subsequent reforming pro- 
cesses which may use sulfur-sensitive cata- 
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lysts. Today, environmental air quality is a 
major reason for desulfurization. 


The most common desulfunzation catalyst 
is a binary mixture of cobalt oxide and an ex- 
cess of molybdenum trioxide on an activated 
alumina substrate. After being charged into 
the industrial reactor, the catalyst reacts with 
the sulfur-containing reducing atmosphere to 
form molybdenum and cobalt sulfides as the 
working catalyst. A major development in the 
history of hydrocarbon oxidation was the dis- 
covery of bismuth molybdate catalysts for the 
partial oxidation and ammoxidation of pro- 
pene to acrylonitrile in one step [78]. ` 


CH,=CHCH, + NH, +*/,0, 2 CH,CHCN + ЗН,О 


The orginal catalyst was reported to have a 
composition of 50% Bi,PMo,,0,, and 50% 
SiO,, with the silica gel support preventing 
catalyst disintegration in the fluidized bed op- 
eration. This catalyst and its modifications ac- 
count for virtually all of the acrylonitrile 
production in the world. 


Another major catalyst based on ferric mo- 
lybdate (SMoO,-Fe,0,) is used to selectively 
oxidize methanol to formaldehyde [79]: 


CH,OH +'/,0, э CHO + H,O 


Molybdenum catalysts are also important 
in commercial coal liquefaction processes 
where coal is converted into upgraded liquid 
fuels. Coal liquefaction processes commonly 
utilize either alumina-supported cobalt molyb- 
date or molybdenum trioxide as catalyst to ef- 
fect desulfurization, denitrogenation, 
deoxy genation, cracking, and hydrogenation. 


Phosphomolybdate compounds are acidic 
oxidants and are used in both homogeneously 
and heterogeneously catalyzed processes 
such as the hydration of propene in liquid 
phase and the oxidation of isobutyric acid to 
methacrylic acid. 


Molybdenum hexacarbonyl is a versatile 
homogeneous and heterogeneous catalyst. Itis 
widely used in the production of methanol 
from carbon ‘monoxide, to effect olefin meta- 
thesis, desulfurization, aqueous coal liquefac- 
tion, and epoxidation. 


Molybdenum 


Table 27.5: Reactions catalyzed by molybdenum oxides and sulfides [77]. 
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Temperature Conver- Selectivity, 





Type of reaction Example Catalyst range, °С sion, % % 
Reactions with molecular hydrogen 
Isotropic exchange H, + D, —2HD MoO,/Al,0,—SiO, 80 very high 
Hydrogenation benzene — cyclohexane MoO, 420-450 60 
acetylene — ethylene MoO,-CoCL,SiO, 260-300. 100 
naphthalene — decalene MoS, 5 340 yield 77 
sulfur — hydrogen sulfide MoS, 200 100 
selenium — hydrogen selenide MoS, 330-350 100 
, maleic anhydride — succinic anhydride CuMoO,/SiO, 120-160 100 
Hydrogenolysis а- and B-methuyl naphthaléne СоО-МооО,/АО, yieldz10 
— naphthalene + methane МоО,/АЬО, 510 
ethylcyclohexane — products 
Reduction phenol — benzene + H,O MoS, 350 yield 88-98 
: thiophenol — benzene + HS MoS, 200 100 
thiophene > C,H,, + H,S MoS, 300 98 
C,H, 
С.Н, 
organic sulfur compounds 
— hydrocarbons CoO-MoO,/ALO, 225-425 
Reactions with molecular oxygen ` 
Selective oxidation ргорепе — acrolein Bi,O,-MoO, 450 95 95 
butene — maleic anhydride CoO-MoO,- : 
P,0,/Al,0, 450 76 50 
benzene — maleic anhydride V4,O,-MoO,- 
P,OJALO, 425—450 85 
o-xylene — phthalic anhydride V,0,-MoO, 400 48 
Oxidation of methanol — formaldehyde Fe.(MoO,), 300-400 92 92 | 
functional groups acrolein — acrylic acid CoO-MoO,-TeO, 383 85 65 
Oxidative propene + NH, — acrylonitrile Bi,O,-MoO, 400—500 yield 80 
condensation toluene + NH,  benzonitrile V,O,-MoOJ/ALO, 415 yield 94 
Oxidative butene — butadiene Bi,O,-MoO, 370—550 90 
dehydrogenation ethylbenzene — styrene MoO,-MgO 420—450 82-84 
Oxyhydration 'propene — acetone SnO;-MoO, 135 85 
Oxidative dehydro- n-butane + SO, — thiophene MoO,/Al,O; 595 70 44 
condensation butene + H8 > thiophene CoO-MoO,/ALO, 570 yield 37 
Oxidation with other oxidants 
Epoxidation propene + H,O, > propylene oxide ` MoO, in H,O, and 
pyridine 60 80 100 
Isomerization 
Structural n-pentane — isopentanes MoO,/AI,O, 425-450 50 95 
isomerization 
Ring concentration cyclohexane > methylcyclopentane ` MoOJ/ALO, 455-495 yield 37 
Disproportionation 
Olefin metathesis ргорепе — butene + ethylene МоО,/АҺО, 66-288 43 94 
Polymerization ethylene — polyethylene MoO,/AI,O, 200—260 50 
acetylene — benzene CoO-MoO,/ALO, 62 98 100 
Etherification 
Formation of . succinic acid + hexanol — ether MoS,/carbon 130—220 45-97 100 
complex ethers 
Addition to С=С allylic alcohol + H,O, glycerol MoO, in acetic acid 70-100 
Decomposition 
Dehydration 2-propanol — propene MoO, 191-224 100 
ammonium benzoate — benzonitrile MoO, 225-245 
Dehydrogenation ` ethylbenzene — styrene . MoS, 414 yield 94 
cyclohexane — benzene MoO,/Al,O, 500 yield 63 
Dehydrocyclization n-heptane — toluene MoO,/ALO, 450-500 yield 75 
Dehydrocondensa- isobutene — xylenes MoOJ/ALO, 200 yield 90 
tion 
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27.71 Lubrication 


Molybdenum disulfide is an important 
solid lubricant, being used primarily to reduce 
wear, friction, and sustain lubrication under 
boundary sliding conditions. It is a black pow- 
der that is insoluble in ordinary aqueous and 
organic solvents but dissolves by complex for- 
mation in potassium cyanide, and reacts with 
strong oxidizing agents such as aqua regia or 
hot concentrated sülfuric acid to give hexava- 
lent molybdenum species. It 1s an excellent 
high-temperature lubricant which is stable in 
vacuo or an inert atmosphere to 1200 ?C, and 
to about 350 ?C in air. 

The primary commercial source for MoS, 
is the mineral molybdenite, from which > 
9896 pure powder is recovered and purified 
using oil flotation and other techniques with 
carbon being the major impurity. The lubricat- 
ing powder is available in several grades 
based on its median particle size which may 
range from ca. 1 to 40 um. 

The crystal structure, of natural MoS, is 
hexagonal (Figure 27.10). Its excellent intrin- 
-sic lubricating properties are attributed to the 
wide spacing and weak van der Waals bonding 
between the S-Mo-S sandwich layers, and to 
the net positive charge on the surface which 
promotes easy shear by means of electrostatic 
repulsion [80]. This intrinsic lubricating qual- 
ity contrasts with graphite, which requires the 
presence of condensable vapors (e.g., from 
water or hydrocarbons) to promote crystal 
cleavage and low friction [81]. 

The fundamental and practical aspects of 
MoS, lubrication are reviewed in [73, 82, 83]. 
Molybdenum disulfide is sometimes simply 
rubbed on surfaces as a thin film to provide 
short-term lubrication. As an additive, it en- 
hances the performance of other lubricants 
like grease or oil. It can also be incorporated 
into paint-like coatings for longer service life. 
Finally, it can be incorporated into plastics, 
rubber, and powder metal matrices as an alter- 
native to conventional lubricants to impart 
lifetime self-lubrication. 

Summaries have been published describ- 
ing the use of MoS, in greases [84], rubber 
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[85], bonded coatings [86], and motor oils 
[87]. А 
The largest consumption of MoS, is in 
greases used in mining, manufacturing, and 
transportation [84]. In greases, 1-20% molyb- 
denum disulfide gives added protection from 
wear and galling, and provides back-up lubri- 
cation should the grease deplete or thermally 
degrade. Pastes composed of grease and con- 
taining 20-60% MoS, are used with open 
gears, universal joints, spline drives, and in 
metal forming, press-fitting and various wear- 
in operations. They have outstanding bound- 
ary lubrication behavior which prevents fret- 
ting, galling, and seizing. 

As an extra-fine powder, MoS, (0.5-1%) is 
suspended in industrial oils, motor oils, and 
synthetic fluids, with the aid of chemical dis- 
persants such as polyethylene where it be- 
haves as an extreme-pressure and antiwear 
additive. In motor oils, it also improves vehic- 
ular fuel economy. 

Paint-like coatings containing 30-85 vol% 
MoS, in either an organic or inorganic silicate 
binder are used on fasteners, machine tools, 
forklift chains, door locks, chutes, and sliding 
parts of office equipment to reduce friction 
and wear. Temporary coatings of MoS, in wa- 
ter-soluble binders (eg. poly(vinyl alcohol) 
and polyacrylates) are used in die casting as a 
mold release, and in metal forming operations 
such as ironing, wire drawing, and extrusion. 

In plastic, rubber, and powdered metal 
compositions, 0.54% MoS, imparts self-lu- 
bricating behavior obviating the requirement 
for externally applied lubrication. These mate- 
rials are used in articles such as cams, thrust 
washers, ball bearing retainers, compressor 
piston rings, sheaves, gears, conveyor belting, 
and dynamic seals. 

Molybdenum disulfide is not the only mo- 
lybdenum compound used in lubrication. Oil- 
soluble molybdenum-sulfur compounds have 
also long been used as antiwear and extreme- 
pressure additives in lubricating oils and 
greases [88]. Commercial oil-soluble addi- 
tives are compositions based on tetrathiomo- 
lybdates and complexes of molybdenum with 
xanthates, ` dithiocarbamates,  dithiophos- 
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phates, diketones, dithiols, and dimercaptothi- 
adiazoles [88]. 


27.72 Corrosion Inhibition 


In 1939, two patents first described the use 
of readily soluble sodium, potassium, and am- 
monium molybdates as corrosion inhibitors 
for motor vehicle engine coolants [89, 90]. 
These and other inorganic molybdates ate now 
among the most popular corrosion inhibitors 
because of their favorable properties and be- 
havior. Molybdate is an anodic inhibitor, 1.е., 
it inhibits by increasing the polarization of the 
anode component of the metal corrosion cell. 
It does this by precipitating escaping metal 
cations as molybdate species to block anodic 
sites and strengthen developing metal oxide 
films. Molybdate inhibits the corrosion of 
more ferrous and nonferrous metals over a 
wider pH range than any other inhibitor apart 
from chromate. Unlike chromate, however, 
the simple molybdate anion is not an oxidant 
and thus can be used with chemicals and sys- 
tems that do not tolerate the strongly oxidizing 
chromate. Of even greater importance, molyb- 
date has a very low toxicity. The toxicity, envi- 
ronmental aspects, behavior, mechanistic 
studies, and many applications of the molyb- 
dates are reviewed in [91, 92]. 

Molybdates are seldom used alone—as 
with other anodically active inhibitors, molyb- 
date efficacy is improved and its concentration 
requirement significantly reduced when it is 
combined with other inhibitors. The most 
widely employed synergists of molybdate in- 
hibition are the cathodicaly active com- 
pounds, especially zinc salts (e.g, zinc 
sulfate). Other synergists are the oxidizing in- 
hibitors (e.g., nitrite) and the filming inhibi- 
tors (eg, amine phosphonates and 
hydroxyfatty acids) [92]. Filming inhibitors 
strongly adsorb to the metal surface and pro- 
tect it from attack. 

Sodium molybdate is a component of many 
of the factory-fill and after-market engine 
coolants used in the United States, Europe, 
and Japan. A modern engine coolant concen- 
trate formulation containing molybdate and 
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other inhibitors is as follows [93] (concentra- 
tions in weight percent): 


Ethylene glycol 95.56 
Sodium nitrate 0.10 
Sodium molybdate dihydrate ` 0.20 
Sodium tetraborate pentahydrate 0.40 
Sodium silicate solution №! 0.30 
Phosphoric acid 85% 0.15 
Sodium mercaptobenzothiazole, 50% solution 0.50 
Sodium tolyltriazole, 50% solution 0.20 
Sodium hydroxide 0.235 
Water 2 2.30 
Polyglycol 0.05 


e 0.005 
The largest consumption of molybdates for 
corrosion inhibition is in the treatment of cool- 
ing water in open and closed recirculating 
cooling systems. Open systems include cool- 
ing tower waters associated with power gener- 
ation, manufacturing operations, and with 
metals production and chemicals processing. 
A formulation of a corrosion inhibition treat- 
ment in an open cooling tower system (milli- 


grams per liter) follows: 
1-hydroxyethylidene-1,1-diphosphonic acid, : 
60% solution 10 
Sodium molybdate dihydrate 10 
Zinc sulfate monohydrate 2 
Sodium tolyltriazole, 50% solution 2 


Closed loop waters are used in stationary 
power engines, in refrigeration and humidity 
control, and in chilled-water air conditioning; 
a formulation of a corrosion inhibition treat- 
ment for a closed chilled-water air condition- 
ing system (milligrams per liter) follows: 


Sodium molybdate dihydrate 150 
Sodium nitrite 150 
Sodium tolyltriazole, 50% solution 4 


Not only the highly soluble sodium, potas- 
sium, lithium, and ammonium molybdate salts 
are used in corrosion inhibition; the very 
slightly soluble zinc, strontium, and calcium 
molybdates are effective corrosion-inhibiting 
pigments in primer paints for steel and alumi- 
num [94]. The pure compounds are no longer 
used; they have been replaced by equally and, 
in some cases, more effective pigments made 
by precipitating the pure compounds on less 
expensive, synergistic core materials such as 
zinc oxide, calcium carbonate, talc, or zinc 
phosphate [95-97]. 


! Registered trademark of PQ Corp., Valley Forge, PA. 
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Other products and processes which utilize 
molybdates as corrosion inhibitors include 
water-based hydraulic and metalworking flu- 
ids, lithium halide refrigerating brines, boiler 
waters, hot forging lubricants, aluminum an- 
odizing processes, coal water slurries, tempo- 
rary rust-preventive coatings, rinses for 
phosphate conversion coating, oil field drill- 
ing muds, brake linings, water used for 
quenching after heat treatment, paint-spray 
water curtains, wet ball milling of ores, salt 
brines for ice-making, passivation treatments 
for galvanized zinc and tin plate, packaging 
paper and board used for metal parts, tempo- 
rary coating of aluminum to prevent staining 
by water during storage and transport, and as a 
pitting inhibitor for stainless steels in mineral 
acids. These and other applications are re- 
viewed in [92]. 


27.7.3 Flame Retardancy and 
Smoke Suppression 


Treatments based on molybdenum com- 
pounds exhibit both flame retardancy and 
smoke suppression; they are particularly ef- 
fective smoke suppressants for synthetic poly- 
mers. 

In the early 1930s, heteropolymolybdates 
were found to act as flame retardants for wood 
[98]. Some 15 years later, ammonium hepta- 
molybdate and sodium molybdate were shown 
to retard the flammability of cotton fabric, al- 
though the treatment was not durable to laun- 
dering [99]. Other molybdenum compounds 
were subsequently used as additives to sup- 
press the flammability and smoke output of 
plastics [nylon, poly (vinyl chloride), poly(vi- 
nylidene chloride), polyesters, and epoxy res- 
ins] [100]. 

The following molybdenum compounds 
are effective flame retardants and smoke sup- 
pressants for both rigid and plasticized 
poly(vinyl chloride) and halogenated polyes- 
ter systems [101]: 

Molybdenum disulfide, MoS, 
Molybdenum(VI) oxide, MoO, 
Ammonium dimolybdate(V1)(2), (NH4),Mo,O; 


Ammonium heptamolybdate(V I) (6)-4-water, 
(QNH4)4Mo;O;, 4H,O 
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Ammonium octamolybdate(VI)(4), (NH,),Mo,04. 
Sodium molybdate(VI), Na,MoO, 

Calcium molybdate(V1), CaMoO, У. 
Zinc molybdate(VI), ZnMoO, 

Copper molybdate(VT), CuMoO, 

Nickel molybdate(VI), NiMoO, 

Iron(III) molybdate(V1), Fe,(MoQO,), 

Flame retardancy in these compounds is 
linked to the accelerated loss of halogen; their 
smoke retardancy depends on increased char 
formation [102]. 

Molybdenum trioxide and extended propri- 
etary zinc and calcium molybdate composi- 
tions are employed as flame retardants in the 
above-mentioned plastics that are used in the 
building, transportation, and wire and cable 
industries. 


27.7.4 Pigments 


Sodium molybdate is the usual starting ma- 
terial for the production of inorganic molyb- 
date chrome pigments and a number of 
organic pigments (toners) based on cationic or 
basic dyes. Small amounts of sodium molyb- 
date are also used as a condensation catalyst 
for phthalocyanine pigments as well as to fix 
and shade the coloring of furs and hair with 
azines and the amino- and hydroxy-substi- 
tuted aromatic compounds used for red brown 
shades. 


Inorganic Pigments. Molybdate chrome pig- 
ments (molybdenum orange) are generally 
considered to be modified lead chrome pig- 
ments, i.e., compounds of lead chromate and 
mixed lead chromate and sulfate whose hues 
range from lemon yellow to primrose. Molyb- 
date chrome pigments exhibit bright red—or- 
ange to bright yellow-red hues with the redder 
hues containing more molybdenum. Molyb- 
date orange pigments are mixed tetragonal 
crystals whereas the lead chrome pigments 
form monoclinic and rhombic crystals. 
Molybdate chrome pigments are made by 
coprecipitating lead chromate, molybdate, and 
sulfate from lead nitrate solutions with sodium 
chromate, molybdate, and sulfate solutions. 
The stoichiometry and conditions of precipita- 
tion are adjusted to determine the hue. Lead 
molybdate is itself white, but in the coprecipi- 
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tated product it distorts the monoclinic lead 
chromate crystals sufficiently to produce the 
tetragonal form. 

The molybdate chrome pigments exhibit 
clean colors, good tinctorial and hiding prop- 
erties; are nonbleeding and soft-grinding: 
have high heat resistance, and better film gloss 
and light fastness than lead chrome. They are 
often used with organic pigments to supply 
needed hiding power. 

Molybdate chrome pigments are more ex- 
pensive than the lead chromes, but are pre- 
ferred їп many applications for their reddish 
hue, cleanliness and brightness of color. They 
are employed in paints, plastics, rubber, and 
often in printing inks where their opacity, low 
cost, and heat stability are advantages over or- 
ganic red pigments. 


Organic Pigments. Sodium molybdate is also 
used in the production of organic pigments. 
Organic pigments have a higher tinctorial 
strength and brightness than inorganic pig- 
ments, but their thermo- and photochemical 
stabilities are lower and they are more trans- 
parent and expensive. Their biggest single ке 
is in the coloring of plastics. 

Molybdenum compounds are used in the 
production of toners derived from cationic or 
basic dyes that have free or substituted amino 
groups. The most important dyes are: 


Diphenylmethane Auramine С.І 655 
Triarylmethane Malachite Green С.І. 657 
Brilliant Green C.I. 662 


Rhoduline Blue 6G C.I. 658 
Acronol Brilliant Blue C.I. 664 


Methyl Violet B CL 680 
Victoria Pure Blue DO СІ Pr198 
Xanthene Rhodamine B | CL 749 
Rhodamine 6G 


The dyes are made into pigments De, msolu- 
bilized) by replacing the simple anions (chlo- 
ride and sulfate) with a heteropolymolybdate 
acid salt, such as 12-molybdophosphate, 
[PMo; >04]. This acid salt is formed from di- 
sodium phosphate and sodium molybdate in 
the presence of a strong mineral acid (e.g., 
HCl) The commercial phosphomolybdate 
pigments or toners are collectively known as 
PMA colors. The heteropolymolybdate com- 
plexes with the basic dye may contain 1 mol 
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P,O, with from 12 to 24 mol MoO, as either 
the free acids or acid sodium salts. Pigments 
made with combinations of both phospho- 
tungstate (PTA) and phosphomolybdate are 
known as PIMA colors. The PTMA colors 
show better fastness than either the PMA or 
PTA colors, but are also generally costlier. 


27.7.4.1 Molybdate Red and 
Molybdate Orange S 


Molybdate red and molybdate orange, С.І. 
Pigment Red 104:77605, are mixed-phase pig- 
ments with the general formula Pb(Cr, Mo, 
S)O, [103]. Most commercial products have a 
MoO, content of 4-6% (refractive index 2.3— 
2.65, density 5.4-6.3 g/cm’). Their hue de- 
pends on the proportion of molybdate, crystal 
form, and particle size. 


Pure tetragonal lead molybdate, which is 
colorless, forms orange to red tetragonal 
mixed-phase pigments with lead sulfochro- 
mate. The composition of molybdate red and 
molybdate orange pigments can be varied to 
give the required coloristic properties; com- 
mercial products usually contain ca. 1094 lead 
molybdate. Lead molybdate pigments have a 
thermodynamically unstable tetragonal crystal 
modification that can be transformed into the 
undesirable stable yellow modification merely 
by dispersing [104]. This 1s especially true of 
the blush varieties of molybdate red which 
have larger particles whose color can be 
changed to yellow by shear forces. The tetra- 
gonal modification of the lead molybdate pig- 
ments must therefore be stabilized after 
precipitation [105, 106]. 

The fastness properties of the molybdate 
orange and molybdate red pigments are com- 
parable with those of the chrome yellows. As 
with the chrome yellows, the pigment parti- 
cles can be coated with metal oxides, metal 
phosphates, silicates, etc., to give stabilized 
pigments with high color brilliance and good 
fastness properties, as well as highly stabilized 
grades with very good resistance to light, 
weathering, sulfur dioxide, and temperature, 
and with a very low content of acid-soluble 
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lead (DIN 55770, 1986 or DIN/ISO 6713, 
1985). 

The colors of lead molybdate pigments 
vary from red with a yellow hue to red with a 
blue hue. Since chrome orange is no longer 
available, molybdate orange has become 
much more important. 


Production. In the Sherwin-Williams pro- 
cess, a lead nitrate solution is reacted with a 
solution of sodium dichromate, ammonium 
molybdate, and sulfuric acid [107]. Instead of 
ammonium molybdate, the corresponding 
tungsten salt can be used, giving a pigment 
based on lead tungstate. The pigment is stabi- 
lized by adding sodium silicate (25% 810) 
and aluminum sulfate (Al,(SO,)3-18H,O) to 
tbe suspension, which is then neutralized with 
sodium hydroxide or sodium carbonate. The 
pigment is filtered off, washed until free of 
electrolyte, dried, and ground. Treatment with 
silicate increases the oil absorption; it also im- 
proves light fastness and working properties. 

In the Bayer process molybdate red is 
formed from lead nitrate, potassium chromate, 
sodium sulfate, and ammonium molybdate 
[111]. The pigment is then stabilized by add- 
ing water glass (28% SiO, 8.3% Na,O) to the 
suspension with stirring, followed by solid an- 
timony trifluoride, stirring for 10 min, and fur- 
ther addition of water glass. The pH is ad 
justed to 7 with dilute sulfunc acid and the 
pigment is filtered off, washed free of electro- 
lyte, dried, and ground. 

To give the lead molybdate pigments very 
good stability to light, weathering, chemical 
attack, and temperature, the same methods are 
used as those for the stabilization of chrome 
yellow pigments [108—116]. 


Uses. Molybdate orange and molybdate red 
are mainly used in paints, coil coatings, and 
for coloring plastics (e.g., polyethylene, poly- 
esters polystyrene). The temperature-stable 
grades are the most suitable for coil coatings 
and plastics. 

Molybdate orange and molybdate red have 
a low binder demand; good dispersibility, hid- 
ing power, and tinting strength; and very high 
light-fastness and weather resistance. Stabili- 
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zation also gives high-grade pigments with 


good resistance to sulfur dioxide and high 


temperature. 

Like the chrome yellows, the molybdate 
reds are used to produce mixed pigments. 
Combinations with organic red pigments give 
a considerably extended color range. Such 
combinations have very good stability proper- 
ties because the lightfastness and weather re- 
sistance of many organic red pigments are not 
adversely affected by molybdate pigments. 

Total world production of molybdate or- 
ange and molybdate red in 1996 was ca. 
13 000 t. 


27.7.4.) Molybdate Pigments 


Molybdenum-based anticorrosive pigments 
offer a nontoxic alternative to the zinc chro- 
mate pigments [117]. They all have a neutral 
color (white) but the pure compounds are very 
expensive. To produce economically competi- 
tive pigments molybdate and phosphate pig- 
ments are combined, ог molybdate 
compounds are applied to inorganic fillers 
(e.g., Zine oxide, alkaline-earth carbonates, or 
talc) [118-121]. 

Commercially important pigments include 
basic zinc molybdates (ZnMoO,, ZnO), so- 
dium zinc molybdates [Na,Zn(MoO,),], basic 
zinc calcium carbonate molybdate, and basic 
calcium zinc carbonate phosphate molybdate 
pigments (CaMoO,, CaCO,, ZnO, Zn,(PO,),. 
Properties are given in Table 27.6. 

Phosphate-containing molybdate pigments 
are especially suitable for water-thinnable or 
latex-based binders, because they improve ad- 
hesion to iron substrates. The other molybdate 
pigments are mainly used in solventborne 
binder systems. 

Unlike chromate ions in chromate pig- 
ments, the MoO7 ions in molybdate pigments 
are not chemically reduced in most coatings. 
Hence, they are ineffective for cathodic pro- 
tection. Their protective action is assumed to 
be due to activity in the anodic region, similar 
to that of phosphate ions. As with the protec- 
tive phosphate films, molybdate films are very 
resistant to chloride and sulfate [122]. The du- 
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ration of maximum activity depends on the 
metal ions used in the pigment and is probably 
due to differences in solubility. 

Trade names are as follows: 

Molybdenum-based: Moly-White 101, 
212, 331 (The Sherwin-Williams Company, 
USA). 

Zinc molybdenum phosphate: Actirox 102, 
-106 (Colores Hispania, Spain); Moly-White 
ZNP, -MZA (The Sherwin-Williams “Com- 
pany, USA), Heucophos ZMP (Dr. H. Heu- 
bach, Germany). 


27.7.5 Agriculture 


Molybdenum is an essential trace element 
for enzymes which fix nitrogen in leguminous 
crops. Sodium molybdate is used as a soil ad- 
ditive in areas where natural molybdenum is 
deficient and plant growth suffers. It is usually 
applied as part of fertilizer or seed treatments. 


Table 27.6: Properties of molybdenum-containing pigments. 
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About 0.25 kg molybdenum per acre (0.62 
kg/ha) may be used. 


27.8 Analysis 


Molybdenum can be determined by gravi- 
metric, volumetric, and colorimetric methods 
[123]. As long as great accuracy is not re- 
quired, the most satisfactory method is, how- 
ever, atomic absorption spectroscopy. , 


Atomic Absorption Spectroscopy. The ab- 
sorption lines used and the achievable sensi- 
tivities in atomic absorption spectroscopy are 
shown in Table 27.7. Sensitivity may be in- 
creased by using a three-slot bumer or by inert 
gas separation of the name. Interference due to 
the presence of calcium, strontium, manga- 
nese, iron, and sulfate is reported to be elimi- 
nated in the presence of large amounts of 
aluminum [127] or 2% ammonium chloride 
[124]. 


Basic calcium zinc 


Prope Zinc molybdate Cadmium zinc Basic sodium zinc . 
торепу pigment molybdate pigment molybdate pigment phosphomolybdate pigment 
Density, g/cm? 5.06 3.00 4.00 3.00 
Oil absorption value, 
2/100 g 14 18 14 16 
Mean particle size, Um 
(Fisher subsieve sizer) 0.65 1.88 1.02 2.2 
pH 6.5 8.5 8 


Table 27.7: Atomic absorption spectroscopic analysis for 
molybdenum. 





Absorption line, nm Eeer Reference 
313.26 0.8 [124, 125] 
313.26 0.4 [126] 
317.03 11 [124] 
379.83 13 [124] 
319.40 1.4 [124] 
386.41 1.7 [124] 
390.30 2.4 [124] 
315.82 2.8 [124] 
320.88 5.9 [124] 


* Defined as the concentration in parts per million (g/mL) in 
aqueous solution which produces a 1% absorption signal (0.0044 
absorbance) under optimum conditions. 

* Nitrous oxide-acetylene flame, in all other cases air-acetyleme 
flames, were used. 


In the first report of. the use of atomic ab- 
sorption for molybdenum analysis [127], 
stainless steel samples were employed with an 
air-acetylene flame and ammonium chloride 
as a releasing agent. If the composition in the 
molybdenum standard solutions 1s matched 
with that of the sample solution by addition of 
appropriate quantities of the other metal salts 
present in the samples [128], a releasing agent 
is not necessary. An alternative is to separate 
the molybdenum from other metals in the 
sample solution by liquid—liquid (or solvent) 
extraction. This technique can also be used to 
concentrate the molybdenum solution before 
analyzing it. For example, quantities as low as 
10%% have been determined in silicate rocks 
by extracting molybdenum from the aqueous 
sample with 8-hydroxyquinoline [129]; tolu- 
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ene-3,4-dithiol and ammonium pyrrolidine 
dithiocarbamate can also be used as extraction 
agents. Rock samples can be füsed with so- 
dium hydroxide and baked at ca. 650 °C for 30 
min.; after cooling the residue is treated with 
sulfuric acid and filtered. Alternatively, the 
sample can be treated directly with acid and 
filtered. Molybdenum in the filtrate has been 
extracted with a-benzoinoxime into chloro- 
form [130]. 


Volumetric Methods. In the volumetric pro- 
cedure, molybdenum in solution is reduced by 
zinc in a Jones reductor, the emerging solution 
is led under the surface of a ferric sulfate solu- 
tion and titrated with potassium permanganate 
[123]. 


Gravimetric Methods. The older of the two 
main gravimetric methods is the precipitation 
of lead molybdate by slow addition of a lead 
acetate solution to a hot dilute acetic acid-am- 
monium acetate buffer solution containing the 
molybdenum. Free mineral acids prevent 
complete precipitation of the molybdenum. 
Cobalt; copper, magnesium, manganese, mer- 
cury, nickel and zinc do not interfere. Sulfate 
must be absent if alkaline-earth metals are 
present. If chloride is present, addition of a 
large excess of the lead acetate solution must 
be avoided. Since many metals interfere with 
the determination (antimony, arsenic, chro- 
mium, iron, phosphorus, silicon, tin, titanium, 
tungsten, and vanadium), it is not suitable for 
the determination of molybdenum in steels. 

The other important gravimetric method is 
fairly satisfactory for steels and involves pre- 
cipitation of molybdenum with a-benzoi- 
noxime and ignition of the precipitated 
complex to molybdenum trioxide, which is 
weighed. 

The sample is dissolved in dilute (1:6) sul- 
furic acid and the solution is treated with a 
minimum amount (ca. 2 mL) of concentrated 
nitric acid to decompose carbides and oxidize 
the iron and molybdenum. The solution is 
boiled to expel nitrogen oxides and filtered if 
necessary. To the cool solution sufficient 
iron(II) ammonium sulfate solution is added to 
reduce vanadium(V) апа chromium(VT) acids. 
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An excess of a 2% solution of a-benzoi- 


noxime in ethanol is added at 5 °C, followed ` 


by bromine water until the solution is pale yel- 
low, and then more a-benzoinoxime. The pre- 
cipitate on the filter paper is washed with a 
freshly prepared solution containing 10 mL of 
the 296 reagent solution and 2 mL of concen- 
trated sulfuric acid diluted to 200 mL. After 
charring, ignition at 500—525 ?C, and weigh- 
ing, the residue is treated with 5 mL of con- 
centrated ammonia to remove the 
molybdenum and tungsten trioxides and the 
residual solid is ignited and weighed. If tung- 
sten is present the ammoniacal extract is acidi- 
fied with sulfuric acid and evaporated to dense 
white fumes. After diluting, the tungsten is 
precipitated using cinchonine and weighed as 
the trioxide after ignition at 750—850 °C. 


Another gravimetric method often de- 
scribed involves precipitation of molybde- 
num as sulfide and ignition to oxide. This is 
not satisfactory because loss due to volatiliza- 
tion is likely to occur. The complex of molyb- 
denum with 
MoO.(C,H,ON),, is precipitated within the 
pH range 3.3-7.6. It differs from complexes of 
the reagent with other metals in being insolu- 
ble in organic solvents and in many concen- 
trated inorganic acids. The freshly precipitated 
compound dissolves only in concentrated sul- 
furic acid and in hot solutions of alkali-metal 
hydroxides. This determination allows com- 
plete separation of molybdenum and rhenium. 


Colorimetric Methods. Molybdenum(VT) in 
acidic solution can be reduced to give mainly 
molybdenum(V), which forms a red complex 
with thiocyanate. This complex can be ex- 
tracted from water with organic solvents, par- 
ticularly oxygenated compounds, providing a 
very sensitive spectrophotometric method. 
Tin(ID) chloride is a suitable reducing agent, 
preferably used in the presence of a little 
iron(II). The method can be used to determine 
molybdenum in steels. | 


The steel sample is dissolved in mixed hy- 
drochlonc perchloric acids, heated until dense 
white fumes are evolved and finally heated for 
a further 6—7 min. After cooling the solution is 


8-hydroxy quinoline, ` 
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diluted with water and made up to a known 
volume. An aliquot is reduced with tin(I) 
chloride in the presence of iron(II) and potas- 
sium thiocyanate is added. The color depends 
on the acid concentration (optimum value 1 
mol/L) and the thiocyanate concentration 
(should not be less than 1%). The red complex 
is extracted into 3-methyl-1-butanol and the 
optical density measured at 465 nm. When the 
quantity of Mo in a 1-ст cell is 10 ир the fol- 
lowing elements cause an error greater than 
396 when present in the amount specified: va- 
nadium > 0.4 mg (interference is prevented by 
washing the organic extract with tin(IT) chlo- 
ride solution); chromium(VI) » 2 mg; tung- 
sten(VI) > 0.15 mg; cobalt > 12 mg; copper > 
5 mg; lead > 10 mg; titanium(IIT) in the pres- 
ence of fluoride > 30 mg. The method is also 
recommended for the determination of moly b- 
denum present as a trace element in fertilizers 
and animal feeds, the complex being extracted 
from the aqueous solution using a 1:1 mixture 
of carbon tetrachloride and 3-methyl-1-bu- 
tanol [131]. The sample solution is prepared 
by dry ashing the feed at € 450 ?C, treating the 
ash with hydrochloric acid, and evaporating to 
dryness. The residue 1s successively extracted 
with hot hydrochloric acid, the penultimate 
treatment being to take to dryness with a little 
nitric acid. The combined extracts are diluted 
to give an approximately 1 mol/L solution of 
acid. Inorganic fertilizers are extracted di- 
rectly with hydrochloric acid. After evapora- 
tion to dryness the residue is treated in the 
same way as the ash from feeds. 


27.9 Economic Aspects 


Three factors form the basic economic 
character of the molybdenum industry: 


e Molybdenum consumption 
e Molybdenum supply 


e Excess production capacity 
The iron and steel industry accounts for ca. 
8096 of all molybdenum consumption in the 


` Western world. The balance of consumption is 


split between nonferrous metallurgical uses 
and chemical applications. Estimated con- 
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sumption of molybdenum in the Western 
world in 1989 according to end use is as fol- 
lows (exports to Eastern-Bloc countries are 
not included): 


Alloy steel 35% 
Stainless steel 27% 
Mo-base and superalloys 12% 
Chemicals 11% 
Tool steel 9% 
Cast irons 6% 


The metallurgical uses of molybdenum are 
primarily for the fabrication of plant and 
equipment; its consumption follows the capi- 
tal goods cycle. The chemical uses for molyb- 
denum involve chiefly catalyst, lubricant, 
aqueous corrosion inhibition, and color appli- 
cations whose demand adheres to general in- 
dustrial activity. 

Sources of molybdenum supply in the West- 
ern world in 1989 were estimated to be as fol- 
lows: 


Primary mines 4196 
By- and coproducts of copper mining 54% 
Imports from China 396 


Recovery from spent petroleum catalysts 296 

In general, the cash cost of nonprimary xu 
duction is significantly lower than the cost of 
primary mine production. This cost advantage 
enables nonprimary producers to sell at lower 
prices than their primary counterparts. Pri- 
mary production is the first supply segment to 
react to changes in market conditions. 

The molybdenum industry has significant 
excess capacity. Encouraged by unrealistic de- 
mand expectations, nearly 50 000 t of primary 
mine capacity was installed during the late 
1970s and early 1980s. This, in combination 
with the continued growth of by-product pro- 
duction and the emergence of China as a sup- 
plier, has resulted in a Western world supply 
capacity of over 125 000 t. Western world de- 
mand in 1989, including exports to the East- 
em-Bloc countries, though at record levels, 
was only 95 700 t. 

Tables 27.8 and 27.9 contain estimates for 
molybdenum supply and demand which show 
that production exceeded demand during most 


.of the past decade. Tables 27.10 and 27.11 list 


the major molybdenum mines and conversion 
operations (molybdenum roasting and ferro- 
molybdenum conversion). 
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Table 27.8: Estimated Western world molybdenum demand (10? t contained Mo). 


1980 
United States 27.2 
Western Europe 29.5 
Japan 12.7 
Other Western Countries 5.9 
Exports to Eastern Bloc 11.3 
Total demand 86.6 . 


1981 1982 
263 154 
268 250 
127 11.8 

64 59 
113 1з 
83.5 69.4 


1983 1984 1985 1986 1987 1988 1989 , 


14.1 17.7 16.8 17.2 18.6 23.1 24.5 
240 29.5 29.5 29.5 30.4 37.2 37.2 
10.9 11.8 12.2 11.8 11.8 15.4 15.0 
6.4 6.8 7.3 77 77 8.2 8.2 
10.4 11.3 11.8 10.5 10.4 10.0 10.8 


65.8 771 776 767 78.9 93.9 95.7 





Table 27.9: Estimated Western world molybdenum production (10? t) (includes both mine production and recovery from 


spent petroleum catalyst). 


1980 
United States 68.3 
Chile 13.7 
Canada 15.4 
Other 3.4 
Total production 100.8 
Metal loss 1.5 
Net production 99.3 


1981 1982 
633 38.5 
154 200 
175 14.4 
3.9 8.2 
1001 811 
1.5 1.2 

98.6 79.9 


1983 1984 1985 1986 1987 1988 1989 


152 46.3 49.6 42.5 35.0 43.8 64.0 
15.3 16.9 18.4 · 16.6 16.9 15.5 17.0 
9.3 8.9 7.4 11.9 12.4 12.5 14.4 
8.4 9.3 9.8 12.5 13.4 11.4 11.5 


482 814 85.2 83.5 777 83.2 106.9 
0.7 1.2 1.3 1.3 1.2 1.0 1.5 


471.5 802 839 822 76.5 822 105.4 





*Includes Western world imports from China. 


Table 27.10: Major molybdenum sites (Source: Climax 


Metals Company). 


Parent company Mine* 
AMAX-Climax Henderson (P) 
AMAX-Climax Climax (P) 
Cyprus Thompson 

Creek (P) 
Cyprus Tonopah (P) 
UNOCAL-Molycorp Questa (P) 
Placer Endako (P) 
BHP Island Copper 
Codelco Andina 
Codelco Chuquicamata 
Codelco El Salvador 
Codelco El Teniente 
Cyprus Bagdad 
Cyprus Sierrita 
Highland Valley Highland Valley 

Copper 

Magma Copper San Manuel/ 

Pinto Valley 
Mexicana de Cobre Іа Caridad 


Montana Resources — Butte 


National Iranian Sar Chesmeh 
Copper 
Noranda? Brenda 
Phelps Dodge Chino/Morenci 
RTZ—Kennecott Bingham 
Canyon 


Southern Peru Copper Cuajone 
Southern Peru Copper Toquepala 


*P = primary mine. 


Location 
Colorado, USA 
Colorado, USA 
Idaho, USA 


Nevada, USA 


New Mexico, 
USA 


B.C., Canada 
B.C., Canada 
Chile 

Chile 

Chile 

Chile 
Arizona, USA 
Arizona, USA 
B.C., Canada 


Arizona, USA 


Mexico 
Montana, USA 
Iran 


B.C., Canada 
Arizona, USA 
Arizona, USA 


Peru 
Peru 


* Closed June 1990 with depletion of mining reserves. 


Table 27.11: Major molybdenum converters (Source: Cli- 
max Metals Company). - 


Parent company Location 
AMAX-Climax USA, UK, Netherlands 
Anglo Blackwells UK 
Codelco Chile 
Cyprus USA 
Eldorado Gold Mines Canada 
Empresas Frisco Mexico 
Ferro Alloys UK 
H. C. Starck Germany 
Japan Metals & Chemicals Јарап 
Molycorp USA 
Molymet Chile 
M. P. Trollhattan Sweden 
Murex UK 
Nippon Denko Japan 
Pechiney France 
Placer Canada 
RTZ-Kennecott USA 
Sadacem Belgium 
Showa Denko Japan 
Treibacher C. W. Austria 


27.10 Environmental Aspects 


The regulation of chemical discharges into 
the environment is increasing dramatically 
and will continue to do so in the 1990s. Exist- 
ing restrictions on molybdenum discharges 
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will likely be enforced at the state or local 
level in the United States and at the national 
level in Europe. 


General aspects of molybdenum in the en- 
vironment are reviewed in [132]. Additional 
studies and reviews further explore the impact 
of molybdenum in the environment [133, 
134]. Although molybdenum can cause prob- 
lems in the environment when discharged in 
excessive quantities, the problems are well de- 
fined and are easily corrected in most in- 
stances. 


Wastewater. Soluble molybdenum com- 
pounds exhibit medium to low levels of toxic- 
ity when discharged into either fresh water, 
salt water, or sewage treatment facilities. Ta- 
ble 27.12 summarizes relevant ecotoxicity 
data. 


In the United States, effluent guidelines for 
molybdenum have been established for some 
industrial categories. These guidelines are 
technology-based and not toxicity-related. 
Calculation of individual discharge limitations 
is based on process production rates. The EPA" 
has not established generic molybdenum lim- 


Table 27.12: Ecotoxicity of molybdenum compounds. 
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its for industrial discharges nor has it estab- 
lished stream or drinking water standards for 
molybdenum. 


Exhaust Gas. Molybdenum compounds are 
not specifically regulated as a component of 
process exhaust gases. Control of molybde- 
num compounds in exhaust gases is accom- 
plished by use of standard equipment such as 
bag houses, cyclones, and scrubbers Effi- 
ciency of removal is typically monitored by 
noting: total suspended particulate discharge 
rates. Work place exposure for insoluble mo- 
lybdenum compounds in the United States is 
currently controlled at 10 mg/m? [144] which 
is the same as the TLV-TWA for nuisance 
dusts. Soluble molybdenum compounds in the 
work place are controlled at 5 mg/m? [144]. 
Exposure limits in other countries may differ 
slightly from the U.S. values and should be 
consulted accordingly. Under the United 
States Emergency Planning and Community 
Right-To-Know Act, molybdenum trioxide 1s 
considered a toxic chemical and is subject to 
annual chemical release reporting [145]. 





Species or medium Molybdenum compound "Toxicity Reference 
Freshwater fish sodium molybdate dihydrate LC,, (96 h) fathead minnow, 7630 mg/L [135] 
ammonium dimolybdate LC,, (96 h) bluegill, 6790 mg/L [136] 
molybdenum trioxide (риге) ІС, (96 l) rainbow trout, 7340 mg/L [136] 
LC, (96 h) channel catfish, > 10 000 mg/L 
LC, (48 h) bluegill, 157 mg/L 
LC,, (48 h) rainbow trout, 135 mg/L 
LC,, (48 h) bluegill, 65 < LC;, < 87 mg/L 
Daphnia sodium molybdate dihydrate LC, (96 h), 3940 mg/L [135] 
Saltwater species sodium molybdate dihydrate LC,, (96 h) mysid shrimp, 3997 mg/L [137] 
ammonium molybdate LC,, (96 h) sheepshead minnow, 6590 mg/L [138] 
LC, (96 h) pink shrimp, 3997 mg/L 
EC,, American oyster, 3526 mg/L 
ІС, (48 h) marine shore crab, 1018 mg/L as Mo 
Activated sludge - sodium molybdate dihydrate no effect level > 2522 mg/L (slug dose) [139] 
Anaerobic sludge sodium molybdate dihydrate no effect level > 2522 mg/L (slug dose) [139] 
Mammals molybdenum trioxide (pure) LD,, oral-SD rat 2.73 g/kg Р [140] 
molybdenum trioxide (technical) LD,, oral-SD rat 6.66 g/kg [141] 
sodium molybdate LD,, ipr-mus 344 mg/kg [142] 
molybdenum disulfide no effect level, oral-SD rat > 15 g/kg [143] 
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Solid Waste. Within the European Economic 
Community (EEC) and some other European 
countries (e.g., Switzerland), the molybdenum 
content of sewage sludge used for agricultural 
purposes is subject to regulation. In the United 
States, the EPA is developing guidelines for 
use of sewage sludge in agriculture, and will 
set acceptable limits for metals. Industrial 
waste in the United States and the EEC is not 
specifically regulated as to molybdenum con- 
tent. 


The Netherlands has adopted soil and 
groundwater contamination guidelines for 
molybdenum [146]. The pollutants regulated 
are classified in the “Black” and “Grey” lists, 
and are derived from a 1976 EEC Directive 
[147]. Chemicals on the Black list are consid- 
ered very toxic and are persistent and/or bio- 
accumulate. Chemicals on the Grey list, which 
includes molybdenum, are of general concern 
in the environment. 


The most widely studied environmental 
problem with molybdenum is its impact on ru- 
minants that graze on forage with a high mo- 
lybdenum content [148]. Environmental 
protection must therefore first identify the 
probable land use and then develop the control 
strategy necessary to mitigate the impact. For 
example, treatment of soil with sewage sludge 
has to be controlled so that the soil molybde- 
num content does not exceed 10 mg/kg [149]. 
Liming of soil lowers the accumulation of mo- 
lybdenum in the surface plow layer because of 
the increased solubility at alkaline pH [149]. 
Due to the biological antagonism of copper to- 
ward molybdenum, dietary supplementation 
of ruminants with copper mitigates the effects 
of molybdenosis [149]. Sewage sludge with a 
high molybdenum content usually has a high 
copper content too which reduces the proba- 
bility of molybdenosis in ruminants foraging 
on sludge-treated pasture. Sludge with less 
than 50 mg/kg molybdenum on a dry weight 
basis should therefore be acceptable for long- 
term land application at an annual addition 
rate of 10 000 kg/ha. 
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27.11 Toxicology and 
Occupational Health 


“Molybdenum compounds in general are of 
a low order of toxicity, both from the point of 
view of observed clinical effects as well as 
from the histopathologic point of view” [150]. 
Toxicity is primarily associated with soluble 
molybdenum compounds. For example, both 
inhalation and ingestion of insoluble molyb- 
denum disulfide and calcium molybdate failed 


to produce significant histopathological find- 


ings in either rat or guinea pigs [150]. 


Human Nutrition. Molybdenum is an essen- 
tial trace element. Leguminous plants require 
molybdenum for bacterial fixation of nitrogen. 
In animals and humans it serves as a cofactor 
for the enzymes xanthine oxidase (which oxi- 
dizes xanthine to uric acid [151]) and alde- 
hyde oxidase. Probably 25-75% of 
molybdenum in the diet is absorbed through 
the gastrointestinal tract and is rapidly elimi- 
nated, primarily via the urine. The biological 
half-life is not well established for humans, 
but most of the absorbed molybdenum is elim- 
inated within a few days or weeks. Animal 
data indicate that the metabolism of molybde- 
num is closely related to the metabolism of 
copper and sulfur compounds [152]. 

The normal daily human dietary intake of 
molybdenum in the United States is estimated 
to be 100-500 ре. High molybdenum concen- 
trations are generally found in leafy vegeta- 
bles (up to 5 ug/g wet weight); legumes with 
edible roots have a low molybdenum content 
(< 1 ug/g wet weight). There are no human or 
animal studies implying accumulation of mo- 
lybdenum in the body during the life cycle 
[153]. 

The relationship of molybdenum defi- 
ciency and esophageal cancer in humans was 
first reported in 1966 [154]. The high inci- 
dence of this cancer was attributed to the con- 
sumption of food locally grown in soil low in 
molybdenum. As reported in 1981, a study in 
China demonstrated an inverse relationship 
between the mortality rate of esophageal can- 


cer and the content of Mo, Zn, Mn, Si, Ni, Fe, . 
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Bi, and I in cereal and drinking water samples 
[155]. Levels of molybdenum in the serum, 
hair, and urine of the inhabitants of the high- 
risk area were lower than those in the low-risk 
areas. Utilizing animal models, this inhibitory 
effect of molybdenum on esophageal, fore 
stomach, and mammary carcinogenosis has 
been demonstrated 1n laboratory studies [156, 
157, 158]. | 

Human Toxicity. Information on the toxic ef- 
fects of molybdenum in humans is scarce. A 
1961 study reported a high incidence of gout 
in an area of Armenia in which the soil con- 
tained 77 mg/kg of molybdenum and- 39 
mg/kg of copper [153]. Daily dietary intake of 
molybdenum was calculated to be 10-15 mg 
and that of copper 5-10 mg; corresponding 
values in the control area were 1—2 mg Mo and 
10-15 mg Cu. The study showed an increased 
prevalence of goutlike joint disorders, ele- 
vated blood levels of uric acid, and an increase 
in the urinary excretion of uric acid [153]. The 
results are difficult to evaluate since no details 
are given concerning the study population and 
the selection of subjects. Furthermore the con- 
trol group consisted of only five subjects.  " 

A study in another high-molybdenum prov- 
ince in the former Soviet Union failed to de- 
tect biological changes in the study 
population. A tentative explanation is that a 
higher intake of natural copper may have pro- 
tected the population against the molybdenum 
exposure [153]. Animal studies have demon- 
strated a biological antagonism of copper to- 
ward molybdenum. 

A study of four humans in India, detected a 
significant increase in copper metabolism 
with dietary intakes of molybdenum ranging 
from 160 to 2540 ug/d. However, the study 
failed to detect any effect on the urinary excre- 
tion of uric acid [159]. 

On the basis of the above studies, MERTZ 
suggests that a dietary intake of more than 10 
mg/d of molybdenum is dangerous to human 
health, but that intakes of up to 1.5 mg/d do 
not appear to have an effect except for an in- 
crease in urinary copper excretion [160]. With 
а daily molybdenum intake of 540 ре, copper 
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excretion was elevated but was still within 
normal range. In adult humans with a normal 
copper intake (1.5~2.5 mg/d), MERTZ proposes 
that a dietary molybdenum intake of 0.5-1.0 
mg/d can be assumed to be safe. Based on bal- 


. ance studies conducted in areas where the diet 


is generally adequate in molybdenum and no 
molybdenum disease has been observed in hu- 
mans, the U.S. National Academy of Sciences 
has estimated an adequate and safe intake of 
molybdenum for humans as being 0.15-0.5 
mg/d [161]. | 


Animal Toxicity. Most observations on the 
toxicity of molybdenum are based on animal 
data. Excessive exposure to molybdenum via 
food can cause severe disease in ruminants 
which involves diarrhea, anemia, and emacia- 
tion, and may progress to death. The disease 
was first identified in 1938 as the cause of a 
long-recognized problem in cattle grazing in 
areas called “teart”? pastures in Somerset, En- 
gland. By 1943 large doses of copper sulfate 
were shown to prevent or cure “teart” disease. 
The clinical signs of molybdenum toxicity in 
animals are primarily due to copper defi- 
ciency. After long exposure, the hair loses its 
color and lameness with a characteristic stiff 
gait may develop. The latter symptoms may be 
associated with disturbance of phosphorous 
metabolism resulting in osteoporosis and joint 
abnormalities [162]. 

Young lambs grazing on high-molybdenum 
pastures suffer from a bone or joint disorder 
known as swayback. Sheep also develop 
steely wool, but not the severe diarrhea seen in 
cattle [163]. Copper deficiency in lambs also 
lowers their resistance to infections, such as 
pneumonia [164]. 

Evidence indicates that cattle are the most 
susceptible to molybdenum toxicity of any 
species, followed by sheep. Horses grazed the 
“teart” pastures of Somerset without showing 
any clinical signs of toxicity. Rabbits [165], 
guinea pigs, rats, pigs, and chickens [164] are 
comparatively tolerant to molybdenum. 

Due to the great variability in results, the 
data available for cattle and sheep provide lit- 
tle assurance about safe levels of molybde- 
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num; a level of 5-10 ppm in pasture forage is 
usually considered a conservatively safe mo- 
lybdenum level. The clinical symptoms of 
molybdenum toxicity or molybdenosis are pri- 
marily due to a conditioned or secondary cop- 
per deficiency. The most reliable indication of 
molybdenosis or copper deficiency is alter- 
ation of the symptoms by copper supplemen- 
tation. In some areas where animal forage is 
deficient in copper, pastures with molybde- 
num levels normally considered to be in the 
safe range could trigger signs of molybdeno- 
sis. At the other extreme, forage that is natu- 
rally high in copper produces copper toxicity 
and supplemental dietary molybdenum may 
be necessary. 


The results of acute toxicity tests (LD; and 
LC. values) are given in Table 27.12. In liter- 
ature citing acute testing, low LD, values 
(1.е., high toxicity) are sometimes given for 
molybdenum compounds. Some of these low 
levels are the result of long-term feeding stud- 
ies but are interpreted as single-dose acute 
studies. For example, the acute oral LD in 
rats for molybdenum trioxide is frequently 
listed in the literature as 125 mg/kg, indicating 
that it is highly toxic. This LD49 was, however, 
determined by a 44-day feeding study [150], 
not by a single dose. The acute oral LD., of 
molybdenum trioxide, pure grade, when deter- 
mined by a single dose in rats, ranges from 
2960 mg/kg to 3520 mg/kg [166]. 


Occupational Health. Several studies on the 
industrial exposure of humans to molybdenum 
have been reported from the former Soviet 
Union. A 1963 study reported 3 cases of pneu- 
moconiosis out of 19 workers exposed to me- 
tallic molybdenum and its oxide. Early signs 
of pneumoconiosis were identified by X-ray in 
a 44-year old woman exposed for 5 years to 
molybdenum concentrations ranging from 1—3 
mg/m? and in a 44-year old man exposed for 4 
years to concentrations between 6 and 19 
mg/m?. A 34-year old man exposed for 7 years 
to concentrations between 6 and 19 mg/m? 
showed fully developed pneumoconiosis 
[167]. 


Handbook of Extractive Metallurgy 


In another Russian study 73 workers in a 


copper molybdenum plant complex and 10 


control subjects were studied [168]. Workers 
with the highest exposure had the highest 
blood level of uric acid, and increased blood 
uric acid was found in 34 out of the 37 work- 
ers who complained of arthralgia. The actual 
values of uric acid in blood were not reported 
in this study, nor was the exposure defined. 


Hyperuricemia was also described in an- 
other study on 85 workers in a copper molyb- 
denum plant in Kadzaran, former Soviet 
Union [169]. An increase in blood concentra- 
tions of bilirubin, globulins, and cholesterol 
was observed but no values or exposure data 
were provided. In a study on 500 workers 
from a Russian molybdenum and copper 
mine, nonspecific symptoms and changes in 
the central nervous system were reported. Mo- 
lybdenum dust levels in the mines were in 
some cases 10-100 times higher than the So- 
viet maximum permissible level of 6 mg 
Mo/m? [170]. 


The effects of molybdenum exposure was 
studied in 25 male workers [mean age 28.3 
years (19 44 years), mean duration of employ- 
ment 4.0 years (0.5—20 years)] from a roasting 
plant in Denver, Colorado, where molybde- 
num sulfide was converted to molybdenum 
oxides [171]. Total dust samples were col- 
lected in the roaster area and the 8-h time 
weighted average (TWA) molybdenum expo- 
sure was calculated to be 9.47 mg/m’. The re- 
spirable (< 10 pum) molybdenum 
concentration in the dust at the base of the 
roaster was 1.02 mg/m? and the minimum 
daily body burden of molybdenum was calcu- 
lated to be 10.2 mg. Urinary and plasma mo- 
lybdenum levels were higher for the worker 
group than for the control group. Except for 
some generalized medical complaints, the 
only adverse biochemical findings were ele- 
vated serum ceruloplasmin levels and a small 
Increase in serum uric acid the mean value of 
which was within the normal range of the con- 
trol group. No gout-like symptoms were re- 
ported. Urinary copper excretion was normal 
in 13 of the 14 workers. 
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In the United States, health and safety regu- 
lations have established permissible exposure 
limits (PELs) in the occupational environment 
at 5 mg/m? for soluble molybdenum com- 
pounds. The Threshold Limit Values (TLVs) 
have also been established by the ACGIH for 


soluble and insoluble molybdenum at 5 and 10- 


mg/m?, respectively. Both the PELs and TLVs 
are time-weighted averages (T WAs) for 8 b/d. 
Although the study of the 25 workers -}171] 
may be considered limited because of the 
small population and high employment turn- 
over, the absence of any adverse health effects 
at an exposure level approximately twice the 
soluble molybdenum PEL is of considerable 
value in assessing the potential worker risk to 
molybdenum exposure. 
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28.1 Introduction 


Niobium, Nb, atomic number 41, 4, 92.91, 
is also known as columbium, Cb, in the United 
States. There are many artificial radionu- 
clides, but only one known natural nonradio- 
active isotope, “Nb. The electronic 
configuration of the ground state is 452рбећ 
552, which explains the existence of the oxida- 
tion states +2 to +5. 


28.2 History 


Niobium was discovered by HaTCHETT in 
1801 in the mineral columbite and was named 
columbium. In 1844 the name niobium was 
proposed by Ross. 


28.3 Properties 


Some important physical properties of nio- 
bium metal are listed in Table 28.1 [1—3]. 

The mechanical properties like those of 
most refractory metals are influenced by the 
purity of the metal, the production method, 
and the mechanical treatment. Even small 
amounts of interstitial impurities increase the 
hardness and strength but reduce the ductility. 
Some important mechanical properties of 
commercial niobium are listed in Table 28.2 


[4]. 
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Table 28.1: Physical properties of niobium. 


Density at 20 °C (g/cm?) 8.57 
Crystal structure body-centered : cubic 
(а = 3.3 x 1070 m) 
тр (°С) 2468 + 10 
bp (°С) 4927 
Linear coefficient of thermal expan- 
sion OCH 6.892 x 1075 
Specific heat (KJkg K^!) 0.26 
Latent heat of fusion (kJ/kg) 290 


Latent heat of vaporization (kJ/kg) 7490 
Thermal conductivity at 0 °С 


(WomK+) 0.533 
Electrical resistivity (рО :ст) 15.22 
‘Temperature coefficient (0-600 °C) 

(K) 0.0396 


Electrochemical equivalent (mg/C) 0.19256 
Standard electrode potential E? 


Nb/Nb* (V) 0.96 
Magnetic susceptibility at25 °С 2.28 x 10% 
Superconductivity Т. (K) 9.13 
Spectral emissivity at 650 x 101? m 

(at 2003 K) 228x105 
Ionization potential (eV) 6.67 
Work function (eV) 4.01 


Niobium is very resistant to most organic 
and inorganic acids, with the exception of HF, 
at temperatures up to 100 °C [1]. Concentrated 
sulfuric acid above 150 ?C causes embrittle- 
ment. The resistance towards alkaline solu- 
tions is lower. Because niobium has a marked 
tendency to form oxides, hydrides, nitrides, 
and carbides, its use in air is limited to temper- 
atures up to ea. 200 °C. 
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Table 28.2: Mechanical properties of niobium. 


Annealed niobium І 
Ultimate tensile strength 195 MPa 
Yield strength 105 MPa 
Elongation 3096 + 
Reduction in area 8096 + 
Hardness 60 HV 
Poisson's ratio 0.38 
Strain hardening exponent 0.24 
Elastic modulus 

tension - 103 GPa 

shear : 17.5 GPa 


Ductile-brittle transition temperature < 147K 


Recrystallization temperature 800—1000 °C 
Cold worked niobium 

Ultimate tensile strength 585 MPa 
Elongation 596 

Hardness 150HV 


28.4 Occurrence 


Niobium occupies the 33rd place in order 
of natural abundance, being present in the 
earth's crust at 24 ug/g. It is thus more com- 
mon than cobalt, molybdenum, or tantalum. 
The most important niobium mineral is pyro- 
chlore, a compound with the general formula 
(Ca,Na), _ „М.О, (O,OH,F), ..,;xH;O. The 
lattice positions of Na and Ca can also be oc- 
cupied by Ba, Sr, rare earths, Th, and U. The 
latter two elements are responsible for the ra- 
dioactivity of some pyrochlore concentrates. 

Two types of niobium ore deposits are 
known. In primary deposits, the pyrochlore is 
always interstratified in carbonatites. This is 


so in the Canadian deposits at Niobec and. 


Table 28.3: Niobium deposits [6]. 
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Oka, in which calciopyrochlore is interstrati- 


fied in dolomite. The ore contains 0.5-0.7% ~ 


niobium pentoxide. In the important second- 
ary Brazilian deposits at Araxa and Catalao, 
the niobium content of the carbonate minerals 
has been considerably enriched by weather- 
ing. Here, the ore is present in combination 
with apatite, iron oxide, and barite and con- 
tains about 3% Nb,O,, 46% Fe,0,, 17-18% 
BaO, and 1.5% P as apatite [5]. Table 28.3 
shows the average МЬ,О. capacity, the pro- 
duction, and the reserves of various deposits 
[6]. In addition to the sources listed in Table 
28.3], other, potential sources exist in Canada, 
Africa, Brazil, China, the United States, and 
the former Soviet Union. 

The most commercially important deposits 
are in Brazil, Canada, Nigeria, and Zaire. 
World reserves are estimated to be 4.1 x 106t 


Nb, of which 78% are in Brazil. The Canadian : 


reserves are estimated at 0.12 x 105 t. 


The second most important niobium min- 
eral is columbite, (Fe,Mn)(Nb,Ta),0,, in 
which niobium is nearly always present with 
tantalum. These ores are referred to as colum- 
bites if the Nb,O, content is greater than that 
of Та,О., otherwise as tantalites. Columbites 
and tantalites contain at least 60% combined 
pentoxides. These minerals occur as primary 
deposits in granites and pegmatites, or in allu- 
vial secondary deposits. Table 28.4 lists the 
chemical compositions of various niobium 
and tantalum minerals [7]. 


Location Capacity, 10 kg Nb,O, Ore grade Reserves, 105 t Nb,O, Production, 105 kg МЬ,О, 
Araxa, Brazil 24.75 500 + 9.45 
St. Honoré, Québec 3.15 11 3.15 
Catalao, Brazil І 2.48 50 2.48 
Nigeria 0.9 
Thailand 0.45-0.9 
Zaire pilot scale 2-3 extensive 0.23 


Table 28.4: Chemical composition of the principal niobium-bearing materials, % [7]. 


Mineral Nb,O, 
Pyrochlore, NaCaNb,O,F 40-65 
Columbite, (Fe, Mn)(Nb, Ta),O, 40—75 
Tantalo-columbite, (Fe, Mn)(Nb,Ta),O, 25-60 
Tantalite, (Fe. Mn)(Ta,Nb).O, 2-40 


Microlite, Ca,(Ta,Nb),O{OH,F) 


Ta,O, TiO, Fe MnO SnO, 
2 1-6 2 

1-40 0.5-3 10-20 2.6 2 

20—50 0.5-3 10-20 2.6 2 

42-84 0.5-3 10-20 2.6 2 

60—70 
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Columbites are mined in Australia, Brazil, 
Nigeria, Malaysia, and Zaire. Since the dis- 
covery of the enormous deposits of pyrochlore 
in Brazil, world production of columbite has 
decreased considerably. This trend could 
change when the extraction of columbite as a 
by-product of tin extraction is started with the 
Pitinga deposits in Brazil [8]. The discovery of 
large deposits of pyrochlore in South Green- 
land (Motzfeld Center) was reported in 1986. 

A further source of niobium is provided by 
tantalum-niobium slags from tin production, 
since columbites and tantalites are often asso- 
ciated with cassiterite; niobium and tantalum 
concentrate in the slags as oxides. The nio- 
bium and tantalum pentoxide content of vari- 
ous tin slags is given in Table 28.5 [9]. 
Niobium and tantalum are also found in rare 
minerals such as stibiocolumbites 
(Sb,Nb)TaO, fergusonites (Re*)NbO,, and 
euxenite Y(Nb,Ti),0,. The last two of these, 
however, are of no commercial significance. 


Table 28.5: Niobium and tantalum pentoxide content of 
various tin slags, % [9]. 





Country Nb.O, Та,О, 
Malaysia 4 4 
Nigeria 14 4 
Portugal 7 7 
Singapore 3 2 
Thailand 8 12 
Zaire 5 9 





28.5 Processing of Niobium 
Ores | 


28.5.1 РугосШоге Concentrates 


Concentrates containing 50-60% Nb,O, 
are obtained from pyrochlore-containing car- 
bonatites or weathered ores by conventional 
beneficiation processes such as crushing, 
grinding, magnetic separation, and flotation. 
Brazilian concentrates (Araxa) are also treated 
chemically to remove lead, phosphorus, and 
sulfur. The raw concentrate is roasted in the 
presence of calcium chloride and calcium ox- 
ide in a rotary furnace at 800—900 °C, and the 
product is leached with hydrochloric acid. In 
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the case of Brazilian pyrochlore, this proce- 
dure also leads to replacement of barium by 
calcium [10]. 

Whereas pyrochlore from Araxa can be 
converted directly to ferroniobium, pyrochlore 
concentrates from other sources must first be 
chemically pretreated before niobium can be 
obtained. Some well-known processes are 
treatment with concentrated sulfuric acid or 
with molten soda. Reductive chlorindtion of 
pyrochlore at ca. 1000 °C produces volatile 
chlorides of niobium and other metals. These 
processes are, however, generally regarded as 
uneconomical. This is also true of the process 
in which digestion of pyrochlore with mix- 
tures of hydrofluoric and sulfuric acids is fol- 
lowed by solvent extraction [11]. 


28.5.2 Production of Niobium 
Oxide from Columbites and 
Tantalites 


28.5.2.1 Extraction Processes 


Niobium and tantalum always occur to- 
gether in columbites and tantalites and must 
be separated not only from the other elements 
present but also from each other. The indus- 
trial separation of tantalum from niobium has 
long been carried out by the Marignac process 
of fractional crystallization of potassium hep- 
tafluorotantalate and potassium heptafluoro- 
niobate [12]. This expensive process of 
precipitation and crystallization, which is also 
environmentally unacceptable, has been aban- 
doned, together with the long established Fan- 
steel process [12], in favor of processes based 
on solvent extraction. 

Tantalite and columbite, either naturally oc- 
curring or synthetically produced as concen- 
trates from tin slags [13, 14], are digested with 
hydrofluoric and sulfuric acids at elevated 
temperature. The accompanying elements are 
dissolved along with the tantalum and nio- 
bium, which form the complex heptafluorides 
H,TaF, and Н,МЬОЕ, or H,NbF,. After filter- 
ing off the insoluble residue (fluorides of alka- 
line earth and rare earth metals), the aqueous 


1406 


solution of Ta-Nb in hydrofluoric acid is ex- 
tracted in several continuously operated 
mixer-settlers with an organic solvent, e.g., 
methyl isobutyl ketone (MIBK) [15-17].The 
complex fluorides of niobium and tantalum 


are extracted by the organic phase, whereas: 


most of the impurities and other elements, 
such as iron, manganese, titanium, etc., re- 
main in the aqueous phase. In practice, Nb,O; 
+ Ta4O; concentrations of 150-200 g/L in the 
organic. phase are used. The organic phase 1s 
washed with 6—15 N sulfuric acid and then re- 
extracted with water or dilute sulfuric acid to 
obtain the niobium. The aqueous phase takes 
up the complex fluoroniobate and free hydrof- 
luoric acid, while the complex fluorotantalate 
remains dissolved in the organic phase. The 
aqueous niobium solution is reextracted with a 
small amount of MIBK to remove traces of 
tantalum. The resulting organic phase is re- 
turned to the combined tantalum niobium ex- 
traction stage. Gaseous or aqueous ammonia 
is added to the aqueous niobium solution to 
precipitate niobium oxide hydrate. Crystalli- 
zation of K,NbF, can only be achieved in 
strong hydrofluoric acid solution; therefore, it 
is only carried out on a small scale because of 
the high costs arising from the increased con- 
sumption of hydrofluoric acid. 

The tantalum is reextracted from the or- 
ganic phase with water or dilute ammonia so- 
lution, and tantalum oxide hydrate is 
precipitated by ammonia, or potassium salts 
are added to produce K,TaF,, which is used in 
the production of tantalum metal. 

The oxide hydrates are collected by filtra- 
tion, dried, and calcined at up to 1100 °C. 
Variation of the conditions of precipitation, 
drying and calcination produces different par- 
ticle sizes, giving oxides suitable for various 
applications. Depending on the quality re- 
quirements, the calcination is carried out in di- 
rectly or indirectly heated chamber or rotary 
furnaces. The nature of the furnace lining has 
considerable influence on purity. 

Sophisticated process control and optimiza- 
tion enable niobium and tantalum to be pro- 
duced with high yield (> 95%) and purity (> 
99.994). 
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A number of alternative extraction media 
have been reported 1n the literature, most of 
which have never been used in industry, ex- 


cept for tributyl phosphate (TBP) [18] and tri- . 


n-octylphosphine oxide (TOPO) [19]. 

Figure 28.1 shows the flow diagram of an 
industrial installation for the processing of 
tantalum niobium raw materials [20]. 


28.5.2.2 Chlorination 


The chlorination process is a modern alter- 
native to the extraction process. There are two 
versions: reductive chlorination of natural and 
synthetic raw materials, and chlorination of 
tantalum-niobium ferroalloys. 

` In reductive chlorination, the ore or con- 
centrate is pelletized with coal/coke and pitch, 
dried, and reacted in a stream of chlorine at 
900 °C. The nonvolatile alkaline earth metal 
chlorides remain behind, while the readily 
volatilized tetrachlorides of silicon, tin, tita- 
nium, the pentachlorides NbCl, and TaCl,, 
and WOCI, are distilled off and fractionated. 
The waste gas, which contains large amounts 
of phosgene and chlorine, must be rigorously 
purified. 


The chlorination of ferroalloys is much 
simpler and more economical [21, 22]. Ferro- 
niobium or ferroniobium tantalum are pro- 
duced by the aluminothermic or 
electrothermic process, size reduced, and fed 
together with sodium chloride into a NaCl 
FeCl, melt. The chlorinating agent is NaFeCl,. 
Chlorine is passed into the melt, continuously 
regenerating NaFeCl, The following overall 
reactions take place: — 


FeTaNb + NaCl + 7NaFeCl, — Ta/NbCI, + 8NaFeCl, 
8NaFeCl, + ACL, — 8NaFeCl, 


The reaction temperature of 500-600 °C is 
much lower than that required for reductive 
chlorination. The volatile chlorides are 
evolved from the molten salt bath. The boiling 
points of NbCl, TaCl, and WOCI, lie be- 
tween 228 and 248 ?C, and these compounds 
must therefore be separated by means of a dis- 
tillation column. 
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Figure 28.1: Flow diagram for the processing of tantalum-niobium raw materials [20]. 


The chlorination of ferroalloys produces 
very pure niobium pentachloride and tantalum 
pentachloride in tonnage quantities. The 
NECI, contains less than 30 ug/g Ta, and other 
metallic impurities only amount to 1—2 ug/g. 


Niobium pentachloride is an intermediate in 
the production of oxides and organometallic 
compounds, and is the starting material for 
production of niobium powder and for chemi- 
cal vapor deposition of niobium coatings. 
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Table 28.6: Commercially available niobium oxides [20]. 


Technically Chemically 
pure grade pure grade 
Composition Nb,O, min. 9996 min. 99.796 
Ta max. 1600 ppm max. 800 ppm 
Al 

B 

Bi Sch 
Ca max. 700 ppm тах. 200 ppm 
СІ 

Со 

Сг 

Си 

F 

Fe max. 1000 ppm max. 200 ppm 
K 

Mg 

Mn 

Mo 

Na А тах. 400 ppm тах. 200 ppm 
Ni 

Pb 

Rare earths 

S 


Specification 


Si | max. 1000 ppm max. 250 ppm 

Sn 

Ti max.300ppm max. 100 ppm 

V 

W 

Zr 

Alkali 

Loss on ignition 

Average particle size 
(FSSS) 

Tap density 

Apparent density (Scott) 

Microtac analysis 


max. 0.596 
0.5-10 шп 


max. 196 
1-10 pm 


Grain size 


Crystal structure 
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Grade HPO (high 


Ceramic grade purity optical) Grade UP (ultra pure) 
min. 99.896 min. 99.9596 min. 99.99796 
тах. 500ppm тах. 100 ppm max. 8 ppm 

max. 2 ppm max. 0.5 ppm 
max. 0.2 ppm 
max. 0.5 ppm 
max. 10 ppm max. 1 ppm 
max. 10 ppm 
max. 2 ppm max. 0.2 ppm 
max. 2 ppm max. 0.2 ppm 
max. 2 ppm max. 0.2 ppm 
max. 1 ppm 
max.100ppm max. 10 ppm max. ] ppm 
max. 1 ppm 
max. 0.5 ppm 
max. 2 ppm max. 0.2 ppm 
max. 2 ppm 
max. 1 ppm 
тах. 100ppm тах. 2 ppm тах. 0.2 ррт 
тах. 0.5 ррт 
тах. 1 ррт 
тах. 30 ppm max. 1 ppm 
max. 50 ppm max. 50 ppm max. 1 ppm 
max. 0.5 ppm 
max. 100 ppm max. 1 ppm 
max. 2 ppm max. 0.5 ppm 
max. 50 ppm max. | ppm 
max. 50 ppm max. 1 ppm 
max. 200 ppm 
max. 0.4% max. 0.2% max. 0.005% 
0.7-0.8 рт тах. 5 Um 1-3 pm 
0.8-1 g/cm? 0.8-1.25 g/cm? 
0.5-0.7 g/cm? 
90% < 1.2 шп 
50% 0.7—0.8 [im 
10% < 0.5 pm 
1. < 600 рт <255 шп 
НРО 600 
2.<400 um 
НРО 400 
3.<150 рт 
НРО 150 
orthorhombic monoclinic monoclinic (H-phase) 
(T-phase) (H-phase) + orthorhombic 
(T-phase) 





28.6 Compounds 


28.6.1 Oxides 


Niobium pentoxide, niobic acid, МЬ,О,, mp 
265 °C, bp 1495 °C, is a colorless powder that 
can only be dissolved by fusion with acidic or 
alkaline fluxes such as NaOH or KHSO,, or in 
hydrofluoric acid. It is prepared by hydrolyz- 


ing solutions of alkali-metal niobates, niobium 
alkoxides (e.g., МЫ(ОС,Н,),), or niobium pen- 
tachloride, or by precipitation from hydrofluo- 
ric acid solutions with alkali-metal hydroxides 
or ammonia. Depending on the method used, 
the oxide hydrate formed is either a gel that is 
difficult to filter or is flocculent. The oxide hy- 
drate is filtered, washed, and calcined at 800— 
1100 °C. The temperature and treatment time 
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determine which of the various crystalline 
modifications is formed. Nearly all the phase 
changes are irreversible [23—25]. 


Uses. Niobium pentoxide is used in metal- 
lurgy, for the production of hard matenals, in 
optics, and in electronics. Hydrated Nb,O,, 
which can be regarded as an isopolyacid, has a 
high surface acidity, and catalyzes the poly- 
merization of alkenes, e.g., propylene [26]... 

Various applications require different quali- 
ties of Nb,O,. For the electrothermic and met- 
allothermic manufacture of niobium metal or 
its alloys, technical quality niobium pentoxide 
(> 98-99%) is suitable. For higher quality re- 
quirements, chemically pure niobium pentox- 
ide (> 99.7%) is used. 

In optics, niobium pentoxide is used as an 
additive to molten glass to prevent devitrifica- 
tion and to control properties such as refrac- 
tive index and light absorption [27]. Optical- 
grade niobium pentoxide, with a purity of > 
99.9%, must be free from colored impurities 
such as chromium, nickel, iron, manganese, 
etc. 

Extremely stringent purity requirements 
apply to Nb,O; used in the manufacture of 
LiNbO, ог КМО, single crystals (МЬ,О, ultra 
pure grade, > 99.995946). These compounds 
are used for electroacoustic and electrooptical 
components such as modulators, frequency 
doublers, and wave filters [28, 29]. 

Ceramic-grade niobium pentoxide, used for 
making dielectric materials, must be manufac- 
tured with a special particle size distribution. 
This market sector will demand greatly in- 
creased quantities of niobium pentoxide if the 
development of the new class of ferroelectric 
perovskites (relaxers) is successful, e.g. 
Pb(Mg;4Nb,4)O, for the manufacture of ce- 
ramic capacitors [30-32]. 

Details of the various commercial qualities 


of niobium pentoxide are given in Table 28.6 
[20]. 


28.6.2 Halides 


Niobium pentachlonde, NbCl, M, 270.2, 
mp 209.5 °C, bp 249 °C, is now produced ex- 


^ 
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clusively by chlorination of ferroniobium, nio- 
bium metal, or niobium scrap (see Section 
28.5.2.2.). 


Niobium pentachloride forms strongly hy- 
groscopic yellow crystals that react with water 
to form МОСІ, or Nb,O;-xH4O. The pen- 
tachloride is very soluble 1n dry ethanol, tet- 
rahydrofuran, and benzene. Alcoholic 
solutions of mobium pentachloride are used in 
the production of niobium alkoxides such as 
the pentaethoxide, Nb(OC,H,);, from which 
micronized niobium pentoxide is produced 
[33]. Pure niobium pentachloride is used for 
large scale production of niobium pentoxide 
and niobium metal. 


Niobium tetrachloride, NbC1,, sublimes be- 
tween 350 and 400 °C. -Niobium trichloride, 
NbCl, disproportionates between 900 and 
1000 °C. Niobium trichloride and niobium 
dichloride, NbCL, are formed by reduction of 
NGC. with hydrogen, but are of no industrial 
importance. 


Niobium oxychloride, МОСІ,, M, 215.28, 
is a colorless, crystalline compound that sub- 
limes at 400 °C and partly decomposes into 
niobium pentoxide and niobium pentachloride 
on further heating. 


Niobium pentafluonde МЕ., М, 187.91, 
mp 72 °C, bp 236 °C, can be prepared by fluo- 
rination of niobium pentachloride or niobium 
metal with fluorine or anhydrous HF. The re- 
action of Nb,O, with aqueous HF yields fluo- 
roniobic acids of various compositions (e.g., 
H,NbF, ог Н,МЬОЕ,), depending on the acid 
concentration. They are soluble in organic sol- 
vents and consequently play an important part 
in the separation of tantalum from niobium by 
solvent extraction. 


28.6.3 Carbides and Hard 
Materials 


The carbides, borides, silicides, and ni- 
trides of niobium are metallic hard materials 
[34]. Some of their physical properties are 
listed in Table 28.7. Only the carbides are 
commercially important. 
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Table 28.7: Physical properties of borides, carbides, nitrides, and silicides of niobium [34]. 


NbSi, 
hexagonal, 
CrSi, type 


Nb,Si, 
a-tetrago- 


Nb,Si 
hexagonal, 
ZrSi, type 


NbN 


face-cen- 


Nb,B, NbB Nb,B, NbB, Nb,C Nbc Nb,N 
orthorhom- orthorhom- hexagonal, face-cen- 


Crystal structure tetragonal, 


nal, B-tetra- 
gonal 

6.26 

600 


tered cubic, 
NaCl type 
8.2 

g^ 


hexagonal, 
WC type 


tered cubic, 
NaCl type 
7.78 


2400 


hexagonal 
3600 


pe 


AIB, ty 


bic, Ta,B, 
type 


bic, CrB 
type 


U,Si, type 


5.45 
700 


7.74 
550 


8.33 
2123 


7.83 
2123 


6.6 


8.0 
2060 


Density, g/cm? 


2290 2600 


2200 


Hardness” 


1950 


2480 


1950 


3100 (de- 
comp.) 


3000 


2700 (de- 
comp.) 


2280 


1860 (de- 
comp.) 


mp, °C 


50.4 


40 


64.5 12/34 35 60 10 


Electrical resis- 
tivity, DÄ ст 


15.2 1.27 1.2 


9.5 


1.27 1.27 9.18 


8.25 


Superconductiv- 


eb 
= 
ч 
с 
5 
G 
= 
Е 
x| g 
y 
= | 2 
SEI S 
55| 5 
zz 
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eS и 
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a 
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58| 5 
„Ер? 


* Mohs hardness. 
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Niobium Carbides. The niobium—carbon 
phase diagram [35] indicates the existence of a 
face-centered cubic compound, NbC, which 
melts without decomposition at 3600 °C with 
a broad region of homogeneity, and of Nb,C, 
which has a peritectic melting point. Only 
МЫС has practical applications. In addition to 
its original use as a grain growth inhibitor in 
tungsten carbide cobalt hard materials, it is 
now used mainly as solid solutions with tita- 
nium carbide, tantalum carbide, and tungsten 
carbide for cutting tools. The precise effect of 
niobium on the composition, microstructure, 
and properties of these hard materials is not 
yet fully understood [36]. In practice, up to 
50% of the more expensive TaC can be re- 
placed by NbC without appreciably affecting 
the hardness or fracture strength [37]. 


Production, like that of TaC, is by carburiz- 
ing the oxide, hydride, or metal at 1500 °C ina 
carbon tube furnace, vacuum furnace, or in the 
presence of a molten metallic menstruum such 
as iron or aluminum. Some of the physical 
properties of niobium carbides are given in 
Table 28.7. 


Niobium Borides. The niobium—boron phase 
diagram [38] shows the existence of Nb,B,, 
NbB, Nb,B,, and NbB,. However, these high- 
melting, very hard materials, have no indus- 


‘trial uses. Table 28.7 lists their physical prop- 


erties. 


Niobium silicides, Nb,Si, Nb,Si,, and NbSL, 
are produced by the silicothermic reduction of 
Nb,O, or from the elements by sintering, pres- 


sure sintering, or fusion in an electric arc fur- 


nace. Some physical data are given in Table 
28.7. These compounds are not used industri- 
ally. 


Niobium Nitrides. Various nitride phases, 
with regions of homogeneity varying in dis- 
tinctness, are obtained by heating niobium 
metal or mixtures of niobium oxide and car- 
bon in a stream of ammonia or nitrogen [39]. 
Niobium metal can be produced by thermal 
decomposition of NbN in high vacuum. The 
pure nitrides have not as yet found any indus- 
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trial application. Table 28.7 lists some of the 
physical properties of niobium nitrides. 


Niobium Hydrides. On heating niobium in a 
pure hydrogen atmosphere to 350—500 °C, hy- 
drogen (ca. 44 atom%) is absorbed, causing 
expansion of the lattice and embrittlement. 
Apart from the NbH,, thus formed, the hy- 
dride Nb,H, [40, 41] and the unstable dihy- 
dride NbH [42] are also known. S 

The reversible uptake and release of hydro- 
gen by NbH is used in industry as a means of 
producing niobium powder from compact nio- 
bium, e.g., scrap or ingots. The metal is first 
hydrogenated, then ground, and finally dehy- 
drogenated in a vacuum furnace or under an 
inert gas. 


28.7 Niobium Metal 


The industrial production of niobium is 
usually carried out by the reduction of the pen- 
toxide or halides. The crude metal is then re- 
fined electrothermally. i 


28.7.1 Reduction of Niobium 
Pentoxide 


Niobium pentoxide is reacted with carbon, 
aluminum, or silicon at high temperature. In 
the carbothermic process, niobium pentoxide 
is mixed with carbon black, and the mixture is 
pelletized and reduced in a vacuum furnace in 
a two-stage process at 1950 °C: 

Nb.O, + 7C + 2NbC + 5CO 
5NbC + Nb.O, — 7Nb + 5CO 


The reaction takes place with the formation 
of МЫС, Nb,C, МО, and МО [43, 44]. A 
crude product containing oxygen and carbon 
is produced, which must be refined in further 
high-temperature processes. 

The following one-stage carbonitrothermic 
reduction of niobium pentoxide has been suc- 
cessfully carried out on the pilot-plant scale. A 
pelletized mixture of niobium pentoxide and 
carbon black is reacted 1n a stream of ammo- 
nia in an induction furnace at 1570 + 20 °C to 
form niobium nitride, NbN, which is then 
thermally decomposed in high vacuum at 
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2000—2100 °C. However, the process does not 
yet appear to have been used on an industrial 
scale [45, 46]. 

Over 90% of niobium metal is produced by 
aluminothermic reduction: Í 


3Nb,O, + 10AI  6Nb + 5ALO, 


Niobium metal produced by this process is 
designated ATR niobium. In general, an ex- 
cess of aluminum is used, producing a nio- 
bium-aluminum alloy which is melted in a 
vacuum, electric arc, or electron beam furnace 
to produce low-oxygen, carbon-free niobium 
[47, 48]. The amount of excess aluminum de- 
termines the yield of niobium and its oxygen 
content [49]. 

The silicothermic reduction of niobium 
pentoxide can lead to silicide formation, and 
the thermodynamics of this reaction are less 
favorable. This process is therefore not in reg- 
ular use. 


28.7.2 Reduction of Halides 


The reduction of niobium pentachloride 


, can be achieved with hydrogen at 600-650 °C 


[50]. Alternatively, niobium pentachloride va- 
por is reduced with hydrogen in a fluidized 
bed furnace at 750—1050 °С [51] or in a hy- 
drogen plasma above 2000 °C [52]. Metallo- 
thermic reduction with sodium ог. magnesium 
has also been reported [53]. The company 
TOHO Titanium Corporation has commis- 
sioned a plant with a capacity of 30 t/a nio- 
bium in which niobium pentachloride is 
reduced by magnesium [54]. A reduction pro- 
cess with zinc using the auxiliary metal bath 
technique is also known [55]. In contrast to the 
production of tantalum, the reduction of the 
fluoroniobates K,NbF; and K;NbOF; has not 
become industrially significant. 

Very pure niobium can be obtained by elec- 
trowinning from oxygen-free molten salt sys- 
tems with double fluorides or chlorides as the 
source of metal [56]. These molten salts are 


. Very corrosive and the current efficiencies are 


low. For these reasons, molten salt electrowin- 
ning of metallic niobium is not carried out 
commercially. 
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28.7.3 Refining 


Crude niobium must be refined in order to 
remove impurities introduced either from the 
raw materials or during the treatment stages. 


Purification can be achieved by high-tem- 
perature treatment because the melting point 
of niobium (2497 °C) is so high that most 
other elements can be removed by vaporiza- 
tion. Niobium is extremely reactive towards 
all but the inert gases [57], and melting must 
therefore always be carried out in a high or ul- 
tra-high vacuum or under a pure inert gas to 
minimize the concentration of harmful inter- 
stitial foreign atoms. 

In comparison to the classical sintering and 
electric arc melting processes, electron beam 
melting (EBM) has considerable technical ad- 
vantages for the production of pure metal. 


The vaporization of the impurities can be 
controlled in each melting cycle [58, 59]: 


e by optimizing the melting rate, 


e by maintaining the bath in a liquid state for a 
long period, and 


e by controlled superheating of the molten 
metal. 

Sufficient refinement cannot be achieved 
with one melting cycle only, so that in practice 
the solid ingot produced must be remelted. 
The melting rate (kg/h Nb) for the first melt 
(main refining step) depends on the raw mate- 
rial and is lower for ATR niobium because of 
the high content of aluminum and NbO that 
must be evaporated compared with compacted 
granular niobium. Further development of the 
plasma melting technique would enable a sim- 
ple plasma furnace to be used for the first 
melting operation [60, 61]. In the second and 


third melting cycles, the melting rate can be 


increased by a factor of 3-4, depending on the 
specification of the material. 

Optimization of the equipment used in the 
electron beam melting process, leading to re- 
duction in residual gas pressure and leakage 
rate, has enabled standard quality niobium to 
be produced from ATR niobium on a large 
scale with only two melting cycles [62]. 
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The electron beam melting and remelting 
technique enables niobium metal with less 
than 50 ug/g interstitial impurities to be pro- 
duced for high-frequency superconductors. 
Figure 28.2 shows the concentration of inter- 
stitial impurities (O, N, and C) as a function of 
the number of melting cycles [63]. — 
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Figure 28.2: Contents of interstitial impurities (O. N, and 
C) of an electron beam melted niobium ingot as a function 
of the number of melting cycles [63]. 
Ultra-high-purity niobium can be obtained 
from metal melted by the EBM method by a 
series of additional sophisticated process 
steps, including electrorefining and electron 
beam zone melting, followed by high-temper- 
ature treatment in high vacuum. By these 
methods, niobium metal can be prepared with 
metallic impurities in the parts per billion 


range and with interstitial impurities < 1 ppm 


[64]. 


28.7.4 Uses 


Niobium has good resistance towards cor- 
rosive chemicals [4, 65] even at high tempera- 
tures, and is therefore used in the construction 
of chemical equipment, though it is not quite 
so resistant as tantalum. The process of oxide 
dispersion hardening of niobium with titanium 
dioxide gives a material which can be used 
both for chemical equipment and for medical 
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implants subjected to high mechanical loading 
[66]. High-niobium alloys such as KBI 40/41 
[67] can also be used under these conditions, 
for which formerly the more expensive metal 
tantalum had to be used. 

Because niobium has a low neutron capture 
cross section and is unusually resistant to- 
wards corrosion by liquid sodium, it is used in 
the pure state or as the alloy NbZr1 in the nu- 
clear industry for the production of fuel éle- 
ment cans. This alloy is also used for the 
sealing caps of sodium vapor lamps. 

World consumption of niobium for the pro- 
duction of superconducting materials, such as 
Nb,Sn and NbTi is estimated to be 60—70 t/a. 

The addition of niobium to titanium-alumi- 
num alloys imparts the ductility needed to fab- 
ricate this material for the aircraft and space 
industry [68]. 

Other newly developed alloys C 103 
(NbHf10Til) and Nb 752 (NbW 107125) com- 
bined with a special coating technique enable 
niobium to be used in the manufacture of noz- 
zles and combustion chambers for rocket pro- 
pulsion [69]. 


28.8 Analysis 


Extensive literature on the analytical deter- 
mination of niobium is available in handbooks 
and monographs [70—73]. 

The determination of niobium in raw mate- 
tials is carried out by X-ray fluorescence [72, 
74, 75]. For this purpose, test pieces in tablet 
form are produced by reacting the niobium- 
containing material with borate to produce a 
melt, or by compressing it with binders such 
as wax or boric acid. 

For ferroniobium, X-ray fluorescence anal- 
ysis of HF solutions [76] or borate tablets is 
used. For umpire assay, it is usual to separate 
the niobium from the other material using ion- 
exchange resins with HF solutions, followed 
by gravimetric determination [77]. Small nio- 
bium contents in steels are determined photo- 
metrically [78]. 

Metallic impurities in niobium pentoxide or 
niobium metal are determined by atomic ab- 
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sorption spectrometry (AAS) or atomic emis- 
sion spectrometry (ICP-OES, DCP-OES) in 
HF solution [79]. Emission spectrum analysis 
in a d.c. current plasma arc is also used. The 
nonmetals oxygen, nitrogen, hydrogen, car- 
bon, and sulfur are determined by extraction at 
high temperature either with a carrier gas or 
under vacuum, or by combustion analysis in a 
stream of oxygen [80]. The hydride-forming 
elements arsenic, antimony, bismuth, sele- 
nium, and tellurium can be converted to their 
hydrides and detected with high sensitivity by 
the AAS method. The anions СГ and F^ are 
separated by distillation and determined pho- 
tometrically, by ion-selective electrodes, or by 
ion chromatography. 


In all the above-mentioned methods, the 
usual limits of detection are from the low ug/g 
region down to the ng/g region in routine qual- 
ity testing. For the analysis of ng/g trace impu- 
rities it is necessary to separate and 
concentrate the material [81, 82]. The final de- 
termination is carried out using AAS with a 
graphite furnace, ICP-OES, DCP-OES, or vol- 
tammetry. Recently, ICP mass spectrometry 
has become a powerful additional method for 
many metallic impurities. Niobium metal is 
analyzed simply and quickly for metallic and 
nonmetallic impurities down to the lower ng/g 
region by glow discharge mass spectrometry 
(GDMS) [83]. The additional techniques of 
neutron activation analysis (84, 85] or proton 
activation analysis [86] are used for verifica- 
tion. 


28.9 Economic Aspects 


The world consumption of niobium has, 
since 1980, reached 16-20 x 106 kg Nb,O,. 
The annual rate of increase is ca. 2%. More 
than 90% of total niobium production goes to 
the steel industry in the form of ferroniobium 
or niobium alloys, and therefore the demand 
for niobium is determined by the world market 
for iron and steel [87]. Figure 28.3 shows the 
clear relationship between steel production 
and niobium demand. Between 1984 and 
1988, technical quality niobium pentoxide 
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was marketed in the price range $14.3— 
15.2/kg. The price of standard grade ferronio- 
bium is currently $14.5/kg Nb. In mid 1987, 
the price of niobium concentrate (> 65% 
Nb,O, + Та,О., 10:1) was $5.5-6.4/kg Nb,O; 
CIF Europe. Canadian pyrochlore concentrate 
was quoted at $5.9/kg М.О, FOB. 
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Figure 28.3: World niobium consumption compared to 
world crude steel production from 1972-1988 [87]. 
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29.1 Introduction 


Tantalum has the electronic structure 157 
252рё 3з°р°@й® 4s?p dft 5s*p°d? 65°, which 
accounts for its principal oxidation states 2+ 
and 5+. There are two naturally occurring iso- 
topes: '*'Ta and the weakly radioactive isotope 
180Та (0.012%, half-life ca. 10' years). A 
large number of artificial radioactive isotopes 
are also known. 


29.2 History 


Tantalum was discovered by EKEBERG in 
1802 [1—2]. The discovery and history of tan- 
talum and niobium are closely linked. The two 
elements usually occur together. 


29.3 Properties 


The physical properties of tantalum are as 
follows [1-7]: 


Crystal structure body-centered cubic 
Lattice constant a — 0.33025 nm 
Density 16.6 g/cm? 

Melting point 2996 °C 

Boiling point 5425 °C 

Heat of fusion 28.5 kJ/mol 


Heat of vaporization at 3273 K 78.1 kJ/mol 

Specific heat capacity at20°C 25.41 Jmol!K7 

Linear coefficient of thermal 
expansion at 20 °C 

Thermal conductivity at 20 °C 

Specific electrical conductivity 


6.5x 106K? 
54.4Wm'K" . 
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at 20 °C 0.081 Ост" 

Superconductivity 43K 


Temperature coefficient (0-100 °C)0.00383 

The effect of temperature on electrical and 
thermal conductivity has been accurately de- 
termined [3]. 

The mechanical properties of the metal are 
strongly dependent on its purity, structure, and 
crystal defects, as is the case with almost all 
refractory metals. Even low concentrations of 
interstitial impurities increase the hardness 
and reduce the ductility. The yield strength is 
strongly temperature dependent, the value at 
200 °C being ca. 30% of that at 20 °C [3]. The 
important mechanical properties are as fol- 


lows [1, 3, 7, 8]: 

Tantalum, soft annealed 

Tensile strength 240 MPa 
Yield strength (0.296 offset) 210 MPa 
Breaking elongation 4096 

Vickers hardness 60-120 HV 
Modulus of elasticity 177-186 MPa 
Ductile-britlle transition temperature 4K 

Poisson’s ratio 0.35 
Tantalum, cold formed 

Tensile strength 400-1400 MPa 
Yield strength (0.2% offset) 300-900 MPa 
Breaking elongation 2-2096 
Vickers hardness 105-200 HV 
Recrystallization temperature 1200-1500 K 


Like niobium, tantalum has principal oxi- 
dation states 2+ and 5+. Below 100 °C, tanta- 
lum metal is extremely resistant to corrosion 
by most organic and inorganic acids, with the 
exception of hydrofluoric acid. This is due to a 
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dense adherent film of tantalum oxide, a char- 
acteristic which 1s utilized in the manufacture 
of electrolytic capacitors. Above ca. 300 °C, 
tantalum tends to form oxides, nitrides, hy- 
drides, and carbides. All modern tantalum ca- 
pacitor powders can be handled in air at 
temperatures up to ca. 100 °C. However, they 
are classified as flammable solids as they ig- 
nite at higher temperatures, forming Та,О.. 


Table 29.1: Tantalum deposits [11—15]. 
Production Annual produc- 


Reserves. NN" B 
> ? 1991, esti- tion capacity (еѕ- 
Tecation m кв ec 10? matei), d kg 
9x45 ke, та,О, 
Australia 17 000 235 300 
Brazil 18 000 100 245 
Canada 3 000 80 130 
Malaysia 2 000 80 130 
Thailand 16 000 150 200 
Africa 10 000 25 50 
Russia > 20 000 «50 
China 17 000 100 200 
Others 10 000 «50 «100 





29.4 Occurrence 


Tantalum is 54th in order of abundance of 
the elements in the Earth's crust (2.1 g/t). In 
many deposits, it occurs in association with 
the much more abundant niobium (24 g/t). The 
most important tantalum-containing minerals 
are tantalite, wodginite, microlite (the tanta- 
lum-rich end member of the pyrochlore se- 
ries), and columbite [9]. The typical Та,О; 
concentration in processable pegmatitic de- 
posits, which represent the principal raw ma- 
terial potential, particularly in Australia, is < 
са. 0.1%. The uranium- and thorium-contain- 
ing minerals yttrotantalite, strueverite, euxen- 
ite, and samarskite are sometimes highly 
radioactive, which limits their workability 
[10]. An important potential reserve lies in a 
belt stretching from China to Indonesia via 
Thailand and Malaysia, and consists of cas- 
siterite (SnO;) that contains some tantalum 
and niobium. During tin smelting, the tanta- 
lum and niobium become concentrated in the 
slag. The important deposits, with estimated 
current production capacities, are listed in Ta- 
ble 29.1, and the compositions of some tanta- 
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lum-containing minerals are given in Table ` 


29.2. 


У 


29.5 Extraction 


29.5.1 Extraction and Processing 
of Ore Concentrates 


In the important Australian mines, the tan- 
talum-containing minerals are present in 
finely divided form in hard pegmatitic rock. 
The rock is extracted by open-cast mining. 
Further processing, which is different from 
that used for the mainly niobium-containing 
deposits, is an initial size reduction to < 15 
mm, followed by grinding in ball or rod mills 
to < 1 mm. Flotation is then carried out, and 
the soluble constituents are leached out from 
the concentrates. The latter are then dried, and 
the magnetic constituents are removed [18]. 


This ore concentrate, up to 40% Та,О,, is 
dissolved in concentrated hydrofluoric acid, 
and is then separated from the niobium by ex- 
traction with methyl isobutyl ketone, so that 
the tantalum is obtained as H,TaF,. Potassium 
salts are added, and potassium heptafluorotan- 
talate, K,TaF,, crystallizes out. This is reduced 
with sodium to metallic tantalum. 


Major tantalum processing routes are sum- 
marized in Figure 29.1. 


29.5.2 Obtaining Ta-Nb 
Concentrates from Tin Slags 


Tantalum-containing tin slags represent an 
important source of tantalum; e.g., in 1980, ca. 
50% of world demand was recovered from tin 
slags [19-21]. Owing to the low price of tin, 
its production is in continuous decline, so that 
the availability of tantalum-containing tin 
slags is decreasing. Moreover, the tantalum 
concentration in tin concentrates is also de- 
creasing significantly. The fraction of the 
world demand for tantalum represented by 
Та,О; in tin slags is expected to fluctuate 
around 20%. The price of tin is not likely to 
reach a level at which more tantalum-rich tin 
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ores from Thailand and Malaysia can be pro- Та,О,, 96 МЬ,О,, 96 
cessed economically. High-grade 
Thailand · 13-16 9-10 
The tantalum content of these slags fluctu- Zaire 11 10 
Australia 10 5-6 


ates widely. Bolivian slags do not contain tan- 
talum, but those from Thailand can have Medium-grade 


Thailand 46 4 
tantalum content 15-16% Ta,O,. The Ta:Nb Malaysia 34 34 
io varies from 1:0.4 (Thailand) to 1:3 (Ni- Nigeria 4-5 12 
rano ) ( ) (N South Africa 6-8 8-9 
епа). 
Ё ot ue Га Low-grade 
The most important grades of slag have the Malaysia 0.8-2.5 0.872.5 
Ч ve Thailand 0.5-1 0.2-0.8 
following tantalum and niobium content [19— Brazil 125 15:5 
21]: Singapore 1-1.5 1-1.5 
Table 29.2: Composition of important tantalum-containing minerals [9, 16, 17]. 
Mineral Composition Ta,O, content, 96 МЪ,О, content, % 
Tantalite (Fe, Мп)Та,О, 42-84 2-40 
Microlite (Na, Ca)(Ta, Nb),O,F 60—70 5-10 
Columbite (Fe, Mn)(Nb, Ta),O, 1-40 40—75 
Wodginite (Ta, Nb, Sn, Mn, Fe), „Оз, 45-56 3-15 
Yttrotantalite (Y, U, Ca)(Ta, Fei, 14-27 41—56 
Fergusonite (RE**)(Ba, Ta)O, 4-43 14-46 
Strueverite (Ti, Ta, Nb, Ее),О, 7-13 9-14 
Tapiolite (Fe, Mn)(Nb, Ta),O, 40-85 8-15 
Euxenite (Y, Ca, Ce, О, Th)(Nb, Ta, Ti),0, 1-6 22-30 
Samarskite (Fe, Ca, U, Y, Ce),(Nb, Ta),0, 15-30 40-55 


“RE = rare earth element. 
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Figure 29.1: Major tantalum processing routes. 
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High-concentration slags are used directly 
in the wet chemical process (dissolution of the 
slag 1n hydrofluoric/sulfuric acid, followed by 
extraction and separation of tantalum and nio- 
bium). 

From low-concentration slags, Ta/Nb con- 
centrates containing 50-60% Ta,0;/Nb,O; 
can be produced, e.g., pyrometallurgically. 
The Ta/Nb content of these synthetic concen- 
trates is > 99% soluble in hydrofluoric acid, as 
is the case with natural ores. 

In all the concentration processes so far de- 
veloped, the slag is first melted in an electric 
furnace with addition of reducing agents, e.g., 
coke, and fluxing materials. This causes the 
Ta/Nb to collect in the carbide-containing fer- 
roalloy produced, while some impurities re- 
main in the slag. The solid ferroalloy is 
produced in relatively large blocks, which 
must be broken up and ground. The tanta- 
lum/niobium content is increased in further 
process steps, giving a concentrate containing 
50-60% oxides of tantalum and niobium. 

One method of enriching the tantalum and 
niobium consists of oxidizing the ferroalloy, 
which contains the Ta/Nb carbide, with ec, 
(e.g., as hematite). This causes undesired, ele- 
ments to be collected in the oxidic slag, while 
the Ta-Nb carbide is oxidized only as far as 
the metals and therefore remains in the metal- 
lic phase. In a final reaction stage, this is again 
oxidized with Pech, to form a slag that con- 
tains tantalum and niobium oxides [22]. 

The partial oxidation can also be carried out 
in a single smelting stage using air, oxygen- 
: enriched air, or pure oxygen. Under these con- 
ditions, the tantalum is converted to slag much 
more rapidly than the niobium, enabling the 
tantalum to be concentrated at the expense of 
niobium [23]. Ta/Nb carbide-containing fer- 
roalloy can also be treated by wet leaching 
processes [24—26]. 


29.5.3 Processing Tantalum Scrap 


When processing  tantalum-containing 
waste materials, physical and chemical pro- 
cesses are used as much as possible, avoiding 
processes typically used in ore treatment, 1.е., 
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dissolution in hydrofluoric acid and solvent 


extraction. The tantalum scrap is divided into | 


two categories which differ in difficulty of re- 
cycling: 


e Scrap material of the first type can consist of 
pure unoxidized metallic tantalum, e.g., sin- 
tered tantalum powder pellets (anodes) from 
the manufacture of tantalum electrolytic ca- 
pacitors, scrap foil, sheet, and wire, or of an- 
odically oxidized sintered tantalum pellets 
containing 1.5-3% oxygen from capacitor 
manufacture and oxidized wire scrap arising 
from this process. 

The following processing methods are com- 
monly used for these scrap materials: ingot 
melting in an electron beam furnace, or con- 
version to brittle tantalum hydride, grinding, 
and dehydrogenation at > 600 °C in vacuo 
or under a protective gas to form metallic 
tantalum powder [1]. Alternatively, the 
ground tantalum hydride can be carburized 
with carbon black to form tantalum carbide 
[27]. 

The oxygen content of oxidized tantalum 
anodes can be reduced by deoxidation with 
magnesium or calcium to give high-grade 
scrap [28]. 


Scrap of the second type consists of oxi- 
dized tantalum anodes coated with manga- 
nese dioxide or with conductive silver, or 
sometimes welded to nickel conductor 
wires. This category also includes faulty ca- 
pacitors, in which the coated and welded 
tantalum anodes also have an encapsulation 
of synthetic resin or tinned brass. 

Pure oxidized tantalum anodes can be re- 
covered from coated anodes and brass-en- 
capsulated capacitors by successive 
treatments with nitric and hydrochloric acid. 
Resin-encapsuled capacitors require com- 
plex treatment. These can be coarsely size- 
reduced in grinding mills, the tantalum be- 
ing recovered by density separation. Foreign 
metals are removed by treatment with nitric 
and hydrochloric acid, leaving a residue of 
oxidized tantalum anodes in granular form 
[29]. 

Another method has been described for the 
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treatment of tantalum anode scrap contain- 
ing manganese dioxide. This can be directly 
reduced in an argon/hydrogen plasma and 
melted to pure tantalum [30]. If the scrap ca- 
pacitor materials are resin free, the tantalum 
can be recovered as its pentachloride by 

chlorination [31]. 

Some types of tantalum scrap which con- 
tain other impurities are roasted to form the 
oxide, and treated like ore concentrates.-These 
include condensates formed during the melt- 
ing of tantalum ingots, scrapped alloy materi- 
als; impure sawings and turnings, flue dust, 
and sediments from the wash liquors from the 
sodium reduction of potassium heptafluoro- 
tantalate. 

Hard metals that contain tantalum carbide 
can be attacked by roasting and treating with 
caustic soda solution [32], anodic oxidation 
[33], or melting with sodium nitrate [34], con- 
verting the tantalum to its oxide for further re- 
covery treatment. 


29.6 Metallic Tantalum 


29.6.1 Production 


Metallic tantalum products (powder,.semi- 
finished products, ingots) are produced almost 
exclusively by reduction of potassium hep- 
tafluorotantalate with sodium [35, 36]: 

K,TaF, + 5Na э 2KF + 5М№аЕ + Ta 


The strongly exothermic reaction is con- 
trolled by adding inert salts (KCl, NaCl, KF, 
NaF). The reduction can be carried out at con- 
stant temperature by controlled addition of 
one of the reactants, with controlled heat re- 
moval. Tantalum powder is recovered by 
leaching the salts out of the reaction product. 
Two processes are commonly used to obtain 
tantalum capacitor powder from this: 


e The sodium-reduced metallic tantalum pow- 
der is purified and converted to a com- 
pactable and free-flowing product by further 
processing stages, e.g., high-temperature 
treatment in vacuo or under protective gas, 
deoxidation by magnesium [37], or a combi- 
nation of these two processes [38]. Opti- 
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mum properties for capacitor production are 
obtained by the addition of dopants to con- 
trol sintering of porous pellets [39—41]. 


e During ingot melting of compressed slugs 
of tantalum powder in electron beam or 
electric arc furnaces [42], volatile impurities 
are driven off, usually in two smelting oper- 
ations. The ingot can be ground after hydro- 
genation. The powdered tantalum “hydride” 
is then dehydrogenated in vacuo [1] and ag- 
glomerated by high-temperature treatment. 

In addition to the sodium reduction process, 
other processes have been described, i.e., the 
molten salt electrolysis of K,TaF, with addi- 
tion of Та,О; or TaCl,, and hydrogen reduc- 
tion of TaCl, [1, 43], but these have not 
achieved economic importance. The carbo- 

thermic reduction of Ta,O, in high vacuum [1, 

4, 44] at ca. 1900 °C leads first to tantalum 

carbide: 


Ta,O, + 2C — 2TaC + 2,0, 


This reacts above 2000 °C with residual Та,О, 
to metallic tantalum: 


5TaC + Та,О, — 7Ta + 5CO 


Because of the high quality standards for 
particle size and purity required by the pro- 
ducers of tantalum capacitors, this process is 
of minor importance. 


29.6.2 Semifinished Products 


Tantalum metal powder for producing 
semifinished products is also obtained by re- 
ducing K,TaF, with sodium. Semifinished 
products such as sheet, wire, and shaped arti- 
cles are produced by two different methods: 


e Powders are compacted, and then sintered 
by passing an electric current at ca. 2500 °C 
(Coolidge process) or indirectly by resis- 
tance or induction heating in vacuo. Tanta- 
lum wire for tantalum electrolytic capacitor 
manufacture is produced by this process. It 
is advantageous to control the grain size, 
e.g., by adding dopants [45], to optimize the 
mechanical properties. 

e Bars produced by powder compression are 
formed into ingots by electron beam or elec- 


1422 


tric arc melting, and shaped by forging, roll- 
ing, extruding, and wire drawing. 
Intermediate heat treatment in vacuo is usu- 
ally unnecessary as tantalum does not work 
harden. After 95% deformation, a tantalum 
product has typical hardness 180 HV, after 
an initial ingot hardness of 80-90 HV [46, 
47]. 


As well as its use for electrolytic capacitors 
(wire, cans, foil) semifinished tantalum is 
also used in the chemical industry because of 
its excellent resistance to corrosion by hot, 
concentrated mineral acids, with the exception 
of hydrofluoric acid which strongly attacks 
tantalum. The passivation of the metal is a re- 
sult of the dense, adherent oxide film, 1-4 nm 
thick, which forms spontaneously in air and in 
acidic media, and which is stable up to ca. 
260 °C [48]. Welding of tantalum sheet is 
mainly carried out by the tungsten inert gas 
process, which allows complex heat exchang- 
ers and intricate heating equipment to be fabri- 
cated [49]. Impurity levels in commercial 
semifinished tantalum products are listed in 
Table 29.3. 


Because of the high price of tantalum, large 
vessels and pipework are often merely clad 
with the metal. Plating of steel with tantalum 
can be carried out by the explosion method 
[50], or corrosion protection can be achieved 
by build-up welding of tantalum [51]. 

Table 29.3: Typical chemical composition of commercial 
tantalum semifinished products. 


Powder metal- Electron beam 





lurgy grade melted grade 

Ta 299.9% ‚ 299.9896 
Impurity content, ppm 

О 100 

Cc 75 30 

N 75 30 

H 15 10 
Nb 10 20 

Ww 10 20 
Mo 5 10 

Fe 75 10 

Cr 15 3 

Ni 20 2 
Na 10 1 

K 10 1 
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29.6.3 Tantalum Powder for 
Capacitors 


Since the first report that tantalum could be 
used for electrolytic capacitors [52], the 
growth of this application has been such that it 
now accounts for the highest consumption of 
the metal [53]. The capacitor consists of an an- 
ode of tantalum metal powder compressed 
into a pellet, typically 20-200 mg. This anode 
is sintered to give electrical continuity and 
density of ca. 6-9 g/cm?. The electrical con- 
nection is provided by a tantalum wire, at- 
tached by sintering or welding. The whole of 
the pore surface of the sintered anode is coated 
with an amorphous dielectric layer of Та,О; 
by anodic oxidation, using an electrolyte of di- 
lute H,PO,/H,SO,, sometimes with the addi- 
tion of organic compounds [54, 55]. Ta,O, has 
a resistivity of ca. 10!° Ост [56] and dielec- 
tric constant £ = 25. The anode is coated with a 
semiconducting layer of MnO, by impregna- 
tion with an aqueous solution of manganese 
nitrate, followed by pyrolysis. This solid elec- 
trolyte provides the cathodic contact. Re- 
Search has been carried out into the effect of 
the pyrolysis temperature on the Ta,O, layer 
[57] and its dielectric properties [58], and also 
into the effect of temperature on the capacity 
[59] and conductivity [60-62], and the effect 
of these on the leakage current of the capacitor 
[63]. Progressive improvements to powder 
quality [64] have doubled the specific capaci- 
tance of the tantalum metal powder (the prod- 
uct of capacitance and formation voltage per 
unit mass) [65]. Typical qualities and proper- 
ties of capacitor grade tantalum powder are 
given in Table 29.4. 


29.6.4 Other Uses 


Tantalum is used in medicine because of its 
lack of toxicity and very good compatibility 
with tissue. Reports and discussions have been 
published on the suitability of inhaled tanta- 
lum powder as a contrast medium in X-ray di- 
agnostics of the throat, trachea, larynx, 
bronchi, esophagus, and stomach [66—68], but 
the material has been rarely used, mainly for 
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cost reasons. Small tantalum spheres or tanta- 
lum wires are used in organs (e.g., the heart), 
in bone, or in implants as markers when con- 
trolling position and function by X rays [69— 
71]. 

Table 29.4: Typical properties of capacitor-grade tanta- 
Ium powder. 


а pom Powder from so- 

Chemical impuri- : melting dium reduction 
ties, ppm ——————- 
а VFI-18 STA-30 

QRT QRS къ KD 
О 800 1500 1800 2200 
C 10 10 35 40 
N 20 40 50 70 
H 15 15 50 50 
Nb «20 «20 «10 «10 
W «20 «20 «10 «10 
Fe «10 <10 25 25 
Cr «5 <5 10 10 
Ni <5 «5 20 20 
Na «1 «1 «2 «2 
K «1 «1 9 10 
Specific charge, 3000 5000 15000 30000 
C V/g (UF V/g) 


Application work- 50-75 35-50 25—35 <25 
ing voltage, V 


*H. C. Starck, Newton, United States. 
ЪН. С. Starck-V-tech, Tokyo. * 
*H. C. Starck, Goslar, Germany. 


Because of its stable oxide layer, tantalum 
in the body is completely bioinert. It has been 
shown in animal experiments that, if broken 
bones are held in position with tantalum rods, 
even in septic conditions with corrosive tissue 
reaction, healing is better than when chro- 
mium-nickel steel or niobium are used [72]. 
Tantalum implants in the jaw have shown 
good metal-bone contact over many years 
with no morbid reaction [73]. Tantalum has 
been largely replaced as a prosthetic implant 
material by titanium, as this has better strength 
properties and is sufficiently bioinert [74]. 
However, tantalum has an important use in 
clips for rapid occlusion of vessels in surgery, 
either temporary or permanent, [75—77]. In 
some cases, tantalum mesh and plate can be 
implanted in damaged areas of the skull [78— 
80]. 

The possible use of the very dense and duc- 
tile tantalum for the manufacture of heavy 
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missiles for armour penetration is under inves- 
tigation [81]. 


29.7 Compounds 


Oxides. Tantalum oxides in lower oxidation 
states are not industrially important. Tanta- 
lum(II) oxide, TaO, is the only lower oxide 
whose existence has been confirmed. It is pro- 
duced from tantalum pentoxide by redüction 
with carbon at 1900 °C, or with hydrogen at 
1100 °C. A possible use is for the production 
of heat-reflecting window glass [82]. 


: No tantalum compound analogous to nio- 
bium(IV) oxide, NbO,, is known. However, 
with tantalum pentoxide, the possibility exists 
of introducing interstitial tantalum atoms, so 
that TaO, compounds can be obtained (x = 2— 
2.5). These oxides have metallic conductivity, 
but do not form discrete phases. 


Tantalum pentoxide, Та,О; (mp 1880 °С, 
density 8.73 g/cm’), occurs in two thermody- 
namically stable modifications, œ and В. The 
transition temperature from the orthorhombic 
B modification to the tetragonal œ modifica- 
tion is ca. 1360 °C. The existence of an & mod- 
ification, produced hydrothermally from 
tantalic acid at 300-340 °C, is also known. 
This є-Та„О; is isomorphous with B-Nb,O,, 
and is transformed to В-Та,О; by heating in air 
above 886 °C [83]. 


Two processes are used for the manufacture 
of tantalum pentoxide: 


Wet Chemical Method. The raw materials 
(ores and/or tin slag concentrates) are dis- 
solved in hydrofluoric acid at ca. 100 °C. Tan- 
talum and niobium are extracted from this 
strongly acid aqueous solution, preferably 
with methyl isobutyl ketone. The impurities 
that are also extracted, SZ, FeF2, АЕ}, 
ЅЪЕ 27, etc., are washed out with sulfuric acid, 
and the tantalum and niobium are separated in 
a multistage operation. Ammonia gas or solu- 
tion is added to the aqueous H,TaF, solution, 
forming hydrated tantalum oxide, Та,О;: 
пН,О. This is washed, dried, and calcined 
above 800 ?C to form the oxide [84]. 
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Chloride Process. The ferroalloy produced 
by the pyrometallurgical method is chlori- 
nated in an iron chloride-sodium chloride melt 
at 550—600 °C. The complex salt NaFeCl, 
present in the melt acts as a chlorine carrier. 
The iron loses a chlorine atom and is reduced 
from the trivalent to the divalent state, and the 
added chlorine gas causes the iron to be con-. 
tinuously  reoxidized to Fe(II). The 
TaCl,/NbC1, mixture is separated by fractional 
distillation to obtain the chlorides of the two 
elements in a highly pure state. To obtain the 
oxide, the ground chlorides are hydrolyzed 
with steam in a fluidized bed, and then cal- 
cined. 


In the optical industry, tantalum pentoxide 
is used in lanthanum borate glasses, character- 
ized by their high refractive index and low op- 
tical scattering; since the 1980s, niobium 
pentoxide has been increasingly used for this 
application, as tantalum pentoxide is 3—5 
times as expensive and has twice the density 
[85]. 

Tantalum pentoxide, and especially hy- 
drated tantalum oxide Ta,O,-7H,0, is used as 
an acid catalyst. In its amorphous form, its sur- 
face acidity can be as high as Но < 8.2 [86]. It 
therefore has good catalytic acitivity for alky- 
lation, esterification, Beckmann rearrange- 
ment, aldol condensation, etc. [87-90]. 


Tantalates. Tantalates can be produced by 
calcination of oxide mixtures, or by dissolving 
tantalum pentoxide in molten alkali metal hy- 
droxides or carbonates. Excess alkali metal 
hydroxides or carbonates leads to the forma- 
tion of water-soluble tantalate isopolyanions 
(H,Ta4O, 6?" where x = 0, 1, or 2 [91]. 

The most industrially important tantalates 
are those of lithium and yttrium. Single crys- 
tals of lithium tantalate, LiTaO,, are pulled 
from the melt crucible. by the Czochralski 
method [92]. The crystal growth rate for crys- 
tals 5-8 cm in diameter is ca. 2-3 mm/h. 
These ferroelectric single crystals in the un- 
poled state have domains that are statistically 
distributed in the crystal. They are poled on 
passing through the Curie temperature (665— 
618 °C) in an electric field and then have only 
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а single domain [93, 94]. Single-crystal wafers 
of LiTaO, are widely used as surface acoustic 
wave filters (SAW) for high-frequency appli- 
cations in communication systems (intermedi- 
ate-frequency filters in television and video 
equipment). Also, lithium tantalate is used in 
combination with lithium niobate in the manu- 
facture of waveguides, frequency doublers 
(second harmonic generation), optical modu- 
lators, and optical switches. 

Yttrium tantalate powder, YTaO,, produced 
in a solid state reaction, is applied as an emul- 
sion to a film, and is used in diagnostic medi- 
cine as a phosphor for the amplification of X 
rays. It converts X rays to fluorescent light in 
very high yield, enabling the X-ray dose re- 
ceived by the patient to be significantly re- 
duced [95]. 

Barium magnesium tantalate, Ва,МеТа,О, 
and barium zinc tantalate, Ba,ZnTa,O,, are 
likely to play an increasingly important role in 
the future as the base material for microwave 
resonators for the stabilization of oscillators, 
or as frequency filters. These dielectric mate- 
nals, which have the perovskite structure, 
have high dielectric constant and very low di- 
electric loss at high frequencies [96—99]. 
These high-quality resonators are especially 
necessary for the high carrier frequencies in 
satellite communication. 


Halides. Tantalum pentafluoride, ТаЕ,, (mp 
96.8 °C, bp 229.5 °C) is produced by passing 
fluorine over metallic tantalum, or from tanta- 
lum chloride by adding anhydrous hydrogen 
fluoride [100—102]. Both tantalum pentafluo- 
ride and niobium pentafluoride are used in the 
petrochemical industry as isomerization and 
alkylation catalysts. The fluorides of both ele- 
ments are also useful as fluorination catalysts 
for the manufacture of fluorochloro- and flu- 
orinated hydrocarbons [103]. 

The oxyfluorides TaOF, and TaO.F are also 
known, but have no industrial importance.. 

Potassium heptafluorotantalate (potassium 
tantalum fluoride), K,TaF,, is an industrially 
important intermediate in the production of 
tantalum metal. It crystallizes in colorless, 
rhombic needles when К* ions (e.g., KCl or 
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KF) are added to solutions of tantalum in hy- 
drofluoric acid (e.g., H,TaF, solution) from 
the extraction process. If the acidity is not high 
enough, undesired oxyfluorides are formed in 
addition to K,TaF,. 

The solubility of potassium heptafluorotan- 
talate in hydrofluoric acid solution decreases 
from 60 g/100 mi at the boiling point to < 0.5 
g/100 ml at room temperature. As the corre- 
sponding stable niobium salt K,NbOF, is sig- 
nificantly more soluble, tantalum can also be 
separated from niobium by fractional crystal- 
lization (Marignac process) [7]. 

Tantalum pentachloride, TaCl,, mp 216 °C, 
bp 242 °С, forms colorless, strongly hygro- 
scopic, needle-shaped crystals. On an indus- 
trial scale, production of this chloride is 
exclusively by chlorination of metallic tanta- 
lum, ferrotantalum, or tantalum metal scrap. 
This process is mainly used in the production 
of high-purity oxides [104, 105]. 

Tantalum pentachloride is soluble in abso- 
lute alcohol, with formation of the corre- 
sponding alkoxide [106, 108]. Ultrafine 
tantalum oxide powder can be produced by 
hydrolysis of this alkoxide [108]. , 

Tantalum  pentachlornde and tantalum 
alkoxides are suitable for use in the chemical 
vapor deposition of tantalum metal or tanta- 
lum oxide. 

The other pentahalides, ТаВг; and Tal, аге 
known, but are of no industrial importance. 


Carbides. Tantalum carbide, TaC, is golden- 
brown, mp 3985°C (one of the highest 
known). It is added as powder in the manufac- 
ture of hard metals. Tantalum carbide can be 
produced by the direct carburization of Ta 
metal by carbon, or preferably by reaction of 
Та,О; with carbon at са. 1900 °С. In hard 
metal mixtures based on tungsten carbide, tan- 
talum carbide is present at concentrations 0.5— 
10%. It improves the high-temperature fatigue 
strength and thermal shock resistance of the 
cutting tool. 


Nitrides. Tantalum nitride, TaN, is a hard ma- 
terial, like tantalum carbide, with good wear 
resistance. It is produced by heating tantalum 
in a pure nitrogen atmosphere at ca. 1100 °C. 
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Tantalum nitride films are used as diffusion 
barriers in semiconductor technology [109, 
110], and as protective coatings for moisture 
sensors [111]. Tantalum nitride is also some- 
times found in small amounts (3-8%) in сег- 
mets [base material Ti(C, N)]. 


Borides. The tantalum—boron phase diagram 
[112] shows the existence of Ta,B, Та,В,, 
TaB, Ta,B, and TaB,. These hard materials are 
of little industrial importance. The borides 
may be produced by heating tantalum and bo- 
ron in vacuo at ca. 1800 °C, or by electrolyz- 
ing a melt оЁТа,О;, В.О», CaO, and CaF.. 


Silicides. The silicides TaSi, and Ta,Si, [113] 
are produced from the elements by heating in 
vacuo at 1000—1500 °C. Tantalum silicide tar- 
gets were formerly used in the semiconductor 
industry for production of interconnections by 
sputtering [114], but tantalum silicides are no 
longer of any industrial importance. 


29.8 Analysis 


The analytical chemistry of tantalum is de- 
scribed in detail in several monographs [115— 
118]. Analysis for tantalum as a major or mi- 
nor component or trace element in raw materi- 
als, ferroniobium-tantalum, scrap materials, 
and alloys must be distinguished from analysis 
for impurities in tantalum products. The clas- 
sical method of analyzing for tantalum is by 
gravimetry after extraction as the fluoro com- 
plex on an ion-exchange resin [119]. Low con- 
centrations, i.e., in the ug/g region, are usually 
determined photometrically [118]. 

When tantalum is a major or minor compo- 
nent in ores, scrap, etc., it is usually deter- 
mined by fusion with sodium or lithium 
borate, followed by X-ray fluorescence analy- 
sis (2 0.0196 Ta) [120]. Analysis of solutions 
by emission spectrometry with plasma excita- 
tion (ICP-AES) is increasingly used. Tantalum 
in the ng/ml region can be determined by mea- 
surement at 296.5 nm. 

Because of the high purity required for 
electronic components, optical glasses, and 
superalloys, sensitive multielement methods 
have been developed for the determination of 
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trace impurities in commercial products, e.g. 
potassium heptafluorotantalate, metallic tanta- 
lum, and tantalum oxide. The first methods 
were based on OES with vaporization in a car- 


bon d.c. arc [121]. Additionally, many ele- . 


ments can be determined by plasma optical 
emission spectrometry (DCP-AES, ICP- 
AES) after dissolution by treatment with hy- 
drofluoric or hydrofluoric/nitric acid under 
pressure [122]. Alkalis are determined by 
flame atomic absorption spectrometry, and ar- 
senic, antimony, and other hydride formers by 
hydride techniques. Phosphorus, as a doping 
element in tantalum powders, can be very reli- 
ably determined photometrically [123]. Car- 
bon and sulfur are determined by combustion 
analysis, and oxygen and nitrogen by hot ex- 
traction with a carrier gas. 


As the optical spectrum of the tantalum ma- 
trix contains a very large number of lines, 
there are many possibilities for interference; 
trace element-matrix separation offers the 
possibility to overcome the problems [122, 
124, 125]. For the final determination, ICP- 
AES, ICP-mass spectrometry, or neutron acti- 
vation analysis are used. For trace determina- 
tion in the sub-ppm region, glow discharge 
mass spectrometry is now the most sensitive 
routine method of determination [126]. 


29.9 Economic Aspects 


Figure 29.2 shows how the price of tanta- 
]um has fluctuated over recent years. The most 
important tantalum processors have made 
long-term ore contracts with the large mining 
concerns [127]. World production of tantalum 
ores (Table 29.1) is well below capacity. 


World demand for tantalum has changed 
little since 1970, remaining at ca. 1000 t/a. 
Forecasts based on increasing tantalum de- 
mand for electrolytic capacitors [128] have 
not been borneout, as developments in tanta- 
lum powders have meant that increasingly less 
tantalum powder is required for a given capac- 
itor type [129]. However, the number of tanta- 
lum capacitors produced has grown 
continually, from ca. 2 х 10? in 1975 to ca. 9x 
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10? in 1992 (53]. The most important area of 
use is for electrolytic capacitors, which ac- 
count for > 50% of total world production-of 
tantalum. The use of tantalum carbide as an 
additive in the hard metal industry, which was 
still important in 1980, has decreased 1n recent 
years [17] as TaC is being replaced by chro- 
mium and vanadium carbides for cost reasons. 
Figure 29.3 illustrates the shifting market 
shares of the various application areas over re- 
cent decades. Applications not included, e.g., 
Та,О; in optical applications and in X-ray 
phosphors, account for considerably less than 
5% of the market. 
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Figure 29.2: Tantalum ore prices. London Metal Bulletin 
25/4096 Ta,O,, based on 30% Ta,O,, cost, insurance, and 
freight. 








Market share,96 
hs] 
о 


"ou ge 1980 $93 
Year ———— 

—o— Steel treatment -—o— Capacitors 

—$— Hard metal —*— Special alloys 

—s— Mill products 


Figure 29.3: Market share of tantalum applications, 
1935-1993. : 


29.10 Toxicology 


Metallic tantalum is completely nontoxic 
and bioinert, and allergic reactions are un- 
known. This has enabled it to be used in X-ray 





Tantalum 


diagnostics and surgery (Section 29.6.4). Tan- 
talum carbide is not known to have acute tox- 
icity. Tantalum oxide is classified as nontoxic, 
although animal experiments indicate that the 
LD (rat, oral) is 8000 mg/kg (RTECS). For 
respirable dusts of metallic tantalum, the 
MAK value is 5 mg/m?. Tantalum chloride has 
a strongly corrosive and irritant effect, owing 
to the hydrolytic production of hydrogen chlo- 
ride. The ГЮ (rat, oral) is 1900 mg/kg 
(RTECS). MAK values have not yet been es- 
tablished for tantalum oxide, tantalum car- 
bide, and tantalum chloride. Potassium 
heptafluorotantalate has toxic properties due 
to its fluoride content; LD (rat, oral) is 2500 
mg/kg (RTECS), and MAK for dusts is 2.5 
mg/m? total dust (calculated as fluoride) 
[130]. 
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30.1 Introduction r 


On analyzing the gem mineral known as 
jargon from Sri Lanka. Кілркотн in 1789 
found it contained an oxide which he could not 
identify and which he later called “zir- 
conerde". In 1824 BerzeLius prepared the first 
zirconium metal, an impure black powder, by 
heating potassium hexafluorozirconate and 
potassium in a closed pot. LeLy and Ham- 
BURGER prepared the first relatively pure zirco- 
nium in 1904 by reduction of zirconium 
tetrachloride with sodium in a bomb, produc- 
ing malleable, corrosion-resistant zirconium 
pellets. But it was a hundred years after BERzE- 
LIUS before VAN ARKEL, DE Born, and Fast [1, 
2] developed the iodide process which pro- 
duced the first massive zirconium metal that 
could be cold worked and which exhibited 
good ductility at room temperature. 

Early uses for zirconium metal were in py- 
rophoric devices such as fuses, ammunition 
primers, fireworks, photoflash powder, and 
flares. Zirconium powder was used exten- 


sively as a gettering material in vacuum tubes. 

By 1946 the consumption of zirconium for 
these purposes was about 5 t/a. Less than 50: 
kg of ductile iodide metal was sold, at ca. $700 

per kilogram. 

W. J. Knorr carried out the first inert-atmo- 
sphere magnesium reduction of zirconium tet- 
rachloride in his Luxembourg laboratory in 
1938 [3]. In 1944 the U.S. Bureau of Mines 
started a project to make ductile zirconium 
economically. KroLL was assigned to take 
over direction of the project in January, 1945. 
By 1947, a pilot plant was producing 30 kg of 
zirconium sponge per week. Concurrently, re- 
searchers at Massachusetts Institute of Tech- 
nology and at Oak Ridge National Laboratory 
were evaluating the physical and atomic prop- 
erties of metals as potential uranium fuel clad- 
ding materials for nuclear power stations. In 
1948 hafnium-free zirconium was selected as 
most promising. By 1949 zirconium had been 
chosen as the structural material for the fuel 
core of the submarine thermal reactor, the 
land-based reactor prototype, and during 
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1949—1950 a satisfactory hafnium separation 
process was developed at Oak Ridge. By the 
end of 1950, 3000 kg of hafnium-free zirco- 
nium metal strip had been produced, and the 
zirconium metal producing industry was 
launched as an integral part of the beginning 
nuclear power industry. 


30.2 Properties 


Physical Properties. Zirconium is a lustrous, 
strong, ductile metal similar in appearance to 
stainless steel. Pure zirconium metal has three 
solid phases: «Zr, which is stable below 200 
K at ambient pressure and up to 1000 K at 6 
GPa [4]; o-Zr, which is stable from 200 К to 
1125 K; and B-Zr, which is the stable form be- 
tween 1125 K and the melting point. These 
transition temperatures change with the addi- 
tion of æ- or B-stabilizing alloying elements. 
The important physical properties are pre- 
sented in the following: 


Relative atomic mass 91.224 
Atomic radius 15.90 nm (in metal lattice) 
Ionic radius (Zr**) 7.5nm 
Electronegativity 1.22 
Standard potential ММО, 1.53 V 
Melting point 1852+2 °C 
Boiling point 3850 °C 
Crystal structure of @-2г hexagonal open 
a-Zr hexagonal dense, 
а= 32.3 пт, с = 51.5 пт 
В-2г body-centered cubic, 
а= 36.1 nm 
Transformation temperatures 
0a ~73 °C 
а э В 862+ 5 °С 
Heat of fusion 2.30 x 10* J/mol 
Heat of evaporation 5.96 x 10? I/mol 
Electrical resistivity 3.89 x 105 Ост 
Thermal conductivity at 25 °С 21.1 Wa) 
at 100 °C 20.4 
at 300 °C 18.7 
Specific heat at 25 °C 0.285 Jg !kg'! 
at 865 °C 0.335 
Thermal expansion coefficient 
a, bulk, at 25 °C 5.89 x10. K^! 
a--Zr, || c axis 6.4 x 10% 
a-Zr, Lc axis 5.6 x 10$ 
B-Zr 9.7x 10% 
Density of a-Zr 6.50 g/cm? 
В-2г 6.05 
Effective cross section for 1.9 х 107° т> 


thermal neutrons (0.19 barns) 


Mechanical Properties. Although zirconium 
is a high-melting metal, its mechanical proper- 
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ties are similar to those of much lower melting 
metals: its elastic modulus is quite low, and its’ 
strength diminishes rapidly with increasirig 
temperature. The mechanical properties of zir- 
conium are strongly dependent on purity, es- 
pecially the oxygen and nitrogen content, the 


amount of cold work, and the crystallographic ` 


texture. Forged or rolled zirconium shows 
marked anisotropy in mechanical properties in 
both the as-formed and annealed conditions. 
Pure zirconium is ductile at liquid-nitrogen 
temperatures but the metal is subject to hydro- 
gen embrittlement whenever the hydrogen 
content sufficiently exceeds the hydrogen sol- 
ubility at the operating temperature. Tables 
30.1 and 30.2 gives typical values of the more 
important mechanical properties of zirconium 
and of Zircaloy 2 and Zircaloy 4 (see also Sec- 
tion 30.9). 


Table 30.1: Mechanical properties of zirconium. 
Property 20 °C 200°C 300°C 


Tensile strength, MPa 300-450 200-250 150-180 

Elastic limit 90.2%), 200-300 110-130 75-85 
MPa А 

Elongation, 96 25-35 50-60 45—55 

Modulus of elasticity, 7.5x10* 83x10* 72x107* 
MPa 


Brinell hardness 90-130 
Shear modulus 36 500 
Poisson's ratio 0.35 





Chemical Properties. Zirconium is a Very re- 
active metal that, in air or aqueous solution, 
immediately develops a surface oxide film. 
This stable, adherent film is the basis for zir- 
conium's corrosion resistance. In most media, 
Zirconium is more resistant than titanium or 
stainless steel. Its acid resistance approaches 
that of tantalum, but unlike tantalum, zirco- 
nium is also resistant to caustic media. 


Fluoride ions bond strongly to zirconium, 
and even a trace of fluoride in most media will 
drastically reduce its corrosion resistance. 


The corrosion resistance in sulfuric acid is 
excellent at temperatures up to 150?C and 
acid concentrations up to 7096, except that 
welds and adjacent heat-affected zones are 
susceptible to corrosive attack above 60% 
concentration. This can be alleviated by an- 
nealing. 
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Table 30.2: Mechanical properties of Zircaloy 2 and Zircaloy 4. 
Property Annealed | Recrystallized 
20 °C 200 °C 400 *C 20 °С 200 °C 400 °C 
Tensile strength, MPa 785 440 380 520 290 190 
0.296 yield strength, MPa 600 360 300 370 150 130 
Ultimate elongation (50 mm), 96 17 20 20 34 45 55 





Ferric, cupric, and nitrate ion impurities in 
sulfuric acid decrease the corrosion resistance 
at acid concentrations above 6596. Even at 
room temperature zirconium is rapidly at- 
tacked at concentrations above 75%. 


The corrosion resistance in hydrochloric 
acid is excellent at temperatures up to 130 °C 
and concentrations up to 37%. However, even 
small amounts of ferric or cupric ions will lead 
to severe pitting and stress cracking. 


The corrosion resistance in nitric acid is ex- 
cellent at all concentrations up to 90% and 
temperatures up to 200 °C. In concentrations 
above 65%, stress corrosion cracking may oc- 
cur if high tensile stresses are present [5]. 


The corrosion resistance in phosphoric acid 


is excellent in all concentrations up to 65 °С, 


and, at concentrations below 40%, up to 
185 °C. 


Zirconium is rapidly attacked by hydroflu- 
oric acid, even at concentrations below 0.1%. 

The corrosion resistance in sodium hydrox- 
ide and potassium hydroxide is excellent at all 
concentrations, up to the boiling temperature. 
Zirconium is resistant to molten sodium hy- 
droxide up to 1000 °C. 


Zirconium is very resistant to most organic 
compounds at all concentrations and tempera- 
tures. But, when air or moisture are not avail- 
able to reform the surface oxide film, 
zirconium is attacked by anhydrous chlori- 
nated organics at elevated temperatures and is 
etched by bromine or iodine dissolved in an- 
hydrous organics. Stress corrosion cracking 
may also occur. 


Zirconium reacts with most gases at rela- 
tively low temperatures. 


Zirconium forms a visible interference 
color film in air starting above 200 °C. Above 
400 °С the adherent oxide film is black. 


Above 540 ?C aloose gray-white oxide forms, 
the oxide layer becomes thicker as oxygen dif- 
fuses into the underlying metal, and the metal 
can become embrittled after prolonged expo- 
sure. The maximum continuous operating 
temperature of zirconium in air is ca. 450 ?C. 
Short-term hot working such as forging, roll- 
ing, and extrusion are conducted at 550— 
1000 °C. Afterwards, the surface oxide and 
embrittled metal layer are mechanically and 
chemically removed. While solid zirconium 
metal is oxidized slowly in air, the oxidation is 
exothermic, and for high-surface-area forms, 
such as powder or sponge metal, the large heat 
release may cause ignition. 


Oxygen-containing gases, such as carbon 
dioxide, carbon monoxide, sulfur dioxide, 
steam, and nitrogen oxides, oxidize zirconium 
somewhat slower than air. The maximum con- 
tinuous operating temperature is about 
400 °C. 


Zirconium reacts more slowly with nitro- 
gen than with oxygen because the reaction is 
less exothermic. 


Zirconium readily absorbs hydrogen above 
300 °C. The rate of absorption varies inversely 
with the thickness of the surface oxide film. 
Hydrogen solubility increases with tempera- 
ture. On cooling, when the solubility is ex- 
ceeded, zirconium hydride platelets 
precipitate, embrittling the metal. The reaction 
is reversible: hydrogen is removed on heating 
the metal above 600 °C in a high vacuum. 


Zirconium's oxide film protects it from dry 
chlorine gas at room temperature, but any im- 
pact or abrasion that exposes a fresh metal sur- 
face may initiate an exothermic reaction 
producing zirconium tetrachloride vapor. 


More information on the chemical behavior 
of zirconium metal can be found in [6]. 
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30.3 Occurrence, Ores, and 
Mining 
Zirconium is the ninth most abundant metal 
in the earth's crust, with an estimated concen- 
tration of 0.016-0.025% [7], about one twen- 
tieth that of titanium but more plentiful than 
nickel, copper, or zinc. Zirconium occurs only 
in fully oxidized form, never as free metal. 
There are over 40 known zirconium miner- 
als which can be grouped: 
e Zirconium orthosilicates: Zircon and its 
metamict varieties 


e Zirconium dioxide: baddeleyite and its al- 
tered varieties i 

e Zirconsilicates with sodium, calcium, iron, 
and other elements: eudialyte, eucolite, git- 
tinsite and others 

e Zirconium carbonates with sodium, cal- 
cium, and other elements: weloganite and 
others 

ө Others, including zirconolite (CaZrTi,0,) 
Zircon is the predominant commercial zir- 

conium mineral, but the minerals baddeleyite 

and eudialyte are also being used. All are ob- 

tained as by-products of other mineral recov- 

ery operations. 


Zircon, ZrSiO,, occurs as an accessory min- 
eral in silica-rich igneous rocks, particularly 
granite, nepheline syenite, and pegmatite, and 
also in metamorphic and sedimentary rocks. 
Zircon is rarely found in rocks in economi- 
cally minable concentration. Weathering and 
erosion of these rocks frees the zircon grains, 
and the combined action of rivers, seas, and 
wind concentrate the heavier minerals by nat- 
ural gravitation processes in placer deposits, 
deltas, and ocean beaches. As an ore, zircon is 
recovered from unconsolidated sands in beach 
deposits. 

Large heavy mineral sands deposits are be- 
ing extensively mined in Florida, West Austra- 
lia, South Africa, India, Russia and 
Kazakhstan, with smaller operations in Sierra 
Leone, Sri Lanka, Madagascar, Malaysia, Bra- 
zil, Indonesia, Thailand, Ukraine and, Viet- 
nam. Ín Canada, some zircon is obtained from 
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the processing of Athabasca tar sands. Unde- 
veloped heavy mineral beach sand reserves 
containing zircon exist in New Jersey, the Car- 
olinas, Georgia, Tennessee, Colorado, New 
Mexico, Oregon, Utah, Wyoming, Egypt, 
Malawi, Senegal, and Tanzania. 


These heavy mineral sands deposits are 
mined to obtain the titanium minerals rutile, 
leucoxene, and ilmenite to supply the titanium 
metal and titanium oxide pigment industries. 
Depending on the deposit's composition and 
current market pricing, zircon and other min- 
erals are viable by-products. Australia and 
South Africa are major zircon exporters. 


Mining of heavy mineral sands involves 
first removing a light sand overburden, fol- 
lowed by removal of the heavy sands layers 
using elevating scrapers and bulldozers, or by 
flooding the excavation and using dredges in 
the pond. The heavy minerals are concentrated 
by gravity separation, and the quartz, light 
minerals, fines, clay, and silt are returned to 
the back end of the excavation. Since the 
heavy mineral sands are only 4-7% of the de- 
posit, the site can be rehabilitated close to the 
original elevation, topsoil replaced, and native 
vegetation replanted. The concentrate is 
hauled to a ore-dressing site where the grains 
may be scrubbed to remove surface coatings, 
dried, and separated into individual mineral 
components: rutile, leucoxene, ilmenite, zir- 
con, xenotime, monazite, staurolite, garnet, 
kyanite, and sillimanite. These separation 
steps utilize differences in the specific gravity, 
induced magnetism, and electrical conductiv- 
ity of the individual minerals grains to gradu- 
ally recover each mineral in good purity. 


The various mining operations produce a 
range of zircon products from high grades 
with very low levels of impurities to lower 
grades where the impurities vary with the na- 
ture of the orebody and the type of separation 
process used, These various grades supply a 
range of applications: foundry sands, refracto- 
ries, abrasives, opacifiers, zirconium chemi- 
cals, zirconium metal, and welding rod 
coatings. A typical analysis of zircon for the 
metal industry is 66.6% (Zr + Hf)O,, 0.2% 


Zirconium 


ALO,, 0.15% TiO, 0.1% Fe,03, 0.1% PO, 
0.025% U, 0.020% Th. 


Baddeleyite, ZrO,, has been found in Brazil, 
South Africa, Sri Lanka, and Russia. Brazilian 
baddeleyite often occurs mixed with zircon. 
The mixture is known as caldasite and usually 
contains 65-80% zirconium oxide. South Af- 
rican baddeleyite is a by-product of mining a 
volcanic orebody for copper and phosphate 
fertilizer. The baddeleyite concentrate con- 
tains 9696 zirconium oxide. Russian badde- 
leyite from the Kola Peninsula is a by-product 
of open pit iron ore mining. 


Eudialyte, (Ca, Naj)(Zr, Ее)(81,0,) (ОН, 
CD, has been found in Greenland, Norway, 
Brazil, Australia, Transvaal, and New Mexico. 
Some eudialytes contain 12-1596 zirconium 
oxide, yttrium, and small amounts of niobium 
and rare earth metals. 


Hafnium Content. All known zirconium 
minerals contain hafnium, usually in the range 
of 1.5-2.5% Hf/Zr + Hf, although higher 
hafnium contents have been found. There is a 
tendency for higher-hafnium ores to be also 
higher in uranium and thorium content. 
Hafnon, hafnium orthosilicate, with > 95% 
Hf/Zr + Hf was found associated with a tanta- 
lum ore in Mozambique. 


30.4 Production 


Processing steps for the production of zir- 
conium metal from zircon sand are shown in 
Figure 30.1. 


30.4.1 Opening-up of Ore 


Zircon is a refractory mineral whose de- 
composition requires the use of high tempera- 
ture and aggressive chemicals. Selection of a 
particular procedure depends on the subse- 
quent product use or processing. 


Caustic Fusion. Caustic fusion of zircon with 
a slight excess of sodium hydroxide at 650 °C 
(or sodium carbonate at 1000 °C) is the usual 
Zircon decomposition process [8, 9]: 


ZrSiO, + 4NaOH — Na,ZrO, + Na,SiO, + 29,0 
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The cooled reaction mass is crushed and slur- 
ried in water. Water dissolves the sodium sili- 
cate and hydrolyzes the sodium zirconate to 
soluble sodium hydroxide and insoluble hy- 
drous zirconia. The hydrous zirconia, recov- 
ered by filtration, can be fired to oxide, 
dissolved in mineral acid for further conver- 
Sion to aqueous zirconium compounds, or dis- 
solved in mineral acid for feeding to a hafnium 
extraction process. D 

A variant of the caustic fusion process uses 
less caustic to produce an acid-soluble sodium 
Zirconium silicate 

1000 °С 

ZrSiO,+Na,CO, — Ма,71810, +CO, 


The frit from this reaction is added to 
strong acid to yield a solution containing so- 
dium and zirconium salts and silica gel: 


Na,ZrSiO, + 4НС1 — 2NaCl + ZrOCI, + SiO, + 2H,O 


Chlorination. Fluidized-bed carbochlorina- 
tion of milled zircon sand is the zircon decom- 
position process used by American and French 
zirconium metal producers. Chlorine is the 
fluidizing gas. The reaction is endothermic 
and supplemental energy is supplied, usually 
by induction heating of the interior graphite 
wall of the chlorinator. 

1100 °C 
ZrSiO,+4C+4Cl, — ZrCl,+SiCl,+4CO 


The product gases are cooled to 200 °C in a 
primary condenser that collects zirconium 
(and hafnium) tetrachloride as a powder. The 
remaining gas mixture is cooled to ~20 °C ina 
secondary condenser, collecting silicon tetra- 
chloride as a liquid which is subsequently pu- 
rified and used to make fumed silica, fused 
quartz, and fused-quartz optical fiber. 


Thermal Dissociation. Thermal dissociation 
of zircon in an arc plasma forms zirconium ox- 
ide in droplets of liquid silica. Rapid quench- 
ing, to minimize recombination, produces 
intimately mixed crystals of zirconium oxide 
in a bead of amorphous silicon oxide [10]. 


, 1800?C ^  Quench 
ZrSiO, — liquid —  ZrO,- SiO, 
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Figure 30.1: Flow diagram for production of zirconium. 
The mixture can be leached with sulfuric acid 
to yield a zirconium sulfate solution and insol- 
uble silica, or leached with sodium hydroxide 
to yield a sodium silicate solution and insolu- 
ble zirconium oxide. 
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Fluorosilicate Fusion. The fusion of zircon 
and potassium hexafluorosilicate produces po- 
tassium hexafluorozirconate [11]. 


700 °C 
ZiSiO, + KSE, — K,ZrF,+2Si0, 


Zirconium 


The fused mass is crushed, then the fluoride 
salt is dissolved with acidified hot water. The 
hot solution is filtered to remove silica and 
cooled to crystallize potassium hexafluorozir- 
conate. І 


Lime Fusion. Fusion of zircon with limestone 
or dolomite produces calcium zirconate and 
calcium or magnesium silicate: 


` 271810,  5CaCO, > 2CaZrO, + (СаО),(810,), +СО, 


On cooling, the fused mass disintegrates into a 
very fine calcium silicate powder and coarse 
calcium zirconate crystals, which can be re- 
covered by mechanical means. The acid-solu- 
ble calcium zirconate can be converted into 
zirconium salts or zirconium oxide. 


Carbiding. An intimate mix of zircon sand 
and coke is continually fed into an open-top 
electric arc furnace. Insufficient carbon is used 
for complete conversion to carbide, so that sil- 
icon monoxide is vaporized at the arc temper- 
ature [12]: 


2500 °C 
ZrSiO, * 3C — Zut №, О) + 810 + ЗСО 


A crude zirconium carbonitride ingot 
grows under the electrode, surrounded by un- 
reacted mix, which acts as insulation for the 
steel furnace shell. When the furnace is full, it 
is moved to a cooling location. When cool, the 
ingot is separated from unreacted charge, 
which is recycled. The product is a dense 
block, having a silver to golden-yellow frac- 
ture surface, depending on nitrogen content. 
The block is broken and crushed to —75 mm 
chunks, which are subsequently chlorinated 
to zirconium tetrachloride. If the hot ingot is 
immediately removed from the furnace shell 
and unreacted charge, the ingot is oxidized to 
Zirconium oxide containing ca. 5% silica. 


High-Temperature Fusion. Direct electric 
arc smelting of baddeleyite or zircon is used to 
make fused zirconia or fused alumina-zirco- 
nia-silica (AZS). The silica is partially vapor- 
ized and recovered as fumed silica. 
Baddeleyite is converted to zirconium sul- 
fate by direct dissolution in concentrated sul- 
furic acid at ca. 200 °C. The recovery is low. 
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Better recoveries are obtained by first heating 
the baddeleyite with lime to yield calcium zir- 
conate, which reacts with sulfuric acid to give 
zirconium sulfate and gypsum. 


30.4.2 Hafnium Separation 


Zirconium and hafnium are very similar 
chemically and metallurgically, and for most 
uses of zirconium their separation is unneces- 
sary. Their separation is conducted only to 
produce hafnium-free zirconium metal for the 
nuclear power industry. Of the many methods 
developed since the discovery of hafnium, 
four are used industrially: fluoride salt crystal- 
lization, methyl isobutyl ketone extraction, 
tributyl phosphate extraction, and extractive 
distillation, in order of their development. In 
addition, ion exchange has been used for low- 
throughput, low-investment operations. 


Fluoride Salt Crystallization. The first sepa- 
ration of zirconium and hafnium by repeated 
crystallization of potassium hexafluorozircon- 
ate from hot aqueous solution is credited to 
von Hevesy [13]. The solution is acidified to 
minimize oxide-fluoride salt formation. At 
each step the salt crystals are depleted in 
hafnium. This multistep recrystallization pro- 
cedure has been used for many years in 
Ukraine [14]. 


Methyl isobutyl ketone extraction devel- 
oped at Oak Ridge National Laboratory and 
used by both American producers, is based on 
the preferred extraction of a hafnium dihy- 
droxide thiocyanate complex from hydrochlo- 
ric acid solution by methyl isobutyl ketone 
[15]. 

Zirconium-hafnium tetrachloride, pro- 
duced by carbochlorination of zircon, is dis- 
solved in water, with hydrolysis to form 
zirconium-hafnium dihydroxide chloride in a 
hydrochloric acid solution. This solution is 
contacted with methyl isobutyl ketone to ex- 
tract iron as НЕеСІ, into the organic solvent. 


"Then ammonium thiocyanate is added to the 


dihydroxide chloride solution, providing a 
mixed dihydroxide chloride/dihydroxide thio- 
cyanate solution of zirconium and hafnium. 
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This solution 1s countercurrently contacted 
with a methyl isobutyl ketone/thiocyanic acid 
solution to preferentially extract hafnium di- 
hydroxide thiocyanate into the organic phase: 
This is conducted in a series of mixer-settlers 
or a series of packed or internally agitated col- 
umns. Hafnium is recovered from the ketone 
solution by scrubbing with dilute sulfuric acid. 

Zirconium is recovered from the hydro- 
chloric acid solution by heating the solution 
above 90 °С, adding precisely two moles of 
sulfuric acid to each five moles of zirconium, 
and then carefully raising the pH to 1.2-1.5 
with dilute ammonium hydroxide. This pre- 
cipitates a granular zirconium basic sulfate, 
Zr,O«(SO4),xH4O which is easily filtered and 
washed to remove aluminum and uranium im- 
purities. The sulfate filter cake is repulped 
with dilute ammonium hydroxide to convert it 
to zirconium hydrous oxide, which is fired to 
give pure zirconium oxide [16]. 

In this extraction process, methyl isobutyl 
ketone and thiocyanate are recovered and re- 
used, but considerable quantities of hydro- 
chloric acid, sulfuric acid, and ammonia are 
consumed. Zirconium produced typically con- 
tains 35-90 mg Hf/kg and the hafnium con- 
tains 200-2000 mg Zr/kg, but any degree of 
separation can be attained, without further 
chemical consumption, by providing fewer or 
more contacting stages during separation. 

The zirconium oxide and hafnium oxide are 
each chlorinated in fluidized beds to give their 
tetrachlorides. Chlorination of the oxides is 
faster than that of the silicates, and can be effi- 
ciently conducted at a lower temperature. 


900 °C 
ZrO,+C+2Cl, — ZrCl,+CO, 


The zirconium tetrachloride is then purified by 
sublimation at 350-400 °C in a nitrogen atmo- 
sphere containing 1-5% hydrogen. The hot 
gases pass through a filter to remove entrained 
particles before being cooled to condense the 
zirconium tetrachloride. This sublimation re- 
duces {һе levels of oxide, iron, phosphorus, 
and aluminum. 


Tributy] phosphate extraction, developed 
concurrently in Britain, France, and the United 
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States, was used commercially in the United 
States and is being used in India to obtain zir- 
conium for the nuclear industry [17]. Hydrous 
zirconium—hafnium oxide from caustic fusion 
of zircon is dissolved in nitric acid. The nitric 
acid solution is countercurrently contacted 
with an organic solution of tributyl phosphate 
in kerosine. A zirconium tributyl phosphate 
complex is preferentially extracted into the 
kerosine, leaving hafnium and most metallic 
impurities in the aqueous phase. The zirco- 
nium is stripped from the kerosine solution 
with dilute sulfuric acid solution, precipitated, 
and fired to pure zirconium oxide. 


Chloride Distillation. Hafnium tetrachloride 
is slightly more volatile than zirconium tetra- 
chloride, and separation by fractional distilla- 
tion would be feasible if the tetrachlorides 
could be handled as liquids. However, the tet- 
rachlorides are either solid or gaseous, de- 
pending on temperature, unless kept, under 
pressure while being heated to the triple point 
of zirconium tetrachloride (435 °C, 2.0 MPa). 
However a distillation process was developed 
in which the liquid phase was molten potas- 
sium chloroaluminate, in which zirconium and 
hafnium tetrachloride are soluble without 
forming compounds that could impede the 
separation or the recovery of separated chlo- 
ride [18]. 

The zirconium—hafnium tetrachloride from 
chlorination of zircon is first purified. by subli- 
mation. The purified tetrachloride is revapor- 
ized. and the vapor is introduced into the 
distillation column, above the midpoint. The 
potassium chloroaluminate liquid, equili- 
brated with hafnium-rich tetrachloride, is fed 
into the top tray of the distillation column, 
which is at 350°C. As the liquid cascades 
down the column, it is gradually stripped of 
the more volatile hafnium tetrachloride while 
acquiring zirconium tetrachloride from the ris- 
ing vapor. The zirconium tetrachloride in the 
liquid melt reaching the bottom of the column 
contains < 50 mg Hf/kg Zr. 

In the boiler at the column bottom some of 
the zirconium tetrachloride is vaporized to 
provide the rising vapor in the column. From 
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the boiler the liquid melt goes to a short, hotter 
column where it is stripped with nitrogen to 
remove the product zirconium tetrachloride. 


The stripped liquid melt is returned to an 
absorber-condenser above the distillation col- 
umn where it is equilibrated with hafnium-rich 
tetrachloride vapor, then returned to the top of 
the distillation column. Unabsorbed hafnium- 
rich tetrachloride vapor (НЕСІ, content 30— 
50%) is led to a condenser. The hafnium-rich 
tetrachloride is accumulated until it can be re- 
processed in the distillation column in a sepa- 
rate campaign to recover pure hafnium 
tetrachloride (< 196 7тС1,). 

Control of the potassium to aluminum ratio 
in the melt is crucial. Excess potassium chlo- 
ride preferentially bonds with hafnium tetra- 
chloride, reducing its effective vapor pressure 
and thereby decreasing the separation effi- 
ciency. With a deficiency of potassium chlo- 
ride, aluminum chloride is lost into the 
nitrogen stream in the stripper, contaminating 
the zirconium tetrachloride product. 

This distillation process has a higher yield 
than the liquid-liquid extraction processes, 
does not consume large quantities of chemi- 
cals, and eliminates the rechlorination step. Tt 
is very capital intensive. 


Other Processes. Although zirconium is not 
easily reduced except by very strong reducing 
agents, it can be reduced more easily than 
hafnium. This has led to several separation 
procedures. The most significant [19] in- 
volved both molten metal (zinc base) and mol- 
ten halide salts for good contact between the 
phases and for the close approach to equilib- 
rium needed for good separation factors. 


30.4.3 Reduction to Metal 


Oxygen toughens zirconium. metal, de- 
creasing its ductility and therefore its form- 
ability as a metal To produce ductile 
zirconium metal, the zirconium compound to 
be reduced and the reducing agent should be 
as free of oxygen (and nitrogen and carbon) as 
possible. Anhydrous zirconium tetrachloride 
or tetrafluoride are usually used. 


1439 


Kroll Process. Ductile zirconium metal is 
produced by reduction of pure zirconium tet- 
rachloride with molten magnesium under an | 
inert gas (helium or argon). The reduction re- 
tort is a long, vertical cylinder composed of 
two sections. The lower third is a stainless- 
steel-lined crucible which holds the magne- 
sium ingots. The upper two-thirds has a cen- 
tral annular pipe slightly shorter than the retort 
wall. The space between the wall and the cen- 
tral pipe is filled with zirconium tetrachloride 
powder, then the two sections are welded to- 
gether and a lid is bolted to the top. The as- 
sembled retort is warmed to 200 °C, evacuated 
and filled with argon several times to remove 
the last traces of air. The retort is lowered into 
a furnace with heating zones for each retort 
section. The lower section is then heated to 
850 °C to melt the magnesium, and argon is 
bled from the warming retort to maintain at- 
mospheric pressure (the retort is not a pressure 
vessel). Zirconium tetrachloride vapor passes 
down through the central pipe, which commu- 
nicates with the lower section, and is reduced 
by the molten magnesium. At the end of the 
reduction, the lower crucible contains a thick 
suspension, or mud, of tiny zirconium metal 
beads in liquid magnesium, under a layer of 
liquid magnesium chloride. The retort is 
cooled and unloaded. The stainless steel liner 
is separated from the reduction mass and the 
layer of magnesium chloride is mechanically 
removed from the zirconium—magnesium me- 
tallic regulus. Several reduction reguli are 
stacked and loaded into a distillation furnace 
for removal of magnesium and residual mag- 
nesium chloride. The distillation is conducted 
in a vacuum (< 1 Pa), with the charge located 
in the upper end of the retort. The bell furnace 
around the top of the retort is heated in pro- 
grammed steps, reaching 980 °C in ca. 30 h. 
As the charge heats, the magnesium chloride 
melts and drains away, and the magnesium 
metal slowly evaporates, condensing on the 
water-cooled retort wall. As the magnesium 
evaporates, the zirconium beads come into 
closer contact and begin to sinter together. The ` 
final sintered porous mass is known as zirco- 
nium sponge. The heating schedule is critical: 
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If the magnesium receives heat faster than 
heat is removed by magnesium transpiration at 
the surface of the reguli, the reguli become 
soft and flow down out of the heated zone. Af- 
ter the retort is cooled and the sponge condi- 
tioned by slow, controlled exposure to air, the 
sponge regulus is removed from the retort. 
The regulus is broken into chunks by using a 
hydraulic chisel. The chunks are sorted into 
quality grades depending on color and relative 
location in the regulus. The chunks are 
crushed to less than 2 cm, and screened to re- 
move —20 mesh fines, which are higher in im- 
purities. 

Other Reduction Processes. Ductile zirco- 
nium has been produced commercially in a 
two-step sodium reduction analogous to a tita- 
nium reduction process [20]. Zirconium tetra- 
chloride vapor and liquid sodium are both 
slowly fed into an argon-filled stirred reactor 
containing granular sodium chloride to obtain 
а ZrCl,—NaCl mixture. This first step is very 
exothermic and the feed rate is controlled to 
allow excess heat to escape. The mixture is 
then transferred to a reactor by means of a 
screw conveyor. The reactor, already loaded 
with sodium, is sealed and heated to 800 °C: 


ZrCl, + 2Ма — Zr + 2NaCl 


The cooled mass was mechanically broken 
out of the reactor and leached with water to re- 
move the sodium chloride from the zirconium. 
However, it was necessary to drip-melt the zir- 
conium, forming splat-cooled chunklets, to re- 
move the last traces of salt. 


The Russian practice is to reduce potassium 
hexafluorozirconate with calcium metal in a 
sealed bomb. In Canada, zirconium tetrafluo- 
ride was reduced with calcium metal in a 
sealed bomb. 


Zirconium oxide can be reduced by cal- 
cium or magnesium. Finely divided metal 
powder is recovered by leaching with cold hy- 
drochloric acid. The powder has 0.3~0.5% ox- 
ygen, and would not be ductile or malleable if 
melted into ingot. The powder particles are 1— 
8 um in diameter and are very pyrophoric. 
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Electrolysis. Electrowinning and electrorefin- 


ing of zirconium have been conducted but are ~ 


not in commercial use. À pilot electrolysis 
system tested for zirconium was used com- 
mercially for hafnium [21]. A summary of the 
difficulties in developing an electrolysis pro- 
cess is given in [22]. 


30.4.4 Refining 


From 1925 to 1945 the van Arkel and de 
Boer iodide process was the only consistent 
method for obtaining pure ductile zirconium 
metal. Now Kroll zirconium is used for most 
applications and iodide zirconium is used only 
when the highest purity is needed. In the io- 
dide process, iodine vapor is reacted with 
Kroll zirconium sponge or calcium-reduced 
zirconium metal powder to produce zirconium 


_tetraiodide [23, 24]. The tetraiodide vapor dif- 


fuses to a heated filament, usually zirconium 
wire, where the iodide is thermally dissoci- 
ated, depositing zirconium and releasing io- 
dine to repeat the cycle: 


300 °C 1400 *C 
2L*Zr э Zi, ә 7г+21, 


The reaction is conducted in an Inconel vessel 
at an absolute pressure of 40 Pa. The wire fila- 
ment diameter grows as zirconium is depos- 
ited on the wire. Bars up to 40—50 mm in 
diameter can be grown. 

Electron beam melting 1s not usually used 
to purify zirconium because the metal's vapor 
pressure at its melting point is higher than that 
of most impurities. [ron and aluminum levels 
can be reduced by electron beam melting. The 
metal vapor pressure results in considerable 
evaporation loss in the high vacuum utilized in 
electron beam melting. 


30.5 Fabrication 


The procedures for melting zirconium 
sponge and for conversion of ingots to mill 
products are similar to those developed by the 
titanium industry, with the added requirement 
that  high-neutron-cross-section materials 
such as boron be rigorously excluded. 
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Melting. Zirconium sponge is pressed into 
compacts, cylindrical or hexagonal discs, 
which then are stacked and surface-welded to- 
gether in an electron beam furnace to form an 
electrode. The discs may be pure sponge, or 
may contain alloying ingredients added in the 
midst of each disc during pressing, or may be 
recycled clean turnings of the same intended 
composition. The welded electrode is then 
melted in a vacuum arc furnace. An électric 
arc is struck between the electrode and a 
starter pad of zirconium chips in the bottom of 
a water-cooled cylindrical copper crucible. 
The electrode is not cooled and it slowly melts 
off in the arc, producing a molten pool in the 
cooled copper crucible. The pool edge freezes 
on contact with the cool crucible wall so that 
the remaining pool is separated from the cruci- 
ble wall. As melting continues, the electrode is 
consumed and the ingot grows in the crucible, 
cooling and solidifying from the bottom and 
sides as the pool moves upward. The outer 
skin contains impurities that vaporize during 
melting, primarily magnesium and magne- 
sium chloride, and any possible copper pickup 
from sliding the ingot out of the crucible. The 
first-melt ingot is surface machined to remove 
the outer skin. Since the molten pool was, at 
any one instant, only a small portion of the in- 
got, distribution of alloying ingredients in the 
ingot is not homogenous after one melt. Two 
machined first-melt ingots are formed into a 
second electrode, first-melt bottom now at the 
top, which is again melted in a larger diameter 
copper crucible. A third melt assures complete 
homogeneity and dissolution of any inclu- 
sions. 750 mm diameter ingots of up to 9 t are 
produced. 


Forming. Ingots are surface machined then 
heated to over 1000 °C and hot forged to 50— 
150 mm thick slabs, or to 200-400 mm diame- 
ter rounds. At the conclusion of hot working, 
the surface oxide scale is removed by sand- 
blasting and abrasive-wheel grinding. The un- 
derlying dark layer of oxygen-diffused metal 
is removed by pickling in dilute hydrofluoric— 
nitric acid solution [25]. 
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Strip and sheet are formed by cold working 
the slabs in conventional rolling mills, includ- 
ing producing foil in a Sendzimir mill. The al- 
lowable cold deformation before annealing is 
20-70%, depending on alloy toughness and 
the type of deformation process. Intermediate 
and final anneals are conducted in vacuum or 
inert-atmosphere furnaces. 

For round products, the 200-400 mm 
rounds are cut to length, hot rotary forged to 
bar, cleaned, and swaged or drawn to rod or 
wire for welding use. 

For hollow round products, short lengths of 
the rounds are drilled or trepanned to produce 
extrusion billets which are warm extruded to 
heavy wall tubeshells. Prior to extrusion the 
billets are coated with proprietary layers of 
glass, graphite, or copper. These coatings min- 
imize oxidation of the surface and function as 
a lubricant during extrusion, but must be re- 
moved before subsequent cold working. 

The extruded tubeshells are tube-reduced in 
pilger mills, with intermediate vacuum an- 
neals, to produce thin-wall tube lengths. Zir- 
caloy 2 or 4 (see Section 30.9) tubes are used 
as cladding for uranium oxide pellets for light- 
water nuclear fuel assemblies. This is the ma- 
jor use of zirconium metal. 


Powder Metallurgy. Malleable zirconium 
and high-zirconium alloy powders are ob- 
tained by the hydride-dehydride process. Zir- 
conium is hydrided by heating to 800 °C and 
cooling in a pure hydrogen atmosphere. The 
product is brittle and easily ground to powder 
in an argon-atmosphere chamber. The hydro- 
gen is then removed by degassing in a vacuum 
above 650 °C. The metal powder is screened 
to obtain the desired particle-size distribution. 
The hydride powder can also be directly 
pressed and sintered, allowing for hydrogen 
outgassing. ` 


Welding. Zirconium can be welded in argon 
or helium atmospheres. If welding is not con- 
ducted in an inert-gas chamber, the welding 
fixtures or jigs must be so arranged that argon 
or helium gas flooding 1s sufficient to keep air 
completely away from the welding zone. Care 
must be taken to avoid oxygen or hydrogen 
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pickup as these affect the ductility and corro- 
sion behavior of the heat-affected zone. Elec- 
tron beam welding is used for high-quality 
welds in repetitive situations such as nuclear 
fuel assembly. 


While zirconium can be welded to titanium, 
hafnium, niobium or tantalum, joining of zir- 
conium with other metals (i.e., copper, iron, 
nickel) by fusion welding is not practical be- 
cause of the formation of brittle intermetallic 
phases. To join these metals, methods must be 
used that avoid formation of liquid phases but 
use mechanical interlocking: friction welding 
or explosive bonding, which is used for clad- 
ding of zirconium lining onto ferrous alloys. 
Welding of zirconium to titanium, niobium, or 
tantalum destroys the corrosion resistance. 


30.6 Hazards in Handling 
Zirconium Metal 


Solid zirconium is not hazardous, but any 
high-surface-area form of zirconium metal 
(powder, dust, chips, foil, sponge) is hazard- 
ous because of its easy ignition in air and its 
exothermic reaction with many other elements 
and compounds. 


Zirconium chemical equipment, if used un- 
der conditions not recommended, such as sul- 
furic acid above 80% concentration or strong 
hydrochloric acid with ferric ion contamina- 
tion, may suffer intergranular attack. This cre- 
ates a highly pyrophoric surface layer, usually 
black, that is ignited easily when dry. The 
combination of y-zirconium hydride and me- 
tallic particles has been suggested to be re- 
sponsible for the pyrophoricity. Careful 
treatment in hot air or steam is recommended 
to stabilize this surface [26]. 


The ignition temperature of zirconium 
powder varies with particle size, method of 
production, and prior treatment. A < 40 mm 
powder prepared in inert atmosphere will im- 
mediately ignite upon exposure to air, unless it 
is first slowly exposed such as by gradually 
back-filling the airlock of a glove box, allow- 
ing the heat of surface oxidation to dissipate. 
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Zirconium powder produced wet, such as 
by acid leaching of a reduction mass, is usu- 
ally safe if the water content is > 50%. This 
prevents localized temperature excursions. 
The powder should not be allowed to settle 
and compact for long periods of time, espe- 
cially when freshly prepared. Hydrogen is still 
slowly generated, and accumulated gas bub- 
bles in a compact powder mass can insulate 
some grains from the water, allowing local- 


‘ized heating to ignition. 


Drying of wet powder is most hazardous. 
While wet powder is harder to ignite than dry 
powder, it burns much more vigorously be- 
cause of the available oxygen from the water 
and is more explosive because of the genera- 
tion of hydrogen and steam. The most hazard- 
ous water content is 5-1096. Powder is dried 
as a thin layer on warm-water-heated trays in a 
vacuum drier. 

Machining of zirconium generates fine 
chips which can be ignited easily. Hot chips 
are the usual ignition source. The best metal 
removal procedures consistent with keeping 
chip temperatures down are: using slow cut- 
ting speeds with heavy feeds, and using an 
ample flood of water-soluble cutting oil as a 
coolant Accumulation of chips should be 
avoided. Chips should be removed as gener- 
ated and stored in water-filled drums kept out- 
side in an isolated area. Coarse chips, if not 
contaminated, possibly may be chopped, 
cleaned, and recycled. Fine chips should be 
disposed of by burning in an incinerator or an 
open pit, feeding the fire in small increments 
of 1-2 kg. 

Many unexpected flash fires have been 
caused by improper handling of machining 
chips resulting in more than one incident of fa- 
tal flash burns. Workers involved in handling, 
storing, cleaning, or disposal of machining 
chips or other zirconium fines should wear 
heat-reflectant clothing. 

Zirconium fires can be controlled only by 
cutting off the supply of oxygen and other oxi- 
dants such as water, carbon dioxide, carbon 
tetrachloride, iron oxide, and limestone. Small 
fires can be smothered with dry silica sand or 
dry table salt, or with argon or helium if the 
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zirconium is enclosed in a container. Do not 
use water. Large fires are best left alone and 
allowed to burn out, keeping the surroundings 
from igniting. í 

Safe handling procedures for zirconium, in- 
cluding machining, grinding, welding, and 
descaling, are discussed in [27]. . 

Solutions that corrode zirconium metal 
may react violently or explosively with zirco- 
nium powder. A solution of 83% concentrated 
H,SO, and 1796 KHSO, was added dropwise 
to 2 g of zirconium powder. Upon adding 
about 2 mL of the acid mixture, a violent ex- 
plosion occurred. 


30.7 Grades and 
Specifications 


There are two parallel grading systems for 
zirconium: industrial (intended primarily for 
use as a construction material for equipment 
and piping in the chemical industry) and nu- 
clear (intended for use as a construction mate- 
rial for fuel cladding and internal parts for 
nuclear power reactors). Some of these grades 
have little present usage. 

The industrial grades are listed, showing 
first the ASTM designation, then any alternate 
designation: 


R 60701 (Zr 701) an unalloyed zirconium of low hardness 
and containing low levels of the impuri- 
ties iron and chromium 

R 60702 (Zr 702) the usual unalloyed zirconium specified 
for general corrosion-resistant service 
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R 60703 (Zr 703) the least pure, available only as sponge 
metal, used primarily for alloying with 
other metals 

R 60704 (Zr 704) an alloy containing tin and iron and 
used in chemical process applications 
where the higher strength of the alloy is 
needed and the corrosion resistance is 
sufficient 


R 60705 (Zr 705) an alloy containing 2.5% niobium used 
` where high strength is needed 


К 60706 (Zr 706)a softer verston of Zr 705 used specifi- 
cally for severe forming applications 


All of these grades may contain the usual 
2% hafnium, or may be furnished hafnium- 
free. This does not affect the quality or useful- 
ness in industrial applications. 


Zirconium for use in nuclear service is sup- 
plied to meet individual company specifica- 
tions (which usually use ASTM nuclear 
grades and specifications as а starting point). 
The nuclear grades are listed, showing first the 
ASTM designation, then any alternate desig- 
nation: 

R 60001 unalloyed zirconium with a long list of con- 
trolled impurities to make it satisfactory for nu- 


clear service. Primarily iodide zirconium for the 
first reactor core 


R 60802 (Zircaloy 2) an alloy containing 1.5 Sn, 0.15 Fe, 
0.1 Cr, and 0.05 Ni used primarily in pressurized 
water reactors 


R 60804 (Zircaloy 4) an alloy containing 1.5 Sn, 0.2 Fe, 
0.1 Cr used primarily in boiling water reactors 


R 60901 (Zr2.5Nb, 705) an alloy containing 2.5 Nb, used 
primarily for pressure tubes in the Canadian 
CANDU reactors 


All of these grades are hafnium free, іе., < 
100 mg Hf/kg Zr. 

U.S. and Canadian specifications for zirco- 
nium products are listed in Table 30.3. 


Table 30.3: Specifications for zirconium and zirconium alloy products. 





Д ` Industrial Nuclear 
Zirconium product ASTM ASME ASTM DOE AECL 

Sponge B494 B349 
Ingot B495 B350 M10-IT MET 52 
Forgings B493 M2-9T 
Bar (rod) and wire B550 SB550 B351 M7-9T MET 62 
Strip, sheet, and plate B551 SB551 B352 M5-6T MET 59 
Tubes, seamless and welded B523 SB523 B353 M3-8T MET 92 
Tubes, nuclear fuel cladding В811 МЕТ 56 
Pipe, seamless and welded B658 SB658 
Welding fittings B653 
Bare welding rods SFA2.54* 
Castings B752 


* Also American Welding Society spec. A2.54. 
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30.8 Uses 


Zirconium is produced almost exclusively 
as the hafnium-free metal. Most of this metal 
is used in zirconium alloys containing low lev- 
els of tin or niobium, for structural parts in the 
core of water-moderated nuclear reactors. For 
this use, zirconium has several desirable at- 
tributes: it is ductile, i.e., it can be formed. It 
has good strength up to 450 °С, 1.е., it does not 
deform at reactor core temperature. Its alloys 
have hot-water and steam corrosion resis- 
tance, i.e., it lasts a long time in normal use. Tt 
has low thermal neutron cross section ie., 
neutrons are not absorbed, shutting down the 
nuclear reaction. Its ore is readily available. 

Zirconium is used for building chemical 
process equipment for those applications 
where its corrosion resistance is needed. In hot 
sulfuric acid up to 65% concentration, zirco- 
nium is used in facilities which produce hy- 
drogen peroxide, acrylic films and fiber, 
methyl methacrylate, and butyl alcohol. Zirco- 
nium is used in the cooler condenser on a ni- 
tric acid absorption column. The operation 
conditions are 200°C and 1035 MPa. One 
condenser constructed with zirconium tubes 
and zirconium/304L stainless steel explosion- 
bonded tubesheets contains over 18 km of zir- 
conium tubing and has been in service for 
twelve years. Zirconium is used in contact 
with ammonium carbamate in urea produc- 
tion, in production of acetic.and formic acid, 
and in many hydrochloric acid environments. 
In these applications zirconium's corrosion re- 
sistance is excellent and the long life of the 
equipment has justified the use of zirconium. 

Zirconium foil, 0.002 mm, is used as the ig- 
nition-flash material in photographic flash 
bulbs, just as zirconium powder used to be one 
ingredient in the old open "flash pans" of ear- 
lier photographers, but this usage is fading be- 
cause of built-in electronic flashes in newer 
camers. Zirconium powder is still used'in py- 
rophoric applications. 

Zirconium and zirconium alloys with alu- 
minum, iron, titanium, or vanadium are used 
for gettering in vacuum tubes [28], inert gases, 
and ultra-high-purity environments for the 
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semiconductor industry [29]. Heated zirco- 


nium absorbs, traces of oxygen, nitrogen, car- ` 


bon monoxide, carbon dioxide, and water 
irreversibly. Hydrogen is reversibly adsorbed. 
The adsorbed materials diffuse into the bulk of 
the getter alloy, providing fresh surface for re- 
newed adsorption. For ultra-pure inert gases, 
getters are used at the point of use to remove 
contaminants picked up from storage tanks or 
piping systems. Getters are used in gettering 
pumps for improving the quality of vacuum in 
ultra-high-vacuum systems. 


Zirconium in the forms of clean, chopped 
machining chips, crushed sponge or magne- 
sium-zirconium reguli turnings are often used 
in place of master alloys for zirconium addi- 
tions to steel melts, super alloys, and nonfer- 
rous alloys. 


30.9 Economic Aspects 


Ores and Minerals. The four major produc- 
ing countnes for the world’s current estimated 
annual production of 10$ t of zirconium miner- 
als are Australia 50%, South Africa 25%, 
United States 10%, and Ukraine 6%. Austra- 
lia and South Africa are the major exporting 
countries. Europe, Japan, China and the 
United States are major importers. 


"There are no zircon mines. Zircon is recov- 
ered as a by-product of the extraction of the ti- 
tanium-containing minerals rutile, ilmenite, 
and leucoxene. The producers of these miner- 


als adjust their output to follow paint-market . 


demand for titanium oxide pigment. There- 
fore, the supply and the demand for zircon are 
rarely in phase and zircon prices have wide 
swings. During 1975-1995, zircon prices 
ranged from $75 per tonne to over $1000 per 
tonne in late 1989. The price during 1990- 
1995 averaged $250—300 per tonne, varying 
with quality. 

Consumption of zirconium ores continues 
its gradual growth. In 1975, world production 
of zircon was 500 000 t and by 1995 it had es- 
sentially doubled. Currently, the growth in de- 
mand for zirconium materials is being led by 
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its use as a opacifier in glazed ceramic tile 
manufacture. 


Metals. Less than 4% of the zirconium ores 
are used in the manufacture of zirconium met- 
als. Since the incident at Three Mile Island, 
the meltdown at Chernobyl, and the ending of 
the cold war, the demand for commercial nu- 
clear power and for military naval propulsion 
systems has diminished. It is estimated that in 
1994 total world production was ca. 4000 t, 
compared to ca. 8000 t in 1982. 

The United States has the largest produc- 
tion capacity with two producers: Teledyne 
Wah Chang in Albany, Oregon (nameplate ca- 
pacity ca. 3000 t/a) and Western Zirconium in 
Ogden, Utah (nameplate capacity ca. 1500 
t/a). In France, the Compagnie européenne du 
zirconium (CEZUS) owned jointly by 
Pechiney, Framatome and Cogema, has a ca- 
pacity of ca. 2000 t/a. The capacity of the Prin- 
ieprovsky plant in Ukraine is estimated to be 
3000 t/a of calcium-reduced reguli, which is 
crystal-bar refined at Glasnov, Russia. The In- 
dian plant in Hyderabad has a nameplate ca- 
pacity of 300 t; production is consumed 
internally. Japan is not presently producing 
zirconium sponge. 

Prices in 1994 were $20—28 per kilogram of 
sponge and $45-110 per kilogram for cold- 
rolled sheet, strip, or foil. 


30.10 Compounds 


In anhydrous halide-salt melts zirconium 
may exhibit valences of 4, 3, 2 or 1, but in 
aqueous solution its oxidation state is 4+. Zir- 
conium compounds have coordination num- 
bers of 6, 7, or 8. The colorless ion is 
hydrolyzed in aqueous solution. Because of 
the ion's high charge and small radius, zirco- 
nium has a great tendency to hydrolyze and to 
form polymers. It is believed that most zirco- 
nium in aqueous solution 1s present as a tet- 
ramer [Zr,(OH),]** [30]. Therefore, ZrOC1,- 
8H,O, by formula, is actually [Zr,(OH),: 
7H,0],Cl,. Hydrolysis and further polymer- 
ization of these tetramer units occurs with 
time, by heating, or with decreasing acidity. 
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True equilibrium may take days or weeks. The 
following anions are listed with respect to 
their ability to form complexes with zirco- 
nium: [= Br<ClO;< CI < М№О5 < 502 «F^ 
= С,02 =PO} «COZ«OH.. 


30.10.1 Silicate 


Zirconium silicate, ZrS1O,, occurs in nature 
as the mineral zircon. It can be made by heat- 
ing an intimate mix of zirconia and silica to 
just above 1500 °C. The crystals are tetragonal 
with the zirconia and silica linked through 
shared oxygen atoms, forming edge-sharing 
alternating ZrO, triangular dodecahedra and 
SiO, tetrahedra [31]. Other, more complex sil- 
icates are also found in nature (see Section 
30.5). Zirconium silicate is resistant to acids, 
aqua regia and cold alkali solutions. It is 
readily attacked by sodium oxide, by sodium 
hydroxide at 600 °C and by reaction with hot 
alkaline compounds. Above 800 °C zircon is 
reduced by carbon, the basis for the carbochlo- 
rination process. 


Uses. Zircon’s mechanical strength, chemical 
stability and high melting point make it a de- 
sirable refractory. Total world production of 


„zircon was (850-1060) x 10? t/a for 1990- 


1995. Of this ca. 35-40% is used in ceramic 
glazes and enamels, ca. 30-35% in refracto- 
ries, 15-20% in foundry use, 8—12% in abra- 
sives, and 8—12% in other uses including 
chemicals, metals and alloys, and glass con- 
stituents. 

In the largest use, decorative ceramics, 
milled or micronized zircon is used as an 
opacifier for tile glazes and porcelain enamels. 
Zircon’s high refractive index gives the glaze 
a white, opaque appearance. - 

Zircon is a popular refractory in the glass 
and steel industries. The glass industry uses 
fused zircon and AZS (alumina-zirconia-sil- 
ica) refractories which have a high corrosion 
resistance to molten glass. The AZS refracto- 
ries are made by electric furnace fusion of alu- 
mina and zircon. The steel industry uses 
zircon in ladles and continuous casting noz- 
zles. Refractory applications were once the 
leading markets for zircon but they decreased 
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significantly following the zircon shortage in 
the late 1980s. Other less expensive refracto- 
ries such as alumina spinels were substituted. 

Zircon is used in foundries as a basic mold 
material and as a facing on other mold materi- 
als. The high thermal conductivity of zircon 
gives higher cooling rates than other mold ma- 
terials. Zircon's high melting point, low coef- 
ficient of thermal expansion, and chemical 
stability make it the preferred mold facing, 
particularly in precision casting. 

Alloyed AZ (alumina-zirconia) abrasives 
are made from 60—9096 alumina-zirconia 
grains produced by fusing alumina with bad- 
deleyite, or zirconia derived from zircon, in 
electric arc furnaces. The addition of zirconia 
toughens the alumina, reducing its brittleness. 
The abrasives have particular application in 
the grinding of steel and steel alloys because 
of high strength, hardness, and surface crystal 
sharpness, resulting in fast grinding and long 
wheel life. 

Zircon is added to glass for television tubes 
because of its X-ray absorption properties and 
its ability to toughen the glass. 


30.10.2 Oxides 


Zirconium oxide occurs naturally as the 
mineral baddeleyite and is produced by calcin- 
ing of other zirconium compounds. Three 
phases are stable at atmospheric pressure: cu- 
bic above 2370 °C, tetragonal above 1170 °C, 
and monoclinic below 1000 °C. Transforma- 
tion of the monoclinic phase to the tetragonal 
phase begins at ca. 1050 °C and is complete at 
ca. 1170 °С. The transformation is accompa- 
nied by a volume shrinkage of 3-5%. The 
transformation has a thermal hysteresis: on 
gradual cooling the tetragonal phase is stable 
to ca. 1000 °C and only finishes conversion to 
monoclinic at ca. 800 °C. With rapid quench- 
ing the tetragonal phase is metastable to room 
temperature. 

The high-temperature cubic phases can be 
stabilized down to room temperature by the 
addition of magnesia, calcia, yttria, or rare 
earth oxides, whose presence creates vacan- 
cies in the zirconium anion lattice. These sta- 
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bilized zirconium oxides contain from 3% 
yttria to 8% calcia. They have the same crystal 
structure from room temperature to melting, 
avoiding the catastrophic mechanical failure 
suffered by pure zirconia ceramic parts on 
transforming from the tetragonal to mono- 
clinic phase while cooling. 

Later, GARVE [32] discovered that certain 
partially stabilized zirconias could be ther- 
mally cycled to precipitate metastable tetrago- 
nal zirconia within the grains of cubic 
zirconia. These materials had higher tough- 
ness than fully stabilized zirconias. The in- 
creased toughness of partially stabilized 
zirconia (PSZ) is the result of stress-induced 
martensitic transformation of the metastable 
tetragonal grains to the monoclinic form in the 
stress field of a propagating crack. This led to 
development of an entirely tetragonal zirco- 
nia, known as tetragonal zirconia polycrystal 
(TZP). The evolution of these matenals and 
their growing application in structural ceram- 
ics can be followed in [33-38]. An introduc- 
tion to zirconia ceramics is given in [39]. 

Zirconia also has a high-pressure (10 GPa) 
orthorhombic structure which can be stabi- 
lized to atmospheric pressure by addition of > 
12 mol% of niobia or tantala or a mixture 
thereof [40]. No transformation toughening 
was found [41]. 

Stable lower oxides of zirconium are not 
known, although oxygen dissolved in the zir- 
conium metal lattice has led to the identifica- 
tion of some superstructures as ZrO), [42]. 
Zirconium monoxide, ZrO, has been observed 
in mass spectrographic measurements [43]. 
The black oxide surface on zirconium metal 
after exposure to water at 350 °C is a slightly 
substoichiometric ZrO, оҳ. 

Zirconia is very resistant to acids and alka- 
lis, but slowly dissolves in concentrated hy- 
drofluoric acid or hot concentrated sulfuric 
acid. Zirconia is resistant to many fluxes, mol- 
ten glasses, or melts, silicate, phosphate, or 
borate, but is attacked by fluonde or alkaline 
melts. Zirconium oxide and alkaline oxides or 
caustics can be fired together to form solid-so- 
lution oxides, zirconate compounds, or a mix- 
ture of both. 


Zirconium 


Zirconium oxide is reduced by carbon, be- 
ginning at ca. 600 °C. With excess carbon, in a 
vacuum furnace, the reaction proceeds rap- 
idly to zirconium carbide at 1500 °C. In the 
presence of chlorine the carbon reduction 
gives zirconium tetrachloride and carbon di- 
oxide. : 


Uses. Zirconium oxide is used to coat the sur- 
face of titanium oxide pigment particles for 
some grades of exterior service paints. The 
coating minimizes ultraviolet excitation of the 
titania, which would interact with the organic 


. paint binder, shortening the service life. Zirco- 


nia has been used in place of titania as the pig- 
ment of white camouflage paints for use in 
snow environments because zirconia more 
closely simulates snow in the infrared and mi- 
crowave spectra, Over 300 t of single-crystal 
cubic zirconia are grown each year to provide 
low-cost gems for the jewelry trade [44]. Sta- 
bilized zirconia is being used in everyday ap- 
plications such as fishing rod ferrules, knives, 
unbreakable shirt buttons, and golf putter 
heads. 

While stabilized zirconias are insulators at 
room temperature, at elevated temperatures 
the vacancies in the anion lattice allow O% 
ions to diffuse and the zirconia becomes a 
solid electrolyte with applications in oxygen 
sensors and high-temperature fuel cells. Some 
stabilized zirconias can be used as resistors or 
susceptors. Inductively heated yttria-stabi- 
lized zirconia cylinders are used as heat 
sources to melt quartz boules for the drawing 
of quartz optical fibres. 

Zirconia is a constituent of lead zirconate 
titanate (PZT) used in piezoelectric ceramics 
for applications as gas furnace and barbecue 
igniters, microphone and phonograph crystals, 


- ultrasonic transducers for medical ultrasound 


imaging, for agitation in cleaning tanks, and 
for underwater sonar. With the further addition 


‘of lanthanum (PLZT), ferroelectric optically 


active transparent ceramics have become 
available [45]. 


Hydrous Oxide. Neutralization of an aqueous 
zirconium solution causes hydrolysis and con- 
densation of the zirconium cations, forming a 
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white gel called zirconium hydroxide but gen- 
erally considered to be a hydrous oxide. The 
freshly precipitated amorphous gel is gener- 
ally considered to be a network of tetramer 
units [Zr (OH): 16H;O]** linked through hy- 
droxyl groups; it is easily dissolved by dilute 
or weak acids. As the gel ages some of the hy- 
droxyl links are converted to oxo links, and 
the gel's reactivity decreases. Upon heating to 
500 °C the gel yields monoclinic or metasta- 
ble tetragonal oxide, or a mixture of these. The 
specific structure obtained has been attributed 
to the precursor zirconium salt [46], pH of the 
liquid in final contact with the condensed gel 
[47], electronegativity and pH [48], slow or 
rapid condensation from sol to gel, ageing, the 
presence during gelling of sulfate, sodium, po- 
tassium, or ammonium ions, and particle size 
[49]. 

Hydrous zirconium oxide in controlled par- 
ticle size 1s prepared by hydrolysis of sodium 
zirconate [50]. 

Hydrous zirconium oxide sol is used in sol— 
gel processes to produce stabilized zirconias 
in spherical or fibrous form, and to form an 
oxidation-protective film on stainless steels. 


30.10.3 Chlorides and Hydroxide 
Chlorides 


The fully chlorinated form of zirconium is 
zirconium tetrachloride. The tetrachloride is 
normally produced by carbochlorination of 
zircon or zirconia [51] or by reacting zirco- 
nium metal with chlorine or hydrogen chlo- 
ride. Chlorinated hydrocarbons, particularly 
carbon tetrachloride, chloroform, or hexachlo- 
roethane, are useful laboratory chlorinating 
agents. Zirconium tetrachloride can be formed 
by reacting ferrozirconium or silicozirconium 
with iron(II) chloride at elevated temperature 
[52]. 

Zirconium tetrachloride vapor is a tetrahe- 
dral monomer which crystallizes below 
331 °C in a AB, type structure with ZrCl, oc- 
tahedra-coupled to each other by two edges to 
form a zigzag chain. Each zirconium has four 
bridging chlorine ligands and two terminal 
chlorines which are mutually cis [53]. Some 
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physical properties of zirconium tetrachloride 
are shown in Table 30.4. 


Table 30.4: Physical properties of zirconium tetrahalides. 


Property ZrF; ZrCl, ZrBr, Zril, 

Color white white white orange- 
yellow 
Density, kg/m? 4430 2800 3980 4850 


Sublimation tempera- 903 331 357 431 
ture (101.3 kPa) 


Melting point, K 923 437 450 499 
Critical temperature, K 932 503.5 532 686 
Critical pressure, MPa 5.7 4.3 4.1 


mono- mono- cubic cubic 
clinic clinic 


Crystal structure 


Zirconium tetrachloride reacts rapidly with 
water, vapor or liquid, to exchange two chlo- 
rines for oxygen. Any handling of zirconium 
tetrachloride must be in moisture-free atmo- 
spheres to avoid degradation. Zirconium tetra- 
chloride powder fed into water hydrolyzes to 
form a solution of zirconium hydroxide chlo- 
ride and free hydrochloric acid. Zirconium tet- 
rachloride vapor reacts with steam to yield 
zirconium oxide, and reacts with water to 
yield either an oxide slurry or hydroxide chlo- 
ride solution. 

Zirconium tetrachloride is used to form zir- 
conium nitride coatings, to react electrochemi- 
cally to form zirconia in high-temperature fuel 
cells, to react with alcohols to form alkoxides, 
and to produce zirconium organometallic 
compounds. Zirconium tetrachloride is re- 
duced by molten alkali and alkaline earth met- 
als, yielding zirconium metal. 

Zirconium tetrachlonde reacts reversibly 
with ammonium chloride, alkali metal chlo- 
rides, and alkaline earth chlorides to form 
hexachlorozirconates [54, 55]. Zirconium tet- 
rachloride forms addition compounds with 
aluminum and iron trichlorides and phospho- 
rus pentachloride, but FeZrCl, dissociates to 
FeCl, and ZrC1, above 350 °C. 

Lower valent zirconium chlorides includ- 
ing zirconium trichloride, dichloride, 
monochloride, and zirconium chlonde cluster 
phases Zr,Cl,, and Zr,Cl,, are produced by re- 
duction of zirconium tetrachloride with zirco- 
nium metal or with zirconium monochlonde 
in sealed tantalum containers. The reactions 
are slow, usually requiring weeks at 300 to 
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800 °C [56—58]. Zirconium monochloride re- 
acts reversibly with hydrogen at 340 °C in a 
sealed tube to form ZrClH, (x < 1) [59]. 


Hydroxide Chlorides. Zirconium hydroxide 
dichloride, empirically Zr(OH),C1,-7H,0, has 


been known by several names: zirconyl chlo- ` 


ride, zirconium oxychloride, zirconium oxide 
dichloride, all commonly identified as 
ZrOCl,-8H,O. Structurally the hydroxide 
dichloride ‚18 really 
[Zr,(OH),- 16H4,0]C1,- 12H,0 [60]. 

Zirconium hydroxide dichloride solution is 
formed by dissolving hydrous zirconium ox- 
ide or zirconium carbonate in hot hydrochloric 
acid, or by hydrolysis of zirconium tetrachlo- 
ride in water. The solubility in hot water is 
quite high and the solubility is decreased by 
cooling and by adding hydrochloric acid. Ex- 
cellent recoveries are obtained by crystalliza- 
tion ending with a 6 N hydrochloric acid 
mother liquor. This crystallization procedure 
also leaves most impurities dissolved in the 
mother liquor. Crystallization may be repeated 
to obtain very pure crystals. 


Zirconium hydroxide dichlonde crystals 
dissolve in their hydration water on gentle 
heating, and readily lose the hydrates outside 
the tetramer unit. With continued heating both 
water and hydrogen chloride are evolved until 
zirconium oxide remains [61, 62]. 


Zirconium hydroxide ` monochloride, 
[Zr,(OH),,°16H,O]CL,, is formed in solution 
by reacting equimolar portions of zirconium 
hydroxide dichloride and hydrous zirconium 
oxide or zirconium basic carbonate, or by the 
action of hydrogen peroxide upon zirconium 
hydroxide dichloride [63]. 


Anhydrous zirconium oxide chlorides have 
been prepared: the reaction of zirconium diox- 
ide with zirconium monochloride at 980 °C 
produced ZrClO, (y « 0.42) [64]. The reaction 
of zirconium tetrachloride powder in carbon 
tetrachloride with dichlorine oxide at —30 °C 
yielded ZrOCL, which dissociated to ZrCl, 
and ZrO, above 200 °C [65]. 


Zirconium 


30.10.4 Bromides 


Zirconium tetrabromide, ZrBr,, can be pre- 
pared by heating zirconium metal or carbide 
above 400 °C in a stream of bromine, or simi- 
larly a fine mixture of zirconium oxide and 
carbon at 900 °C. Its behavior is similar to zir- 
conium tetrachloride but, because of its higher 
cost, the tetrabromide is of little commercial 
interest. Some physical properties are shown 
in Table 30.4. 

Zirconium tribromide, zirconium dibro- 
mide, zirconium monobromide, and zirco- 
nium monobromide hydride can be made by 
the same procedures used for their chloride 
analogues [66]. 


30.10.5 Іодійеѕ 


Zirconium tetraiodide, Zrl, is important 
because of its use in the van Arkel-de Boer re- 
fining process. The tetraiodide cannot be pro- 
duced by heating fine zirconium oxide and 
carbon in iodine vapor, but is produced by 
heating zirconium metal to 300 °C in iodine. 
A temperature of ca. 1000 ?C is required for a 
reasonably rapid reaction of iodine with zircó- 
nium carbide, carbonitride, or nitride. Zirco- 
nium tetraiodide is oxidized by dry air at about 
200 *C. Some physical properties are shown 
in Table 30.4. 

Lower-valence iodides have been made by 
reduction of zirconium tetraiodide with zirco- 
nium in sealed tantalum tubes or with zirco- 
"nium or aluminum in aluminum iodide solvent 
[67]. Compounds formed include zirconium 
triiodide, zirconium diiodide ii (both œ mono- 
clinic and B orthorhombic forms), zirconium 
clusters Zr,J,,, and zirconium monoiodide 
[68]. - 


30.10.6 Fluorides 


There are several methods for the produc- 
tion of zirconium tetrafluoride, ZrF, Anhy- 
drous zirconium tetrafluoride is produced in 
good purity by mixing hydrogen fluoride gas 
and zirconium tetrachloride vapor at 350 °C 
[69]. The hydrofluorination of zirconium ox- 
ide proceeds rapidly at 25 °C, followed by a 
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purifying sublimation in dry hydrogen fluo- 
ride at 825 °С [70]. Zirconium tetrafluonde 
monohydrate is precipitated by adding strong 
hydrofluoric acid to a concentrated zirconium 
nitrate/nitric acid solution. The filtered crys- 
tals are washed with nitric acid, dried, and de- 
hydrated with hydrogen fluoride at 450 °C 
[71]. Zirconium metal or zirconium hydride 
can be fluorinated with hydrogen fluoride but 
unless the reaction is conducted above 900 ?C, 
the tetrafluoride products coats the metal, im- 
peding the reaction. Zirconium oxides mixed 
with ammonium hydrogen difluoride and 
heated to 200 °C yields ammonium heptafluo- 
rozirconate, (NH,),Z1F,, which, on heating to 
500 °C, gives off ammonium fluoride. Some 
physical properties of zirconium tetrafluonde 
are shown in Table 30.4. 

Zirconium tetrafluoride is hydrolyzed in 
water to a hydroxide fluoride Zr,(OH),F 6: 
3H,O with limited solubility. With increasing 
hydrofluoric concentration, ZrF,:3H,O crys- 
tallizes at 30-35% HF, HZrF,-4H,O at 30— 
35% HF, and H,ZrF,:2H,O at 40-60% HF. In 
strong nitric or sulfuric acid containing excess 
hydrofluoric acid, the monohydrate crystal- 
lizes. Heating these hydrates produces ZrOF, 
at 300 °C. 

Very high purity anhydrous zirconium tet- 
rafluoride is a major constituent of some fluo- 
ride glasses, particularly ZBLAN, being 
developed because their transparency for near 
UV to mid IR (0.3-6 рт) was projected to be 
better than that of quartz optical fiber. 

Potassium hexafluorozirconate production 
by fluorosilicate fusion is described in Section 
30.6. This compound has been used to intro- 
duce zirconium into molten aluminum and 
magnesium as a grain refiner. 

As mentioned in Section 30.7, zirconium 
metal is customarily pickled in dilute hydro- 
fluoric acid/nitric acid solution. To minimize 
fluoride waste discharge the pickling solution 
is regenerated by adding sodium fluoride to 
precipitate sodium fluorozirconates. The par- 
ticular salt precipitated varies with the sodium 
fluoride concentration: NaZrF ,-H,O is precip- 
itated when the sodium fluoride concentration 
is less than 0.21%, and Na,ZrF; is precipitated 
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if the sodium fluoride concentration is be- 
tween 0.21 and 0.496. At higher sodium fluo- 
пае concentration Na,Zr,F,, and Na,ZrF, 
precipitate. i 
Zirconium tetrafluoride forms many double 


fluoride compounds in different proportions ` 


with alkali fluorides, alkaline earth fluorides, 
and others as diverse as stannous hexafluo- 
rozirconate and zirconium hexafluoroger- 
manate, both proposed for caries prophylaxis. 


30.10.7 Sulfates 


The sulfates of zirconium are classified as 
anionic, normal, or basic, depending on the 
sulfate to zirconium ratio. For anionic com- 
plexes this ratio is > 2. Normal sulfates have a 
ratio of exactly two, and basic sulfates have 
less than two sulfates per zirconium. Basic 
sulfates made by hydrolysis of neutral sulfates 
usually have a ratio > 1, while basic sulfates 
precipitated by adding sulfate ions to hot di- 
lute solutions of zirconium hydroxide chloride 
have a ratio < 1, usually 0.4—0.7. 

Zirconium sulfate solutions can be gener- 
ated by the action of strong sulfuric acid on 
hydrous zirconium oxide, zirconium oxide, 
zirconium carbonitride, zirconium metal, or 
basic zirconium sulfate. Normal zirconium 
sulfate, Zr(SO,).°4H,O, also known as zirco- 
nium orthosulfate, can be crystallized from the 
above solution, or from a zirconium hydroxide 
chloride solution by adding sulfuric acid up to 
a concentration of 45% and allowing the solu- 
tion to cool below 60 ?C. A better purification 
is obtained during the crystallization if the so- 
lution contains some chloride ion. 

Ammonium zirconium sulfates can be pre- 
pared by heating zirconium oxide with ammo- 
nium sulfate at 400 °C [72] or by precipitation 
from a zirconium sulfate solution [73]. A 
crude sodium zirconium sulfate can be pre- 
pared by adding sulfuric acid to sodium zir- 
conate. Structure and composition of many 
sulfate variants are discussed in [30, 74, 75]. 

Basic zirconium sulfates containing less 
than one sulfate per zirconium are precipitated 
from hot acidic solutions of zirconium hy- 
droxide chloride by adding 0.4—0.6 mol of sul- 
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fate рег zirconium. Тһе stoichiometric 
formula is 27,0, (SO, (x = 1.8-3.5). The 
most common basic sulfate is Zr,0,(SO,)3- 
nHO. 


Normal zirconium sulfate is used for 


leather tanning, as a catalyst, to coat titanium ` 


oxide pigment powder, and for conversion to 
other zirconium chemicals. The basic sulfate 
is converted into other zirconium chemicals, 
many retaining the particle size developed 
during the controlled precipitation of the basic 
sulfate. | 


30.10.8 Carbonates 


Basic zirconium carbonate is produced by 
adding basic zirconium sulfate to a sodium 
carbonate solution, and filtering the insoluble 
basic carbonate. The empirical formula is 
ZrO4: CO, -xH50 but the zirconium to carbon- 
ate ratio varies considerably. 

The basic carbonate 1s reacted with organic 
acids to make soluble zirconium salts, such as 
the citrate, oxalate, and acetate, free of chlo- 
ride and sulfate ions. The carbonate is used to 
make a zirconium-aluminum-glycine com- 
plex, an active ingredient of antiperspirant for- 
mulations. | 

Zirconium basic carbonate is added to po- 
tassium carbonate or ammonium carbonate 
solutions to make water-soluble double car- 
bonates. At room temperature, these solutions 
hydrolyze so slowly that they are considered 
to be stable for a month, but on heating carbon 
dioxide evolves and insoluble hydrous zirco- 
nium oxide forms. Ammonium zirconium car- 
bonate, empirically (NH,),[Zr,0(OH),(CO,),] 
is used extensively in bonding starch onto 
coated paper [76], and in controlling pitch 
deposition in pulp and papermaking systems 
[77]. 


30.10.9 Hydride 


Zirconium hydride, ZrH,, is prepared by 
the reversible absorption of hydrogen into 
heated zirconium, usually sponge or ingot 
slices. The metal is heated above 600 °C in an 
inert atmosphere or vacuum to dissolve the 
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surface oxide film, then hydrogen is intro- 
duced. At 600 °C, hydrogen dissolves into the 
о-рћаѕе metal up to 6 atom%, when B-Zr ap- 
pears. (Hydrogen is a B-phase stabilizer, low- 
ering the transformation temperature from 863 
to 550 °C). At 40 atom% the solubility in B-Zr 
is exceeded and 6-phase hydride appears. At 
60-64 atom™ only 6 phase exists. Above 64 
atom% the tetragonal £-phase is stable [78]. 
To obtain fully hydrided ZrH, thé charge is 
cooled to 300 °C in full hydrogen atmosphere. 

The reduction of zirconium oxide with cal- 
cium hydride yields a fine (2—5 um particles) 
hydride powder for use in pyrotechnics such 
as fuses or fireworks: 


ZrO, + 2CaH, э ZrH, + 2CaO + H, 


Extreme care must be used in dissolving the 
calcium oxide to recover the hydride powder. 

. Hydriding of zirconium sponge or ingot is 
the first step in producing coarse zirconium 
powder for powder metallurgy applications. 
Hydrided metal begins to lose its ductility 
above 40 atom% hydrogen, and above 60 
atom% the hydrided metal is quite brittle and 
suitable for crushing, which is conducted in an 
inert atmosphere. During hydriding, the metal 
density decreases with increasing hydrogen 
content, going from 6.5 to 5.6 when fully hy- 
drided. 

Zirconium hydride loses hydrogen upon 
heating. For complete dehydriding the powder 
must be heated under vacuum (e.g., 700 °C 
until the vacuum falls to 10? Pa). Dehydriding 
is faster at higher temperatures but the powder 
begins to sinter. 

Zirconium hydride contains about the 
same number of hydrogen atoms per volume 
as room-temperature water, and some alloys 
such as ZrNi and ZiCr, can hold even more 
[79]. Zirconium hydride has been used in the 
nuclear industry as a moderator for thermal 
neutrons in compact, high-temperature reac- 
tors. Zirconium hydride is of interest for hy- 
drogen storage and nickel-base hydrogen 
battery applications. 

Zirconium hydride is inert to air and water 
at room temperature. It ignites in air at 340 °C 
or lower, depending on powder size. Zirco- 
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nium hydride is resistant to corrosion by car- 
bon dioxide up to 315 °C. 

Zirconium hydride heated with carbon 
yields the hexagonal zirconium carbohydride, 
ZrC-ZrH, „ [80]. Zirconium monochloride re- 
versibly absorbs hydrogen up to ZrCIH [81]. 


30.10.10 Carbide 


Zirconium carbide, ZrC, is a hard; brittle 
metallic carbide. It is an electrical conductor 
and does not hydrolyze in water. It is an inter- 
stitial carbide with the carbon atoms occupy- 
ing the octahedral interstices of the zirconium 
lattice, at 2000 °C, carbon is soluble in liquid 
zirconium up to 38.5 atom™%. Zirconium car- 
bide is a single phase within the concentration 
range of 38.5—49.4 atom% carbon with a con- 
gruent composition of 44 atom% carbon at the 
melting point of 3445 °C [82, 83]. 

Zirconium carbide can be produced from 
zircon by reduction with coke in electric arc 
furnaces [84]. An intimate mix of fine zirco- 
nium oxide and carbon black heated in vac- 
uum or hydrogen in an induction-heated 
graphite crucible at 1600 °C yields a porous, 


light zirconium carbide. Milling and refiring 


above 2200 °C gives a dense powder. Zirco- 
nium tetrachloride and methane in a hydrogen 
atmosphere are heated to 1200 °C to deposit 
zirconium carbide films on tool bits. Pure zir- 
conium metal powder and fine graphite pow- 
der react exothermically, once ignited, to form 
zirconium carbide, usually to form a compos- 
ite with an excess of one reagent. 


30.10.11 Nitrides 


Zirconium nitride, ZrN, is a golden-col- 
ored, hard, brittle metallic nitride. It is ther- 
mally and chemically stable, and has low 
resistivity. As with the carbide it is an intersti- 
tial compound with a NaCl cubic structure. At 
2000 °C, nitrogen is soluble in liquid zirco- 
nium up to 39 atom% nitrogen. Zirconium ni- 
tride is a single phase within the concentration 
range of 39-50 atom% nitrogen [85, 86]. 
While 3253 K is the accepted melting point of 
zirconium nitride, the melting temperature of 
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3970 K as measured in a positive pressure of 
nitrogen [87] is compatible with a thermody- 
namic study of the Zr-N system. 

Zirconium nitride has been made by heat- 
ing zirconium or zirconium hydride powder in 
nitrogen at 1000 °C, and by heating a zirco- 


nium oxide/carbon mixture in a nitrogen at- 


mosphere. The reaction of zircomum 
tetrachloride with ammonia or nitrogen and 
hydrogen has been used to produce nitnde 
powder and to deposit coherent films on sub- 
strates at 1000—1200 °C. Very limited quanti- 
ties of nitride have been made by the very 
exothermic reaction of lithium nitride and zir- 
conium tetrachloride powders [88]. 

Metastable Zr,N, has been made by dual 
ion beam deposition [89] and by reacting zir- 
conium tetraiodide with ammonia at 500 °C 
and heating the product to Zr,N, at 700 °C 
[90]. On further heating to 1000°C ZrN is 
formed. Thin films of Zr,N, have been grown 
by passing ammonia and tetrakis(diethyl- 
amido)zirconium over substrates at 200- 
400 °C [91]. 

Zirconium nitride has been used as a wear- 
resistant coating on steel dnll bits and ce- 
mented-carbide tool bits, as decorative coat- 
ing, as a protective coating on steel vessels 
handling molten metal, and as solar energy 
collector surface film. 


30.10.12  Borides and Borates 


While three zirconium borides, ZrB, ZrB,, 
and ZrB,, are found in the zirconium-boron 
system, only the diboride is chemically and 
thermally stable. Zirconium diboride is a gray 
refractory solid with a hexagonal crystal struc- 
ture and a very high melting point of 3245 °C. 
Technical-quality zirconium diboride can be 
prepared by reacting zircon, boron oxide, and 
carbon in a submerged-electrode arc furnace 
[92]. Purer diboride can be produced by co-re- 
duction of zirconium tetrachloride and boron 
trichloride with hydrogen or aluminum in a 
chloride bath. Zirconium diboride films can be 
produced by subliming zirconium tetrahydri- 
doborate at 25 °C in a vacuum and passing the 
vapor over a substrate heated to 250 ?C. 
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Zirconium diboride has high hardness, 
good oxidation resistance, and excellent ther- 
mal-shock resistance. Jt has been used as a dif- 
fusion Багпег in semiconductors, as a 
container for molten metals, and as a burnable 
absorber in nuclear reactor cores. 


Zirconium tetrahydridoborate, Zr(BH,), is 
prepared by reaction of zirconium tetrachlo- 
ride with lithium tetrahydridoborate in diethyl 
ether, followed by double distillation at 20 °C 
[93]. It has a tetrahedral structure with three 
hydrogen atoms bndging the zirconium atom 
and each boron atom. Zirconium tetrahydri- 
doborate is one of the most volatile zirconium 
compounds known: mp 29 °C; bp 118 °C; va- 
por pressure 2 kPa at 25 °C. Its decomposition 
near 250 °C forms the basis for a low-temper- 
ature method of depositing zirconium boride 
films. Zirconium tetrahydridoborate catalyzes 
the polymerization of unsaturated hydrocar- 
bons. It reacts with aliphatic alcohols to form 
zirconium and boron alkoxides [94]. Zirco- 
nium tetrahydroborate inflames on contact 
with dry air. 


30.10.13 Tungstate 


Zirconium tungstate is precipitated as a 
white gel by simultaneous addition of dilute 
solutions of sodium tungstate and zirconium 
hydroxide dichloride to vigorously stirred wa- 
ter. After acidification the slurry is refluxed. 
The dried and fired product is ZrW,O, [95]. 
Other studies indicate that ZrW.Og is formed 
by the reaction of a mixture of ZrO, and WO, 
which is held between 1100 and 1400 ?C for at 
least 24 h melts incongruently at 1257 °C and 
dissociates below 1105 °C [96]. ZrW.O, is an 
unusual compound which contracts equally in 
each dimension when it is heated over the tem- 
perature range 1—1050 K [97]. 


30.10.14 Phosphate 


Insoluble, amorphous zirconium phos- 
phate is obtained when a zirconium salt is 
added to an excess of phosphoric acid. If the 
original salt was solid rather than in solution, 
the resulting phosphate will have a similar 
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physical size and shape: i.e., beads, granules, 
fibers. Refluxing the precipitate in strong 
phosphoric acid gives a crystalline product of 
constant composition, Zr(HPO j- HO. Zirco- 
nium bis(monohydrogenphosphate) with one 
water of hydration is known as a-zirconium 
phosphate. Below 80 ?C a second water of hy- 
dration is added to form y-zirconium phos- 
phate. On heating a-zirconium phosphate, the 
water is lost between 300 and 650 °C, leaving. 
B-zirconium phosphate. Conversion to zirco- 
nium pyrophosphate, ZrP,O, occurs between 
800 and 920 °C [98]. 

Zirconium ` bis(monohydrogenphosphate) 
has ion exchange properties and, because of its 
structure and bonding between layers, can also 
act as an intercalation compound [99]. Zirco- 
nium phosphate shows excellent catalytic ac- 
tivity for the selective condensation of acetone 
to mesityl oxide, and when palladium is de- 
posited on the phosphate surface the combina- 
tion is an effective -catalyst for the direct 
synthesis of methyl isobutyl ketone from ace- 
tone and hydrogen [100]. 

The addition of univalent ions Li, Na, K 
and compensating trivalent ions In, Y, Eu into 
Z1P,O, produces a solid electrolyte [101]. Ul- 
tralow thermal expansion ceramics have been 
developed in the Na,O-ZrO,-P,0,-Si0, sys- 
tem [102], while the addition of vanadium to 
sodium zirconium pyrophosphate: М№а,РгР, , 
У.О; yields a ceramic which shrinks when 
heated above 60 °C [103]. 


30.10.15 Nitrates 


Zirconium hydroxide dinitrate, 
Zr(OH)4(NO,),. is formed by dissolving hy- 
drous zirconium oxide in nitric acid or by dis- 
solving zirconium hydroxide dichloride in 
nitric acid and distilling off the chlorine. 

Zirconium tetranitrate, Zr(NO3),-5H,O, 
can be precipitated from strong nitric acid at 
low temperature, less than 15 °C [104]. 


30.10.16 Carboxylates 


Zirconium hydroxide carboxylates form 
upon adding carboxylate salts to a solution of 
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zirconium dihydroxide chloride, or carboxy- 
lic acids to zirconium basic carbonate. The 
general formula is Zi(OH), ,(OOR),, where n 
is 1-3 usually. 

When zirconium basic carbonate paste is 


slowly stirred into a mineral spirit solution of 


octanoic acid, a solution of zirconium dihy- 
droxide octanoate is produced which is of use 
in oil-based paints as a dryer catalyst. 

Short-chain carboxylates may be soluble, 
i.e., Zirconium dihydroxide diacetate. Longer 
aliphatic chain carboxylates (zirconium soaps) 
are water insoluble [105]. 


30.10.17 Alkoxides ` 


Zirconium alkoxides are prepared by add- 
ing zirconium tetrachloride to anhydrous alco- 
hols [106]: 

ZrCl, + C,H,OH — ZrCl,(OC,H,),-C,H,OH + 2HCI 


If there is no steric hindrance, all four chlo- 
rines can be exchanged if ammonia is added to 
combine with the hydrogen chloride. 

Alkoxides of different alcohols can be 
formed by alcohol exchange. This can be fa- 
cilitated by removal of the more volatile alco- 
hol, or a lower-boiling azeotrope with an inert 
solvent such as benzene. The conversion of 
zirconium tetramethoxide by refluxing with 
tertiary butanol proceeds only to zirconium. 
methoxide tri-tert-butoxide because of steric 
factors. The following order was found in the 
interchange of alkoxy groups: 
MeO > ЕО > PO > ВиО 
The reaction of zert-butanol with zirconium 
tetrahydridoborate yielded a double alkoxide 
complex of zirconium tert-butoxide with 
bis(£ert-butoxy) borane [94]. 

Zirconium alkoxides hydrolyze quite eas- 
ily. This provides a route to high-purity, high- 
surface-area zirconium oxide. 


30.11 Analysis 


Analysis for zirconium in ore, soil, vegeta- 
tion in compounds, and as a minor alloying 
constituent involves bringing the zirconium 
into solution, then precipitating with mandelic 
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acid [107] and firing the precipitate to oxide. 
For the determination of zirconium in air sam- 
ples, plasma emission spectroscopy is used. 

Methods to determine the hafnium associ- 
ated with the zirconium include atomic ab- 
sorption spectroscopy, emission 
spectroscopy, mass spectroscopy, X-ray spec- 
troscopy, and neutron activation. 

Most impurities in zirconium and zirco- 
nium compounds are determined by emission 
spectroscopy, with arc-spark [108] or plasma 
excitation (109, 110]. Atomic absorption is 
also used to determine a variety of impurities 
(111]. 

Carbon and sulfur in zirconium are mea- 
sured by combustion followed by chromato- 
graphic or IR determination of the oxides 
[112]. Hydrogen is determined by thermal 
conductivity after hot-vacuum extraction, or 
by fusion of zirconium with a transition metal 
in an inert atmosphere and subsequent separa- 
tion by gas chromatography [113, 114]. 

Simultaneous determination of oxygen and 
nitrogen is accomplished by fusion of zirco- 
nium with a transition metal in the presence of 
carbon in an inert atmosphere and subsequent 
separation by gas chromatography (115, 116]. 
Nitrogen can be determined by the Kjeldahl 
technique [112]. 

Phosphorus may be determined by visible 
spectrophotometry using molybdenum blue 
[112] but can be determined more rapidly by 
phosphine, evolution and name emission spec- 
troscopy. 

Chloride at low level is determined indi- 
rectly by. precipitation with silver nitrate and 
determination of the silver by X-ray or atomic 
absorption spectroscopy. Fluoride and higher 
levels of chloride can be measured by selec- 
tive ion electrode techniques [117, 118]. 


30.12 


Zirconium and its compounds are generally 
of low toxicity. However, the strongly acidic 
compounds such as zirconium tetrabromide, 
zirconium tetrachloride, zirconium tetrafluo- 
ride, zirconium tetraiodide, zirconium tetrani- 
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trate and zirconium sulfate are strongly 
corrosive to eyes, lungs, skin, mouth, esopha- 
gus, and stomach. Exposure to these com- 
pounds should be avoided, not because they 
contain zirconium, but because of the acidic 
nature of their hydrolysis products generated 
upon contact with animal or plant tissue. 


Inhalation of zirconium materials in the 
workplace has not resulted in significant tox- 
icity in 40 years of considerable exposure if 
reasonable care was used. One case of pulmo- 
nary fibrosis is believed to have been induced 
by heavy and continued exposure to zirconium 
oxide dust while preparing slurries for lens 
polishing which developed after a 15-year la- 
tency period [119]. Severe respiratory tract ir- 
ritation from inhaling zirconium 
acetoacetonate disappeared after exposure 
ceased [120]. In 1978 the FDA banned the 
production of antiperspirant aerosols contain- 
ing zirconium because of concern about possi- 
ble lung granulomas. 


Inhalation laboratory tests with insoluble 
zirconium oxide varied. Some showed no ef- 
fect, some caused fibrosis. Russian tests with 
the insoluble compounds zirconium boride 
[121] and zirconium hydride [122] both 
showed fibrogenic action in the lungs of al- 
bino rats. Aerosols of soluble zirconium dihy- 
droxide chloride and zirconium dihydroxide 
nitrate each caused intense irritation of upper 
breathing passages similar to the action of 
strong acid. The animals died with 30—40 min. 
Sodium zirconium lactate caused lung granu- 
lomatosis 1n rabbits (123], and it is indicated 
that a complex of zirconium chlorhydrate and 
aluminum chlorhydrate also induces granulo- 
matous lung changes [124]. 

Antiperspirants and poison ivy remedies 
containing zirconium have caused skin granu- 
lomas as a delayed hypersensitivity reaction in 
a few users [125]. 


Toxicity tests on laboratory animals 
showed that the acute toxicity of inorganic zir- 
conium salts is very low when administered 
orally. Administered intrapentoneally, both 
organic and inorganic compounds were 2—20 
times more toxic. 


Zirconium 


An excellent summation of zirconium toxi- 
cology through 1975 is available [126]. Toxic- 
ity data for some zirconium compounds is 
shown in Table 30.5. 

Table 30.5: Toxicity data (rat) for some zirconium com- 

pounds [127]. 

OralLDs, Inhalation LCLo, 
mg/kg mg/m? 


Compound 


Dihydroxide chloride 3500 500 for 30 min 
Dihydroxide nitrate :2290 | S00for30min  . 
Sulfate 3500 
Tetrachloride 1688 3124 ppm НСІ for 

1 hour 
Acetate ~- 4100 


The OSHA exposure limit for zirconium 
and zirconium compounds as airborne particu- 
late is 5 mg/m? TWA and 10 mg/m? STEL, as 
zirconium. In Germany, the MAK is 5 mg/m? 
as zirconium. In Russia, MAK is 6 mg/m? as 
zirconium. 


30.13 Storage and 
Transportation 


High-surface-area zirconium metal such as 
sponge or powder is a combustible solid 
which should be kept dry and stored away 
from sources of ignition and oxidizers. 

The Department of Transportation has clas- 
sified all dry zirconium powder as “spontane- 
ously combustible”, hazard class 4.2, with 
identification number UN 2008. The powders 
are subdivided into packing group I, IJ, or III, 
as evaluated by their burning rate in a stan- 
dardized testing procedure. Group І is for very 
fine zirconium powder which is a pyrophoric 
material. Group I powder may not be shipped 
by air. 

Some zirconium powder, usually fuse pow- 
der, is recovered wet and shipped wet. This 
powder is classified as a flammable solid, haz- 
ard class 4.1, UN 1358. 


e Zirconium hydride is classified as a flam- 
mable solid, hazard class 4.1, UN 1437. 


e Zirconium nitrate is classified as an oxidizer 
hazard class 5.1, UM 2728. 


e Zirconium sulfate is classified as corrosive 
hazard class 8, NA 9163. 
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e Zirconium tetrachloride is classified as cor- 
rosive, hazard class 8, UN 2503. 
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31.1 Introduction 


The element hafnium, is always found in 
zirconium ore and is available as a by-product 
of the production of zirconium metal. The av- 
erage concentration of hafnium in the earth’s 
crust is estimated at 2.8-4.5 ppm. Six isotopes 
occur naturally: "НҒ (0.16%), "Hf (5.2%), 
"Hf (18.6%), "НҒ (27.1%), |” Hf (13.7%), 
and !8НҒ (35.2%). Hafnium is used princi- 
pally as a minor alloying element in nickel- 
based superalloys and as a thermal neutron ab- 
sorber in nuclear power reactors. Annual 
world consumption is about 50 t. 


31.2 Physical Properties 


Hafnium is a heavy, hard, ductile metal 
similar in appearance to stainless steel. Al- 
though chemically very similar to zirconium, 
it has several physical differences: hafnium 
has twice the density of zirconium, a higher 
phase transition temperature, and a higher 
melting point. Hafnium also has a high ther- 
mal neutron absorption coefficient (1.04 x 
10-26 m?), whereas that for zirconium is very 
low (1.8 x 107? m?). Some physical properties 
of hafnium are listed below: 
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mp 2227 °C 
bp . 4602 °C 
Density 13.31 g/cm? 
Thermal conductivity (25 °C) 23.0 Wm”K” 
Coefficient of linear expansion 
(0-1000 °C) 5.9 x 10% K! 
Specific heat (25 °C) 117 Jkg ! K^! 
Vapor pressure 
(1767 °C) 10% Pa 
(2007 °C) 107 
Electrical resistivity (25 °C) 3.51 x 107 Wm 


Thermal neutron absorption 
cross section 
Crystal structure 


1.04 x 1075 та? 


a-form hexagonal close- 
packed (hcp) 

B-form body-centered cubic 
(bcc) 


Temperature of of transformation 1760 °C 


31.3 Chemical Properties 


The ionic radii of hafnium and zirconium 
are almost identical because of the lanthanide 
contraction. Both elements exhibit a valence 
of four. Therefore, the chemistry of hafnium is 
similar to that of zirconium, and the elements 
are always found together in nature (see also 
Chapter 30). 

Elemental hafnium reacts with hydrogen (> 
250 °C), carbon (> 500 °C), and nitrogen (> 
900 °C) to form brittle, nonstoichiometric in- 
terstitial compounds with metal-like conduc- 
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tivity. In molten salts, hafnium is normally 
quadrivalent, but in anhydrous molten halide 

` salts, it can be reduced to hafnium(III) and 
hafnium(II). 

In aqueous solution, hafnium is always 
quadrivalent, with a high coordination number 
(6, 7, or 8). In dilute acid, hafnium slowly hy- 
drolyzes and polymerizes. Hafnium hydrous 
oxide precipitates from aqueous solution at ca. 
pH 2. The only inorganic compounds with sig- 
nificant solubility in neutral or slightly basic 
aqueous solution are the ammonium-hafnium 
carbonate and potassium-hafnium carbonate 
complexes. The tendency for hafnium to form 
inorganic complexes with anions decreases in 
the following order: OT > F^» РО; > COF 
> 502-> NO; = С> ClO, 

Reviews of zirconium chemistry [1, 2] are 
frequently useful for indications of the chemi- 
cal behavior of hafnium, because of the simi- 
larity in chemical properties. 


31.4 | Occurrence and Raw 
Materials 


Mineralogically, hafnium is always found 
with zirconium. Although about 40 known 
minerals contain these elements, the main 
commercial sources of zirconium and hafnium 
are zircon and baddeleyite, since they are 
available as by-products in the recovery of 
other minerals. Zircon sand is obtained during 
the processing of alluvial heavy mineral sands 
to recover the titanium minerals rutile and il- 
menite. Commercially recoverable deposits 
of these heavy mineral sands are found in 
China, Malaysia, Thailand, India, Sri Lanka, 
Australia, South Africa, Madagascar, and the 
United States. Clean (high quality) zircon con- 
tains 64% zirconium oxide, 34% silicon diox- 
ide, 1.2% hafnium dioxide, with the balance 
including aluminum, iron, phosphorus, rare 
earths, titanium, uranium, and thorium. 

Worldwide, the hafnium content of zircon 
is usually ca. 2% of the zirconium content. A 
notable exception is a Nigerian zircon, avail- 
able in commercial quantities during 1957— 
1965, that contained 6% hafnium (based on 
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zirconium). Two minerals, a Norwegian 
thortveitite and a Mozambican hafron, have 


been reported to contain more hafnium than “ 


zirconium. Baddeleyite usually contains 
hafnium at < 2% of the zirconium content. At 
the Phalaborwa complex in South Africa, bad- 
deleyite is recovered from process tailings in 
the extraction of copper and the extraction of 
apatite for phosphate fertilizers. 

Although hafnium reserves are significant, 
demand is low and easily met as a by-product 
of the production of reactor-grade zirconium. 
Known hafnium reserves are listed in Table 
31.1. 


Table 31.1: Known hafnium reserves, x 10? t. 


Country Annual zircon Zircon Hf content of 
production reserve" zircon reserve 

Australia 480 32 000 390 
United States 135 15 000 145 
South Africa 135 15 000 145 
Brazil 18 4000 38 
India 15 9000 85 
Sri Lanka 5 3000 29 
Malaysia 3 3000 29 
"Estimated. 


31.5 Production 


Processing steps and alternative processes 
for the production of hafnium metal from zir- 
con sand are shown in Figure 31.1. 


31.51 Opening-up of Ore 


Zircon is a refractory mineral, whose de- 
composition requires the use of aggressive 
chemicals and high temperature. Today, the 
commonly used techniques are caustic fusion, 
direct carbochlorination, or thermal dissocia- 
tion; however, other procedures such as fusion 
with dolomite, fusion with potassium hexatlu- 
orosilicate, and a two-step process involving 
carbiding and exothermic chlorination of the 
crude carbide have all been used extensively 
to obtain zirconium and hafnium in more 
chemically active form. 

The caustic fusion of zircon by using a 
slight excess of sodium hydroxide at 600 ?C is 
the most common process for opening-up of 
zircon ore [3]: 
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Figure 31.1: Flow diagram for production of hafnium. 
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71510, + 4NaOH -э Na,ZrO, + Na,SiO, + 29,0 


The cooled reaction mass is broken up and 
slurried in water, which dissolves sodium sili- 
cate and hydrolyzes sodium zirconate to solu- 
ble sodium hydroxide and insoluble hydrous 
zirconia; the latter is recovered by filtering the 
slurry. Hydrous zirconia is soluble in strong 
mineral acid; hafnium can be recovered from 
the primary zirconium stream by ion exchange 
or liquid-liquid extraction. 

Variations of this fusion process involve the 
use of sodium carbonate at 900 °C or the use 
of only half the quantity of sodium hydroxide 
to produce sodium zirconium silicate; the lat- 
ter is subsequently treated with acid to form a 
soluble zirconium compound. These fusion 
processes are used worldwide to produce zir- 
conium oxide, aqueous solutions of zirco- 
nium, and water-soluble zirconium 
compounds. 

Fluidized-bed carbochlorination of zircon 
sand is the ore-decomposition process used by 
all three hafnium producers in the Westem 
hemisphere: Teledyne Wah Chang Albany, 
CEZUS Division of Pechiney, and Westem 
Zirconium Division of Westinghouse: 


1100 °C i 
ZrSiO,+4C+4Cl, — ZrCl,+SiCl,+4CO 


All the reaction products are gases when they 
leave the chlorinator. Zirconium and hafnium 
tetrachlorides are recovered as a powder by 
cooling the gas mixture to 200 °C in a large- 
volume space condenser. Silicon tetrachloride 
is then condensed by direct countercurrent 
contact of the remaining gas mixture with re- 
frigerated (40 °C) recycled liquid silicon tet- 
rachloride. 

Therma! dissociation of zircon in the high 
temperature of a plasma torch followed by 
rapid quenching is used to produce intimately 
mixed crystals of zirconium and silicon ox- 


ides. The oxides can be leached countercur- ` 


rently with sodium hydroxide to yield 
zirconium oxide and a solution of sodium sili- 
cate, or leached with hot strong sulfuric acid to 
give a zirconium sulfate solution and silica. 
Both procedures are used by the Z-Tech Cor- 
poration Division of ICI. 
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31.5.2 Separation of Zirconium 


Many well-known methods exist for sepa- 
rating hafnium from zirconium: ion exchange 
with a dilute sulfuric acid eluent [4]; /iquid— 
liquid extraction of hafnium from hydrochlo- 
ric acid solution by a methyl isobutyl ketone 
thiocyanic acid solution [5-8]; distillation of 
the mixed binary tetrachlondes at a pressure 
above the triple point [9]; and extractive distil- 
lation of hafnium tetrachloride from the mixed 
tetrachlorides dissolved in a molten halide sol- 
vent [10, 11]. 


Ion exchange is the easiest laboratory proce- 
dure. A dilute solution of Zr(Hf)OCL, is intro- 
duced into a bed of strong cation-exchange 
resin and eluted with 0.25 M sulfuric acid. The 
eluate contains three components: (1) a small 
amount of unseparated metal, apparently poly- 
merized, with minimum retention time; (2) a 
major fraction containing zirconium; and (3) a 
smaller fraction containing hafnium. A contin- 
uously fed rotating cylindrical bed system has 
been proposed for commercial separation of 
hafnium and zirconium [4]. 


Liquid-Liquid Extraction. The methyl 
isobutyl] ketone (MIBK) liquid-liquid extrac- 
tion is based on an analytical method for deter- 
mining hafnium [12]. The process was 
developed at Oak Ridge National Laboratory 
to obtain hafnium-free zirconium to contain 
uranium fuel for nuclear-powered submarines. 
Recovery of hafnium as a by-product was ini- 
tiated when uses were found for the hafnium. 
The zirconium-hafnium dichloride oxide 
solution is introduced at the midpoint of a se- 
ries of countercurrent contact stages in which 
the organic solvent is MIBK containing thio- 
cyanic acid and the countercurrent aqueous 
solution is dilute hydrochloric acid. Hafnium 
is extracted preferentially into the organic so- 
lution as a hafnium oxide thiocyanate com- 
plex. The separation factor per stage is 4—5. 
After extraction, hafnium is recovered by 
treating the organic phase with dilute sulfuric 
acid, the water-soluble hafnium sulfate being 
more stable than the thiocyanate complex. The 
sulfuric acid is then neutralized to precipitate 
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hydrous hafnium oxide, which is calcined to 
hafnium oxide. This procedure is used by both 
U.S. producers of hafnium. 


Fractional Distillation. Separation by frac- 
tional distillation would be feasible if the tet- 
rachlorides could be handled as liquids; 
however, the tetrachlorides are solid or gas- 
eous unless kept under pressure while heated 
to the triple point of zirconium tetrachloride 
(435 *C, 2.0 MPa). The operating range of a 
binary distillation system is limited because 
the critical temperature for zirconium tetras 
chloride is ca. 505 °C. 


Extractive distillation of the mixed tetrachlo- 
rides from molten potassium chloroaluminate 
at atmospheric pressure was developed and 
used commercially by CEZUS [10, 11]. The 
crude tetrachloride product from carbochlori- 
nation is first purified by sublimation in an at- 
mosphere of nitrogen with 1—5% hydrogen. 
The purified tetrachloride is then revaporized, 
and the vapor is introduced continuously 
above the midpoint of the distillation column. 
The potassium chloroaluminate solvent, equil- 
ibrated with hafnium-rich tetrachloride, is fed 
into the top of the distillation column, which is 
maintained at 350 °C. As the solvent cascades 
down the column it is gradually depleted of 
the more volatile hafnium tetrachloride, so 
that zirconium tetrachloride in the solvent 


‘reaching the bottom of the column contains < 


50 ppm of the hafnium compound. The sepa- 
ration factor per stage is 1.4. 

The solvent is fed to a boiler where much of 
the zirconium tetrachloride is vaporized and 
passed back up the column to become en- 
riched in hafnium. Solvent from the boiler is 
fed into a stripper where it is treated with ni- 
trogen to remove the remaining zirconium tet- 
rachloride. 

The stripped solvent is pumped to an ab- 
sorber-condenser above the column where the 
solvent is equilibrated with the hafnium-rich 
tetrachloride and returned to the top of the dis- 
tillation column. Unabsorbed hafnium-rich 
tetrachloride vapor (НЕСІ, content 30-50%) is 
collected in the hafaium condenser This 
hafnium-enriched tetrachloride accumulates 
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until it can be reprocessed in the distillation 
column under different conditions to produce 
pure hafnium tetrachloride (< 1% ZrCl,). 

The degree of separation attained by these 
various processes is limited only by the num- 
ber of stages provided in the separation equip- 
ment. Zirconium containing < 20 ppm 
hafnium and hafnium containing < 50 ppm 
zirconium have been produced. 


[4 
31.5.3 Recovery of Metallic 
Hafnium 


Hafnium dioxide from the separation pro- 
cess is converted first into hafnium tetrachlo- 
ride by fluidized-bed carbochlorination: 


950 ? 
HfO,+C+2Cl, э С НЕСІ, + CO, 


The recovered hafnium tetrachloride is puri- 
fied by sublimation in a nitrogen hydrogen at- 
mosphere to reduce the levels of aluminum, 
iron, and uranium. 


Kroll Process. Hafnium tetrachloride powder 
is placed in a vertical cylindrical steel retort 
welded onto a stainless steel-lined steel cruci- 
ble containing cast ingots of magnesium. The 
two chambers are connected by a pipe rising 
through the center of the hafnium tetrachloride 
charge. The assembled retort is sealed, evacu- 
ated, and filled with argon several times to re- 
move traces of air. The retort is lowered into a 
furnace; the lower section is then heated to 
850°C. Molten magnesium reduces the 
hafnium tetrachloride vapor as it sublimes out 
of the upper chamber. After the reaction is 
complete, the lower crucible contains hafnium 
metal, magnesium chloride, and excess mag- 
nesium. The retort is cooled and unloaded. 

The stainless steel liner is separated from the 
reduction mass, and the upper layer of magne- 
sium chloride is physically removed from the 
hafnium magnesium metallic regulus. The lat- 
ter is loaded into a vacuum distillation furnace 
for removal of magnesium and residual mag- 
nesium chloride. As the temperature gradually 
increases, magnesium sublimes, leaving a 
skeletal structure of hafnium sponge. Magne- 
sium chloride melts and drains into the cool 
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lower portion of the retort. After the furnace is 
cooled and the sponge conditioned by slow, 
controlled exposure to air, the sponge is re- 


moved and placed in an argon atmosphere, 


where it is broken and chopped into pieces 
finer than 20 mm. 


Electrowinning. Electrowinning of hafnium 
and zirconium has long been investigated as 
an alternative to metallothermic reduction. 
CEZUS recently began production of hafnium 
by electrolysis of hafnium tetrachloride dis- 
solved in a molten equimolar bath of potas- 
sium and sodium chlorides [13]. Hafnium 
tetrachloride vapor is introduced periodically 
below the liquid level of the bath to replenish 
hafnium. The bath contains just enough so- 
dium fluoride to convert dissolved hafnium 
into the hexafluorohafnate complex. 


31.5.4 Refining 


Applications of metallic hafnium require 
lower oxygen levels than commonly achieved 
by the Kroll process. Purification is accom- 
plished by the Van Arkel-de Boer process, also 
known as the iodide-bar or crystal-bar process 
[14, 15]. Hafnium sponge is treated with io- 
dine vapor to form volatile hafnium iodide, 
which diffuses to an electrically heated 
hafnium filament. Hafnium iodide dissociates 
at the filament temperature of 1400 ?C, depos- 
iting hafnium on the filament and releasing io- 
dine to repeat the diffusion cycle. The hafnium 
filament slowly grows from a 3-mm wire to a 
40-mm crystal-faceted bar. Purification is ef- 
fective in leaving behind interstitial impurities 
such as oxygen, carbon, and nitrogen. Metallic 
impurities generally transport poorly, depend- 
ing on the behavior of individual iodides, so 
the hafnium filament is much purer than the 
sponge. 

Electron beam melting can àlso be used to 
purify hafnium. Hafnium is slowly drip- 
melted into a superheated molten pool under 
extremely high vacuum. The more volatile 
metallic impurities and suboxides are boiled 
off at a much faster rate, relative to the vapor- 
ization of hafnium. Two slow melts are stan- 
dard for hafnium. 
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Table 31.2: Typical impurity levels for hafnium metal, 
ppm. 
Kroll Electro- Electron- Van Arkel- 
process won Беат melt- de Boer 
sponge crystals ingingot crystal bar 


Oxygen 875 670 320 «50 
Nitrogen 35 15 . 40 «5 
Carbon «30 40 «30 <30 
Chlorine 100 50 <5 <5 
Aluminum 200 10 <25 <25 
Chromium 40 30 <20 <20 
Iron 530 100 <50 <50 
Magnesium 440 <10 <10 <10 
Manganese 15 10 <10 <10 
Nickel <25 40 «25 «25 
Silicon 25 «25 «25 «25 
Titanium «25 30 «25 «25 


Typical impurity levels for Kroll-process 
hafnium sponge and electrowon hafnium crys- 
tals are shown in Table 31.2, together with the 
effectiveness of refining sponge by electron- 
beam melting or the Van Arkel-de Boer pro- 
cess. 


31.6 Environmental 
Protection 


Zircon contains traces of uranium and tho- 
rium in solid solution substitutionally and iso- 
morphically in its structure. The retention of 
these elements and their radioactive decay 
daughter products are so complete that geo- 
logical dating of rocks can be conducted by 
determining the radiological age of the zircon. 
Conversely, when the zircon structure is de- 
stroyed chemically, uranium, thorium, and 
their daughter products are released. If the at- 
tack on zircon is similar to carbochlorination, 
in which both zirconia and silica are converted 
to volatile species, the reaction residue may 
have sufficient concentrations of less volatile 
radioactive materials for special disposal pro- 
cedures to be necessary. 

Recovery of hafnia and zirconia from the 
acid solutions of liquid-liquid extraction re- 
sults in process streams containing ammo- 
nium sulfate" and ammonium chloride. 
Ammonia must be recovered for recycling or 
sale to avoid a heavy biological oxygen de- 
mand on effluent-receiving streams. Extreme 
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care must be taken to ensure that hypochlorite 
scrubbing solutions from chlorination do not 
come in contact with effluent streams contain- 
ing traces of thiocyanate because the mixture 
produces cyanides. 


31.7. Quality Specifications 


For wrought hafnium the following U.S. 
specifications apply: ASTM B737-84 for Hot- 
Rolled or Cold-Finished Rod and Wire; 
ASTM B776-87 for Hafnium and Hafnium 
Alloy Strip, Sheet, and Plate; ASTM G2-88 
and G2M-88 for Corrosion Testing of Prod- 
ucts of Zirconium, Hafnium, and Their Alloys 
in Water at 680 °F (360 °C, 633 K) orin Steam 
at 750 °F (400 °C, 673 K); and ASTM C1076- 
87 for Nuclear-Grade Hafnium Oxide Pellets. 

In Germany, VdTüV Material Sheet 463, 
Hafnium, 05.83, covers wrought hafnium 
sheet. 

Hafnium for alloying purposes is sold in 
chunk or particulate form, at the particular 
chemical purity specified by the customer; the 
zirconium content is particularly important. 


31.8 Analysis 


Hafnium is chemically so similar to zirco- 
nium that most gravimetric, volumetric, or 
colorimetric methods of analysis result in a 
combined hafnium-zirconium determination. 
Methods that do not require prior separation of 
hafnium include atomic absorption spectros- 
copy, emission spectroscopy, plasma emis- 
sion spectroscopy, mass spectroscopy, X-ray 
spectroscopy, and neutron activation [16]. 
Ores and compounds arc frequently analyzed 
by precipitating hafnium and zirconium with 
mandelic acid [17], igniting the precipitate to 
give the combined oxides, and determining 
the relative proportion of each oxide by X-ray 
or emission spectroscopy. 

Many analytical methods for determining 
impurities in zirconium can also be applied to 
hafnium [16, 18]. Carbon and sulfur in 
hafnium are measured by combustion, fol- 
lowed by chromatographic or IR determina- 
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tion of the oxides [16]. Hydrogen is 
determined by thermal conductivity after hot- 
vacuum extraction or by fusion of hafnium 
with a transition metal in an inert atmosphere 
and subsequent separation by gas chromatog- 
raphy [19, 20]. 

Simultaneous determination of nitrogen 
and oxygen is accomplished by a technique 
similar to that for hydrogen [21, 22]. Nitrogen 


‘can also be determined hy the Kjeldahl tech- 


nique [16]. Phosphorus may be determined by 
visible spectrophotometry using molybdenum 
blue [16] but can be determined more rapidly 
by phosphine evolution and flame emission 
spectroscopy. 

Chloride at low level is determined indi- 
rectly by precipitation with silver nitrate and 
determination other silver by X-ray or atomic 
absorption spectroscopy. Fluoride and higher 
levels of chloride can be measured by selec- 
tive ion electrode techniques [23, 24]. 

Other impurities are usually determined by 
emission spectroscopy either arc spark (25, 
26] or plasma excitation [27, 28]. Many impu- 
rities can be determined rapidly and inexpen- 
sively. Atomic absorption is frequently used to 
determine a variety of impurities in hafnium 
metal and sponge [29]. 


31.9 Storage and 
Transportation 


Hafnium metal powder is a flammable 
solid and should be kept dry, cool, and sepa- 
rate from potential oxidants. Dry hafnium 
powder, chemically produced, finer than 8.40 
x 107 m (840 um, 20 mesh), or mechanically 
produced, finer than 5.3 x 10? m (53 pm, 270 
mesh), must have the following warning la- 
bels for shipping: 

UN no. 2545 

United States DOT: Flammable Solid 

IAIA Dangerous Goods Regulations: Combustible Solid 
IMIDG Code: Combustible Solid 

The same hafnium powder, wet, containing 
at least 2596, water, must be labeled as a flam- 
mable solid for all shipping and hazard com- 
munication purposes (UN no. 1326). 


1466 


Hafnium powder of the above descriptions, 
wet or dry, is forbidden on U.S. passenger air- 
craft by DOT. Dry hafnium metal powder, me- 
chanically produced, finer than 3 x 10% m, or 
chemically produced, finer than 10 x 10% m, 
is forbidden from all air transportation by 
IATA. 

Although пої specifically required, 
hafnium hydride or hafnium carbide powder 
should be labeled, handled, and stored in simi- 
lar fashion. 

Hafnium tetrachloride must be shipped as a 
corrosive solid (UN no. 1759). 


| 31.10 Uses 


The major uses of hafnium involve the 
metal. The largest use is as an alloying addi- 
tive (1-2%) in nickel-based superalloys. 
These alloys are used in turbine vanes in the 
combustion zone of jet aircraft engines. Addi- 
tion of hafnium to some present-generation al- 
loys has raised the allowable service 
temperature by 50 °C, improving engine effi- 
ciency. Hafnium forms stable precipitates at 
grain boundaries, improving high-temperature 
creep strength. 

The second major use of hafnium is as con- 
trol-rod material in nuclear reactors. In early 
reactors, bare hafnium metal in long cruciform 
shape was used because of the excellent hot- 
water corrosion resistance, good ductility, and 
machinability of hafnium, as well as its high 
thermal neutron absorption cross section. 
Hafnium clad in stainless steel is now replac- 
ing stainless steel-clad silver-indium-cad- 
mium and stainless steel-clad boron carbide in 
some commercial nuclear power plants. 


Hafnium is also used as an alloying element 
in niobium, tantalum, titanium, molybdenum, 
and tungsten alloys, as well as some new 
nickel aluminides. 

Hafnium and hafnium-zirconium. alloys 
have been suggested for use in spent nuclear 
fuel storage racks, and for tanks and piping in 
spent fuel reprocessing plants because of the 
neutron absorption capability of hafnium and 
its resistance to nitric acid. For a while, shred- 
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ded hafnium foil was used instead of zirco- 


nium foil as fuel in some photographic 


flashbulbs because hafnium provided a higher 
intrinsic color temperature and a greater light 
output. Pure hafnium has also been used as the 
active tip for plasma arc cutting tools. 

Hafnium carbide-niobium carbide solid so- 
lutions have been used as a replacement for 
tantalum carbide in steel-cutting grades of ce- 
mented carbide tool bits. 

Hafnium oxide has been used as a special- 
ized refractory, including thermocouple insu- 
lation for short-term use above 2000 °С. 
Hafnium and hafnium oxide sputtering targets 
are used for coatings and specialized elec- 
tronic applications. 

Hafnium tetrachloride has been used to pre- 
pare hafnium metallocene Ziegler-Natta-type 
catalysts, which were the first catalysts to pro- 
vide high yields of high molecular mass iso- 
static polypropylene [30] Hafnium 
tetrafluoride is used in some heavy-metal fluo- 
ride glass cladding [31]. 


31.11 Economic Aspects 


Production of hafnium oxide and hafnium 
tetrachloride has been steady since 1980, as a 
result of the leveling off of zirconium metal 
production for the nuclear energy program. 
The availability of hafnium still exceeds mar- 
ket demand. Annual Western hemisphere 
availability is estimated at 80 t, with consump- 
tion estimated at 50 t. Hafnium is produced 
commercially in the United States (Teledyne 
Wah Chang Albany and Western Zirconium 
Division of Westinghouse), France- (CEZUS 
Division of Pechiney), and the former Soviet 
Union. 

In 1988, hafnium oxide was available at 
$100/kg; hafnium crystal bar, at $200/kg; and 
hafnium wrought metal products (plate, sheet, 
wire, foil), from $250 to $500/kg. 


31.12 Compounds 


Compounds of hafnium have been studied 
mostly to develop methods of separating 
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hafnium from zirconium, producing the metal, 
and comparing properties with similar zirco- 
nium compounds. Although the properties of 
inorganic hafnium and zirconium compounds 
are generally comparable, differences in 
chemical behavior become more evident in or- 
ganometallic compounds. 


31.121  Borides and Borates - 


Hafnium boride, HfB,, is prepared by carbon 
reduction of hafnium oxide and boron carbide, 
by coreduction of hafnium and boron chlo- 
rides with magnesium or hydrogen, or from 
the elements. It is of interest because it is very 
refractory. Hafnium dodecaboride, HfB,,, has 
been synthesized by compressing the elements 
at 1660 °C and 6.5 x 10? MPa. 


Hafnium tetrahydroborate, Hf(BH,),, is 
prepared by reaction of hafnium tetrachloride 
with lithium borohydride in diethyl ether, fol- 
lowed by double sublimation under vacuum at 
20 °C [32]. Hafnium tetrahydroborate is one 
of the most volatile hafnium compounds 
known: mp 29 ?C, bp 118 ?C, vapor pressure 2 
kPa at 25 °C. Its decomposition at ca. 250 °C 
forms the basis for a low-temperature method 
of depositing amorphous hafnium diboride 
films [33]. 


31.12.2 Carbide 


Hafnium carbide, HfC, is usually produced 
by carbothermic reduction of hafnium oxide in 
an induction-heated graphite-lined vacuum 
furnace. Hafnium carbide film can be depos- 
ited by reaction of hafnium tetrachloride and 
methane in a hydrogen atmosphere at 900— 
1400 °C. Hafnium carbide is a nonstoichio- 
metric interstitial carbide with carbon atoms at 
octahedral interstices of the hafnium metal lat- 
tice. The hafnium-carbon phase diagram 
shows that hafnium carbide is single phase 
within the range 39.5—49.5 atom% carbon at 
1400 °C [34]. Hafnium carbide is a hard re- 
fractory material with metallic conductivity. 
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31.12.3 Halides 


Hafnium tetrafluoride, HfF,, can be made 
by addition of a stoichiometric amount of hy- 
drofluoric acid to hafnium oxide chloride dis- 
solved in 8 M nitric acid, to precipitate 
hafnium tetrafluoride monohydrate. The fil- 
tered crystals are dried in a stream of anhy- 
drous hydrogen fluoride gas. Alternatively, 
anhydrous hydrogen fluoride can undergo an 
exchange reaction with hafnium tetrachloride 
powder or vapor, or ammonium fluorohafnate 
can be heated to drive off ammonium fluoride, 
leaving hafnium tetrafluoride as residue. 

Potassium hexafluorohafnate К,НЁЕ,, can 
be crystallized from hafnium fluoride solution 
by adding a stoichiometric amount of potas- 
sium fluoride. The solution should be acidic to 
minimize hydrolysis. Other alkali metal 
hexafluorohafnates (Na,HfF,, Rb,HfF,, and 
Cs,HfF,) and the corresponding ammonium 
salts can be prepared similarly. With different 
proportions of alkali fluoride, other salts can 
be precipitated, including MHfF,, M.HfF,, 
and М,НЕ,Е,з. 

Hafnium tetrachloride, HfC1,, is prepared 
commercially by  carbochlorination of 
hafnium oxide at 900 °C. Chlorination can be 
carried out with phosgene or carbon tetrachlo- 
ride at 450 °C. Hafnium tetrachloride is used 
as Starting material tor the preparation of or- 
ganic derivatives of hafnium, alkoxides, and 
alkali chlorohafnates. The partitioning of 
mixed tetrachloride vapor by alkali-metal 
salts, with preferential formation of alkali 
chlorohafnate and elimination of unreacted 
zirconium tetrachloride, has been proposed as 
a means of separating hafnium and zirconium 
[35, 36]. Hafnium tetrachloride vapor reacts 
with steam to form finely divided hafnium ox- 
ide. Solid hafnium tetrachlonde reacts with 
water to form hafnium oxide chloride and hy- 
drochloric acid. 

Hafnium dichloride oxide, HfOCL, is solu- 
ble in water and can be crystallized from hy- 
drochloric acid solution as the octahydrate, 
HfOCL:8H4O. The solubility of hafnium 
dichloride oxide increases significantly with 
temperature and decreases with increasing 


1468 


acidity up to 8.5 M hydrochloric acid. This 
crystallization procedure is the preferred 
method for obtaining pure hafnium dichloride 
oxide prior to the preparation of other hy- 
drated hafnium compounds. Hafnium dichlo- 
ride oxide is converted to the hydrous oxide 
HO. HO on neutralization, at pH 2. On 
heating, hafnium dichloride oxide first loses 
water, then slowly releases water and hydro- 
gen chloride, and is converted into granular 
hafnium oxide. 

Hafnium tetrabromide, НВг, апа 
hafnium tetraiodide, Hf1,, are produced by re- 
action of the respective halogen with hafnium 
metal in the absence of air above 300°C. 
Thermal dissociation of the tetraiodide is em- 
ployed in the iodide-bar refining process. 

Lower valence hafnium halides have been 
formed by reduction of tetrahalides with alu- 
minum or hafnium in molten aluminum chlo- 
ride or molten alkali halide baths. Zirconium 
is more easily reduced; this is the basis of sev- 
eral proposals for the separation of hafnium 
and zirconium [37, 38]. 


31.12.4 Hydride 


Hafnium hydride, HfH,, is formed as 
hafnium absorbs hydrogen. The proportion of 
hydrogen absorbed depends on temperature 
and hydrogen pressure. Above 500 °C, as hy- 
drogen is absorbed, hafnium changes from 
hexagonal close-packed metal, to face-cen- 
tered cubic hydride, and then to face-centered 
tetragonal hydride as the composition ap- 
proaches the limiting solubility, with x = 2 
[39]. At room temperature, hafnium hydnde 
exists as the face-centered cubic form when x 
= 1.7—1.8, and as the face-centered tetragonal 
form whenx 21.87. ` 

Hafnium hydride is brittle and easily 
crushed. Crushing must be conducted in an ar- 
gon atmosphere to avoid ignition of the fine 
powder Hydrogen absorption is reversible; 
the process of hydriding, crushing, and dehy- 
driding is therefore used to convert hafnium 
metal pieces into powder with little contami- 
nation. Hydrogen is removed by heating the 
hydride under vacuum. 
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31.12.5 Nitride 


Hafnium nitride, HfN, is a nonstoichiomet- 
ric interstitial nitride, which is single phase 
within the range 42—50 atom% nitrogen [40]. 
Hafnium nitride film can be deposited by re- 
acting hafnium tetrachloride vapor with am- 
monia or nitrogen in a hydrogen atmosphere 
above 1000 °C. Above 1400 °C, nitride pow- 
der is produced. This film deposition process 
is used to coat cemented carbide tool bits. 
Hafnium nitride film is more effective than ti- 
tanium nitride in reducing frictional forces and 
wear when machining steel [41]. 


31.12.6 Dioxide 


Hafnium dioxide, hafnia, HfO,, is the only 
stable oxide of hafnium. It melts at 2900 °C 
and exists in three solid phases: a monoclinic 
phase stable up to 1475-1600 °С, above 
which hafnia changes into the tetragonal 
phase, the stable form up to ca. 2700 °C. Be- 
tween 2700 and 2900 °C, hafnia has a cubic 
fluorite structure. Like zirconia, the tetragonal 
monoclinic transition is a martensitic transfor- 
mation that exhibits considerable hysteresis. 
The cubic structure can be stabilized by addi- 
tion of calcium oxide, yttrium oxide, or some 
of the rare-earth oxides, including those of ce- 
rum and europium. The use of stabilized 
hafnia for high-temperature engineered ce- 
ramics avoids the catastrophic 7% shrinkage 
that accompanies transformation from mono- 
clinic to tetragonal form. 


Hafnium dioxide is very stable and, except 
for strong hydrofluoric acid, is attacked only 
at elevated temperature. Hafnia reacts with 
carbon tetrachloride or phosgene above 
400 °C, and with chlorine and carbon above 
700 °C, to form hafnium tetrachloride. At high 
temperature, hafnia reacts with many metal 
oxides to form solid solution oxides or hafnate 
compounds such as CaHfO,. 


31.12.7 


Several excellent publications that cover 
the preparation and properties of hafnium 


Other Derivatives 





Hafnium 


alkoxides, hydrides, and organic derivatives 
are available [42—44]. 


31.13 Toxicology and 
Occupational Health 


Hafnium metal with a high surface area, 
such as thin machining chips, powder, sponge, 
or grinding dust, is extremely flammable, even 
pyrophoric. If the metal is slightly wet (5- 
1596 H,O) ignition can occur with explosive 
violence. Fires can be extinguished with a 
layer of dry salt or with a blanket of argon if 
the metal is in a container. 

Water can be hazardous for fire fighting be- 
cause it is a source of oxygen for the burning 
metal. The resulting hydrogen and steam may 
blow the buming chips throughout the area. 
Several reviews of methods for safe handling 
of hafnium and zirconium are available [45, 
46]. 

Hafnium is essentially nontoxic. No health 
problems have been attributed to hafnium in 
more than 30 years of industrial experience 
with the metal and its compounds. Toxicologi- 
cal studies of ingestion indicate that the toxici- 
ties of hafnium and zirconium are similar. 
Hafnium was found to accumulate in the liver 
when hafnium compounds were injected intra- 
venously or intraperitoneally into rats [47]. 
Chronic feeding of 1% hafnium tetrachloride 
to rats for 90 d caused liver damage [48]. The 
ACGIH TLV-TWA for hafnium is 0.5 mg/m’. 

Hafnium tetrachloride and tetrabromide hy- 
drolyze immediately on contact with water, re- 
leasing hydrochloric or hydrobromic acid 
fumes. These compounds should be handled 
with proper ventilation and personal protec- 


‘tion. 
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32.1 History [1] 


In 1801, MANUEL DEL Rio discovered vana- 
dium in Mexican lead vanadate ore. In 1831, 
SEFTSTRÖM detected the element in converter 
slags from certain iron ores, and named it after 
the Norse goddess of beauty, Vanadis. 

Vanadium metal was first produced in pow- 
der form by Rosco in 1867—1869 by reduc- 
tion of vanadium dichloride with hydrogen. 
MARDEN and Рисн obtained ductile vanadium 
by reducing vanadium pentoxide, V4O,, with 
calcium metal. | 

The first major application of vanadium 
was in 1903 in England, where a vanadium-al- 
loyed steel was produced on an 18 t scale [2]. 
In 1905 Henry Ford recognized the advan- 
tages of vanadium steel and promoted its use 
in automobile construction. Today vanadium 
is of major importance as an alloying compo-. 
nent in steel and titanium alloys and as a cata- 
lyst for chemical reactions. 


32.2 Properties 


Vanadium has two stable isotopes: У 
(99.75%) and ®V (0.25%). Unstable isotopes 
of relative atomic mass 48, 49, and 52 have 
half-lives ranging from 4 min to 600 d. The 
electronic configuration is 1s? 2s^p$ 3s7p$d? 


` 45”. Vanadium is steel gray with a bluish tinge. 
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It is ductile, and can be forged and rolled at 
ambient temperature. 

Vanadium, together with niobium and tan- 
talum, belongs to group 5 of the penadic table. 
Tt has a high melting point and good corrosion 
resistance at low temperature. 


Physical Properties. The most important 
physical properties of vanadium are listed in 


the following [1, 3-6]: 

Relative atomic mass ` 50.9415 

Crystal structure body-centered cubic 
Lattice constant a 0.30238 nm 

Density 6.11 g/cm? `. 

mp 1929 +6 °C 

Heat of fusion 21 500 + 3000 J/mol 
Specific heat at 298 K 24.35 x 0.10 Jor !'K? 


for 298-990 K C, 724.134 + 6.196 x 
1027 — 7.305 x 1077? 
—1.3892 x 1007? 


for 900-2200 K C,=25.9 — 1.25 x 107 


+ 4.08 x 10 $7? 
for liquid V 47.43 
Vapor pressure at 2190 K 3.73 Pa 
at 2200 K 4.31 
at2300 К. 12.53 
at 2400 К 30.13 
at2500K 87.86 
at 2600 K 207.6 
for liquid V, mbar logp = -24.265 x 1T ! 
+ 9.65 
Heat of vaporization 465.9 kJ/mol 
Linear coefficient of expansion 
at 20-200 *C 7.88 x 10% 
at 20-500 °C 9.6x 10% 
at 20-900 °C 10.4x 10% 
at 20-1100 °C 10.9 x 10% 
Specific electrical resistivity 
at 20 °C 24.8 x 10$ Ост 


Temperature coefficient 
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for 0-100 °C 0.0034 pQcm/K 
Thermal conductivity at 100 °C 0.31 Jem K's 

at 500 °C 0.37 
Superconductivity, transition 

temperature 5.13 К 
Capture cross section for thermal 

neutrons 4.8 bam 


Mechanical Properties. The mechanical 
properties of vanadium are strongly dependent 
on purity and hence on the production method 
used. In particular, the elements O, H, N, and 
C increase the hardness and tensile strength 
and decrease the ductility (elongation) [7]. 
The most important mechanical properties are 
listed in Table 32.1 [3, 4. 7]. 


Table 32.1: Mechanical properties of vanadium metal. 
Commercial High 


purity purity 

Tensile strength Gy, N/mm 245-450 180 

Extension, % 10-15 40 

Vickers hardness HV 10, 80-150 60—70 
N/mm 

Modulus of elasticity, N/mm 137 000-147 000 

Poisson’s ratio 0.35 


Chemical Properties. Vanadium is stable in 
air below 250 °C. On prolonged storage the 
surface becomes bluish-gray to brownish- 
black, and significant oxidation takes place in 
air above 300 °C. Vanadium absorbs hydrogen 
in interstitial lattice sites at elevated tempera- 
tures (up to 500 °C). The metal becomes brit- 
tle and can easily be powdered. This hydrogen 
is liberated on heating to 600—700 ?C in vac- 
uum. At low temperature, a hydride phase ex- 


Table 32.2: Principal vanadium minerals [12, 13]. 
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ists in the У-Н system [7]. Vanadium reacts 
with nitrogen at > 800 °C to form vanadium 
nitrides. It has a high affinity for carbon, form- 
ing carbides at 800—1000 ?C. Data on the solu- 
bility of O, N, H, and C in vanadium and the 
reactions that occur with these elements can 
be found in [7, 8]. 


In its compounds, vanadium exhibits the 
oxidation state П, IIT, IV, or V. It is relatively 
stable towards dilute sulfuric, hydrochloric, 
and phosphoric acids, but is dissolved by nitric 
and hydrofluoric acids. Its corrosion resis- 
tance towards tap water is good, and towards 
seawater moderate to good, but pitting does 
not occur. Vanadium is resistant to 10% so- 
dium hydroxide solution, but is attacked by a 
hot solution of potassium hydroxide [1, 3, 4, 9; 
10]. Vanadium and some vanadium alloys 
have good corrosion resistance towards mol- 
ten low-melting metals and alloys, especially 
alkali metals, which are used in nuclear reac- 
tors as coolants and heat-exchange media [11]. 


32.3 Occurrence 


Vanadium is present in the earth's crust at a 
mean concentration of 150 g/t, and is therefore 
one of the more common metals. It is more 
abundant than copper and nickel, and of simi- 
lar abundance to zinc. Vanadium forms sev- 
eral minerals, of which the most important are 
listed in Table 32.2 [12, 13]. 


Mineral and chemical formula 96 V 96 VO, Occurrence 

Roscoelite [KV;(OH)/AISi,0,,] 11.2-14.0 20-25  inuranium-vanadium ores; e.g., Colo- 
rado Plateau, USA 

Montroseite (V, Fe)OOH 45.4 81.0 

Carnotite K2[(U0,)//V,O,]-3H,O 10.3 18.3 

Tyuyamunite ` Ca[(UO;)/V40,]-5-8H,O 11.1 19.8 

Francevillite (Ba, Pb)[((UO,),/V,0,]°5H,O 9.9 17.7 

Corvusite VI VO, nHO 40.8 72.8 

Vanadinite Pb,[CI/(VO4),] 10.2 18.2 in Pb, Zn, Cu vanadate ores; e.g., Otavi 
Mountains, Namibia 

Descloizite Pb(Zn, Cu)[OH/VO,] 12.7 22.7 

Mottramite Pb(Cu, Zn)OH/VO,] 10.5 18.8 

Patronite VS, or V,O, 16.8 ca.30  inasphaltites; e.g., Mina Карга, Peru 

Magnetite* Fe3"-Fe*0, <0.5-1.5 «12-2. intitanomagnetite ores; e.g., Bushveld, 


South Africa 


* Several varieties exist in which there is partial replacement of Fei" by V, Ti, Al, and Cr, and of Fei" by Ti, Mg, Mn, and other elements. 
The vanadium- and titanium-containing magnetites are generally referred to as titanomagnetites. 


Vanadium 


In the early 1900s, vanadium was obtained 
almost exclusively from Peruvian patronite. 
As these deposits became exhausted, descloiz- 
ite ores were mined in southem Africa, 
Namibia, and Zambia. 


After World War II, the continental sedi- 
mentary uranium- and vanadium-containing 
carnotite deposits of the Colorado Plateau and 
the marine sedimentary vanadium- bearing 
phosphate deposits of Idaho became impor- 
tant. There are also uranium vanadium re- 
serves in Yeellirie, Western Australia, and in 
the Ferghana Basin the Kirghiz, Tajik, and 
Uzbek Republics [13]. 


Vanadium production greatly ‘increased 
from the mid-1950s with the mining and pro- 
cessing of titanomagnetites. This type of raw 
material can be used directly for vanadium ex- 
traction, or it can be employed to obtain vana- 
dium-containing pig iron from which an 
oxidation slag highly enriched in vanadium is 
produced. This development began in Finland, 
followed by South Africa and smaller produc- 
ers in Norway and Chile. Titanomagnetites 
have also been mined in the former Soviet 
Union and China in large quantities since the 
early 1960s and 1970s, respectively. The va- 
nadium-bearing titanomagnetite deposits are 
of magmatogenic origin, and occur in many 
parts of the world. The most important re- 
serves mined today include the Bushveld de- 
posit in South Africa, Katschkanor in the 
Urals of Russia, Lanshan and Chienshan in the 
Sichwan province of China, and a deposit in 
New Zealand. The titanomagnetites of the 
Urals and in the Sichwan province are palzo- 
zoic complexes. 


The mines at Otanmäki and Mustavaara in 
Finland and ROdsand in Norway were shut 
down during the 1980s. 


Production of lead zinc Varadites in 
Namibia had been discontinued by the end of 
the 1970s. 


Since the 1980s, a new type of secondary 
raw materials has gained importance, 1.е., resi- 
dues of mineral oil processing. Most crude oils 
contain vanadium in amounts ranging from ca. 
10 ppm (Middle East) to 1400 ppm (Central 
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America) In petrochemical refining, vana- 
dium is retained in boiler residues and fly 
ashes from incineration, with vanadium con- 
tents between a few percent and 40%. The to- 
tal amounts greatly exceed current world 
consumption. 


Noteworthy is an aqueous emulsion of a 
highly viscous crude from the Orinoco basin 
in Venezuela (Orimulsion) whose combustion 
yields fly ashes containing 10% vanadium.” 


With environmental legislation becoming 
stricter, emission and deposition of these resi- 
dues will be drastically reduced so that they 
will have increasingly to be processed. 


Other, less important vanadium sources 
are: vanadium-containing waste salts from 
bauxite production, and spent catalysts from 
the chemical and petrochemical industries. 
The extraction of vanadium from currently 
available raw material sources (except direct 
processing of titanomagnetite) is always cou- 
pled with the production of other metals or en- 
ergy. The most important sources are shown in 
Table 32.3. 


Table 32.3: Vanadium production as a by-product. 


Coupled 


Raw material 
product 


Vanadium by-product 


Titanomagnetites iron/steel vanadium slag 


Mineral oils energy/petro- fly ashes 

chemicals boiler residues 
Uranium-vana- uranium petrochemical residue 
dium ores 
Bauxite alumina vanadium salt 
Phosphates phosphorus ^ vanadium-containing 


Fe-P salamander 
Lead vanadates lead, zinc vanadium slag 
Table 32.4: Estimate of the world reserves and reserve 


base of vanadium in 10° tonnes of vanadium content (96 
given in parentheses). 


А Reserves Estimated 
Geographic D. DN 
area 1985 1990 1985 

North America 185 (4.0) 135(32) 2500(13.7) 
South America 25 (0.5) 130 (0.7) 


Former USSR 2900 (60.4) 2631 (61.7) 4500(24.6) 


South Africa 950(19.7) 862 (20.2) 8600 (47.0) 
China 670 (14.0) 500(14.2) 1800 (9.8) 
Pacific 35 (3.1)  30(0.7) 570(3.1) 
Total 4800 (100) 4267(100) 18300 (100) 
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Table 32.5: World production of vanadium-containing commodities by country, given in tonnes of vanadium content 


1988 1989 1990 1991 1992 1993 ` 


[14]. 
Countries 1985 1986 1987 

China" 5500 5500 5500 
Finland 2590 
South Africa" 17000 18600 17300 
Former USSR 11500 11500 11600 
United States (total) : 4000 3600 3800 

from catalysts and ashes 2970 2560 2760 
Japan‘ 925 1020 1020 
New Zealand 
Total 45700 44000 42100 
*Estimated. 


5500 4500 4500 4500 4500 5000 


19900 16500 17000 15500 14300 16000 
11600 9600 9600 8000 6000 7900 


3 500 5600 5300 5500 
2 480 
1020 600 800 

2.200 1700 


45300 31600 31600 35800 33200 34500 


* South Africa: roughly 40% is pentoxide and vanadate products and 60% is vanadiferrous slag products. 


* Spent catalyst and petroleum ashes. 


Resources and Production. Known and esti- 
mated mineral reserves are listed in Table 
32.4. 

^ In this table the vanadium containing car- 
bonitic shells (very low concentration) and the 
petroleum ashes/residues are not included, al- 
though these oils contain tremendous amounts 
of vanadium. 

Assessment of world reserves by studying 
the geology of deposits suggests that it will be 
possible to discover further workable deposits 
in the region of the widely distributed titano- 
magnetites in the old shields. The Indian 
shield in the Singhbum (Bihar) and Magurb- 
hanj (Orissa) regions, the Australian shield in 
Western Australia, the Canadian shield in 
Québec and Ontario, and the Finno-Scandina- 
vian shield all show great promise. However, 
little is so far known about the Brazilian 
shield. The enormous vanadium reserves in 
the titanomagnetites cannot yet be even ap- 
proximately quantified. 

The world production of vanadium by 
country is listed in Table 32.5 [14]. 

Comparison of Tables 32.4 and 32.5 shows 
that the largest producers, South Africa and 
Russia, have also the largest mineral reserves. 
The next two producing countries China and 
the United States have comparatively small re- 
serves of such origin. . 


Details of the Most Important Deposits. The 
Bushveld deposit in South Africa is an oval, 
bowl-shaped complex in a magmatic layer ex- 
tending over an area of 65 000 km”. The ores 
were deposited in the following .order: 


chromite, platinum ores, vanadium-containing 
titanomagnetites, and tin ores. In all, 21 mag- 
netite layers have been found in the main and 
upper zones of this deposit. The titanomagne- 
tites have the following chemical composition 
(9): 


Fe 55.8-57.5 CrO, 0.13-0.45 
VO, 1416 ALO, 2.5-3.5 
TiO, — 122-13.9 SiO, ^ 039-15 


The У,О; content can be as high as 2.4% in 
exceptional cases. 


Production by Highveld Steel & Vanadium 
is based on ore containing 1.6% У,О; from 
the Mapochs mine, situated 90 km NNE of 
Middleburg. The reserves contain 200 x 108 t 
ore. Mining is by the open pit method, and the 
maximum ore production capacity is 8000 t/d 
[13]. 

Other South African titanomagnetite de- 
posits include the Kennedy's Vale mine, with a 
production capacity of 6000 t/d (though not 
currently producing) and two mines near 
Brits, each with a production capacity of 
5000-6000 t/d. 

There are a number of lead vanadate depos- 
its in the Otavi Mountains in Namibia. Mount 
Aukas, near Grootfontein, has deposits of 2 x 
10° t ore containing 15% Zn, 4% Pb, and 
0.5% VO, Deep mining has been discontin- 
ued since 1978. The mined ore, which was 
processed by flotation, yielded the following 
products: lead sulfide concentrate, zinc sulfide 
concentrate, willemite concentrate, cerussite 
concentrate, and a vanadium concentrate con- 
taining 17% У,0О,, 43% Pb, and 17% Zn. 
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Figure 32.1: Treatment of vanadium raw materials [15]. 


The titanomagnetite deposits at Otanmäki 
and Mustavaara in Finland had reserves of 15 
x 10° t ore containing 35-40% Fe, 13% TiO,, 
and 0.45 УО», and 40 x 106 t ore containing 
17% Fe, 3.1% TiO,, and 0.36% У;0, [14]. 
The production capacity of the Otanmäki deep 
mine was ca. 1 x 10 t/a ore. Magnetite con- 
taining 69% Fe, 2.5% TiO,, and 1.07% VO, 
together with ilmenite and pyrite were ob- 
tained by magnetic separation and flotation. 
Both mines were closed in the 1980s. 


The Colorado Plateau in the United States 


contains the main mining area of the Uravan 


mineral belt, > 1100 km long, in SW Colorado 
and SE Utah. This belt contains irregular len- 
ticular ore bodies, normally < 3000 t, with 
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0.2-0.3% U4O, and 0.85~1.4% VO. The ox- 
idation region contains the minerals carnotite, 
tyuyamunite, montroseite, and pascoite, and 
the unoxidized region contains the minerals 
coffinite, pitchblende, and corvusite. These 
ores are extracted in small deep mine work- 
ings which produce ca. 0.4 x 10° t/a ore. 


32.4 Processing of the Raw 
Materials 


The raw materials used today include the ti- 
tanomagnetite ores and their concentrates, 
which are sometimes processed directly, vana- 
dium slags derived from the ores, oil combus- 
tion residues, residues from the 
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hydrodemetallization (HDM) process, and 
spent catalysts (secondary raw materials). A 
summary of the processing routes is given in 
Figure 32.1. 


32.41 Iron Ores and 
Titanomagnetites as Raw Materials 


Production of Vanadium Slags. The titano- 
magnetite ore in lump form, containing ca. 
1.51-1.796 У,0; (Mapoch mine in South Af- 
Tica), is first prereduced by coal at ca. 1000 °C 
in directly heated rotary kilns. A further reduc- 
tion is then performed in an electric arc fur- 
nace to obtain a pig iron which contains ca. 
1.4% VO. The slag that is also formed con- 
tains ca. 30% ТІО,, and this is deposited on 
slag heaps. In a heat resistant shaking ladle the 
molten pig iron is oxidized with oxygen 
lances, causing the vanadium to be transferred 
to the slag. The vanadium slag contains vana- 
dium in the form of a water-insoluble trivalent 
iron spinel, FeO- V5O,, at a concentration cor- 
responding to ca. 25% MO. This slag is the 
world’s principal raw material for vanadium 
production [16]. 

The largest slag and vanadium producer in 
the western world is South Africa (see Table 
32.5), most of whose production is by the 
Highveld Steel and Vanadium Corp. [13]. Sec- 
ond largest producer is the Nizhny Tagil met- 
allurgical plant in Russia; the slag contains ca. 
12-1896 У,О,. Another producer of vanadium 
slag is the Pannang steelworks in Panzihua, 
China. 

Vanadium slags were produced experimen- 
tally by W. L. Goopw and W. P. Em in 
1919, but the basic industrial process was de- 
veloped by R. vou Setz, and was first used by 
the Spigerverk plant in Oslo in the early 
1930s. The process was then mainly used in 
conjunction with the Thomas process. The pig 
iron from the blast furnace was not directly 
converted to Thomas steel with addition of 
lime in the usual way. Instead, the vanadium 
was oxidized completely or partially before 
lime addition. As vanadium has a high affinity 
for oxygen, it was oxidized before the phos- 
phorus and transferred to the slag. Slags con- 
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taining several percent of vanadium were 


obtained, depending on the vanadium content ` 


of the pig iron, whereas normal Thomas slags 
contain an average of only 0.596 V. 

Oxidation of vanadium-containing pig iron 
to give vanadium-containing slag was carried 
out by the Róchling Iron and Steel Works in 
Völklingen from 1937 using a converter with 
a very acid lining or a continuously operating 
oxidizing drum. For details of these aban- 
doned processes see [17]. 


Processing of Vanadium Slags. The main 
process used today to produce vanadium oxide 
from vanadium slags is alkaline roasting. The 
same process, with minor differences, is also 
used for processing titanomagnetite ores and 
vanadium-containing residues. 

A vanadium slag has the following approx- 
imate composition: 14% V (= 2596 VOA 
1.5% Ca, 2.5% Mg, 2.0% Al, 0.01% P, 9% 
metallic Fe, 32% total Fe, 7% Si, 3.5% Mn, 
and 3.5% Ti. The presence of the elements Ca, 
Mg, and Al, which form water-insoluble vana- 
dates during alkaline roasting, leads to a re- 
duction in yield. Silicon can cause filtration 
difficulties during leaching of the calcine. 
Phosphorus, unless removed in a separate 
treatment, reports practically quantitatively to 
the vanadium oxide, and lowers the vanadium 
yield in the precipitation process. 

The process is shown schematically in Fig- 
ure 32.2. The vanadium slag is first ground to 
« 100 um (1-11 in Figure 32.2), and the iron 
granules contained therein are removed. Al- 
Kali metal salts are then added, and the mate- 
rial is roasted with oxidation at 700-850 °C in 
multiple-hearth furnaces or rotary kilns (12- 
20) to form water-soluble sodium vanadate. 
During roasting, care must be taken to prevent 
agglomeration of the material by sintering and 
to ensure rapid cooling after the material 
leaves the furnace. The roasted product is 
leached with water (21 in Figure 32.2), and 
ammonium poly vanadate or sparingly soluble 
ammonium metavanadate is precipitated in 
crystalline form from the alkaline sodium van- 
adate solution by adding sulfuric or hydro- 
chloric acid and ammonium salts at elevated 


Vanadium 


temperature (22—28). These compounds are 
converted to high-purity, alkali-free vana- 
dium pentoxide by roasting. The usual com- 
mercial “flake” form of vanadium pentoxide is 
obtained by solidifying the melt on cooled ro- 
tating tables (29—31 in Figure 32.2). 

The aluminothermic production of ferrova- 
nadium described in Section 7.12 is also 
shown in Figure 32.2 (32-34), as well as 
wastewater purification (35—44), including the 
reduction of Cr(VI) to Cr(II) (35) and the 
crystallization of sodium sulfate (37). 
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In Russia, a combination of alkaline roast- 
ing and sulfuric acid leaching is used. A disad- 
vantage of this process is the manganese 
content of up to 2% in the У,0,, caused by 
acid leaching. 


Direct Production of Vanadium Oxide from 
Titanomagnetite Ores and Clays. If the ores 
contain > 1% vanadium, they can be directly 
converted to vanadium pentoxide. The gangue 
material is first removed from the ore by flota- 
tion, and the ore is then mixed with sodium 
carbonate, pelletized, and roasted in shaft fur- 
naces or rotary kilns at 1000 °C. 
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Figure 32.2: Production of vanadium from vanadium slags: process of the Gesellschaft für Elektrometallurgie. 1) Push 
feeder; 2) Jaw crusher; 3) Bucket conveyor; 4) Screen; 5) Impact mill; 6) Container with discharge device; 7) Mill; 8) 
Bucket conveyor; 9) Screen; 10) Air classifier; 11) Container for ground material; 12) Container for alkali metal salt; 13) 
Metering weighing machine; 14) Mixer; 15) Bucket conveyor; 16) Container with discharge device; 17) Multideck fur- 
nace; 18) Electrostatic precipitator; 19) Chain conveyor with cooling; 20) Bucket conveyor; 21) Leaching with filtration; 
22) Storage container; 23) Double-tube heat exchanger, 24) Precipitation vessel; 25) Thickener: 26) Plate filter; 27) Con- 
tinuous feeder; 28) Dryer; 29) Melting furnace; 30) Cooled rotary table; 31) Packing; 32) Mixer; 33) Aluminothermic re- 
action; 34) Bag filter; 35) Precipitation vessel; 36) Filter press; 37) Cooling with crystallization; 38) Steam generation; 
39) Pusher centrifuge; 40) Melting vessel; 41) Heat exchanger; 42) Pusher centrifuge; 43) Dryer. | 
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The sodium metavanadate formed is 
leached out with water, and vanadium pentox- 
ide is obtained from this by the same method 
as that used in the roasting process for vana- 
dium slags. The leach residue is used to pro- 
duce pig iron if its ilmenite content is 
sufficiently low [15]. 


32.4.2 Processing of Other Raw 
Materials | 


Hydrometallurgical methods or a combina- 
tion of pyrometallurgical and hydrometallur- 
gical processes are used to produce vanadium 
oxides and salts from other raw materials. In 
the combined processes, thermal treatment 1s 
followed by alkaline or, more rarely, acid pro- 
cessing. 


Acid Processes. Vanadium-containing oil res- 
idues and spent catalysts are digested with sul- 
func acid, often under reducing conditions 
with addition of SO,. After removal of the im- 
purities, the solution is oxidized, and polyvan- 
adate and calcium or iron vanadate are 
precipitated by partial neutralization of the 
acid [13]. 


Acid digestion was formerly an important 
method of treating carnotite, a uranium—vana- 
dium ore. After the uranium had been re- 
moved from the solution in sulfuric acid by 
solvent extraction, the vanadium was partially 
reduced with iron powder and solvent ex- 
tracted. After re-extraction, the vanadium was 
in the form of an acid solution of vanadyl sul- 
fate. This was oxidized with sodium chlorate 
at elevated temperature, and precipitated as 
red cake, a mixture of sodium and ammonium 
polyvanadate, by adding ammonia or ammo- 
nium salts. This precipitate was roasted to 
convert it into alkali-containing V,O, (13, 18]. 


Historically, Pb-Zn-V concentrates from 
Namibia were subjected to acid treatment pro- 
cess. However, the mining of these ores be- 
came uneconomic and was discontinued in 
1978. 


The ore concentrate produced by flotation 
was ground and leached with dilute sulfuric 
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acid (10-15%). This led to the formation of 
insoluble lead sulfate. The solubility of the va- 
nadium was considerably increased by simul 
taneously passing SO, through the liquor. 
Phosphorus was removed by adding sodium 
zirconate to precipitate sparingly soluble zir- 
conium phosphate. The filtrate, which con- 
tained mainly ZnSO, and VOSO,, was treated 
with H,S to precipitate As and Cu. The pH of 
the clear solution was increased to 1—2 by ad- 
dition of sodium carbonate, and tetravalent va- 
nadium was oxidized to the pentavalent state 
by heating with sodium chlorate. More so- 
dium carbonate was added to the iron-contain- 
ing solution to increase its pH to 4, 
precipitating a polyvanadate containing iron 
and sodium. This precipitate was filtered and 
treated with a solution of an ammonium salt to 
replace the sodium ions by ammonium ions. It 
was then dried and converted to VO. by fu- 
sion. 


Zinc carbonate was precipitated from the 
filtrate after the poly vanadate precipitation. 


Combination of Pyrometallurgical and Al- 
kaline Hydrometallurgical Methods. This 
combined process, which is preferred in prac- 
tice, is used to treat vanadium-containing resi- 
dues and spent catalysts. (It was formerly also 
used for V-containing clays, phosphates, and 
Pb-Zn vanadates.) The vanadium, which is 
mainly trivalent, is oxidized at high tempera- 
ture and converted to alkali metal vanadate, 
which can be leached with water. 


The best known process is alkaline roast- 
ing, in one version of which the ore is pellet- 
ized with sodium carbonate or compacted. 
After leaching, the solutions are acidified and 
ammonium salts are added, precipitating the 
vanadium as polyvanadate, which is then con- 
verted to vanadium pentoxide by calcination. 


In the treatment of Pb—Zn vanadates, the 
zinc and lead were first reduced with carbon in 
the presence of added sodium carbonate in 
Short drum furnaces. The zinc was distilled off 
and the lead tapped off as molten metal. The 
vanadium was then present in the alkaline slag 
in water-soluble form. 
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Figure 32.3: Oxygen potentials of oxides of vanadium and other elements as a function oftemperature. 


Production of Vanadium Pentoxide from 
Oil Residues and Boiler Ash. Appreciable 
amounts of vanadium are present in mineral 
oil, especially Venezuelan and Russian oils. 
The vanadium accumulates in the soot and ash 
of oil-fred boilers and in oil distillation resi- 
dues and is sold in this form by power stations 
and refineries. These secondary raw materials, 
which sometimes contain > 5096 У,0., can be 
blended in the pyrometallurgical/hy drometal- 
lurgical process [13] or treated separately. 

The extraction of vanadium from mineral 
oil combustion residues is gaining in impor- 


tance, since the asphalt-like oil deposits of the 
Orinoco basin in Venezuela can now be pro- 
cessed into a fuel resembling mineral oil by 
emulsification with water with addition of 
magnesium nitrate. The fuel is used for energy 
generation in power stations. The amount of 
vanadium in the resulting boiler ashes is ex- 
pected to reach the same order of magnitude as 
is currently generated in vanadium slags. 
Production of VJO; during the Processing 
of Bauxites. Some deposits of bauxite contain 
high levels of vanadium, and during alumina 
production this ends up in the salt residue, 
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from which У,О; can be obtained. This pro- 
cess is more expensive than vanadium produc- 
tion from slags and causes severe wastewater 
treatment problems due to the arsenic originat- 
ing from the raw material [19]. Small amounts 
of vanadium are obtained by this method in In- 
dia and Hungary [13]. 


32.5 Production of Vanadium 


32.5.1 Reduction Behavior of 
Vanadium Oxides 

The most important oxide obtained on 
treating raw materials is vanadium pentoxide, 
У.О, (see Section 32.6). 

The oxygen partial pressure in equilibrium 
with the vanadium oxides in accordance with 
the equations 
2V,0, = 2V40, +0, 
2V,0, = 2V40, + О, 
2V,0, = 4VO +0, 
2VO = 2V 4 O, 


can be calculated from thermodynamic data 
[20]. The reactions are strongly endothermic, 
and have positive free enthalpies in the tem- 
perature range 298.15-2000 К (Figure 32.3). 
У.О; is the only oxide which dissociates to а 
large extent, the oxygen pressure reaching 
0.08 MPa at 2000 K. In the presence of reduc- 
ing gases such as CO and EL, the higher oxides 
are reduced to У,0;: 


V,0, + CO = У,О, + CO, 


The reduction of V4,O, by CO or H, in ac- 
cordance with the equation 


У.О, + CO = 2VO + CO, 


does not go to completion [20], but reduction 
by carbon is almost complete: 


У,0, + 1.88C э Nee + CO 


The reaction of VO with carbon initially 
gives vanadium carbide: 


VO + 1.88C = УС,» + CO 
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In the further reaction of oxide with car- 
bide, 


VO + 1.14VC, 9, = 2.14V + CO 


it can be calculated from thermodynamic data 
[20] that the CO pressure will reach ca. 600 Pa 
at 2000 K. However, VO and C are soluble in 
vanadium at high temperature. This does not 
favor carbothermic reduction to pure vana- 
dium metal even under high vacuum, and it is 
difficult to obtain a metal with low C and O 
contents [1]. 

For the metallothermic reduction of vana- 
dium oxide silicon, aluminum, calcium, and 
magnesium could be considered as possible 
reagents, of which calcium and magnesium 
have an especially strong reduction potential. 
However, reduction with aluminum is incom- 
plete, the vanadium produced being either ox- 
ygen-containing and low in aluminum, or 
aluminum-containing and low in oxygen [21], 
which, in addition, leads to loss of vanadium 
in the slag. In the production of VAI, a low-ox- 
ygen, aluminum-containing alloy is refined in 
a second stage using a vacuum induction fur- 
nace and is adjusted to the derived final com- 
position. The refinement of aluminum-free 
vanadium metal is performed in an electron- 
beam furnace. The even less complete reduc- 
tion with silicon is only used in the production 
of ferrovanadium, as the reaction proceeds 
better in the presence of iron. 


Reduction of the oxides with calcium and 
magnesium goes almost to completion. As 


` these metals are volatile, it is advantageous to 


carry out the reaction in closed vessels. 


32.5.2 Production of Vanadium 
Metal and its Alloys | 


Reduction of Vanadium Oxide with Car- 
bon. Carbothermic reduction of vanadium ox- 
ides is possible, but the vanadium produced is 
of high oxygen and carbon content; thus, this 
method is rarely used in practice. Also, the 
formation of a low-melting ternary eutectic 
(96.6% V, 2.8% C, 0.6% O; mp 1500 °C) pre- 
vents the reaction going to completion [22]. 


Vanadium 


Avoidance of these problems by reducing 
vanadium oxide with vanadium carbide (car- 
bidothermic production) has been proposed 
[23, 24]. High-purity vanadium (2 99.8% V) 
can be obtained by multiple sintering (two in- 
direct sintering stages, one direct stage, and 
post-sintering). 


Reduction of V,O, with Calcium. A pressure 
vessel lined with pure magnesium oxide is 
used in this process. A mixture of high-purity 
У,0,, double-distilled calcium chippings, and 
some high-purity sulfur as a booster is caused 
to react by heating [25]. This technique leads 
to a compact metal regulus (8-12 kg, 99.5— 
99.8% V) which is well separated from the 
slag. With a calcium excess of up to 70%, a 
vanadium yield of 85-90% is obtained. The 
Vickers hardness (HV 10) of this vanadium 
metal is 80-180, depending on the impurities 
present (mainly O, N, C, and S1) [1]. 


Reduction of V,O; or У,О, with Aluminum 
(26, 27]. The reduction 


3V,0, + 10AI > 6V  5ALO, 


is self-sustaining, 1.е., after initiation it pro- 
ceeds without additional heating. The metal 
and slag are melted and separate well from 
each other. Àn excess of heat 1s produced dur- 
ing reduction. For process control, only a frac- 
tion of the material is ignited primarily and 
further material is then charged to the melt. To 
further decrease the exothermicity, a mixture 
of V4O; and V4O, is used. In the reduction of 
У.О; with aluminum, boosters such as KCIO, 
must be added to increase the reaction heat. 

In the process developed by Teledyne Wah 
Chang Albany [28], a vanadium-aluminum 
alloy containing 13-15% Al is obtained by the 
aluminothermic reaction of high-purity VO. 
with aluminum powder in a closed vessel. The 
steel reaction vessel is lined with aluminum 
oxide at the bottom and in the reaction zone. 
After evacuation, it is purged several times 
with helium, and the charge is then electrically 
ignited with a heated resistance wire. The 
metal blocks obtained are refined in an elec- 
tron-beam furnace by remelting several times. 
The high aluminum content leads to the re- 
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moval of most of the oxygen by volatilization 
of aluminum suboxides, but nitrogen and sili- 
con cannot be removed by this method. A pu- 
nity of 99.93 % V can be achieved. 

In a similar process [29], the metal pro- 
duced in a closed reactor by the aluminother- 
mic method is treated at 1700 °C and 10“ Pa 
in a resistance-heated vacuum furnace, caus- 
ing most of the aluminum to volatilize. Further 
purification by melting in an electron-beam 
furnace gives 99.93% pure metal. 


Refining. Vanadium-aluminum alloys pro- 
duced aluminothermically can be refined by 
molten salt electrolysis (electrorefining) [26]. 
A metal containing ca. 4.8% Al, 009% O, and 
0.08% N can be refined by this method to give 
99.6% pure vanadium. 

The most effective purification of techni- 
cally pure vanadium is achieved by the van 
Arkel process. Vanadium and iodine are 
heated together in a closed, evacuated tube, 
forming VI, and VI, These are then sublimed 
and decomposed in a second reaction chamber 
on a tungsten or vanadium wire heated to 
800 °C, yielding a 99.95% pure vanadium. 
The equipment required is complex and ex- 
pensive, and the industrial potential is limited. 


Production of Semifinished Products 
(Sheet, Rods, Tubes, Wire). The cast blocks 
of vanadium metal and alloys have a coarse 
structure which must first be converted into a 
fine-grained structure by extruding or forging 
at 900-1200 °C and then annealing. To pre- 
vent reaction of the vanadium with atmo- 
spheric oxygen and nitrogen, the blocks are 
encased in an iron or stainless steel cladding 
by vacuum welding. Owing to the good ductil- 
ity of vanadium, subsequent metal working by 
tolling, forging, or drawing can be carried out 
at 100—500 °C. Pure vanadium can normally 
be formed at room temperature into thin 
sheets, wires, and tubes. 

Vanadium and vanadium alloys can be 
welded using tungsten electrodes protected by 
an inert gas (TIG welding). Vanadium can be 
machined like niobium and tantalum. Exces- 
sive heating due to machining at high speeds 
must be avoided [30, 31]. 
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32.6 Uses 


Vanadium is mainly used as an alloying ele- 
ment in the steel industry, other major areas of 


use are [32, 33] i 
Steel ca. 85% 
Nonferrous alloys ca. 9% 
Chemical industry ca. 496 
Others ca. 296 


The second largest use area is in nonferrous 
alloys, mostly vanadium-containing titanium 
alloys and nickel-based superalloys for the 
aerospace industry. Additional uses are in va- 
nadium-containing alloys for batteries and in 
grain refining of aluminum alloys. Vanadium 
compounds, principally the oxidation catalyst 
V,0,, account for only ca. 3% of vanadium 
consumption [12]. 


Addition to Steel. Vanadium is added to steel 
mainly as ferrovanadium; technical vanadium 
carbide and vanadium carbonitride are also 
used. For the simultaneous addition of vana- 
dium and nitrogen, nitrogen-containing Fe-V 
alloys are available. 

Even small additions of vanadium increase 
the tensile strength and high-temperature 
strength of carbon steel [1, 46], and it has a 
grain refining and dispersion hardening effect 
in tempering steels. 


Addition to Titanium. Alloying with vana- 
dium improves the properties of titanium. The 
most important alloy is TiAl6V4, which has 
good strength properties at room temperature 
and good creep resistance. It is mainly used as 
a wrought alloy and casting alloy in airframe 
construction for load-bearing components 
and fixing devices, and in compressor disks 
and blades in jet engines. Other areas of in- 
creasing importance include power stations, 
shipbuilding, and reactor technology [13]. 
Other vanadium-containing titanium alloys 
with similar strength properties to TiAl6V4 
include ` TiAI3V2.5, — T1IVISCr3Sn3AD, 
TiVIOFe2Al3, TiAl6V6Sn2, as well as 
TiV13Cr11AI3 [34, 35]. 

In light, corrosion-resistant titanium alu- 
minides (intermetallic y-TiAl phase) with 
high-temperature strength, small amounts of 
vanadium (as well as of chromium and man- 
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ganese) increase ductility at room tempera- 
ture, which is an important criterion for 
usability and workability of this otherwise 
brittle material [36]. 


Other Uses. Alloys for Batteries. Intermetallic 
phases of the ZrV. type (Laves phases), in 
which vanadium is substituted partially by, 
e.g., Ni, Cr, Ti, or Mn, are used as electrode 
materials in metal hydride/nickel hydroxide 
batteries [37]. 

Coating materials containing vanadium 
and vanadium compounds are used in the elec- 
tronics and glass industries as well as for wear 
protection. 

Gettering materials based on Zr- V-Mn or 
Zr-V—Fe alloys are used for gas purification 
and for improving vacuums. The main compo- 
nent of these alloys, which contain up to 3096 
vanadium, is zirconium [38]. Gettering mate- 
rials are specially adapted to individual appli- 
cations; thus, with the exception of some 
products of the company SAES Getters, only a 
few standard alloys are marketed. 


Vanadium Metal and Alloys. The use of va- 
nadium as a principal component of alloys is 
in its infancy: As vanadium has higher thermal 
conductivity and strength and lower thermal 
expansion: and density than stainless steel 
[39], it has been considered for cladding nu- 
clear fuels for sodium-cooled fast breeder re- 
actors, in the form of either pure metal or an 
alloy. In the United States, in the late 1960s, a 
large-scale development program on vana- 
dium alloys was undertaken by the Atomic 
Energy Division at Westinghouse. Wide-rang- 
ing cooperative research projects in Germany 
in 1964—1971 are reported in [31, 40, 41]. А 
comprehensive review of these developments 
can be found in [7]. 

Of the vanadium alloys investigated, those 
in which titanium, niobium, chromium, and 
zirconium are the alloying elements seem the 
most promising. 

The behavior of vanadium and its alloys in 
contact with lithium and sodium is described 
in [11, 41]. The effect of irradiation by neu- 
trons on the strength properties of vanadium 
and its alloys is described in [42]. 
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A further possible application of vanadium 
is in superconductivity. Vanadium—gallium al- 
loys with composition V4Ga are well known, 
but vanadium niobium alloys containing 30% 
Nb and vanadium-hafnium/zirconium alloys 
also have good superconducting properties. 


32.7 Compounds 


A large variety of vanadium compounds are 
used industrially: halides, oxides, nitrates, car- 
bides, silicides, hydrides, vanadates, and orga- 
nometallics. 


Vanadium Oxides. Vanadium pentoxide, 
V,0,, тр 690 °С, p 3.36 g/cm’, heat of forma- 
tion AH?” —1550.8 kJ/mol, is orange yellow in 
color and is traded as fused flakes or powder. 
Reaction with alkali metal hydroxides or am- 
monium hydroxide gives vanadates. У,О, is 
prepared by thermal decomposition of ammo- 
nium vanadates at 500—600 ^C in an oxidizing 
atmosphere (air). It is by far the most impor- 
tant vanadium compound. V,O, is used as an 
oxidation catalyst in heterogeneous and ho- 
mogeneous catalytic processes for the produc- 
tion of sulfuric acid from SO,, phthalic 
anhydride from naphthalene or o-xylene, ma- 
leic anhydride from benzene or n-bu- 
tane/butene, adipic acid from cyclohexanol/ 
cyclohexanone, and acrylic acid from pro- 
pane. Minor amounts are used in the produc- 
tion of oxalic acid from cellulose and of 
anthraquinone from anthracene. 

V4O; is used to lower the melting point of 
enamel frits for the coating of aluminum sub- 
strates. FeV and VAI master alloys are prefera- 
bly produced from У,О, fused flakes due to 
the low loss on ignition, low sulfur and dust 
contents, and high density of the molten oxide 
compared to powder. 

Further uses of V,O, are as a corrosion in- 
libitor in the CO, scrubbing solutions of the 
Benfield and related processes for the produc- 
tion of hydrogen from hydrocarbons, as cath- 
ode in primary and secondary (rechargeable) 
lithium batteries, as UV absorbent in glass, in 
YVO,: Eu™ red phosphors for high-pressure 
mercury lamps and TV screens, for glazes 
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[43], for yellow (SnO/V,O;) and blue 
(ZrO./V,0,) pigments [13], as colloidal solu- 
tion for antistatic layers on photographic ma- 
terial [44], and as a starting material for the © 
production of carbides, nitrides, carboni- 
trides, silicides, halides, vanadates, and vana- 
dium salts. 


Vanadium trioxide, N-O, mp 1977 °C, p 
4.99 g/cm?, heat of formation AH?” —1218.8 
kJ/mol, black powder, is formed by?thermal 
decomposition of ammonium vanadates at 
600—900 °C in a reducing atmosphere (H,, 
CO, CH,, NH,). The most important applica- 
tion is as an alternative to У,О,; in the produc- 
tion of FeV, УА! master alloys, high-purity 
vanadium metal, and vanadium carbides and 
carbonitrides [45]. 

Vanadium suboxides such as VOA mp 
1642 °С, heat of formation AH?* —1427.37 
kJ/mol, dark blue in color, or У„О,з, colored 
bluish black, are of minor industrial impor- 
tance [46]. They are produced by heating sto- 
ichiometric mixtures of vanadium oxides or 
by reduction of ammonium vanadates or У,О; 
in atmospheres of controlled reduction poten- 
tial. Bronzes of V,O,3 or У,0 with Li,O are 
used for lithium ion batteries. 


Vanadates. The most important product is 
ammonium metavanadate, NH,VO,, heat of 
formation AH? —1551.0 kJ/mol, a white pow- 
der. Thermal decomposition starts at 70 *C. It 
is sparingly soluble in cold water (ca. 196), but 
readily soluble in mono- and diethanolamine. 
It is precipitated from neutral alkali metal van- 
adate solutions by the addition of ammonium 
chloride or ammonium sulfate. Because of its 
ready conversion to V,O, at elevated tempera- 
tures in oxidizing atmospheres, it is used as a 
substitute in the production of, e.g., DENOX 
catalysts and zirconium vanadium oxide yel- 
low ceramic colorants. 


Ammonium polyvanadate, (NH4)V О, ,, is 
an orange powder, produced by the addition of 
mineral acids and ammonium salts to alkali 
metal vanadates at pH 2—3 [47]. It is an inter- 
mediate product in the production of vana- 
dium pentoxide. 
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Sodium ammonium vanadate, 2(3НА),О · 
№а,О:5У,0;:15Н,О, an orange powder, is 
precipitated from sodium vanadate solutions 
by the addition of ammonium salts at pH 5—6. 
It is almost exclusively used as a soluble oxi- 
dation catalyst for the desulfurization of H,S- 
containing gases by the Stretford process. 

Sodium metavanadate, NaVO,, and potas- 
sium metavanadate, KVO,, both white pow- 
ders, are water-soluble compounds. They are 
added as corrosion inhibitors to СО, washing 
solutions in the production of H, from hydro- 
carbons. 


Vanadium Salts. Fanadyl sulfate, VOSO,: 
5Н,О, is produced by the reaction of У„О; and 
SO, in aqueous media, and forms blue, water- 
soluble crystals. It is used in catalyst produc- 
tion as alternative to У„О,. In multivita- 
min/multimineral pills it is the active 
component for fast energy supply to the mus- 
cles by enhancing glucose metabolism in the 
blood. It acts as an orally applied insulin 
mimic. 

VOSO,, of blue color, and V4(SO,),, of 
green color, are the feed solutions for the va- 
nadium redox battery. This battery contains 
vanadium(V) (yellow) and vanadium(I]) 
(pink) in dilute sulfuric acid as electrodes 
when charged [48]. 

Vanadyl oxalate, VOCO, forms blue, wa- 
ter-soluble crystals and is used in catalyst pro- 
duction as alternative to vanadates and 
vanadium oxides. 


Vanadium Halides. Only vanadium oxytri- 
chloride МОСІ,, mp —19.5 °C, bp 126.7 °C, p 
1.82 g/cm}, a bright yellow liquid, vanadium 
tetrachloride, VCl,, bp 148 °C, a red brown 
liquid, and vanadium trichloride, NCL, boil- 
ing range 300—400 °C (disproportionates), a 
deep purple solid, are of commercial interest. 
Whereas VOCI, is stable, УСІ, slowly decom- 
poses into solid УСІ, and Cl,. VOCI, is pro- 
duced by the reaction of V,O, and carbon with 
chlorine gas. For the production of УС1„ oxy- 
gen-free vanadium compounds such as vana- 
dium carbide or vanadium carbonitride are 
reacted with chlorine gas. The chlorides are 
used as catalysts in the production of EPDM 
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(ethylene-propene-diene) rubber and polyeth- 
ylene and are starting materials [49] for the 
preparation of organic vanadium compounds. 


Organic Vanadium Compounds. Represen- 
tatives of this class are vanadium(IV) and va- 
nadium(lII) acetylacetonates, naphthenates, 
octoates, and alkoxides (1so/n-butyl, iso/n- 
propyl), which are soluble in organic solvents. 
They are used in siccatives, antifouling paints, 
as catalysts for stereospecific organic synthe- 
sis, and in chemical vapor deposition. 


Vanadium Carbides. The monocarbide, VC, 
has a theoretical carbon content of 19.0896 
and melts at 2830 °C. It has a wide phase 
range. VC is isomorphous with VO and VN. 
Pure VC can be prepared by carburizing vana- 
dium hydride powder with carbon in a vacuum 
[50]. Reaction at 800 °С leads to vanadium 
carbide in which C: V = 0.72-0.87. 


. Industrial-grade VC is produced by heat- 
ing V0, or VO, with carbon at 1100 °C un- 
der a protective atmosphere of hydrogen [51], 
or by reacting VO, with carbon in a carbon- 
tube furnace. The crude carbide formed in the 
first stage 1s recarburized at 1700—2200 ?C un- 
der vacuum. The final product contains 18.5— 
19% total-C and up to 0.5% free carbon. The 
VC 1s not completely free of oxygen because 
of its isomorphism with VO. VC is added to 
hard metals in amounts of 0.3-0.5%. It acts as 
a grain growth limiter [3]. Another carbide, 
V-C, with a theoretical carbon content of 
10.5496, also exists. This also has a large 
range of homogeneity, and decomposes at 
1850 ?C. It is of no industrial importance as 
such, but is formed in all carbon-containing 
vanadium alloys. 


Vanadium Nitrides. Three nitrides exist: VN, 
VN, and V4N. The mononitride, тр 2350 °C, 
is a grayish-brown powder, isomorphous with 
VC and VO [52]. Its theoretical composition is 
78.45% V, 21.55% N, but its range of homo- 
geneity extends from VN, oto УМХ, It can be 
obtained by the reaction of vanadium tetra- 
chloride with mixtures of nitrogen and hydro- 
gen gas, using the technique of growth on 
tungsten wires at 1400—1600 ?C. Although the 
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preparation of VN from vanadium oxides is 
difficult because of the isomorphism men- 
tioned above, a product containing 78.396 V, 
21.1% М, and 0.5% О can be obtained by re- 
duction with carbon in an atmosphere of nitro- 
gen [51]. | 

As vanadium carbides and nitrides аге mu- 
tually soluble, vanadium carbonitrides with a 
wide range of C:N ratios can be prepared at 
1100-1400 °C. This is true for both V(C, № 
and V,(C, N). Two broad three-phase regions 
extend continuously between the correspond- 
ing phases VC-VN and V4C-V4N. 


Vanadium Silicides. VSi, mp 1650 °C, can 
be prepared by sinter metallurgy. For example, 
the pure substance can be prepared by exo- 
thermic reaction sintering of vanadium and 
silicon powder [53]. In industry, it is obtained 
by the reaction of vanadium oxides with SiO, 
and carbon (or with SiC) at 1200—1800 °C un- 
der vacuum. 


Vanadium Hydrides. In the H-V system [54] 
the following phases occur: B,, corresponding 
to ca. У.Н (low temperature), 33 atom% Н; 
Ba, corresponding to V,H or VH, 33—50 
atom% Н; 6, corresponding to V,H,, 40 
atom% Н; y, corresponding to VIL, 66.7 
atom% H. 


32.8 Analysis 


The most important analysis is the determi- 
nation of vanadium in raw materials, espe- 
cially vanadium-containing slags and the 
commercial products vanadium oxide and fer- 
rovanadium [55]. 

To determine vanadium in raw materials, 
the sample is fused with sodium peroxide and 
sodium carbonate, the solidified product is 
leached with water, and the vanadium-con- 
taining solution so obtained is acidified with 
sulfuric acid. The vanadium is completely oxi- 
dized with potassium manganate(VIT) to the 
pentavalent state, and the solution is back-ti- 
trated with iron(II) sulfate, with diphenyl- 
amine as indicator. 

In the analysis of vanadium oxide, the sam- 
ple is dissolved in sulfuric acid, completely re- 
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duced with ironi) sulfate to the tetravalent 
state, and back-titrated  potentiometrically 
with potassium manganate(VIT) solution, us- 
ing a calomel reference electrode. 


Ferrovanadium is also analyzed potentio- 
metrically. The sample is dissolved in sulfu- 
ric/nitric acid,. and. is then oxidized by 
potassium manganate(VII). The vanadium, 
now in pentavalent form, is reduced with 
iron(II) solution, and potentiometrically back- 
titrated with potassium manganate(VIT) solu- 
tion, using a calomel reference electrode. 
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32.9 Economic Aspects 


Consumption, Production Capacity, and 
Prices. The development of vanadium market 
prices is governed by consumer demand and 
existing production capacities. For main uses 
of vanadium and their shares see Section 32.6. 
The dependence of vanadium production on 
world steel production is shown in Figure 32.4 
[56]. Total world demand is compared to 
available production capacities in Figure 32.5 
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[57]. This led to the price trend shown in Fig- 
ure 32.6 [57]. 

For the vanadium demand of the western 
world, South Africa is the major exporter (Ta- 
ble 32.6). Vanadium in the form of slag and 
oxides was traded to converters in Europe, Ja- 


pan, and the United States, for the production . 


of ferrovanadium. Since 1994 most South Af- 
rican suppliers have installed their own ferro- 
vanadium production capacity. This will 
eventually lead to the nonavailability of South 
African preproducts for the converters men- 
tioned above. Their plants will have to use 
other raw materials, such as residues from 
mineral oil processing, or cease production. 
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Figure 32.6: Vanadium price trends. 


Table 32.6: World exports of vanadium, 1989-1992 [56] 
(in tonnes of VOA 


Exports 
Country MM 

1989 1990 1991 1992 % 
South Africa" 32950 25989 25561 24000 84.7 
New Zealand" 2000 4000 4500 3000 10.6 
CIS 1500 1350 1200 1200 4.2 
Others* 200 150 150 150 0.5 
Total 36 650 31489 31411-28350 100 


* Including Republic of South Africa and Bophuthatswana. 
Estimates. 

* China is considered to be a net importer of vanadium at present. 

Its re-exports are, therefore, not shown in this table. 


Further suppliers of vanadium oxides are 
Russia, whose share for export strongly de- 
pends on its own economic development; and 
China, which is expected to tum from an ex- 
porter to an importer because of its high eco- 
nomic growth rate. 


Ferrovanadium producers are listed in the 
following [51]: 


Handbook of Extractive Metallurgy 


Country Company 

Argentina Pamet 
Stein Ferroaleaciones Sacifa 

Austria Treibacher Industrie AG 

Belgium SADACINV 

Brazil Termoligas metalurgicas SA 
Cia Paulista de ferro ligas 

Canada Masteralloy Products Inc. 

China Panzihua Iron and Steel Plant 
Emei Ferroalloy Plant 
Jinzhou Ferroalloy Plant 

Czech Republic Nikom Ferroalloy Plant 

Germany GfE Gesellschaft für Elektrometallurgie 

Hungary Otvózetgyar; Hungaraloy 

India Birla 

Japan Awamura Metal Industry Co. Ltd. 
Taiyo Mining and Industrial Co. 
NKK Corp. 

Mexico Ferroaleaciones de México 
FERROMEX 
Ferralver SA 

CIS Chusovskoy Metallurgical Kombinat 
Tulachermet Kombinat 

Spain Ferroaleaciones especiales asturianas 

South Africa Highveld Steel and Vanadium Corp. Ltd. 
Vametco 
Vantech 


United States BEAR Metallurgical Corp. 
Shieldalloy Corp. 
Strategic Metal Corp., Stratcor 


32.10 Environmental 
Protection and Toxicology 


Soil. In sulfidic and oxidized form, vanadium 
is a ubiquitous element with an average abun- 
dance of 150 mg/kg in the earth’s crust. The 
concentrations vary widely, between a few 
ppm and 1000 ppm. Depending on geological 
conditions, even higher values can be found, 
e.g., 1650 ppm vanadium in oil shales of per- 
mic copper schist [58]. The vanadium content 
of oil shale and mineral oil, in which it is 
present primarily as porphyrin complexes, is 
due to biological processes. Higher anthropo- 
genic burdens can be found only in a few iso- 
lated geographic locations. In the upper layers 
of arable soils utilization of mineral fertilizers 
leads to accumulation of vanadium, which is 
retained and is only slightly mobile [59]. 


Air. Vanadium concentrations in uncontami- 
nated air can reach 1 ng/m?, caused by 
whirled-up dust from weathered rock and by 
evaporation of water droplets driven off of 
surface waters by wind and waves. Increased 
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concentrations are recorded mainly in urban 
areas. They originate mainly from combustion 
of coal and especially heavy fuel oil. Concen- 
trations of ca. 10-35 ng/m? measured in the 
past (maximum values of up to 1000 ppm, re- 
corded in London, 1962) are lower today, due 
to the use of efficient waste air purification 
systems. Industrial activities are of only mi- 
nor, local importance in the pollution of the air 
with vanadium. Ee E 


Water. Vanadium dissolved in water is present 
almost exclusively in the pentavalent form. In 
running waters, its concentration range is ca. 
0.1—220 pg/L [60], the vanadium concentra- 
tion in the water correlates to these in rocks 
near the river source in the river bed. The sedi- 
ment of creeks also mirrors the abundance in 
the surrounding area. Seawater contains 0.3— 
29 ug/L vanadium [60]. Accumulation does 
not occur, since the vanadium input from run- 
ning waters is transferred to the sediment by 
precipitation and biochemical processes. 


Water contamination by vanadium takes 
place only to a minor extent. For removing va- 
nadium from wastewater, single- ог multiple- 
stage precipitation with iron or lime is em- 
ployed. 


Fauna and Flora. Vanadium is considered to 
be essential for a number of organisms [б1— 
63]. In vertebrates the average concentration 
is 0.1 mg vanadium per kg dry matter. Consid- 
erably higher concentrations (< 0.1 g/kg) can 
be found in lower organisms. Especially in 
one order of invertebrates (ascidians), vana- 
dium accumulates in unusually high amounts 


Table 32.7: Toxicological data [68, 69]. 


Oral LD,, (14 d), 
mg/kg body weight 
VO, analytical grade 470 (male) 
467 (female) 
V.O,, technical grade 8713 (male) 
5639 (female) 
Ammonium metavanadate 218 (male) 
141 (female) 
Potassium metavanadate : 318 (male) 
314 (female) 
BiVO,-BiMoO, > 5000 
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[64]. In some species of these organisms, the 
vanadium is present in green blood cells (va- 
nadocites) and is complexed by pyrrole rings 
[65]. Data on vanadium concentrations in hu- 
mans vary widely, between 100 ug [66] and 
17-43 mg [67]. Fat tissue, bones, teeth, bone 


marrow, as well as serum are especially rich in 


vanadium. 


In general, the vanadium concentration in 
plants is related to that in the soil. As With ani- 
mals, plants vary widely in vanadium content. 
For example, in fly agaric (Amanita muscaria) 
concentrations 100 times as high as in other 
fungi are found, independent of location. The 
reasons for this are not yet known [64]. 


Toxicology. Toxicity data for some vanadium 
compounds are given in Table 32.7. The data 
show a correlation of toxicity with oxidation 
state and solubility. Toxicity decreases with 
decreasing oxidation state and decreasing sol- 
ubility. 

In investigations of neurobehavioral, neu- 
ropsychological, psychosomatic, and psycho- 
logical parameters as a function of exposure to 
VO; in dust among workers in an industrial 
plant, no significant changes compared to un- 
contaminated persons were found, indepen- 
dent of the concentration of vanadium 
pentoxide [70]. 


Occupational Safety. For vanadium pentox- 
ide, there is a total dust limit value (0.5 
mg/m?) and a limit value for fine dust (0.05 
mg/m?); in Germany, the definition of the lat- 
ter is based on studies on volunteers [71]. 


Inhalative LC,, (14 d), Dermal LD,, (14 d), 
mg/L mg/kg body weight 
11.09 (male) > 2500 (male) 
4.3 (female) > 2500 (female) 
7 6.65 (male) > 2500 (male) 
> 6.65 (female) > 2500 (female) 
2.61 (male) > 2500 (male) 
2.43 (female) > 2500 (female) 
1.85 (male) > 2500 (male) 
4.16 (female) > 2500 (female) 
> 5.15 
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33.1 Introduction 


Rhenium is present in the earth's crust at a 
very low concentration (ca. 7 x 10396, 0.7 
ppm). The element was discovered in 1925, 
when ТАСКЕ, Noppack, and Bere observed its 
X-ray spectrum in concentrates and com- 
pounds obtained from the beneficiation of 
columbite [5]. 


The discoverers isolated the first gram of 
rhenium from 660 kg of Norwegian molyb- 
denite (MoS,), which contained 2-4 ppm Re 
[6]. Rhenium is the most recently discovered 
refractory metal; it is a member of the group of 
high-melting metals that includes molybde- 
num, tungsten, niobium, and tantalum. It has 
the second highest melting point of all metals 
(3180 °C). 

Industrial production of rhenium began in 
the 1930s at Kali Werke Aschersleben in the 
Harz region [7], and also at H. C. Starck, for- 
merly Gebr. Borchers AG, in Goslar. The raw 
material consisted of furnace bottoms, by- 
products from the treatment of Mansfeld cop- 
per schists. The fumace bottoms were di- 
gested by fusion with sodium sulfate [8]. 
Then, after a complicated chemical separation 
process, rhenium was isolated as potassium 
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perrhenate, which was reduced with hydrogen 
to give the impure metal. 

An important advance in rhenium technol- 
ogy was the production of the element from 
flue dusts from the roasting of molybdenite 
[9]. The amount recovered from the dusts was, 
however, only 10-15% of the total Re content 
of the MoS, concentrate. The introduction of 
accurate analytical methods [10] enabled ma- 
terial balances for rhenium extraction to be es- 
tablished. These showed that most of the 
rhenium was lost up the stack, and only a 
small amount remained in the flue dust or in 
the roasted product. The flue gas was therefore 
scrubbed intensively to ensure that the volatile 
oxides of rhenium were recovered when the 
molybdenite concentrate was roasted [11, 12]. 


33.2 Properties 


Rhenium has the electronic configuration 
[Xe] 4/4 5d? Gei, and consists of the natural 
isotopes !9Re (37.07%) and "Re (62.93%), 
B-emitter with a half-life of 10" years). Fused 
or sintered rhenium has a silvery white luster, 
and the powdered metal is silver gray. It has a 
hexagonal close-packed structure (type A3), 
with ag = 276 pm and cy = 446 pm. Rhenium 
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retains this lattice up to its melting point and 
hence does not undergo a ductile-brittle trans- 
formation, in contrast to other refractory met- 
als. 

Other physical data are listed below: 


Density (20 °C) 21.0 g/cm? 
Metallic radius 137 pm 
Tonic radius (VIT) 53 pm 
Melting point 3180*C 
Boiling point i 5870 °C 
Heat of fusion 33 kJ/mol : 
Heat of sublimation AH, 
(monoatomic gas) +779 (= 8) kJ/mol 


Enthalpy of formation of Re,O, — ~1241 kJ/mol 


Electrical conductivity 0.051 p! cm 
Specific resistivity (20 °C) 19.3 pQcm 
Superconductivity 1.699 К 
Tensile strength (20 °С annealed) 12 MPa 
Modulus of elasticity (20 °C) 459.9 GPa 


Recrystallization temperature 

(depending on degree of working)1300-1800 °C 

Rhenium is a very heat-resistant metal, pro- 
vided it does not come in contact with oxidiz- 
ing agents. It is practically insoluble in 
hydrochloric and hydrofluoric acids. In oxi- 
dizing acids, it dissolves to form perrhenic 
acid (E? for Re/ReO,: 0.251 V). 

Rhenium forms volatile oxides with oxy- 
gen at high temperature. In air at 350 °C, the 
heptoxide, Re,O,, is formed. The rate of oxi- 
dation increases with increasing air flow rate. 
The stability of rhenium metal components is 
limited due to oxide formation even below 
0.133 Pa [13]. When rhenium is heated with 
fluorine or chlorine, the fluorides or chlorides 
are formed. Rhenium reacts with silicon, bo- 
ron, and phosphorus at elevated temperature 
to form silicides, borides, and phosphides. 


33.3 Occurrence and Raw 
Materials 


33.3.1 Molybdenite 


Molybdenite, MoS,, especially from por- 
phyry copper ore deposits, is the preferred 
host mineral for rhenium, which isomorphi- 
cally replaces molybdenum in the MoS, lat- 
tice. The copper molybdenum porphyry ores 
contain 0.3—1.6% Cu and 0.01-0.05%) Mo. 
The sulfides of copper and molybdenum are 
concentrated and separated by flotation, giv- 
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ing a rhenium content in the MoS, concen- 
trates of several hundred parts per million. 

Rhenium contents (in ppm) of selected mo- 
lybdenum concentrates of various origins are 
as follows: 


Canada 

Island Copper 700-1300 

HVC 200—400 

Endako <100 

United States 

Pinto Valley 1500—2000 

Magma San Manuel 800 

Bagdad 350 

Sierrita 180 

Bingham Canyon 250 

Climax 30 

Henderson 20 

Mexico 

La Caridad 570 

Peru 

Cuajone 580 

Toquepala 600 

Chile 

Chuquicamata 300 

El Salvador 600 

E] Teniente 400 

Iran 

Sar Chesmeh 800 
World rhenium reserves [14] (in t Re) are 

Canada 32 

Chile 1306 

Peru 45 

CIS 594 

United States 386 

Others 91 

World total 2453 


In copper concentrates, the rhenium con- 
tent is 10—50 ppm, the molybdenum content 
200—600 ppm. Copper concentrates are there- 
fore a useful source of rhenium. 


33.3.2 Recovery from Spent 
Catalysts and Alloys 


Platinum-rhenium catalysts are used in the 
petroleum industry in the reforming process. 
When their activity is too low even after re- 
generation, the catalysts must be replaced. 
Valuable metals are recovered by dissolving 
the carrier (A1,0,) in sodium hydroxide solu- 
tion or sulfuric acid. Platinum remains in the 
residue, from which it can be recovered. Rhe- 
nium, which goes into solution, can be recov- 
ered by solid or liquid ion exchangers [15]. 


Rhenium 


In addition to this hydrometallurgical pro- 
cedure, a pyrometallurgical process (fusion) 
allows rapid concentration of the valuable 
metals [16]. The resulting alloys are treated by 
dissolution and separation processes. 

The high economic value of the WRe, 
MoRe, and rhenium-containing superalloys 
means that scrap alloys of these compositions 
must be processed. The following processes 
are suitable: ` mov od 
e Oxidation by atmospheric oxygen to form 

WO, and Re.O, (bp 362 °C) which are sepa- 
fated by sublimation and distillation [17] 
e Fusion with NaOH and oxidizing agents 
such as NaNO, and NaNO, [18]. 
These initial operations are followed by isola- 
tion of the elements and crystallization of their 
salts. | 


sil Re,0; MoO, Re, 
| 79.8 

66.5 
г 532 
39.9 
26.6 
13.3 


е, КР 








Vapor pressur 


200 600 1000 1400 1800 
Temperature, St ——» 


Figure 33.1: Vapor pressure of some oxides and sulfides 
of rhenium and molybdenum. ` 


33.4 Production 


33.41 Recovery from Flue Gases 


in Molybdenite Roasting 


Porphyry copper ores containing 0.3—1.696 
Cu and 0.01-0.05% Mo are ground and con- 
centrated by flotation. Further treatment leads 
to almost quantitative recovery of molybden- 
ite. ` 

When molybdenite (90-95% Mot, re- 
mainder: 510,, Cu, Fe, etc.) is roasted at 500— 
700 °C to produce technical-grade molybde- 
num trioxide, MoO, rhenium heptoxide, 
Re;O,, sublimes due to its high vapor pres- 
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sure, and escapes with the flue gases. The va- 
por pressure curves of some oxides and 
sulfides of rhenium and molybdenum are 
given in Figure 33.1 [19]. 


The flue gases also contain sulfur dioxide, 
small amounts of sulfur trioxide, selenium di- 
oxide, and large amounts of dust (MoO,, 
Mot). and Мо$,). This dust can be recovered 
(> 99%) in high-temperature electrostatic fil- 
ters and recycled to the roasting process. In the 
final gas scrubbing operation, the remaining | 
dust fraction, rhenium heptoxide, selenium di- 
oxide, sulfur trioxide, and some of the sulfur 
dioxide are removed from the flue gas. The 
scrubbing liquor is recirculated to increase the 
rhenium concentration, allowing the subse- 
quent process stages to be operated economi- 
cally. : 


The compound Re;O, is readily soluble in 
water, forming HReO,, so that the recovery of 
rhenium from the flue gases is > 90%. Multi- 
stage pressure jet (venturi) scrubbers enable 
high rhenium recovery efficiencies to be 
achieved, effectively removing the finest dust 
fractions and causing rhenium oxides to be ab- 
sorbed. 


The venturi system operates with a pressure 
difference of 30 kPa in the first stage and 150 
kPa in the second stage. The mist formed in 
the venturi washing process is trapped in a 
packed tower. This intensive gas purification 
produces waste gases that contain very pure 
SO,, which can be used for sulfuric acid pro- 
duction [11]. The recovery of rhenium from 
the flue gases in the roasting of molybdenite is 
shown schematically in Figure 33.2. 


The roasted molybdenum concentrates are 
used mainly to produce MoO, for direct use in 
metallurgy (production of ferromolybdenum) 
and in molybdenum chemistry. For economic 
reasons, optimum conditions for rhenium re- 
covery cannot always be maintained (temper- 
ature, air excess, etc.). The yield of rhenium is 
also limited by various impurities in the con- 
centrates, especially alkali-metal and alkaline- 
earth elements, which form nonvolatile stable 
perrhenates under roasting conditions. 
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Figure 33.2: Flue gas purification with rhenium recovery by H. C. Starck: a) Roasting furnace; b) Dust chamber, c) Elec- 
trostatic filter, d) Venturi scrubbers; e) Ventilator; f) Secondary washer, g) SO, conversion; h) Stack. 


Other possible processes for the treatment 
of molybdenum concentrates include elec- 
trooxidation [20] and treatment with O, or 
NH, at high temperature and pressure [21]. 
Yields of Mo and Re are ca. 98%. These pro- 
cesses have not been used thus far on an indus- 
trial scale. 


33.4.2 Production of Pure 
Rhenium Compounds from Gas 
Scrubbing Solutions 


Gas scrubbing solutions contain sulfuric 
acid and, typically, rhenium at 0.2-1.5 g/L. 
After removal of the solid constituents such as 
molybdenum oxides, sulfides, and selenium, 
rhenium can be precipitated as its sparingly 
soluble sulfide Re,S,, or by cementation on 
iron or zinc. It can then be concentrated fur- 
ther. 

However, the use of ion exchangers in solid 
or liquid form is preferable for recovering and 
concentrating rhenium. Primary, secondary, 
and tertiary long-chain amines, dissolved in 
organic solvents such as kerosene, can be used 
to extract rhenium and molybdenum at pH 1- 
2. At higher pH, quaternary amines are more 
effective [22]. Separation of molybdenum 


from rhenium can be achieved by extraction at 
an optimum pH. Alternatively, both elements 
can be extracted from acidic solution and then 
separated by selective stripping with ammonia 
at different pH values [23]. 


Rhenium in neutral, alkaline, or sulfuric 
acid solution can be fixed by strongly basic 
solid ion exchangers. The molybdate ion is 
less strongly bound to the ion exchanger than 
the perrhenate ion, enabling the molybdenum 
to be removed by a displacement reaction. 
Rhenium can be eluted from the ion-exchange 
resin by strong mineral acids, especially per- 
chloric acid, or ammonium thiocyanate [24]. 

Technical-grade ammonium perrhenate is 
produced by crystallization from the eluate so- 
lution. Further purification is carried out by re- 
crystallization. 


Solvent extraction, combined with the use 
of solid ion exchangers or crystallization, can 
be used to produce pure or highly pure ammo- 
nium perrhenate, which is the starting material 
for the production of many rhenium com- 
pounds as well as the metal [25]. A schematic 
of rhenium production is given in Figure 33.3. 


Another method of rhenium production 
consists of solvent extraction combined with 


Rhenium 


electrowinning of the rhenium from perchlor- 
ate solutions [26]. 


Crude 
NH Bet), 


KRe0, 






A Rhenium 
Cl; chlorides 


33.4.3 Production of Rhenium 
Metal Powder and Pellets 
Rhenium powder can be produced by the 


reduction of pure ammonium репћепаіе 
NH,ReO, in a stream of hydrogen. This reduc- 


‚Поп is usually carried out in two stages: 


e Reduction at 300—350 °C to form ReO, 


e Reduction of the ReO, to Re metal powder 
at 800 °C 

The desired properties of the metal powder, 
such as grain size and surface area, can be 
achieved by adjustment of the reduction pa- 
rameters. 

In a further stage, the rhenium metal pow- 
der with added compaction agents is com- 
pressed into pellets and then sintered at ca. 
1000—1500 °C under an atmosphere of hydro- 
gen. To produce large workpieces, the pow- 
dered metal is charged into rubber containers, 
compressed isostatically at ca. 500 MPa, and 
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then sintered, Rhenium can be produced at al- 
most its theoretical density by hot isostatic 
pressing (HIP) and by electron-beam or elec- 
tric-arc melting. 

Rhenium has very high strength at high 
temperature, as well as extremely good ductil- 
ity and cold working properties. It is therefore 
a very useful high-temperature material. In 
some applications, the useful properties of 
rhenium can best be realized by chemical va- 
por deposition (CVD) [27]. Plasma coating 
with spheroidized rhenium metal powder is 
another possibility, producing dense rhenium 
coatings when combined with a sintering op- 
eration. 
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Figure 33.4: Tungsten-rhenium phase diagram [31]. 


33.5 Rhenium as an Alloying 
Component 


When rhenium is used as an alloying com- 
ponent with the metals tungsten and molybde- 
num, which are difficult to work, ductility and 
strength are improved [28]. This is caused. by 
alloy softening, which is defined as the reduc- 
tion in the yield stress or hardness at low tem- 
perature. This effect is observed especially in 
body-centered cubic alloys. In addition to the 
improvement in ductility at low temperature, 
the strength at high temperature increases 
[29]. Tungsten rhenium alloys containing 25- 
30% Re have good cold ductility [30]. As in- 
dicated in Figure 33.4, rhenium is very soluble 
in tungsten, its solubility reaching 2896 at 
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1600 °C and 37% at 3000 °C. Tungsten is also 
soluble in rhenium: 11% at 1600 °C and 20% 
at 2825 °C. Besides a tetragonal o-phase, a cu- 
bic y-phase exists in a very narrow range in 
the W-Re system [31]. 

The poor welding properties of common 
molybdenum alloys limit their use in high- 
temperature applications. The addition of rhe- 
nium enables these alloys to be welded and 
used as construction materials. Molybdenum 
rhenium alloys containing up to 50% Re show 
high tensile strength and good elongation over 
the temperature range 0—1800 °C [32]. 

Superalloys must have not only high 
strength, but also good corrosion resistance at 
elevated temperature. They may be divided 
into three groups: nickel-base alloys, cobalt- 
base alloys, and iron (nickel)-base alloys. 

Other typical alloying elements include 
chromium, molybdenum, tungsten, niobium, 
tantalum, aluminum, titanium, boron, and zir- 
conium. The addition 1-3% Re to a nickel- 
base alloy improves its toughness at high tem- 
perature ánd prevents fatigue fracture [33]. 


33.6 Uses 


Rhenium in the form of the powdered metal 
or pellets is incorporated into alloys by vari- 
ous methods. The W—Re and Mo-Re alloys 
are used mainly in the manufacture of thermo- 
elements. Other uses include semiconductors, 
heating elements, electrical and electronic ap- 
plications, high-temperature welding rods, 
and metallic coatings [34]. 

Tungsten-rhenium alloys (W5Re, W10Re) 
are used in the manufacture of rotating X-ray 
anodes. For normal X-ray diagnosis, compos- 
ite anodes, consisting of a very hard molybde- 
num base with an annular W—Re coating, аге 
used. Computer tomography requires larger 
anodes, made by using a hybrid metal graphite 
construction combined with a W—Re coating 
[35]. An alternative technique is to deposit the 
metals or alloys by CVD or PVD processes 
[36]. 

Nickel-base alloys containing 1-3% Re are 
used mainly in the production of aircraft tur- 
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bine blades. They are monocrystalline and 


have high strength and resistance to oxidation. ` 


When these turbine blades are used in the hot 
zones of an engine, operating temperature can 
be increased, giving higher efficiency (lower 
fuel consumption) Similar effects are 


achieved by coating the gas turbine blades - 


with ` rhenium-containing 
MCrAIY alloys [37]. 


(1-20% Ве) 


33.7 Compounds 


Rhenium closely resembles its neighbors in 
the sixth row (W, Os) and molybdenum (diag- 
onal relationship) in its physical properties; 
many chemical parallels also exist. Eleven ox- 
idation states of rhenium have been described 
[38]. In the most important rhenium com- 
pounds such as perrhenic acid, the perrhen- 
ates, and dirhenium heptoxide, rhenium has 
the oxidation state 7+. It exhibits its lowest ox- 
idation states (as low as 3—) in carbonyl com- 
plexes. 


33.7.1 Oxides and Chalcogenides 


The yellow hygroscopic rhenium(VIT) ox- 
ide, Re,O,, is the most stable oxide of rhe- 
nium. It is formed from rhenium metal powder 
or other rhenium oxides in dry air or an oxy- 
gen atmosphere above 350°C. The oxide 
Re,O, is readily soluble in water, forming the 
colorless perrhenic acid, HReO, which is pale 
yellow at high concentration. 

Perrhenic acid forms salts (MReO,) with a 
tetrahedral ReO% ion. Ammonium perrhenate, 
NH,ReO,, is an important starting material, 
which can be reduced to Re metal and used for 
the production of many other rhenium com- 
pounds. The preparation of some rhenium 
compounds is shown in Figure 33.5. When 
Re;O, is heated with rhenium powder, the ox- 
ides ReO, Ве,О., Be, and Re, are 
formed. 

In Re,O,, ReO, tetrahedra and ReO, octa- 
hedra are linked alternately at their corners. 
ReO, disproportionates on heating to form 
Re,O, and ReO, The bluish black rhe- 
nium(lV) oxide, ReO,, which is insoluble in 
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water, has a distorted rutile structure and dis- 
proportionates at 900 °C into Re,O, and me- 
tallic Re. 

With sulfur, rhenium forms Re,S,, ReS, 
and ReS,. The black rhenium(VII) sulfide is 
formed wher hydrogen sulfide is passed into 
acidic solutions of perrhenates. Reduction of 
Re;S, by hydrogen produces Rep, The most 
stable sulfide ReS, is formed by the thermal 
decomposition of Re,S, or by heating the ele- 
ments together. The structure of ReS, (trigonal 
prismatic) is isomorphous with the rhombohe- 
dral modification of MoS, [38]. 

Table 33.1 lists the properties of some ox- 
ides and sulfides of rhenium. 

Ammonium perrhenate reacts with aqueous 
ammonium polysulfide to: form (NH,), 
(Re;S,g, а polynuclear sulfide having a 
metal—metal bond with marked double-bond 
character [39]. 
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33.7.2 Halides 


The most important rhenium halides can be 
prepared from the elements (Figure 33.5). 
Rhenium(VII) fluoride, ReF,, is the highest 
halide. It is formed at 400°C under slight 
pressure. 


Table 33.1: Properties of some rhenium oxides and sul- 
fides [38]. 


о Oxidation. 
Compound ` mp/bp, °С Structure sete 
Re,O, 300/360 alternating УП 
tetrahedra 
and octahedra 
ВеО; > 300/750 cubic VI 
: ВеО, 900(decomp.)  rutile IV 
— Re,O, + Re 
ReS, > 250 (decomp.) VII 
— ReS, +S 
ReS, 1000(decomp.) trigonal IV 
—Re+S prismatic 


вео, а NH,ReO, 2 Re,0, 
2 2 








A|H; 
KS 7 | 
H 
NaOH 
A 
[BE Веб, Кеб, кон 
|^ 
Rei, р 
А iue HS, acid 
E 6 
А, ргеѕѕиге 
Б Ref, 
Ammonium 








CO, A, 
pressure 


Figure 33.5: Synthesis of rhenium compounds. 
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Table 33.2: Rhenium halides. 
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Oxidation state Fluorides Chlorides Bromides Iodides 
УП ReF; 
yellow 
mp 48.3 °C 
bp 73.7 °C 
VI. ReF, Кес 
yellow brown-green 
mp 18.5 °C mp 29 °C 
bp 33.7 °C : 
V ReF, Весі, ReBr, 
yellow-green black-brown dark brown 
mp 48 °C mp 220 °C 110 °C (decomp.) 
bp 221 °C (extrapolated) 
IV ReF, ReCl, Ber, Rel, 
blue black-violet (decomp. > room tem- 
mp 124.5 °C 300 °C (decomp.) perature) 
sublimes 300 °C 
ш (КеС1,), (ReBr;); (Rel), 
dark red red-brown black 
sublimes 500 ?C (decomp.) (decomp. on heating) 


Rhenium(VI) fluoride, ReF,, is formed 
from the elements at 125 °C. Rhenium(V) flu- 
oride, ReF,, and rlienium(IV) fluoride, ReF,, 
can be prepared by reduction of ReF,. Suitable 
reducing agents include H. metallic Re, SO,, 
and Zn. 


Rhenium pentachloride, Ке„С1 is an im- 
portant starting material for the synthesis of 
other rhenium compounds. It is formed from 
the elements at 500 °C. In the crystal, ReCl, 
octahedra form edge-sharing dimers. Rhe- 
nium(IIT) chloride, Re,Cl,, can be produced 
by thermal decomposition of the pentachlo- 
ride. All rhenium(IIT) chlorides, bromides, and 
iodides contain the Re,X, unit with Re, metal 
clusters. 


ReBr, or ReCl, reacts with aqueous solu- 
tions of HBr to form ВеВг,:2/;Н,О. Single 
crystals can be obtained by evaporation of the 
solution [40]. Rhenium(IV) bromide, ReBr,, 
and Rel, are formed by the reaction of HReO, 
with HBr or HI. 


Some properties of rhenium halides are 
given in Table 33.2 [38]. A large number of 
complex halides and oxyhalides of rhenium 
are known [41]. In the latter, rhenium is linked 
to oxygen by both single and double bonds. 
With nitrogen, triple, double, and single bonds 
are known [42]. 


33.7.3 Carbonyls 


Rhenium carbonyl, Ке„(СО), is formed 
by the reaction of CO with Re,O, or Re,S, at 
elevated pressure and temperature (20 MPa, 
250°C). It forms colorless crystals (mp 
177 °C) and sublimes in vacuum. From the bi- 
nary rhenium carbonyl, many cluster carbon- 
yls, carbonyl hydrides, and complexes with a 
wide range of ligands in various oxidation 
states can be prepared [43]. 


33.8 Uses of Rhenium 
Compounds 


Rhenium compounds are used in various 
areas of homogeneous and heterogeneous ca- 
talysis in petrochemistry, the pharmaceutical 
industry, and organic synthesis (e.g., alkyla- 
tion, dehydroisomerization, dealkylation, 
isomerization, dehydrochlorination, hydroge- 
nation, dehydrogenation, dehydrocyclization, 
oxidation, and reforming [44]). 

Reforming is an important part of petro- 
leum processing. It is used in the production of 
unleaded antiknock fuels for internal combus- 


.tion engines and aromatic hydrocarbons for 


various syntheses [45]. Originally, molybde- 
num oxide was used for reforming, but it was 
soon found that platinum on aluminum oxide 
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(ALO,) had better catalytic properties. An in- 
crease in catalytic activity, selectivity, and par- 
ticularly stability was achieved with the 
development of platinum rhenium catalysts. 
The production of Pt-Re bimetallic catalysts 
by Chevron and UOP began in 1968 (Rheni- 
form process). The rhenium components were 
solutions of NH,ReO, or HReO,. Today, mul- 
timetallic catalysts such as platinum rhenium 
indium have been developed from 'the éarlier 
bimetallic catalysts [46]. The reforming pro- 
cess is still the most important catalytic appli- 
cation of rhenium compounds. In 1990, 4596 
of rhenium consumption in the United States 
was for this process [14]. 


New rhenium compounds such as methyl- 
trioxorhenium, CH4ReO,, which can be pro- 
duced fairly simply from Re,O, and 
tetramethyltin, exhibit catalytic activity in the 
synthesis of alkenes (alkene metathesis), alk- 
ene oxidation, and alkenation of aldehydes 
[47]. 

Basic research in the field of rhenium com- 
pounds is expected to lead to the discovery of 
further catalytic properties of known rhenium 
compounds and of compounds as yet undis- 
covered. 


33.9 Analysis 


The analytical chemistry of rhenium in- 
cludes the determination of rhenium in raw 
materials and intermediates, and the determi- 
nation of trace impurities in high-purity rhe- 
nium products. 

Rhenium can be determined by various an- 
alytical methods after separation by selective 
precipitation, distillation, extraction, and 1on 
exchange. W. GEILMANN and Н. Bone carried 
out important research into the analysis of rhe- 
nium in the 1940s and 1950s [48]. The most 
important practical application is the rapid and 
convenient determination of small amounts of 
rhenium in the presence of large amounts of 
molybdenum, which invariably accompanies 
it. After treatment of a sample with alkali, rhe- 
nium is determined in the Re( VIT) state as the 
perrhenate ion. The accompanying elements 
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are separated and masked, and Re(VII) is then 
precipitated by addition of the tetraphenylar- 
sonium cation and determined gravimetri- 
cally [49]. In acidic solution in the presence of 
SnCL, Re(VIT) forms colored chelates with 
oximes and thiocyanates, which are extracted 
and determined by spectrophotometry . [50]. 
Rhenium can be determined by atomic absorp- 
tion spectrometry using the resonance line at 
346.047 nm. Analysis of solutions by emis- 
sion spectrometry uses the lines at 346.047 
and 346.473 nm [51]. Polarographic methods 
are also available [52]. 

The determination. of trace elements in 
high-punty rhenium products, such as 
NH,ReO, or rhenium metal, is carried out by 
combustion analysis (C), hot extraction by 
carrier gas (N, О), and atomic absorption 
spectroscopy on solutions (metallic impuri- 
ties) [53]. 


33.10 Economic Aspects 


The largest world reserves of rhenium are 
located in Chile which is today the world's 
largest producer. Other producers include Ger- 
many, CIS, Sweden, the United States, and Ja- 
pan. In Germany, rhenium is obtained from 
molybdenum concentrates, spent catalysts, 
and rhenium-containing scrap, and processed 
to produce high-purity HD Re, HReO,, and 
Re metal powder or pellets [54]. The largest 
consumer of rhenium is the United States, 
which imported ca. 15 t of Re in 1990. This 
could increase to 20 t/a in the next five years. 


.Rhenium is used for aircraft. turbine blades 


(6096), reforming catalysts (3096), and other 
applications (1096) [14]. i 


33.11 Toxicology and 
Physiological Effects 


No evidence exists that rhenium is an es- 
sential element for living organisms [55]. Peo- 
ple who have worked over a long period of 
time in the extraction and production of rhe- 
nium metal and its most important com- 
pounds, perrhenic acid and ammonium 
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perrhenate, have not shown any toxic effects. 
Current toxicological investigations of rhe- 
nium and rhenium compounds are contradic- 
tory and. do not enable any OECD guidelines 
to be issued [56]. 

Medical studies indicate that rhenium car- 
boxylates have an antitumor effect [57]. 
Rhenium and !®rhenium are used in combi- 
nation with monoclonal antibodies for the di- 
agnosis and treatment of leukemia [58]. 
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For Hafnium and Rhenium, see Refractory Metals. 
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34.1 Introduction 


Germanium, a semiconducting element, 
has five natural isotopes: Ge (20.53%), "Ge 
(27.43%), Се (7.76%), “Ge (36.54%), and 
Ge (7.76%). Germanium also has some ra- 
dioactive isotopes with greatly different half- 
lives, the isotope with the longest half-life be- 
ing Ge (287 days). 

Germanium found its first industrial appli- 
cation in 1947 with the development of the 
transistor. Until the early 1970s, it was used 
extensively in the solid-state electronics in- 
dustry, although it has been replaced almost 
entirely by the cheaper silicon. 

The main use of metallic germanium cur- 
rently is for infrared optics. Germanium tetra- 
chloride is used in optical fiber production. 
Germanium dioxide is used mainly as a cata- 
lyst in the production of polyester and syn- 
thetic textile fiber. 

The total consumption of germanium was 
estimated to be ca. 70 t of the element in 1986. 
The main producers of germanium end prod- 
ucts are located in the United States, Belgium, 
France, Germany, and Japan. 
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Germanium is considered as a strategic ma- 
terial by the United States government. The 
erection of a stockpile with a capacity of 30 t 
of Ge was decided in 1984. The first delivery 
began in 1987 and the capacity may be in- 
creased to 140 t. 


34.2 History 


In 1871, MENDELEEV predicted the existence 
and the properties of an unknown element, 
ekasilicon, to be placed between silicon and 
tin in his periodic system of elements. In 1886, 


: WINKLER isolated a new element from argy- 


rodite, 4Ag,S-GeS.. This element, named ger- 
manium, showed properties remarkably close 
to those predicted by MENDELEEV. 


34.3 Physical Properties 


Although high-pressure polymorphs are 
known, germanium normally crystallizes in 
the diamond structure with comparatively 
weak covalent atomic bonding, yielding the 
typical hardness and brittleness, as well as the 
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semiconductor behavior of this gray amphot- 
eric metal. | 


The specific structure of the forbidden en- 
ergy gap (band gap Е,), the binding forces be- 
tween the germanium atoms, and their mass 
determine the major electron-photon and pho- 
ton—phonon interactions in the crystal lattice, 
which result in a broad optical transmission 
range for infrared radiation. The fact that this 
Tange covers a main atmospheric transmit- 
tance window between 7 and 14 рп, coincid- 
ing with the spectral emittance peak of a 
blackbody at room temperature, has promoted 
the use of germanium as an infrared optical 
material. Germanium’s high refractive index 
results not only in high optical power and little 
spherical aberration, but also in the need for 
antireflection coatings. These materials often 
occur as exotic contaminants in recycling op- 
erations. Germanium’s thermal properties sen- 
sitize this brittle material to thermal shock: 
crucible design and seeding techniques must 
also cope with a 6.6% volumetric expansion 
of germanium during solidification. 


Due to the occurrence of a narrow band 
gap, most physical properties of germanium 
(e.g., resistivity) depend strongly on tempera- 
ture as well as on minute concentrations of 
solutes. An updated and extensive compilation 
of the physical properties of germanium can 
be found in [1]; Typical room temperature val- 
ues are summarized below. 


Mechanical 

Lattice parameter 0.565790 nm 
mp 1210.4K 
Density | 5.3234 g/cm? 
Microhardness (Vickers-ASTM E384) 780 kg/mm? 
Tensile fracture strength 100 MPa 
Electrooptical 

Band gap 0.67 eV 
Intrinsic resistivity 47.6 Ост 
Transmission wavelength range 2-16 um 
Absorption coefficient at А = 10.6 шп 0.02 cm 
Refractive index at À = 10.6 jtm 4.0027 
Thermal 

Thermal conductivity 0.586 Wcm K^! 
Specific heat 310 Јкр КТ 
Linear thermal expansion 5.9x10*K? 
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34.4 Chemical Properties 
[2, 3] d 


Elemental Germanium. Metallic germa- 
nium is stable in air. At temperatures above 
400 °C in oxygen, a passivating oxide layer is 
formed. This layer is destroyed by water va- 
por. 

Germanium resists concentrated hydro- 
chloric and hydrofluoric acids even at their 
boiling points, but reacts slowly with hot sul- 
furic acid. The dissolution of germanium in ni- 
tric acid proceeds faster than in sulfuric acid. 
In alkaline media in the presence of an oxidiz- 
ing agent, e.g, hydrogen peroxide, germa- 
nium dissolves rapidly, even at room 
temperature. Germanium reacts readily with 
halogens to form tetrahalides. 

Germanium and silicon are totally miscible 
and form a continuous range of alloys. The 
system with tin has a eutectic. 


Germanium Compounds!. Germanium can 
have valences of two or four. The divalent 
compounds are less stable and oxidize easily 
to the tetravalent compounds, which are simi- 
lar to their silicon analogs. 

Germanium dioxide, GeO,. Some proper- 
ties of germanium dioxide are listed in Table 
34.1. It exists in two crystalline forms and one 
amorphous form, all of which are white pow- 
ders. The hexagonal form is obtained when 
germanium tetrachloride is hydrolyzed with 
water. This reaction leads to a voluminous gel 
that continuously releases its water during 
drying. The transformation to the tetragonal 
form occurs only on heating at 300-900 °C in 
the presence of a catalyst (e.g., an alkali metal 
halide). 

The amorphous form is obtained by rapid 
solidification of molten GeO, or by reaction of 
GeCl, or GeO with oxygen in the gas phase. 
Moisture catalyzes the transformation from 
the amorphous to the hexagonal form. 

Germanium monoxide, GeO, is obtained by 
the reaction of GeO, with reducing agents like 
germanium metal, iron, carbon, carbon mon- 


! For more details, see Section 34. 12. 


Germanium 


oxide, or hydrogen above 600 °C. Germanium 
monoxide sublimes above 710 °C, and this 
property is used in some industrial processes 
to recover germanium from slags or residues 
(fuming of Ge). Germanium monoxide is in- 
soluble in water. 


Table 34.1: Properties of germanium dioxide. 
Structure 
Property . Amor- 


Hexagonal Tetragonal“ phous 


Thermal stability,°C — 1049-1116 <1049 
Density at25°C,g/em? 4.228 6.239 3.637 


mp, °C 1116 1086 

Solubility in 
water at 25 °C, g/L 4.53 insoluble 5.18 
water at 100 °C, g/L 13 insoluble 
HF, HCl, NaOH soluble insoluble soluble 


Germanium Halides. Of the germanium ha- 
lides, only germanium tetrachloride has prac- 
tical applications. The properties of the 
tetravalent halides are listed in Table 34.2. 
Germanium tetrachloride is obtained by reac- 
tion of chlorine gas with germanium metal and 
of hydrochloric acid with GeO, or ger- 
manates. Germanium tetrachloride is soluble 
in carbon tetrachloride. Industrial practice 
takes advantage of the insolubility of GeCl, in 
concentrated НСІ (> 6 M) to purify Gel, 
from trace impurities such as As, Cu, and B by 
solvent extraction with НС]. 

Table 34.2: Properties of germanium tetrahalides. 
Property Сесії, Gef, GeBr, Gel, 


Format25?C liquid gas crystals crystals 


Color colorless colorless gray red 
white 
Density at 25 °C 1.8755 
mp, °C -49.5  -15 26.1 146 
bp, °C 83.2 -36.5 186.5 348 
(sublimes) 


Germanium disulfide, GeS., is obtained by 
the action of H,S on acidic germanium solu- 
tions. Because GeS, is insoluble in acid me- 
dia, this reaction is used industrially to obtain 
germanium concentrate. 

Germanates are obtained in reactions at el- 
evated temperature (800-1200 °C), in which 
glasses are produced from melts of СеО, and 
metal oxides or carbonates. The reactions also 
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occur at room temperature in aqueous solu- 
tion; e.g., sodium germanate, Na4HGe;O,, is 
formed by treatment of a NaOH solution of 
GeO, with sulfuric acid. ` 


Germanides can be produced by melting 
other metals with germanium and freezing the 
melt, e.g., Mg,Ge. Germanes (germanium hy- 
drides) are evolved when germanides react 
with acids: monogermane, GeH,, digermane, 
Ge,H,, and trigermane, Ge4H,, can be sepa- 
rated by fractional distillation. 

Organometallic Compounds. The organo- 
metallic compounds of germanium have few 
technical uses. Properties and methods of 
preparation have been extensively described 


[4]. 


34.5 Resources and Raw 
Materials [5,6] 


The concentration of germanium in the 
earth's crust averages 6.7 ppm, which is com- 
parable to the concentration of zinc or lead. 
Thus, germanium is not scarce, but it is widely 
dispersed so that only a.few minerals have 
been isolated. The most important are listed in 
Table 34.3. 


Table 34.3: Germanium minerals. 


Ge con- 


Name and composition tent, 96 Mining location 
Stottite, FeGe(OH), 29 none 
Schauerteite, 14 none 


Ca,Ge(SO,) (OH), 3H,O 

Briarite, Cu, (Fe, Zn)GeS, 13-17 попе 

Germanite, Cu,(Ge, Fe)S, 5-10 Tsumeb, Namibia 
Renierite, 6.3—7.7 Tsumeb, Namibia 
(Cu, Fe, Ge, Zn, As)S Kipushi, Zaire 
Argyrodite, 4Ag,S-GeS, — 1.8—6.9 Freiberg, Germany 


Canfeldite, 
4Ag.S-(Sn, Ge)S, 


Germanium is present in the lattices of cer- 
tain sulfides, such as sphalerite. The concen- 
tration of germanium in some germanium-rich 
deposits is given in Table 34.4. 


1508 


Table 34.4: Germanium content of diverse deposits. 





; Estimated Ge 
Type Location content, ppm 
Zinc ` Gordonsville, Tennessee, USA 400 
Nanisivik, Baffin, Canada 230 
Saint-Salvy, France 150 
Tsumeb, Namibia 250 
Lyon Lake, Ontario, Canada 200-250 
Salafosa, Italy 200 
Bleiberg, Austria 200 
Copper Apex, Utah, USA 640 
Coal | Northumberland, UK 300 
SE 


In the past, germanite (Tsumeb) and renier- 
ite (Kipushi) were the principal sources of ger- 
manium. Currently, germanium is recovered 
mainly from by-products of the zinc industry. 

The only mining operation specific for ger- 
manium (and Ga) is located at an old copper 
mine, the Apex, that has recently been re- 
opened for this purpose. 

At one time, germanium was recovered 
from the coal ash of electric power plants in 
England. This source of germanium vanished 
due to the decreased coal consumption for 
electric power production. The former Soviet 
Union, and probably China, still recover ger- 
manium from this source. 


34.6 Production 


The overall production processes can be di- 
vided into two steps: (1) production of germa- 
nium concentrate (primary production) and 
(2) production of germanium end products. 

The first step varies depending on the raw 
materials processed and the chosen technol- 
ogy. Pyrometallurgical processes are based on 
the volatility of GeO and GeS. Hydrometallur- 
gical processes are based on precipitation of 
germanium as its sulfide or hydroxide or with 
tannic acid. 

More recently, solvent extraction has been 
reported using hydroxyoximes (e.g., LIX63), 
or oxime derivatives (e.g., Kelex 100, and 
LIX26) [7-18]. Fixation of germanium on 
resin impregnated with amines has also been 
patented [19]. However, published informa- 
tion on all of these is scarce and not always re- 
liable. 
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The second step relies on the volatility of 
СеС1„ as the separation-purification step. Be- 
cause the processes used by the diverse pro- 
ducers are quite similar, this step can be 
described with one flow sheet (Figure 34.6). 


34.6.1 Production of Concentrates 


The flow sheets for the production of ger- 
manium concentrate from germanite and re- 
nierite as raw materials have been described 
[20]. 


Zn concentrate 
0.02% Ge 






Leach 
residue 






Zn electrolysis 





Volatilization 
short rotary 
furnace 1200°C 


Coke 















Ge-Zn fumes 
0.10% Ge 
62% Zn 


Leaching 


Tannic 
acid 


Precipitation 


Ge concentrate 
6-8% Ge 
40% Zn 


Figure 34.1: Production of a germanium concentrate: 
flow sheet of Bleiberger Bergwerks Union (BBU). Loca- 
tion: Amoldstein, Austria; Bleiberg mine. Estimated Ge 
Capacity: 6 t/a. 


34.6.1.  Bleiberger Bergwerks 
Union 


Bleiberger Bergwerks Union (BBU) pro- 
cesses the leach residues of its own zinc plant 
by a thermic process in a modified Waelz oven 
(Figure 34.1). Germanium monoxide is sub- 


Sai opis estan teach ie ina Eegen 


Germanium 


limed at ca. 1200°C. After the fumes are 
leached, germanium is precipitated with tan- 
nic acid. The germanium-free solution is recy- 
cled to the zinc plant and the germanium 
concentrate is sold as such. 

The use of tannic acid leads to a relatively 
poor germanium concentrate. Care must be 
taken to avoid problems in the zinc electroly- 
sis due to the recycling of unreacted tannic 
acid [21—23]. | 


34.6.1.2 Jersey Miniére Zinc 


Jersey Miniére Zinc produces zinc from its 
mines in Gordonsville and Elmwood, Tennes- 
see. Germanium is concentrated in the leach 
residue, which is dried and shipped to Metall- 
urgie Hoboken-Overpelt (MHO), Belgium 
(Figure 34.2) [24]. 

Zn concentrate 
0.04% Ge 







Acid leach ==» Leach reside 


Neutral leach == 


Zn electrolysis 






Hydrolysis 


Ge concentrate 
50% Ge 


Figure 34.2: Production of a germanium concentrate: 
flow sheet of Jersey Miniére Zinc (JMZ) and Metallurgie 
Hoboken-Overpelt (MHO). Location: IMZ at Clarksville, 
Tennessee, United States; Gordonsville mine. MHO at 
Olen, Belgium. Estimated Ge capacity: 65 t/a. 
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At the Olen plant in Belgium, the germa- 
nium residue is leached, and germanium is 
separated by solvent extraction. After elution 
in an alkaline medium, a germanium concen- 
trate 1$ precipitated by hydrolysis [25]. The 
use of solvent extraction technology enables 
MHO to produce very rich germanium con- 
centrates, regardless of the concentration in 
the feed [8—13]. 


d 


34.6.1.3 Musto Exploration 


The Ge-Ga concentrates from the com- 
pany-owned Apex mine are leached in sulfuric 
acid with SO, to reduce trivalent iron (Figure 
34.3). After cementation with iron to remove 
copper, H,S is added to give a first sulfide 
concentrate. Gallium is then separated by sol- 
vent extraction. The germanium concentrate 
containing ca. 396 germanium is upgraded to 
GeO, of 98% purity before being sold to refin- 
ers. Exploitation started in 1985 [26]. 


Raw material 
0.065% Ge 

















Г 








Ge concentrate 
3% бе 


Ge precipitation 


Solvent extraction 
of Ga i 


Elution 





NH; 


| Hydrolysis | 


Ga concentrate 
8% Ga 


Figure 34.3: Production of a germanium concentrate: 
flow sheet of Musto Exploration. Location: St. George, 
Utah, USA; Apex mine. Capacity: 18 t/a of Ge and 10 t/a 
of Ga. ; 


1510 


34.6.1.4 Peñarroya 


Concentrates of Zn—Pb and germanium 


matte from Pertusola (Figure 34.5), a subsid-. 


iary of Pefiarroya, are processed together by 
the Imperial Smelting Process. Germanium is 
collected in the zinc phase, which is: further 
purified by distillation in New Jersey columns 
(Figure 34.4). Germanium is then concen- 
trated in a residue by volatilization of zinc. 
However, due to ecological problems, thermal 
processes for zinc are losing importance com- 
pared with hydrometallurgical processes. 


Zn-Pb concentrate 
0.015% Ge 





Coke Matte pertusola 


Pb Zn Stags 
phase phase 
0.022% Ge 





Distillatio 
New Jers 











Ge 
concentrate 


Zn к=; 
volatilization 


Zn 


Figure 34.4: Production of a germanium concentrate: 
flow sheet of Pefiarroya. Location: Noyelles-Godault, 
France; Saint-Salvy mine. Capacity: GeO,-GeCl,, 60 t/a; 
Ge metal, 30 t/a. 


34.6.1.5 Pertusola 


The zinc concentrates of Salafosa are 
treated at the refinery of Crotone (Figure 
34.5). The leach and purification residues of 
the hydrometallurgical plant are thermally de- 
composed in a cubilot. Germanium is recov- 
ered in the Pb-Zn fumes, a small portion 
going into the matte phase, which is processed 
further by Pefiarroya (Figure 34.4). After re- 
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leaching the fumes, a germanium concentrate 
containing 7—35 % germanium is produced. ` 


Zn concentrate 
0.02% Ge 
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Neutral 
leach 
Zn electrolysis 


Leach 
residue 
0.04% Ge 
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Thermic 
reduction 
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4 і 
Pb-Zn-Ge Slags 
Fumes ў 
0.1% бе Matte pertusola 


0.01% Ge 


Pb residue 






Ge precipitation 


Ge concentrate 


Figure 34.5: Production of a germanium concentrate: 
flow sheet of Pertusola. Location: Crotone, Italy; Salafosa 
mine. 


34.6.1.6 Other Primary Producers 


The Metallgesellschaft (Germany) recovers 
ca. 10 t/a of germanium from the hydrometal- 
lurgical plant of Datteln. China exports ca. 4 
t/a of germanium. The production of the 
former Soviet Union is mainly used internally 
(estimated 40 t/a of germanium). Cominco 
(British Columbia, Canada) is developing a 
project for 10—20 t/a of germanium. 

Eagle Picher (Quapaw, Oklahoma, USA) 
processed the residues of its zinc smelter by 
fuming in a Waelz oven at 1250 °C. Because 
this source is not economical at current prices, 
Eagle Picher now supplies its refining unit 
(25-40 t/a of germanium capacity) with pur- 
chased germanium concentrates [27]. Preus- 


Germanium 


sag (15 t/a) and Otavi (5 t/a) (both Germany) 
processed germanite from Tsumeb before de- 
pletion, but they now buy concentrate [5]. 


34.6.2 Production of Germanium 


The transformation of a germanium con- 
centrate (mostly СеО,) or germanium metal 
scrap to germanium (Figure 34.6) [28] begins 
with conversion to GeCl,: | 
GeO, + 4HCl э GeCl, +2H,0 
Ge + 2Cl, э GeCl, 


Ge concenfrate-Ge scrap 







HCl, а, 
Scraps 













Leaching 
and 
chlorination 
Residue 






Recycling Gel, 
streams 


Purification and 


distillation of 
Geli, 


Hydrolysis of 
Get), 


GeO, 


Drying of GeO, 
Reduction of Bet, of Ged, 






бесі, 












Ged, 






Hz 





Ge metal 
Zone refining of Sch 
Polycrystalline Ge 
Crystal inal 
Casting rysia Ge single 


pulling crystals 





Windows and 
Blanks fabrication lenses for 
i.r. optics 


Figure 34.6: Flow sheet of the production of germanium 
metal from germanium concentrate. 
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The reactions are run at the boiling point of 
бесі, (83.2 °С) in concentrated НСІ (6 M) to 
avoid hydrolysis. Even when only GeO, is 
processed, a chlorine atmosphere is used to 
oxidize the volatile AsCl, to nonvolatile 
H34AsO,. 

The GeCl, containing As** as the major 
impurity, is purified by fractional distillation. 
Traces of As, Sb, Cu, and B are extracted by 
НСІ (> 6 M) saturated with chlorine. Other pu- 
rification techniques have been reviewed [20]. 

The purified Gel, is hydrolyzed with 
high-purity water, 

GeCl, + 29,0 — GeO, + 4HCI 


After filtration and thorough washing, the 
GeO, is dried. 

The usual method of producing elemental 
germanium is hydrogen reduction [29] of ger- 
manium dioxide in electrically heated tubular 
furnaces at ca. 650 °C, yielding a gray metallic 
germanium sponge. In industry, graphite 
and/or quartz boats and furnace linings are 
used. Quartz boats must be sandblasted and/or 
coated to avoid sticking and breakage. 

Care must be taken to keep the temperature 
below 700 °C during reduction to avoid gener- 
ation of volatile germanium monoxide. Ade- 
quate processing limits the germanium loss to 
less than 0.1%. 

As a result of the very stringent purity re- 
quirements, reduction processes [2] using car- 
bon, flux electrolysis, or the direct reaction of 
germanium tetrachloride with zinc have lost 
industrial importance. The reaction of GeCl, 
with H, can be used to grow epitaxial germa- 
nium layers [30], but bulk germanium produc- 
tion is hampered by low metal yield and 
overall energy yield. 

After complete reduction, the temperature 
is raised above the melting point (937 °C), and 
a polycrystalline germanium bar is solidified 
from one end to the other. Due to the different 
solubilities of the impurities in the liquid and 
solid phases, the impurities concentrate by 
segregation [31] in the first or the last melt 
fraction to solidify. Hydrogen is highly solu- 
ble in molten germanium; therefore, to avoid 
porosity and blow holes, the crystallization 
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speed must be limited to a few centimeters per 
hour. 


34.6.3 Purification 


To obtain semiconductor-grade germa- 
nium, the material must be further purified by 
zone refining [32, 33], under hydrogen, nitro- 
gen, or another controlled atmosphere. Due to 
the low surface tension and high density of 
molten germanium, a crucible-free float zone- 
refining process never matured [34]. High-pu- 
rity germanium is obtained by repeated pas- 
sage of crude germanium through the zone- 
refining crucible. The number of efficient 
zone-refining passes which can be carried out 
in a single crucible is limited by the partition 
coefficient of the impurities between germa- 
nium and the crucible material. Eventually, an 
equilibrium between the concentration of im- 
purities in the melt and in the crucible is 
reached. For this reason, a cyclic batch pro- 
cess, in which the zone refining is continued in 
a new crucible, is unavoidable if high-purity 
germanium is to be obtained. Between the suc- 
cessive refining steps, the less pure metal parts 
are mechanically cut away and recycled. A 
suitable etching technique [35] is required to 
clean and prepare the load as well as the cruci- 
ble for the next refining step. Grain boundaries 
and other crystallographic imperfections (dis- 
locations, vacancies, etc.) act as precipitation 
sites for impurities, impeding the ultrapurifi- 
cation. 

Ultimate purity levels can therefore be ob- 
tained (and measured) only in single crystals 
grown in the most aseptic, dust-free environ- 
ment. The physics and chemistry of ultrapuri- 
fication of germanium have been discussed 
[36-38]. 


34.6.4 Transformation Processes 


For most applications, the germanium must 
be processed further into a suitable size and 
crystallographic perfection and doped within a 
narrow range (e.g., 1-8 ppb) with a definite 
impurity (usually a group 13 or group 15 ele- 
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ment) to yield the specified electrooptical 
properties. И 

Two techniques are available for this trans- 
formation: (1) the Bridgman process [39] 
which entails horizontal or vertical, possibly 
seeded, directional solidification in a graphite 
crucible, often improperly called casting, and 
(2) the Czochralski process [40], by which a 
crystal seed is dipped into a germanium melt 
and allowed to grow by suitable control of pull 
speed and heat balance. The second process 
yields the most perfect material, e.g., disloca- 
tion-free single crystals. The fundamental 
physicochemical background of crystal- 
growth processes was reviewed recently [41— 
43]. Modern equipment handles up to 150-kg 
germanium loads and allows growth of single 
crystals up to 300 mm in diameter in a typical 
48-h cycle. 


Germanium crystals are ground, sliced, and 
milled with high precision microcomputer- 
controlled, diamond-tooled machines into the 
desired geometrical shape. This operation 
generates huge and costly amounts of scrap 
fines which have to be recycled. The brittle- 
ness of germanium and the need to preserve a 
near-perfect, strain-free crystal lattice do not 
allow germanium forging; segregation of the 
indispensable dopants hinders precision cast- 
ing. 


34.7 Environmental 
Protection 


In the primary production of germanium, 
environmental problems are not specific to 
germanium, but are those of the zinc industry 
(e.g., SO, emission, cadmium pollution). 


When solvent extraction units are used, 
special attention must be paid to fire protec- 
tion and cleaning of the off-gas. The off-gas of 
GeCl, production must be scrubbed with alka- 
line solution to destroy НСІ and chlorine. 
Monitoring the hydrogen content in the air 
avoids any risk of explosion in the reduction 
section. 


Coe 
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34.8 Quality Specifications 


Major impurities (< 10 ppm) in GeCl, are 
O, C, and H, all detectable by infrared spec- 
trometry. The concentration of all metallic im- 
purities can be depressed to or below their 
detection limits (typically < 5 ppb). Process- 
induced impurities in GeO, are HO (< 3000 
ppm, ASTM F5-60) and СІ (< 300 ppm, turbi- 
dimetry). Often, C, F, and S are detected at 
ppm levels (conductimetry); all other ele- 
ments are at or below their detection limit (« 
10 ppb). 

Density (ASTM B417-76, B 527-70) and 
grain size (ASTM B 330-76) obviously influ- 
ence reduction kinetics, but the contamination 
risks inherent to all high-temperature pro- 
cesses suggest the use of all-quartz furnaces 
and synthetic quartz boats with palladium-dif- 
fused H, for the assessment of electronic 
grade GeO, by reduction (ASTM F 27-83). 


The most commonly used characterization 
techniques for germanium metal are those that 
determine the electrical properties of semicon- 
ductors: e.g., transport properties (ASTM 'F 
43-78, F 76-73, F 42-77) and crystallographic 
perfection (ASTM F 389-76). For evaluation 
of the optical quality of germanium, a number 
of routine spectroscopic and specialized inter- 
ferometric techniques exist [44]. All of these 
methods are, however, sensitive to the surface 
preparation (polishing) of the sample. Since 
many of the optical and electronic properties 
of germanium are linked to one another [45, 
46], the electronic properties, which can be 
more accurately and reliably measured, can be 
used to define the optical properties. Thus, for 
example, standard optical grade germanium is 
specified as n-type germanium with resistivity 
5-40 Qcm. 


To determine the chemical nature and con- 
centration of electrically active impurities, 
three sensitive (10? ppb) techniques are used: 
deep level transient spectroscopy (DLTS) 
[47], far infrared transmission (FIRT) [48] 
(Figure 34.7), and photothermal ionization 
spectroscopy (PTIS) [49]. 
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Figure 34.7: Purification by zone refining: a) 8K-FIRT 
spectra of germanium “as reduced" vs. b) after zone refin- 
ing. 


_ Impurity, ppb “As reduced” Refined 
P 1.5 0.36 
As 0.77 0.005 
Al саа 0.27 
Ga 0.031 0.005 


The major residual impurities in high-pu- 
rity germanium (Н, < 100 ppb; C, Si, and O < 
10 ppb) are process-induced and barely detect- 
able by their lattice phonon absorption in the 
germanium matrix (ASTM Е 120-75, Е 122- 
74) or by autoradiospectrometry [50, 51]. The 
concentration of other impurities can be de- 
pressed below 10? ppb. 


34.9 Chemical Analysis 


The analytical determination of germanium 
has been reviewed recently [52]. 


Germanium can be determined hy photo- 
metry at 510 nm after complexation with phe- 
nylfluorone. Atomic absorption spectroscopy 
at 261.1 nm is less sensitive than the previous 
method. X-ray fluorescence enables determi- 
nation down to 5 x 10°%. Polarographic 
methods such as differential pulse polarogra- 
phy and anodic stripping have been developed 
for the determination of germanium (and other 
impurities) in Zn electrolytes. 

The determination of impurities in GeCl,, 
GeO,, and Ge can be achieved by graphite fur- 
nace atomic absorption spectroscopy [53] or 
spark source mass spectroscopy [54]. 


1514 


34.10 Storage and 
Transportation 


Germanium tetrachloride is classified as a 
dangerous corrosive liquid subject to interna- 
tional regulations (ADR/RID-IMDG-IATA) 
under UN 1760 Class 8 Group I. The combi- 
nation of these with the very stringent purity 
requirements of the optical fiber manufactur- 
ers demands the use of expensive packaging 
(e.g., glass/teflon, tantalum-coated steel). 

The packaging should preserve the purity 
of the GeO, during transportation and storage. 
For relatively short storage, a hermetically 
sealed high-density polyethylene bottle is sat- 
isfactory. The quality degradation during 
longer storage is linked to diffusion of impuri- 
ties through or deterioration of the polyethyl- 
ene. In this case the use of fluorinated plastic 
foil or coating is advisable. 

Germanium metal oxidizes slowly in air; 
therefore, its packaging should primarily take 
its brittleness into account. 


34.11 Uses and Economic 
Aspects 


Germanium is used in manufacturing a 
wide range of high-technology products. Ta- 
ble 34.5 summarizes these applications for the 
market economies with respect to market vol- 
ume and trends, as well as the germanium 
compound used. 

The use of germanium in optical materials, 
by far the most important today, represents ca. 
50% of the world consumption. Germanium 
itself is the primary high-quality lens and win- 
dow material for thermal imaging in the 8—12 
um wavelength range. The materials trade-off 
for this application was recently reviewed 
[55]. The replacement of silicon by germa- 
nium as a cation in optical glasses (56] extends 
their transmittance toward longer wavelengths 
and increases the refractive index. The second 
property is used to confine the signal within 
the core of telecommunication optical fibers. 
The chemistry of germanium in fiber manu- 
facture is discussed in [57]. With As, Sb, and 
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Se, germanium forms nonoxide glasses [58], 
also used in IR optics (Figure 34.8), and 
whose photosensitivity yields high-resolution 
photoresists, a recent development reviewed 
in [59]. 


Table 34.5: Germanium market in 1986 (excluding East- 
em-bloc countries). 





V rna Consump- Annual 
Application Product TE" growth 
tion, t 0 
rate, 96 
Infrared optics optical-grade Ge, 35 15 
shaped mono- and 
polycrystalline 
blanks 
Optical fibers high-purity GeCl, 13 10 
Catalysis GeO, (hexagonal 13 5 
oramorphous), 
NaH,Ge,0, 
Electronics, doped Ge single- 2 5 
optoelectronics crystal slices 
High-energy high-purity Ge 1 5 
radiation de- single crystal 
tectors 
Luminescence GeO, 1 
Medical, al- ` Ge, Ge pellets, 5 5 
loys, and and powders 
glasses 
Total 70 11 





Figure 34.8: Germanium for infrared optics: typical set of 
polished Ge blanks. 


The second major use of germanium is as 
catalyst or cocatalyst [60] in the production of 
polyesters (e.g., poly(ethylene terephthalate)) 
and synthetic textile fibers. The more expen- 
sive germanium catalysts are used when the fi- 
nal product must be a colorless fiber or plastic, 
e.g., photographic films. 

Some germanates crystallize as typical 
phosphors, which reemit absorbed energy as 
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visible radiation. Magnesium germanates and 
fluorogermanates, e.g, MgjGejO4 and 
МР, Ое, О, о in which magnesium acts as 
activator, are used in lamps as a constituent of 
the fluorescent coating [61]. This is preferred 
to the cheaper arsenic-based phosphors, for 
which safety regulations are severe. Bismuth 
germanate, Dest, is an intrinsic phosphor 
that is used as a single crystal in high-energy 
gamma-ray scintillator detectors '[62]. The 
stopping power is extremely high because of 
the high atomic number of bismuth. 


The remaining interest for germanium in 
electronics is based on the advantageous mo- 
bility characteristics of charge carriers in this 
material. Typical applications are high-power 
devices with low energy loss and photodetec- 
tors [63]. The most demanding photodetector 
application involves gamma-ray spectroscopy 
detectors [64], for which germanium must be 
refined to an extremely low impurity level (< 
10? ppb) and grown in nearly perfect single 
crystals. Recent progress in producing stable 
insulating layers on germanium [65], as well 
ds its crystal lattice match (Aa/a < 5 x 10-3) 
with GaAs (epitaxy) offers new hope for ger- 
manium as an electronic material in integrated 
circuits. 

Another use of germanium, although lim- 
ited virtually to Japan, is the industrial produc- 
tion of organogermanium compounds such as 
bis(carbamoylethylgermanium) sesquioxide, 
(GeCH,CH,CONH,),03, for medical applica- 
tions (66]. The use of germanium in alloys, 
e.g., high-precision resistors, is minor. The 
geographic production consumption pattern 
for 1986 is summarized in Table 34.6. 


In consideration of the large internal scrap 
recycling coefficient of most production lines, 
care should be taken in evaluating the appar- 
ent refining overcapacity of many producers. 


Table 34.6: Production-consumption pattern for Ge in 
1986. 


Country Production, t Consumption, t 
North America 29 35 
Western Europe 36 18 
Asia 5 17 
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Figure 34.9: Belgian producer price for electronic-grade 
germanium dioxide (June 30 values from Metal Bulletin; 
the Belgian franc is the usual currency for the quotation of 
GeQ,). 

Figure 34.9 illustrates the producer price 
evolution of electronic-grade GeO,, largely 
determined by the refining costs of low-grade 
ores. The price of germanium metal in its vari- 
ous commercialized forms reflects the strin- 
gent requirements for purity and 
crystallographic perfection and, therefore, de- 
pends strongly on the specifications. 


34.12 Compounds [67,68] 


Halides, oxides and sulfides of both biva- 
lent and quadrivalent germanium are known. 
The compounds of bivalent germanium are 
unstable. They have the tendency to be oxi- 
dized to germanium(IV) compounds. 


34.12.1 Germanium(IV) 
Compounds 


34.12.1.1 Germanium Hydrides 


If zinc is allowed to react with sulfuric acid 
which contains germanium, the escaping hy- 
drogen contains some germanium hydride, 
GeH, If the gas mixture is passed through a 
strongly heated glass tube, the germanium is 
deposited on the wall as a bright metallic mir- 
тог, which appears red by transmitted light. 
Germanium hydride is obtained in good yield 
by the action of sulfuric acid on the alloy of 
composition Mg,Ge, obtained when germa- 
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nium and magnesium are melted together. In 


addition to the ordinary gaseous germanium 

hydride (monogermane, тр -–165 °С, bp 

—90 *C), formed as the main product, two 

germanium hydrides which are liquid at ordi- 

nary temperature are also formed: 

e Digermane, Ge,H, (mp —109 °C, bp 29 °C) 

e lrigermane, Ge4H, (mp -105.6 °С, bp 
110.5 *C) 

Monogermane is now prepared by the reduc- 

tion of GeCl, with LIATH, in ether: 


Ge), + LiAIH, — GeH, + LiCl + AICI, 


34.12.1.2 Polygermenes 


In addition to these volatile compounds, 
germanium forms highly unsaturated solid hy- 
drides: 


e [GeH], a dark brown powder, which defla- 
grates upon admission of air when it is dry, 
1s converted by oxidizing agents into germa- 
nium(IV) compounds, but does not react 
with dry hydrogen chloride. 

e [GeH,], obtained by decomposing Сабе 
with dilute hydrochloric acid or with caustic 
soda. It is yellow in color, stable 1n the ab- 
sence of air when dry, but at once ignites ex- 
plosively in the air With concentrated 
hydrochloric acid, it forms the series of vol- 
atile germanium hydrides — GeH,, бе,Н,, 
and Ge4H, — together with GeCl, and H}. 


34.12.1.3 Germanium(IV) Halides 


Table 34.7 indicates the most important 
physical properties of the germanium(IV) ha- 
lides. 


Table 34.7: Germanium halides. 


Color mp, °C bp, °C 
GeF, colorless —36.6 (subl.) 
GeCl, colorless —49.5 83.1 
GeBr, colorless 26 186 
Gel, orange 144 2300 


Germanium Tetrafluoride. The action of 
concentrated hydrofluoric acid on germanium 
dioxide yields a clear solution, from which 
colorless, hygroscopic crystals of hydrated 
germanium tetrafluoride, GeF,-3H,O, sepa- 


Handbook of Extractive Metallurgy 


rate. If the attempt is made to dehydrate the 
salt by heating, hydrolytic decomposition 
takes place. Part of the germanium simulta- 
neously volatilizes as the anhydrous fluoride. 
The anhydrous fluoride is gaseous at ordinary 
temperature. When strongly cooled, it con- 
denses to a white flocculent mass which sub- 
limes without melting when it is warmed. 


Potassium Fluorogermanate. К,СеЕ,] sep- 
arates from a solution of germanium tetrafluo- 
ride to which potassium fluoride is added, in 
white hexagonal prisms or plates. It is not hy- 
groscopic, sparingly soluble in cold water, in- 
soluble in alcohol, and is decomposed when 
heated to a red heat. 


Germanium Tetrachloride. GeCl, made by 
burning germanium in a stream of chlorine, or 
better by warning germanium dioxide with 
fuming hydrochloric acid in a pressure flask. It 
is a colorless liquid, density 1.88, bp 83 °C, 
solidifying at -49.5 °C. It is slowly hydro- 
lyzed by water, with the formation of hy- 
drated, finely divided germanium dioxide. In 
its concentrated hydrochloride acid solutions, 
germanium tetrachloride is present in the form 
of chlorogermanic acid, H,[GeCl,], as is 
shown by the migration of the germanium to- 
wards the anode upon electrolysis. If germa- 
nium tetrachloride is heated with germanium, 
it undergoes partial reduction of the dichlo- 
ride: 


GeCl, + Ge = 2GeCl, 


The compound [бес], is prepared by heating 
GeCl,. The unstable Ge,Cl, is formed at the 
same time, and also the dichloride GeCL,. 


Germanium Oxychloride. GeOC1, is a color- 
less liquid solidifying at —56 °C. It decom- 
poses into Cl, and GeO when it is heated. The 
GeO is thereby obtained in a lemon yellow 
form, which passes into the ordinary black 
monoxide at 650 °C. 


Ge,OCI,, is obtained by the action of О, on 
GeCl, at 950 °C. It is a colorless liquid, solidi- 
fying at —60 °C, and decomposes with forma- 
tion of GeO, when it is warmed. 


Germanium 


Germanium Tetrabromide and Tetraio- 
dide. Germanium tetrabromide, GeBr,, (col- 
orless regular octahedra, d 3.13, mp 26 °C, bp 


185.9 °C), and germanium tetraiodide, Gel, 


(orange crystals, d 4.32, mp 144 °C), can be 
prepared by methods similar to those for the 
chloride. They are vigorously decomposed by 
water and fume strongly in air. The iodide be- 
gins to decompose into Gel, and I, a ; little 
above its melting point. 


34.12.1.4 Germanium Dioxide, 
Germanic Acid, and Germanates 


Germanium dioxide, (Ge, is formed by 
strongly heating germanium or germanium 
sulfide in a current of oxygen, or by oxidizing 
these substances with concentrated nitric 
acid. It is a white powder which melts at 
1115 °C after gradually softening, and solidi- 
fies from the melt as a glass. Germanium diox- 
ide is volatile above 1250 °C. It is sparingly 
soluble in water (solubility about 0.4 g in 100 
g of water at 20 °C, about 1 g in 100 g at 
100 °C. 

The solubility of germanium dioxide is de- 
pendent on the quantity of solid phase present. 
This is because germanium dioxide is present 
in solution not only in molecular dispersion, 
but simultaneously in a colloidal state. The 
formation of a sol also explains the fact that al- 
though the solubility in the cold is consider- 
ably smaller than when hot, no turbidity 
results when a solution of germanium dioxide, 
saturated hot, is cooled. The solutions display 
an acid reaction, and have an appreciable elec- 
trical conductivity. From dialysis measure- 
ments at a pH of 8.4—8.8 it was shown that the 
ions present were G,O7), and not GeO? as in 
strongly alkaline solutions. 

Germanium dioxide separates out in micro- 
scopic crystals when an aqueous solution is 
evaporated. It is dissolved with difficulty by 
acids, but readily by caustic alkalis. The com- 
pounds of germanium dioxide with strongly 
basic metallic oxides are called germanates; 
they can be obtained both from aqueous solu- 
tion and by melting the components together, 


and display some relationships with the sili- 
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cates. The existence of germanates has been 
detected from melting point diagrams, e.g., 
Li,GeO, (mp 1298 °С),  Li,GeO, (mp 
1239 °C), Na,GeO, (mp 1083 °С), Na,Ge,0, 
(mp 799°C), Maes (mp 1052 °С). 
Metagermanates — mostly as hydrates — 


: usually crystallize from aqueous solutions. 


Germanium dioxide crystallizes not only 
in the water-soluble, hexagonal modification, 
having the low-quariz structure (a = 4.97 A. o 
= 5.65 A), but also in a tetragonal modifica- 
tion, insoluble in water, with the structure of 
rutile (a = 4.39 A, c = 2.86 A). This changes 
extremely slowly into the hexagonal modifi- 
cation above 1033 °C. 

If germanium dioxide is prepared by hy- 
drolysis, e.g., of the tetrachloride, it separates 
out as a gel. The particles of oxide gradually 
undergo aggregation on standing under water. 
If it has aged sufficiently, the oxide loses its 
water on standing in air. 


Germanium Disulfide and  Thioger- 
manates. [f hydrogen sulfide is passed into an 
aqueous solution of germanium dioxide, no 
precipitation is observed. Only when a suffi- 
cient quantity of a strong acid has been added 
is germanium disulfide, Се$,, formed as a 
white precipitate. The sulfide low solubility in 
water (0.455 g in 100 g of water); its aqueous 
solution gradually decomposes, hydrogen sul- 
fide being evolved by hydrolysis: 


GeS, + 29,0 = GeO, +2H,S 


The disulfide dissolves readily in ammonium 
sulfide, forming thiogermanate ions: 


GeS, + S^ = Weër 


The thiogermanates are related to the naturally 
occurring double sulfides of germanium, the 
minerals germanite, Cu,(Fe, Ge)S, argyrodite, 
Ag,GeS,, and canfieldite, Ag,(Ge, 5п)8,. 


Germanium(IV) sulfate, Ge(SO,),, obtained 
as a white powder of density 3.92 by the ac- 
tion of SO, on GeCl,. It is hydrolyzed by wa- 
ter, reacts vigorously and exothermically with 
caustic soda forming Na,GeO, and Na,SO,, 
and decomposes at 200 °С. 
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34.12.2 Germanium(ID) 
Compounds 


Сегтапішт(П) chloride, GeCl, is formed 
by passing Gel, vapor over heated elemental 
germanium. It is a solid, reacts with water ac- 
cording to: 

Gett, + H,O > GeO + 2HCI 

and with oxygen: 

2GeCl, + О, — GeO, + Get), 


GeCl, is nearly colorless when cold, but turns 
orange when warmed. Decomposition occurs 
on stronger heating: 


2GeCl, = Ge + бесі, 


Trichlorogermane, GeHCl, corresponds in 
composition to chloroform, and resembles it 
in many of its physical properties. The com- 
pound was first obtained by passing hydrogen 
chloride over heated powdered germanium: 
Ge +3HCI 2 GeHCl, + H, 


A better process is to pass GeCl, over heated 
germanium, and to treat the product, consist- 
ing chiefly of GeCl,, with НСІ: 

GeCl, + НСІ > GeHCI, 


Trichlorogermane forms a colorless liquid, 
which turns milky on exposure to air, through 

` the formation of oxychloride; mp —71 °C, bp 
75.2 °C. Germanium must be present in this 
compound in the bivalent state, for it is de- 
composed by much water, depositing yellow 
germanium(IT) oxide hydrate. 


Germanium() bromide (colorless needles 
or leaflets, mp 122 °C) can be obtained by the 
action of HBr on metallic germanium at 
400 °C; GeHBr, is formed simultaneously, 
and may be reduced with zinc. The dibromide 
is hydrolyzed by water, with deposition of 
Ge(OH),. GeBr, combines with HBr, to form 
tribromogermane, GeHBr,, a colorless liquid, 
solidifying at —24.5 °C which decomposes 
again at high temperature. 


GeBr, + HBr * GeHBr, 


Germanium (I) iodide, GeL, (yellow hexag- 
onal plates; crystal structure, sublimes at 
240 °C in vacuum) is prepared by the action of 
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concentrated hydriodic acid on Ge(OH),. It is 
obtained only in poor yield by passing Gel, 
vapor over heated Ge, since it disproportion- 
ates according to 


2Gel, — Ge + Gel, 


Germanium(II) Oxide. The decomposition 
of germanium(II) chloride with water or so- 
dium hydroxide yields a yellow precipitate. If 
the precipitate is heated to 650 °C in nitrogen, 
black crystalline germanium(II) oxide, GeO, 
is obtained. 


Сегтапішт(П) sulfide, GeS, can be ob- 
tained, by heating germanium(IV) sulfide, 
GeS,, in a stream of hydrogen. It forms leaf- 
lets, which are grey with metallic luster by re- 
flected light, and bright red by transmitted 
light. It is thrown down as a red brown precip- 
itate by the action of hydrogen sulfide on the 
hydrochloric acid solution of germanium(II) 
chloride. It is then soluble in caustic potash 
and, unlike the sulfide prepared by dry meth- 
ods, also dissolves in hot concentrated hydro- 
chloric acid and in ammonium polysulfide. 


Germanium Selenides. GeSe (brown-black, 
tetragonal, density 5.30, mp 667 °C and GeSe, 
(yellow, rhombic, density 4.56, mp 70 °C) 
have been prepared like the sulfides, by pre- 
cipitation from hydrochloric acid solutions, or 
by direct union of the components at 500 °C. 


34.13 Toxicology and 
Occupational Health 


Germanium and most germanium com- 
pounds are comparatively low in toxicity be- 
cause of pharmacological ` inertness, 
diffusibility, and rapid excretion. However, 
some exceptions exist, the most important be- 
ing germanium hydride (germane). Surpris- 
ingly, soluble germanium compounds are 
more toxic by oral than by parenteral uptake. 
Intoxication is characterized by a lack of gross 
tissue changes in animals dying from oral up- 
take of germanium. Industrial exposure is due 
mainly to germanium fumes and dusts gener- 
ated during production. 


Germanium 


Absorption, Metabolism, Excretion, and 
General Effects. Gastrointestinal absorption 
of germanium oxides and cationic salts is 
poor; in contrast, the absorption of germanates 
from small oral doses is ca. 75% in 4 h and 
96% in 8 h [69]. Inhaled germanates are 
quickly absorbed from the lungs into the blood 
[70]. Elemental germanium and germanium 
dioxide are excreted mainly via the urine in 
rats, rabbits, and dogs [71]. No reports of Ge 
accumulation in human or animal tissues ex- 
ist. High exposure levels of germanium salts 
disturb water balance leading to dehydration, 
hemoconcentration, decrease in blood pres- 
sure, and hypothermia [72], without showing 
gross tissue damage. 


Acute Toxicity. The symptoms of acute ger- 
manium toxicity in animals are listlessness, 
marked hypothermia, diarrhea, cyanosis, 
edema, hemorrhage of the lungs, petechial 
hemorrhage in the wall of the small intestine, 
peritoneal efflusion, and edematous changes 
in heart muscle and in parenchymal cells of 
the liver and kidneys [73]. Germanium tet- 
rafluoride and tetrachloride vapors irritate the 
eyes and mucous membranes of the respira- 
tory tract [74]. Organic compounds, such as 
dimethylgermanium oxide, are only slightly 
toxic to rats [75], whereas triethylgermanium 
acetate shows considerable toxicity [76]. Ger- 
manium metal dust (particle size 1.7 шп, con- 
centration unknown) and GeO, (particle size 
0.45 um, concentration unknown) had no ad- 
verse effects on rats after inhalation for 1 h 
[70]. In rats and mice, the acute oral toxicity of 
alkylgermanium compounds ranged between 
300 and 2870 mg/kg [76, 77]. Triethylgerma- 
nium acetate has an LD, value (rat, oral) of 
250 mg/kg body weight. The ТЮ, for ger- 
mane (mouse, inhalation) is 610 mg/m? (69]. 


Germanium hydride, Gell, is a colorless, 
highly inflammable, toxic gas of low stability 
with a characteristic unpleasant odor. By inha- 
lation, gaseous germanium hydride is the most 
toxic of germanium compounds. Inhalation of 
Gett, (70 mg/m’, minimally effective concen- 
tration) for 2-15 d caused nonspecific and 
nonpersistent changes in the nervous system, 
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kidneys, and blood composition. Like other 
metal hydrides such as AsH, it shows 
hemolytic action in animals [78]. The lethal 
concentration in air is 150 ppm [79]. 


Chronic Toxicity. Symptoms of chronic ger- 
manium intoxication in experimental animals 
are mainly fatty degeneration of the liver and 
inhibition of growth: 1000 ppm neutralized 
GeO, (pH adjusted to 7) given in the diet of 
rats for 14 weeks depressed growth. arid 
caused 5096 mortality; 5 ppm germanium ad- 
ministered as germanates in the drinking water 
of rats and mice resulted in décreased life- 
span and mild fatty degeneration of the liver; 
100 ppm GeO, in the drinking water for 4 


: weeks caused 50% mortality without hemato- 


logical or gross pathological changes. 


Exposure Limits. A TLV for germane of 0.2 
ppm, equivalent to 0.64 mg/m?, was fixed by 
the TLV Committee of the American Confer- 
ence of Governmental Industrial Hygienists in 
1973 as an average limit of permissible expo- 
sure during an 8-h working day. No other 
TLVs for germanium or its compounds have 
been set in industrialized countries. Neither 
germanium nor its compounds are considered 
or suspected to exert a carcinogenic effect on 
humans or animals [80]. 
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35.1 Introduction 


Existence of gallium was predicted by 
MENDELEEV, and it was discovered by LEcog 
DE BolsBAUDRAN in 1875. The metal was 
mainly of academic interest until 1970, when 
it was found that compounds of gallium with 
group 15 elements have semiconducting prop- 
erties, and so began the extensive industrial 
use of the element. Gallium compounds are of 
particular value in optoelectronics, especially 
for light-emitting diodes. 


352 Physical Properties 


Gallum is a silvery-white metal, mp 
29.78 °C, bp 2403 °C. The naturally occurring 
element contains two stable isotopes: “Са 
(60.4%) and "Са (39.6%). The density of the 
liquid is 6.095 g/cm? at 29.8 °C, and the den- 
sity of the solid is 5.904 g/cm? at 24.6 °C. 
There is a volume expansion of 3.2% on solid- 
ification. 


Gallium forms orthorhombic crystals with 
the lattice constants a = 0.4523 nm, 5 = 
0.45198 nm, and c = 0.76602 nm, and the 
physical properties are consequently strongly 
anisotropic. The thermal expansion coeffi- 
cients are 1.65 x 10^ K^! along the a axis, 1.13 
x 10° K^! along b, and 3.1 x 10? K7 along c. 
The electrical properties are equally anisotro- 
pic, but it is not possible to quote reliable fig- 
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ures owing to the great influence of purity and 
temperature on the electrical conductivity. 


35.3 Chemical Properties 
[14] 


Metallic gallium dissolves only slowly in 
dilute mineral acids, but rapidly in aqua regia 
and concentrated aqueous sodium hydroxide. 
It also dissolves slowly in solutions of hydro- 
gen halides in ether. 

In its compounds, the valency of gallium is 
usually 3. The monovalent state is unstable, 
although the monovalent gallium compounds 
Ga;O and GaCl can be isolated. An oxidation 
state of 1+ has not yet been detected in aque- 
ous solution, but some reactions of gallium in- 
dicate that it exists. 

The oxygen compounds of gallium resem- 
ble those of aluminum in that there are high 
and low temperature forms of Са„О» and two 
hydroxides, Ga(OH), and GaO-OH. Gallium 
halides have covalent character and therefore 
have good solubility in many nonpolar sol- 
vents in which they exist in dimeric form. 

With elements of group 15, gallium forms 
binary compounds, of which GaP and GaAs 
are of great industrial importance. They may 
be prepared by direct combination of the ele- 


ments at high temperature. 


In aqueous solution, gallium forms octahe- 
drally coordinated aquo ions [Ga(H,O),]*. 
There are many salts of oxoacids, such as the 
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sulfate, nitrate, and perchlorate, and also hy- 
drated halides. 

In aqueous solution, the hexaaquo complex 
has an acid reaction owing to hydrolysis. Gal- 
lium salts of weak acids cannot exist in the 
presence of water for the same reason. Of the 
numerous anionic and cationic complexes, 
the most industrially important are the halide 
complexes, the [GaX,] ions, whose oxonium 
salts have good soluhility in several organic 
solvents. This property is utilized in the ex- 
traction and purification of the metal. Other 
gallium complexes of industrial importance 
are the octahedrally coordinated chelates with 
p-diketones and 8-hydroxyquinolines, these 
also being soluble in organic solvents. Alco- 
holates and organic derivatives may be pre- 
pared similarly to the analogous aluminum 
compounds. 

Gallium forms a series of alloys with other 
metals, sometimes even at low temperatures. 
Some of these, containing up to 3% gallium, 
are useful in dentistry. 


35.4 Occurrence and Raw 
Materials 


With its natural abundance of 16 ppm, gal- 
lium is one of the rarer elements in the earth’s 
crust. Gallium-containing minerals, the best 
known of which is a variety of germanite, do 
not have economic significancc. Of the known 
locations, only the Apex mine in Utah has 
been commercially mined. 

The greatcst part of the world production of 
gallium is as a by-product of the production of 
aluminum oxide. The gallium concentration in 
bauxite ranges between 0.003 and 0.00894, 
depending on the location. The high contents 
occur in tropical bauxites such as Surinam 
bauxite, which contains 0.008% Ga, the high- 
est average content known. The world supply 
of recoverable gallium in bauxite is estimated 
at 1.6 x 10$ t based on bauxite reserves and 
their gallium contents [5]. 

The amount of gallium available from 
bauxite is determined by the amount of alumi- 
num oxide that is produced. For the year 1986, 
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complete utilization of the gallium from alu- 
minum oxide production would have corre- 
sponded to a theoretical production of ca. 
2000 t of gallium. The gallium contained in 
zinc ore (sphalerite) has lost economic impor- 
tance due to the changeover to hydrometallur- 
gical methods of zinc extraction. The reserves 
of gallium in zinc ores worldwide has been es- 
timated to be 6500 t [5]. 


The largest reserves of gallium are con- 
tained in phosphate ores and in coal of various 
kinds. When phosphorus is produced electro- 
thermally from phosphate, the gallium is con- 
centrated in the flue dust and may be 
recovered from it. Likewise, gallium may be 
obtained from the fly ash of coal, another ma- 
terial in which gallium is concentrated. Nei- 
ther source is exploited at present because the 
gallium concentration is only 0.01-0.1%. It is 
not economic to treat these materials merely to 
extract the gallium. The total gallium reserves 
in phosphates and coals have been estimated 
at several million tonnes. They thus consider- 
ably exceed those in bauxite [5]. 


35.5 Production . 


The most important process for gallium 
production is the extraction of the metal from 
the circulating liquors in the Bayer process for 
aluminum oxide manufacture. These contain 
70-150 mg/L of gallium, depending on the 
bauxite and on the concentration of the caustic 
liquor. The gallium content of the liquor is 
also determined by the dissolution process 
used. Bauxite which is high in boehmite (AlO- 
OH) requires high temperatures for the disso- 
lution process, leading to more complete re- 
lease of the gallium and higher concentrations 
in the circulating liquors. 


The gallium extraction plant is usually lo- 
cated within or very near to the aluminum ox- 
ide works. Part of the liquor stream is diverted 
for gallium extraction and then recycled. In 
some instances the liquor undergoes a prelimi- 
nary purification process to remove certain 
heavy metals. 





Gallium 


Three types of process are used to extract 
the gallium from the circulating liquor: (1) 
fractional precipitation, (2) electrolytic pro- 
cesses, and (3) extraction with chelating 
agents. 

Fractional Precipitation. The basis of this 
process is that when the gallium-containing 
sodium aluminate solution is treated with car- 
bon dioxide the first product precipitated is 
pure aluminum hydroxide. This incteasés the 
gallium content of the liquor. Further treat- 
ment then causes the gallium to separate along 
with more aluminum hydroxide. After this, 
fractional precipitation gives an aluminum hy- 
droxide richer in gallium, and this is followed 
by one or more further fractional precipita- 
tions. The gallium-enriched aluminum hy- 
droxide is dissolved in aqueous sodium 
hydroxide to give a solution of sodium alumi- 
nate and sodium gallate, from which gallium 
is obtained by electrolysis. 

The precipitation process is used only to a 
small extent because of the expense of remov- 
ing the by-product sodium carbonate unless 
thermal decomposition is used in the alumi- 
num oxide works. Also, on account of the 
many precipitation stages involved, the pro- 
cess is labor intensive and can therefore be 
used only when energy and labor costs are 
low. China produces gallium at a rate of 5 t/a 
by this process. 

Electrolytic Processes. The electrolytic 
process depends on the fact that mercury 
forms an amalgam with gallium from which 
the gallium may be extracted with a caustic 
soda solution. The gallium amalgam can be 
produced either directly (Alusuisse process) 
or indirectly (VAW/INGAL process). 

In the Alusuisse process, the gallium is de- 
posited directly onto the mercury cathode, us- 
ing the appropriate conditions of temperature, 
agitation, and current density, and an amalgam 
is formed. In the VAW proeess, sodium amal- 
gam is used to reduce the gallium present in 
the Bayer liquor. This gives an amalgam from 
which the gallium is removed by treatment 
with caustic alkali, and the mercury is then 
used again to produce sodium amalgam, 1.е., 
the mercury circulates in a closed system. 
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Reduction processes have in recent years 
become less attractive because they require 
special conditions to be commercially viable. 
In particular, the aluminate solutions must 
contain over 150 g/L sodium and be very low 
in vanadium, tungsten, molybdenum, and iron 
so that the electrolytic current efficiency 
reaches economically accepklble values. 
However, such highly concentrated liquors are 
not produced in modern aluminums oxide 
plants, and therefore the electrolytic process 
can no longer be used in new installations. The 
environmental problems associated with mer- 
cury further discourage the use of electrolytic 
processes. These processes are, however, in 
operation in Hungary, former Czechoslovakia, 
and Germany. About 15—20 t/a of gallium is 
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Figure 35.1: Flow diagram showing gallium extraction 
by the Rhéne-Poulenc and Sumitomo processes. 
Extraction with Chelating Agents. The dis- 
covery was made in 1974 that hydroxyquino- 
lines eould be used to extract gallium from 
sodium aluminate liquors (the Rhóne-Poulenc 
process, Figure 35.1) [6], these substances 
having earlier been developed for the hydro- 
metallurgical extraction of copper. The alumi- 


nate liquor is brought into contact with a 
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solution of Kelex 100 in kerosene. Gallium is 
thereby extracted from the liquor along with 
aluminum and sodium. Most of the elements 
extracted with the gallium may be stripped 
from the extraction medium by treatment with 
dilute acid. The gallium is then extracted with 
concentrated acid; either hydrochloric or sul- 
furic acid may be used. Gallium concentra- 
tions of 0.1-10 g/L may be reached in the acid 
extract, depending on the method used. The 
gallium to aluminum concentration ratio in the 
extract can reach values as high as 1, which 
corresponds to enrichment factors of up to 
1000 in the primary extraction stage. 

Further concentration of the gallium is 
achieved by anion- or cation-exchange treat- 
ment of the acid extract from the first stage. 
The metal can be isolated from this concen- 
trate by direct electrolysis. 

Although the process solutions are recircu- 
lated to a large extent, considerable quantities 
of waste acid are generated. This waste acid is 
contaminated with other extracted metals and 
residues from the extraction media. An impor- 
tant economic factor in the extraction process 
is therefore the possibility to dispose of these 
solutions cheaply or to make some use of 
them. 

In the Sumitomo process (Figure 35.1) the 
first stage is extraction with the ion-exchange 
resin Duolite CS-346 (Diamond Shamrock) 
[7]. This resin contains amidoxime groups, 
which form chelate bonds to gallium. Unlike 
Kelex 100, this resin has the drawback that 
any vanadium extracted from the aluminate li- 
quors blocks the ion exchange sites. Vanadium 
must therefore be removed from the circulat- 
ing liquor of the aluminum oxide plant before 
gallium extraction. The rest of the Sumitomo 
process corresponds to the Rhóne-Poulenc 
process. 

Gallium is produced by extraction pro- 
cesses in France and Japan. 


Purification. The gallium from extraction 
processes has a purity of 99-99.9%, For most 
applications, however, much higher purities 
are necessary, reaching 99.999999% (8N). 
Various procedures are used to remove the im- 
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purities. Volatile metals, such as mercury and 
zinc, are distilled off under vacuum. Further 
purification is effected by washing with aqtie- 
ous acids and alkalies. The purest gallium is 
obtained by fractional crystallization, zone 
melting, or single crystal growth. Other meth- 
ods of purification include the extraction of 
gallium chloride from acid solution and frac- 
tional distillation of liquid gallium com- 
pounds. 


Environmental Protection. No harmful ef- 
fects of gallium or its compounds have been 
reported. There are therefore no regulations 
conceming gallium concentrations in exhaust 
gases from gallium manufacturing plants. For 
the materials used in gallium manufacture, 
such as mercury or 8-hydroxyquinoline, the 
relevant legal requirements must be observed. 


Quality. The commercially available materi- 
als include a crude grade and various pure 
grades of gallium. The crude metal contains 
99-99.9% gallium. The material for semicon- 
ductor manufacture is used in purities from 
99.9999 % (6N) to 99.999999% (8N). 


Analysis. Gallium is determined in raw mate- 
rials and partially enriched intermediate prod- 
ucts either by complexometric titration (high 
concentrations) or atomic absorption (low 
concentrations). 

For the analysis of thc purest grades of gal- 
lium it is necessary to have methods of deter- 
mining impurities at parts per million to parts 
per billion levels. The most important tech- 
nique is spark source or glow discharge mass 
spectrometry which enables heavy metals to 
be determined with -sufficient accuracy. 
Lighter elements can be determined by activa- 
tion analysis or by special mass spectrometric 
techniques. 

A general assessment of gallium purity 
may be made from its residual resistance ratio. 
This 1s determincd from the electrical conduc- 
tivity of a gallium single crystal at room tem- 
perature and at liquid helium temperature. 
This ratio is very sensitive to the presence of 
impurities but is nonspecific. Typical values 
for high purity gallium are better than 55 000. 


Gallium 


35.6 Storage and 
Transportation 


The low melting point of gallium and the 
high purity requirements mean that care must 
be taken to prevent gallium from melting or 
being contaminated by the packing materials 
during storage and transportation. The metal is 
usually sold in lumps of 10 g—2 kg, individu- 
ally packed and kept cold in plastic containers. 

For short distances, gallium may be carried 
by truck or rail, provided that the temperature 
is not allowed to exceed 20 ?C. For carriage 
over long distances, the method chosen is usu- 
ally air transport, in which uninterrupted cool- 
ing is to be maintained. Regulations governing 
packaging for air transport have been laid 
down by IATA owing to the ability of gallium 
to form alloys with aluminum at normal tem- 
peratures, these alloys having very low me- 
chanical strength. Gallium must be contained 
inside seven layers of packing material and in 
warm weather the container must be cooled. In 
this way, the danger of an accident in which 
the structural metal of the aircraft is attacked 
by liquid gallium can be reduced. In addition, 
there is a limit imposed on the amount of gal- 
lium which may be carried in an aircraft. 


35.7 Uses 


The main use of gallium is as a raw material 
in the manufacture of semiconductors which 
are formed by the combination of gallium with 
elements of group 15 (especially P and As). 
They have certain advantages over other semi- 
conductor materials: (1) faster operation with 
lower power consumption, (2) better resis- 
tance to radiation and, most importantly, (3) 
they may be used to convert electrical into op- 
tical signals. 

The largest proportion of the gallium pro- 
duced worldwide goes to the manufacture of 
the arsenide or phosphide for the production 
of light-emitting diodes. The manufacture of 
integrated circuits using gallium arsenide is 
still at the development stage. A small propor- 
tion of the gallium produced is converted into 
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the oxide for manufacture of gallium-gadolin- 
ium garnets [8]. These are used to produce 
magnetic bubble memories. 


35.8 Economic Aspects 


In 1986, 50 t gallium was used worldwide 
(Figure 35.2), mainly in the manufacture of 


light-emitting diodes and other optoelectronic 
d 


components. 
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Figure 35.2: World gallium consumption. 


About 6596 of the market is in Japan, 2096 
in the United States, and 15% in Europe. The 
price has fallen continuously since 1970 and 
in 1986 reached $450 or 77 000 yen per kg for 
6N gallium. The total value of the gallium 
used worldwide in 1986 was therefore $22 x 
106 (3.85 x 10? yen). Gallium is extracted in 
Western Europe, Japan, and several countries 
of the Eastern Bloc. Production levels in the 
former Soviet Union, former East Germany, 
Hungary, and former Czechoslovakia are not 
known exactly as only a small part of the gal- 
lium produced there is exported. 

The following companies produce gallium: 
INGAL (Germany), Rhóne-Poulenc (France), 
Sumitomo (Japan), and Dowa Mining (Japan). 
Musto Mining (USA), Eagle Picher (USA), 
Alcan (Canada), and Cominco (Canada) have 
ceased production. 

In addition to these producers of primary 
gallium, a number of companies recover pure 
gallium from gallium scrap. World gallium 
production increased from 17 800 kg in 1978 
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to 46 200 kg in 1984, but decreased to 40 000 
kg in 1988 (Table 35.1). 


Table 35.1: Gallium production in kilograms of gallium 
for 1978, 1984, and 1988. 


Repi d Year 

eprom ane county 1978 1984 1988 

Europe s 
Czechoslovakia 2000 2000 
France 2000 10000 8000 
Germany 4000 8000 8000 
Hungary 1000 3000 2000 
Others 1000 1200 2000 

Asia 
Japan . 200 13000 12000 
China 600 5000 5000 

United States 8000 3000 

Others 1000 1000 1000 

Total 17800 46200 40000 


35.9 Toxicology and 
Industrial Medicine 


Gallium is only slightly toxic. No industrial 
injury caused by the metal or its compounds 
during gallium production and processing has 
been reported. An investigation in 1984 and 
1985 by the Chemical Trade Association did 
not reveal any evidence of damage to health 
caused by gallium. 


35.10 Compounds [9,10] 


Gallium is ordinarily trivalent in its com- 
pounds. The salts are colorless, and are more 
strongly hydrolyzed in solution than the salts 
of aluminum, which they closely resemble in 
properties. Like aluminum it is precipitated as 
the white oxide hydrate from solutions of its 
salts by any substance which disturbs the hy- 
drolysis equilibrium by reducing the hydrogen 
ion concentration. Tartaric acid hinders the 
precipitation, by forming complexes with gal- 
lium, as it does with aluminum. 

For bivalent gallium, the halides GaCl, and 
СаВг,, and ће chalcogenides GaS, GaSe, and 
GaTe are known, but not gallium(II) oxide. 
Gallium(IT) compounds readily undergo oxi- 
dation, or disproportionation to give gal- 
lium(III) compounds and gallum metal. 
Gallium(I) compounds are still less stable, and 
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in only a few cases has their existence been 
proved. The sulfide, Ga,S, and the selenide, 
Ga.Se, exist, but may be metastable at ordi- 
nary temperature. The existence of a volatile 
hydride of gallium is notable. 


Table 35.2: Gallium halides. 


Density, Heat of forma- 
g/cm mg E> bp, 2C tion, kcal/mol 
GaCl, 2.47 77.9 7201.3 
GaBn 3.69 121.5 279 92.4 
Gal, 4.15 212 346 51.0 
GaF, 4.47 800 (subi.) 


35.10.1 Gallium(III) Compounds 
Table 35.2 summarizes gallium halides. 


Gallium(III). chloride, GaCl, forms long 
white crystals. It may be obtained by heating 
gallium in a stream of chlorine or of hydrogen 
chloride. Vapor density determinations have 
shown that in the neighborhood of the boiling 
point, the vapor consists of double molecules, 
Ga,Cl, similar to Al,Cl,. At 600 °C the vapor 
density corresponds to that required by the 
formula GaCl, Fused gallium chloride is 
practically a non-conductor of electricity. The 
heat of formation of GaCl, is 125 kcal per mol. 
Gallium(IIT) chloride combines exothermi- 
cally with water. It fumes in moist air, since it 
forms hydrogen chloride by hydrolysis. Its 
aqueous solution is acidic and readily deposits 
the hydroxide. Gallium(III) chloride can be 
extracted by means of ether from its 6-N НСІ 
solutions and this property can be used to ef- 
fect a separation of gallium from other ele- 
ments. 


Gallium Bromide and Gallium Iodide. Gal- 
lium bromide, GaBr,, and gallium iodide, 
Gal,, resemble the chloride in properties. 
Electron diffraction measurements show that 
both the chloride and bromide exist as dimeric 
molecules in the vapor state. 


Gallium fluoride, Gab, sublimes at 950 °C 
and is only slightly soluble in water or dilute 
hydrochloric acid. The hydrate, GaF,:3H,0, 
obtained by dissolution of gallium(IIT) oxide 
hydrate in aqueous hydrofluoric acid, is solu- 
ble in dilute hydrochloric acid, and the gallium 


Gallium 


must therefore be complexed. Addition of 
NH to the solution yields octahedral crystals 


of (NH,)3[GaF]. 


Gallium(IIT) oxide, Ga;O,, is best obtained 
by heating the nitrate or sulfate. It is a white 
powder, which like aluminum oxide, loses its 
solubility in acids and caustic alkalis when it is 
strongly ignited. It is reduced to the metal 
when it is heated in hydrogen; Ga,O may be 
formed as an intermediate stage. Gallium(III) 
oxide is polymorphic, like alumina. The modi- 
fication stable below 600 °C (0-Са,О,) has 
the corundum structure; the form stable at 
high temperatures (B-Ga.O3) is either rhombic 
or monoclinic. Ignition of gallium nitrate at 
low temperatures yields a modification (6- 
ба,Оз). Са„О» also forms double oxides of 
spinel structure with MgO and ZnO. 


Gallium Oxide Hydrate and Gallium Hy- 
droxide. Substances which lower the hydro- 
gen ion concentration throw down a white 
gelatinous precipitate from Ga(III) salt solu- 
tions. This precipitate is amorphous to x-rays 
and has a variable water content (gallium ox- 
ide hydrate, Ga,0;-xH,0). It dissolves both in 
acids and in strong bases, and differs from alu- 
minum oxide hydrate in being soluble in am- 
monia solutions. As the precipitate ages, its 
solubility in caustic alkalis diminishes. 

A microcrystalline gallium(III) hydroxide 
of definite composition can be obtained by 
slow precipitation from both alkaline and 
acidic solutions. This is gallium oxide hydrox- 
ide, GaO(OH), which has the «-AlO(OH) or 
diaspore structure. The same compound is 
formed by hydration of œ- and 6-Ga,O, with 
steam under certain conditions. Alkaline solu- 
tions of gallium hydroxide contain salts 
known as gallates. 


Gallium(TII) sulfide, Ga,S,, is isolated by di- 
rect union of the elements. Reaction proceeds 
to completion only at high temperatures 
(1200 °C). Gallium(IIT) sulfide is yellow, with 
a mp of about 1225 °C and d 3.48. It is decom- 
posed by water, with evolution of H,S, and re- 
duced by hydrogen at 800 °C to gallium(IT) 
sulfide, GaS. This is a yellow solid, with a mp 
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of about 965 °C and d 3.75. It is stable towards 
water, but decomposes when it is heated in 
vacuum: 


4GaS — ба,8; + ба, 


The gallium(T) sulfide so formed is a grey 
black sublimate (d 4.22), which decomposes 
into Ga,S, + Ga when it is heated again. 


Gallium sulfate, Ga,(SO,);, crystallizes from 
aqueous solutions as an 18-hydrate similar to 
AL(SO,)4: 18H50, as white clusters. It can be 
dehydrated by heating, and decomposes above 
520 °C with loss of SO4. With ammonium sul- 
fate, it forms the double salt (NH,)Ga(SO,),- 
12H,O, ammonium gallium alum. Among the 
basic double sulfates, the compound 
(NHAYGa0)4(SO ),:4H,0 is isotypic with the 
mineral alunite, K(AIO)4(SO ),-3H;0. 


Gallium nitrate crystallizes from nitric acid 
solutions as the octahydrate, Ga(NO,),: 8H,O, 
in colorless, highly refractive deliquescent 
prisms (mp ca. 65 °C). The hydrate is con- 
verted to the anhydrous salt, Ga(NO,),, when 
it is warmed to about 40 °C in dry air. 


Gallium nitride, GaN, is obtained as a dark 
grey powder (d 6.10) by heating the metal in 
ammonia at 900-1000 °C. It is unattacked by 
most acids, but is slowly converted to Ga,0, 
when it is heated in air. 


35.10.2 Gallium(II) and 
Gallium(I) Compounds 


СаШит(П) chloride, GaCl,, is formed by the 
incomplete combustion of gallium in chlorine, 
or by heating gallium(IIT) chloride with metal- 
lic gallium. It forms colorless transparent 
crystals (mp 170.5 °C, bp са. 535 °С). At 
1000 °C, the vapor density of gallium(IT) chlo- 
ride corresponds to the molecular formula 
GaCl,. At lower temperatures, polymeric mol- 
ecules are also present and at higher tempera- 
tures some dissociation occurs. Gallium(IT) 
chloride reacts vigorously with water with hy- 
drogen evolution. Gallium(IT) bromide resem- 
bles the chlonde. 
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35.10.3 Gallium Alkyls and 
Gallium Hydride 


Gallium triethyl, Ga(C;H.),, is obtained by. 
the action of metallic gallium on mercury di- 
ethyl: 

3Hg(C,H;), + 2Ga > 2Ga(C,H,), + 3Hg 

It is a colorless, unpleasant smelling liquid (d 
1.058, mp -82.3 °C, bp 142.8 °C). It inflames 
in air, and is decomposed by water with explo- 
sive violence. Gallium trimethyl, Ga(CH;),, 
(mp —15.8 °C) can be obtained in the same 
way as the triethyl. 


Gallium hydride. Gallium trimethyl reacts 
with hydrogen, under the influence of the elec- 
trical glow discharge, to form tetramethyl di- 
gallane, Ga,H,(CH,),, a colorless, viscous 
liquid. When this is heated above 130 °C, it 
decomposes into Ga(CH;),, Ga, and H. Act- 
ing on the hypothesis that this reaction in- 
volved a disproportionation into Ga(CH), and 
Ga,H, The addition of trimethylamine, with 
which gallium trimethyl forms the stable com- 
pound (CH,),Ga-N(CH,)3, brought about re- 
action at ordinary temperature. Gallium 
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hydride could then be isolated without decom- 
position. It is a colorless, mobile liquid (mp 
—21.4 °С, bp 139°C), which decomposes 
fairly rapidly above 130 °C into Ga and H. 
The molecular weight corresponds to the for- 
mula Ga,H, (digallane), corresponding in 
complexity and structure (hydrogen bridged 
structure) to diborane. 
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36.1 Introduction 


Indium, atomic number 49, is a metallic el- 
ement of group 13 of the periodic table. In- 
dium has two natural isotopes: а (95.72%) 
and In (4.28%). The abundance of indium 
in the earth crust is comparable to that of sil- 
ver, i.e., 0.1 ppm [1]. 


D 


36.2 History 


Indium was discovered in 1863 by Е. Hen 
and Т. Н. Ricurer during spectrometric analy- 
sis of sphalerite ores at the Freiberg School of 
Mines in Germany [2]. Indium is named after 
the indigo blue spectral lines that led to its 
identification. 


36.3 Properties [3-8] 


Indium is a crystalline, silvery white metal, 
which is very soft (softer than lead), ductile, 
and malleable. Indium retains its highly plas- 
tic properties at cryogenic temperatures. In- 
dium can be deformed almost indefinitely 
under compression, is easily cold-welded, 
and, like tin, emits a high-pitched "cry" on 
bending. 

Indium generally increases the strength, 
corrosion resistance, and hardness of an alloy 
system to which it 1s added. Even small con- 
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centrations of indium can have a considerable 
influence. 

Molten indium wets clean glass. Indium 
has a low melting point (429.75 K) but a high 
boiling point (2353.15 K). Indium becomes 
superconducting at 3.37 K. 

Some physical properties of indium are as 


follows [3, 5, 7]: ; 
Electronic configuration [Kr] 44\95525р\ 
Thermal neutron cross section at 2200 m/s ` 
absorption (194 + 2) x 10° 
m?/atom 
scattering (2.2+0.5)x 1075 
Crystal structure tetragonal AG 
ay = 0.458 nm 
Cy) =.0.494 nm 
Number of atoms per unit cell 4 
Atomic radius 
(coordination number 12) 0.162 nm 
Ionic radius (In?*, 
coordination number 6) 0.081 nm 
Atomic volume 15.73 x 10$ m3/mol 
Density at 20 °C 7.310 g/cm? 
mp 429.75 K 
bp 2353.15 К 
Enthalpy of fusion 3.26 kJ/mol 
Enthalpy of vaporization 231.2 kJ/mol 
Specific heat at 25 °C 26.70 kImol?K7 
Entropy at 25 °C 57.7 kJmol K"! 


Entropy of fusion 
Entropy of vaporization 
Coefficient of linear expansion 

(0-100 °С) 3 x10% K! 

Vapor pressure p, kPa, at temp. logp =9.835 — 

Т, K, between mp and bp 12 860/T -0.7logT 
Thermal conductivity (0-100 °C) 71.1 Wm^K"* 
Surface tension at temperature T, 

N/m 0.602 — 10^T 
Electrical resistivity at 3.38 K superconducting 


7.58 kJmol! K! 
98.56kJmol ^K? ` 
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at 273.15 К 84x10? Qm 

temperature coeff. (0-100 ^C) — 49x10? K7 
Standard electrode potentials 

In* + Зе” = In -0.338 V 

Int tie = In* -0.40 V 

In" +е = Int -0.40 V 

In? + e^ = In” 0.49 V 
Brinell hardness 0.9 
Tensile strength 2.645 MPa 
Modulus of elasticity Е 10.8 GPa 


Metallic indium is not oxidized by air or 
oxygen at room temperature. It reacts directly 
with arsenic, antimony, the halogens, oxygen, 
phosphorus, sulfur, selenium, and tellurium 
when heated. Indium dissolves only slowly in 
cold dilute mineral acids, but more readily in 
hot dilute or concentrated acids. Alkalis do not 
attack the massive metal. Indium forms alloys 
with most other metals. Extensive solid solu- 
tions are formed with lead, thallium, and mer- 
cury. 

Table 36.1: Indium contents of some minerals [9]. (Re- 
produced from Roskill: The Economics of Indium, 4th ed., 


1987, by permission of the publisher, Roskill Information 
Services Ltd.) 


Mineral Composition Indium content, ppm 
Sphalerite ZnS 0.5-10 000 
Galena PbS 0.5—100 
Chalcopyrite CuFeS, 0-1500 
Enargite Cu,AsS, 0-100 
Bomite Cu,FeS, 1-1000 
Tetrahedrite (Cu, Fe),,Sb,8,, 0.1-160 
Covellite CuS 0-500 
Chalcocite Си„5 0-100 
Pyrite FeS, 0-50 
Stannite Cu,FeSnS, 0—1500 
Cassiterite SnO, 0.5—13 500 
Wolframite (Fe, Mn)WO, 0—16 
Arsenopyrite FeAsS 0.3—20 


36.4 Resources and Raw 
Materials [9] 


Indium does not occur in the native state. Tt 
is widely spread in nature, generally in very 
low concentrations. The content of indium in 
the earth crust is estimated to be 0.1 ppm. In- 
dium is found as a trace element in many min- 
erals (Table 36.1). | 

Sphalerite is the most important indium- 
containing mineral followed by lead and cop- 
per sulfides. The amount of indium in sphaler- 
ite may vary widely even within a deposit. The 
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indium concentration 1s typically 10—20 ppm, 
but may be as high as 1% (10 000 ppm)..A 
sphalente deposit with a very high indium 
content (0.2—0.396) is ће Huari Huari zinc de- 
posit in Bolivia. Tin deposits with high indium 
contents (up to 0.21%) are found in Cornwall 
(United Kingdom) and New Brunswick (Can- 
ada). 


36.5 Production 


During smelting processes for the recovery 
of base metals, indium concentrates in by- 
products such as residues, flue dusts, slags, 
and metallic intermediates. The processes for 
the recovery and production of indium are of- 
ten complex and sophisticated; they are char- 
acterized by a low direct extraction efficiency. 
Therefore, the recycling of the indium con- 
tained in intermediate products is important. 


36.5.1 Production from Zinc 
Circuits 


A process for the recovery of indium from 
secondary zinc oxide is described in [10, 11]. 
The process is illustrated in Figure 36.1. In the 
first step, most of the zinc is removed by 
leaching with dilute sulfuric acid. The residue 
is leached with dilute hydrochloric acid to dis- 
solve the indium. Tin is removed from the in- 
dium solution by neutralization to pH 1. 
Further neutralization then precipitates in- 
dium. The indium residue is leached with so- 
dium hydroxide to give crude indium 
hydroxide as an intermediate product. Disso- 
lution of this indium hydroxide in dilute hy- 
drochloric acid gives an indium solution 
which is purified by cementation of copper 
and arsenic with iron, followed by cementa- 
tion of tin and lead with indium. Indium is re- 
covered from the purified solution by 
cementation with aluminum. 





Lët eege dee 





Indium 


Secondary oxide 
(30%. 2, 30% Pb, 3.5% As, 
3% Са, 0.0%1п) 






Pre-leaching in dil. Н,50, 


Residue Residue 
6°%%17п, 50%%РЫ, 0.68%In 50-65% Pb, 
19% 2п, 
0.15% 19, 
0.2-37. As 






Filtrate 










Leaching in dil. HCl 







Filtrate 

Ig/L In, 15g/LAs Residue 

20-40 g/L Zn, &g/LCd 20% As, 
5-10% Sn, 
5% Sb, 











sate Neutralization (pH1] ae 
Filtrate 
" 40g/LZn, 
Filtrate 6q/LCd, 
1g/LAs, 
10-50 mg/Lin 






Precipitation of indium 


Residue 
10% Аѕ, 87/52n, 
10%in, 0.6%Cd 






HA. NaOK 


NaOH Leaching 






Filtrate 
Crude indium hydroxide cate 
20%In, 15-3%eAs 02g/LSn 
0 dis E , 
6% 7п,‚ 0.5-2%Cd 60 g/LNaOH 










Na4As0, -12H;0 


Leaching in dil. HCl 


In solution 


Dit. HCl 










Residue 


Cementation of Cu and As |Cu-As cement 
with iron 


Iron 









Indium Cementation of Sn and Pb 
with indium 
Aluminium. | Cementation of indium with 





aluminium 


Indium sponge 


Figure 36.1: Recovery of indium from secondary zinc ox- 
ide [10, 11]. 
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1534 


In the process developed by the Anaconda 
Copper Mining Company (Figure 36.2), in- 
dium is recovered from zinc calcine (roasted 
zinc blende) or zinc oxide fume [12]. Zinc cal- 
cine or zinc oxide füme is first leached in sul- 
furic acid at moderate pH, dissolving the bulk 
of the zinc and leaving indium in the residue. 

In the second step, indium 1s dissolved 
from the residue by leaching with sulfuric acid 
(20-25 g/L H,SO,). Indium is precipitated 
from the resulting solution by adding zinc ox- 
ide and sodium hydrogen sulfite. The indium 
precipitate is purified by leaching with con- 
centrated sodium hydroxide, washing with 
water and with dilute sulfuric acid to remove 
zinc. The purified residue is dissolved in sul- 
furic acid, heavy metals are precipitated with 
hydrogen sulfide, and indium is recovered as a 
sponge by adding zinc. The indium sponge 
may be melted with sodium hydroxide and 
cast into bars. Alternatively, the sponge may 
be purified by dissolving it in hydrochloric 
acid and adding barium chloride to remove 
sulfate, and hydrogen sulfide to remove heavy 
metals. After filtration, indium is recovered 
from the solution by electrolysis. 

The extraction of indium from sphalerite of 
the Rammelsberg and Bad Grund deposits in 
Germany is described in [13]. On refining the 
retort zinc by distillation, indium remains with 
the lead. After oxidation of the lead residue, 
indium is recovered from the litharge, which 
contains 1-4% indium. The litharge is leached 
with sulfuric acid, which dissolves 88-97 % of 
the indium. Indium is recovered by addition of 
zinc slabs to give a crude indium sponge con- 
taining ca. 95% indium. The crude indium is 
redissolved in sulfuric acid. The resulting so- 
lution is purified first by cementation with in- 
dium strips to remove tin and then with slabs 
of a zinc alloy, containing 1% indium and 
0.3% cadmium, to remove thallium and cad- 

. mium. Indium with a purity of greater than 
99.99% is recovered from the purified solu- 
tion by precipitation with aluminum strips fol- 
lowed by melting under sodium hydroxide and 
sodium cyanide. 

Chlorination of the lead retort residue un- 
der a molten salt cover for the extraction of in- 
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dium has been patented by Asarco [14]. The 
chloride slag is dissolved in water and indium 
is recovered by cementation on zinc or alumi- 
num. 


At the zinc refinery of Mitsubishi in Akita 
[15], indium is recovered from the leach resi- 
due (400 ppm In) of the zinc concentrate (120 
ppm In). The residue is treated by a sulfation 
roasting process. Leaching of the sulfated 
product in sulfuric acid dissolves about 6096 
of the indium to give a leach solution contain- 
ing 50-70 mg/L of indium. This solution is 
concentrated to an indium content of 2 g/L by 
double neutralization with calcium carbonate. 
The enriched solution is then subjected to sol- 


vent extraction followed by back extraction - 


with hydrochloric acid. The aqueous solution 
is concentrated to 20—30 g/L indium. Indium 
is recovered by immersing aluminum plates in 
the solution. Indium sponge adhering to the 
aluminum plates is removed for melting and 
casting into anodes. Indium metal of 99.9994 
purity is then obtained by electrorefining. 


36.5.2 Production from Lead 
Circuits 


At Cominco's integrated lead—zinc smelter 
at Trail in Canada, tin and indium accumulate 
in the fumes of the continuous drossing fur- 
nace [16]. The flow sheet for the process is il- 
lustrated in Figure 36.3. A mixture of fumes, 
coke, and antimony-containing slag is melted 
in a direct-fired rotary furnace. Arsenic is re- 
moved by adding scrap iron to form iron 
speiss. The residual tin-indium-antimony— 
lead alloy is cast into anodes and electrolyzed 
in a fluorosilicate solution, giving a solder 
cathode (Sn-Pb alloy) and indium-antimony 
anode slimes. The slimes are roasted with sul- 
furic acid. Indium 1s dissolved from the sul- 
fated product by leaching with water. Copper 
is removed from the indium solution by ce- 
mentation on indium sheets. Indium is then re- 
covered from the solution as a sponge by 
addition of aluminum or zinc. The indium 
sponge is melted and electrorefined to give in- 
dium of 99.9994 purity. 
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Figure 36.3: Indium recovery by Cominco [16]. (Previ- 
ously published in the Proceedings of the Symposium on 
Quality Control in Non-Ferrous Pyrometallurgical Pro- 
cesses from the 24th Annual Conference of Metallurgists, 
August 1985. Reprinted with permission of the Canadian 
Institute of Mining and Metallurgy.) 


Indium is recovered from lead bullion by 
Centromin of Peru at the La Oroya smelter, 
and by Metallurgie Hoboken-Overpelt (MHO) 
at the Hoboken smelter. At MHO, indium con- 
centrates in a complex residue during refining 
of lead by the Harris process [17]. At the La 
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Oroya refinery, lead bullion is first drossed to 
remove copper, then tin and indium are re- 
moved at a higher temperature [18, 19]. The 
tin-indium dross is reduced to metal using 
coke, a mixture of lead and zinc chlorides is 
added, and indium is recovered as indium 
chloride in the slag. 


The chloride slag of indium, lead, zinc, and 
tin is leached by wet grinding. The solution is 
purified by cementation of lead and tin on in- 
dium sheet. Indium is recovered as a sponge 
by adding zinc. 
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pH 15-2 
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Figure 36.4: Indium recovery by Capper Pass [21]. (Re- 
produced by permission of the Institution of Mining and 
Metallurgy, from P. Halsall: Indium—Extraction from 
Lead, Zinc and Tin circuits (Figure 9). Trans. Instn. Min. 
Metall. (Sect. C: Mineral Process. Extr. Metall.) 97, 1977, 
C98) . 
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36.5.3 Production from Tin 
Circuits 


At Capper Pass, chlorination of electrore-. 
fined tin gives a tin chloride slag which con- 
tains 2.796 indium [20]. This slag is treated as 
shown in Figure 36.4 [21]. Most of the tin is 
precipitated in the first neutralization stage. 
The precipitate from the second neutralization 
stage, which contains some indium, is recy- 
cled for indium recovery. Indium is recovered 
from the filtrate as a sponge by cementation 
with zinc. The indium sponge of 95% purity is 


electrorefined to give a 99.596 indium cath- . 


ode, which is recast as the anode for the sec- 
ond electrorefining stage, in which indium of 
99.97% purity is produced. 


36.5.4 Recent Production 
Developments 


Solvent extraction systems have been in- 
vestigated to extract indium from various so- 
lutions. 

The use of a mixture of hydroxyquinolines 
(Kelex 100 and LIX 26) to extract indium 
from acidic or alkaline aqueous solutions has 
been reported [22]. 

Di-(2-ethylhexyl) phosphoric acid 
(D2EHPA) in kerosene, and tributyl phosphate 
(TBP) in kerosene are used to extract indium 
from the solution obtained by leaching lead- 
containing residues with sulfuric acid [23]. 
The concentration of arsenic, cadmium, zinc, 
copper, antimony, and iron in the extract is 
greatly reduced. For good separation, iron 
should be present in the ferrous state. 

Solutions of D2EHPA and TBP in kerosene 
are also reported to extract indium from sulfu- 
ric acid solutions that contain tin. The addition 
of soluble fluorides to the acid solution prior 
to solvent extraction inhibits the extraction of 
tin [24]. 

A process for the separation of indium from 
gallium and germanium in sulfuric acid solu- 
tion using solvent extraction is described in 
[25]. 

Supported liquid membranes are used to 
extract indium from a copper-dross leach solu- 
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tion [26, 27]. The feed solution contains in- 


dium (0.5 g/L), copper (60 g/L), and sulfuric 


acid (30 g/L). The extractant is a 4096 solution 
of D2EHPA in Escaid 100 (a mixture of 8096 
aliphatic and 20% aromatic long-chain hydro- 
carbons). A microporous polypropylenic sup- 
port is used. 

The recovery of indium and gallium from 
spent semiconductor material has also been re- 
ported [28]. 

Table 36.2: Standard potentials, in volts. 


Cd**/Cd —0.402 
IW) ~0.338 
тїї —0.336 
Sn**/Sn 0.136 
Pb**/Pb 0.126 


36.5.5 Refining 


Sponge indium with a purity up to 99.5% 
requires upgrading for most uses. For the 
semiconductor industry, a purity of at least 
99.9999% is required. Electrorefining is a 
commonly used technique. 

In electrorefining, cotton-bagged indium 
anodes and pure indium cathodes are used. 
Metallic impurities collect as anode slime in 
the cotton bag, which thus prevents their en- 
tering the bulk electrolyte and contaminating 
the indium deposit. The electrolyte is gener- 
ally a chloride solution, but the use of solu- 
tions of . sulfate [29] cyanide [30], 
fluoroborate [31], and sulfamate [32] has also 
been reported. 

A typical composition of the electrolyte is 
20—75 g/L In, 80-100 g/L NaCl, 1 g/L glue, 
pH 2.2-2.5. The cathode current density is 1-2 
A/dm’. Apart from the dendritic nature of the 
indium deposit, the difficulty with electrore- 
fining lies in the fact that impurities which 
generally accompany indium have standard 
potentials close to that of indium (Table 36.2). 

For purities up to 99.999%, multistage 
electrorefining is required [33], or electrore- 
fining must be supplemented by vacuum dis- 
tillation or zone refining or both of them. 

The difference between the melting point 
and boiling point of indium is greater than for 
most other elements. This property allows the 
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elimination of impurities such as cadmium, 
sulfur, selenium, tellurium, zinc, lead, and 
thallium by vacuum distillation [34]. 

Elimination of cadmium, copper, zinc, 
gold, silver, and nickel by zone refining is de- 
scribed in [35]. Intensive cooling is necessary 
because of the low melting point of indium. 

A method for refining indium to semicon- 
ductor grade, in which a chelating agent is 
used to absorb indium selectively from solu- 
tion, has been reported [36]. 


36.6 Quality Specifications 


Qualities ranging from 99.97% to 
99.99999% indium are commercially avail- 
able. Impurities may be metallic (Ag, Cu, Pb, 
Sb, Sn, Cd, Tl, Zn, Fe, Al, Ga) and nonmetal- 
lic (S, Cl, O, Se, N). Their concentrations de- 
pend on the ongin of the indium-containing 
feed material and on the production and refin- 
ing process. : 

Commercial grades are 99.97% (3N7), 
99.99% (4N), 99.999% (SN), 99.9999% (6N), 
and 99.99999% (7N). 


36.7 Analysis 


Spectroscopic analysis enables the detec- 
tion of indium down to 10 ppm due to its char- 
acteristic lines in the indigo blue region at 
wavelengths of 4511.36, 4101.76, 3256.09, 
and 3039.39 nm. The quantitative analysis of 
indium in ores, compounds, and alloys is de- 
scribed in [37]. Spark source mass spectrome- 
try and graphite furnace atomic absorption 
spectrometry are used in the analysis of high 
purity indium (2 99.9999%). About 40 ele- 
ments can be determined with detection limits 
of 10-30 ppb by spark source mass spectrom- 


etry [38]. 


r 


36.8 Compounds 


The most common valence of indium is 
three. Monovalent and bivalent compounds of 
indium with oxygen, sulfur, and halogens are 
also known. The trivalent indium compounds 
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are the most stable. The lower valence com- 
pounds tend to disproportionate to give the 
corresponding trivalent compounds and in- 
dium metal. 


The properties of some indium compounds 
are given in Table 36.3 [7, 39]. 


Indium(1II) oxide, In,O}, is formed by ther- 
mal decomposition of indium hydroxide, car- 
bonate, nitrate, or sulfate in air, or by burning 
indium in air. It is a pale yellow, amorphous 
solid when formed at low temperature, but 
forms red-brown crystals when it is prepared 
at high temperature. The amorphous form is 
soluble in acids, but not in alkalies. Indium tri- 
oxide is reduced to indium by hydrogen, am- 
топа, sodium, aluminum, and carbon. 
Indium(1I) oxide, InO, and indium(I) oxide, 
In,O, are formed by reduction of indium(III) 
oxide under carefully controlled conditions. 


Indium hydroxide, In(OH),, is precipitated 
from solutions of indium salts by adjusting the 
pH in the range 4—10. 


Indium trichloride, InCl,, is obtained by 
burning indium in excess chlorine. It is a 
white, crystalline substance which is easily 
sublimed, and is very soluble in water. Indium 
dichloride, InCl, is obtained by the reaction 
of indium with hydrogen chloride at 200 °C. 
Indium monochloride, InCl, is formed by 
passing indium dichloride vapor over heated 
indium. The lower chlorides, InC] and InCL,, 
disproportionate in water to give indium 
trichloride and indium metal. 


Indium orthoborate, ВО», is prepared by 
melting a mixture of boric oxide and indium 
hydroxide. 


Table 36.3: Properties of some indium compounds [7. 
39]. 


Density, 


Compound ve mp, K pK Enthalpy of for- 


mation, kJ/mol 

In,O, 7.180 2183 -925 
InCi 4.190 498 881 ~186 
ІСі, 3.620 509 796 -362.4 
InCl, 3.450 856 771° -535.0 

. InAs 1215 —57.7 
InSb 798 -31.1 
InP 1328 -75.2 


* Sublimes. 
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Table 36.4: Estimated western-world consumption of in- 
dium in 1985 [9]. 


Consump- 
Use tion, d 

Low-melting alloys ` 12 
Веагїпр< 9 

Dental alloys 7 

Nuclear reactor control rods s 33 
Low-pressure sodium lamps 4-5 
Electrical contacts 8 

Alkaline dry batteries 6.8* 
Phosphors 6° 


Semiconductors 
Lasers, photodetectors, integrated cir- 
cuits (Ga-As In-P. In-P) 
CCDs in infrared video cameras (image 


orthicons, In-Sb) 3.5 
Liquid crystal displays 7 
*1987 data [40]. 

* 1986 data for Japan [41]. 


Indium forms alkyl and aryl compounds 
such as trimethyl indium, In(CH,),; triethyl in- 
dium, In(C,H;),, and triphenyl indium, 
In(CgH;),. They аге made by treating indium 
with the corresponding mercury alkyls or mer- 
cury aryls, or by reaction of indium trichloride 
with a Grignard reagent. 

The semiconducting compounds indium 
antimonide, InSb, indium arsenide, InAs, and 
indium phosphide, InP, are prepared by direct 
combination of the high-purity elements at 
high temperature. Indium phosphide is also 
obtained by thermal decomposition of a mix- 
ture of a trialkyl indium compound and phos- 
phine (PH,). - 


36.9 Uses 


Table 36.4 summarizes the western-world 
consumption of indium by end use [9, 40, 41]. 

Low-melting alloys represent a major use 
of indium. Indium is added to solder alloys, 
mostly composed of tin and lead, to increase 
thermal fatigue resistance, and to improve 
malleability at low temperature and corrosion 
resistance. Indium solders are used in elec- 
tronics for fixing semiconductor chips to a 
base, for assembling semiconductor devices 
and hybrid integrated circuits, and to seal glass 
to metal in vacuum tubes. These solders are 
mainly used in the form of a paste, whose 
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main components are Pb, Ag, Cd, In, Sn, and 
an organic binder. 

Fusible indium alloys are usually based on 
bismuth in combination with lead, cadmium, 
tin, and indium. 

Fusible indium alloys are used to bend thin- 
walled tubes without wrinkling the wall or 
changing the original cross section. The alloy 
is cast in the tube, rendering it effectively 
solid. After bending, the alloy can be melted 
out using hot water. 


These alloys are also used in fire-control ` 


systems. Restraining links that hold alarm, 
water valve, and door operating mechanisms 
in place are soldered with a low-melting alloy. 
A rise in temperature sufficient to melt the al- 
loy results in the system coming into opera- 
tion. 

Fusible alloys are used for making dispos- 
able patterns and dies for the founding of fer- 
rous and non-ferrous metals. 

They are also used as temperature indica- 
tors in situations where other methods of tem- 
perature measurement are impracticable. 
Small rods of alloys of known melting point 
are inserted into equipment such as aircraft 
header tanks, test bearings, and experimental 
rigs. The melting of the alloy thus indicates 
the temperature attained in particular parts of 
the test system. 

Addition of indium to lead-tin bearings for 
heavy-duty and high-speed applications pro- 
vides particularly high resistance to fatigue 
and seizure. These bearings are used in piston- 
type aircraft engines, high-performance auto- 
mobile engines (formula 1) and in turbo-diesel 
truck engines. 

The addition of indium to gold dental al- 
loys improves their mechanical characteris- 
tics and increases resistance to discoloring. 
Small amounts of indium are used to improve 
the machinability of gold alloys for jewelry. 

Indium is used in nuclear reactor control- 
rod alloys (80% Ag, 15% In, and 5% Cd). The 
consumption of indium in this field is esti- 
mated at 3.3 t/a for the replacement of control 
rods in existing nuclear power plants [9]. 

In low pressure sodium lamps (SOX 
lamps), indium is applied as a thin layer of in- 


Indium 


dium-tin oxide on the inside of the outer glass 
envelope. The indium-tin oxide film increases 
the operating temperature and the efficiency 
of the lamp. Low pressure sodium lamps, 
characterized by their orange color, are mainly 
used in the United Kingdom, Belgium, and the 
Netherlands. The production of SOX lamps 
accounts for 4—5 t/a indium [9]. 

Indium is now used as a corrosion inhibitor 
in alkaline dry batteries as a substitüte for 
mercury. This allows the mercury content of 
the amalgamated zinc powder used in their 
production to be reduced from 7% to 1-3% 
[42]. Currently, a target of very low mercury 
content, or even complete removal, is being 
pursued. The low-mercury zinc powders have 
corrosion and degassing characteristics which 
are similar to those of the 7% mercury pow- 
ders. 

Indium orthoborate is used as a phosphor in 
cathode-ray tubes, where it is applied as a thin 
layer. Indium phosphors emit light for a longer 
time than zinc sulfide phosphors but are more 
expensive. They are used particularly in com- 
puter monitors where image stability is of 
great importance. In Japan, consumption ofin- 
dium for this application was 6 t in 1986 and 
8 tin 1987. 

Intermetallic compounds of indium find ap- 
plication as semiconductors. The development 
of the second generation of optical fiber com- 
munication systems in the early 1980s with 
substantially lower levels of attenuation at 
wavelengths near the infrared region of 1.3 
jum and 1.55 um has led to the development of 
new semiconductor lasers and photodetectors. 
Laser diodes based on indium-gallium ars- 
enide phosphide emit in the 1.27—1.6 иш re- 
gion. Indium-gallium arsenide photodetectors 
have high responsivity at 1.3 and 1.55 иш. 

The development of integrated circuits and 
opto-electronic integrated circuits based on in- 
dium is still in the research phase. 

High-purity indium is used for laser diodes, 
photodetectors, and integrated circuits. 

Charge coupled devices operating in the in- 
frared region are based on indium antimonide. 
Infrared detectors and infrared video cameras, 
such as orthicons, use indium antimonide. 
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Thin films of indium-tin oxide are able to 
transfer electricity to light emitting or light re- 
flecting elements. They find application in lig- 
uid crystal displays and to a lesser extent in 
electroluminescent displays and touch panels. 

Minor uses of indium include thin plastic 
films coated with indium-tin oxide that are 
being developed for use in touch panels (e.g., 
for computer screens), liquid crystal devices, 
and electroluminescent lamps. Indium-oxide is 
used as a coating for glass. Window glass 
coated with an indium-tin oxide film to reflect 
infrared radiation is being investigated. In- 
dium oxide films doped with tin oxide are 
used to prevent icing and fogging on aircraft 
windshields. Their application as windshield 
coatings in automobiles is in development, 
particularly in Japan. Indium antimonide is 
used in Hall generators to measure magnetic 
fields. Solar cells based on copper—indium 
diselenide are being developed [43]. Small 
amounts of indium compounds are used as ad- 
ditives for /ubricating oils, and to produce yel- 
low glass. 


Table 36.5: Estimated indium production in 1986 [9]. 


Country Company Production, t 
Belgium Metallurgie Hobo- 
ken-Overpelt 15 
France Peñarroya 19 
Italy Pertusola ] 
United Kingdom Capper Pass 3 
Johnson Matthey 2 
Netherlands Billiton 1 
Germany VEB 1 
Preussag 1 
Japan ` Nippon Mining 16 
China 6 
Former Soviet Union 6 
Peru Centromin-Peru 4 
Canada Cominco 6 
Total 80 


36.10 Economic Aspects 


The world production of indium in 1986 
has been estimated at 80 t. Table 36.5 lists the 
estimated indium production by country and 
company for 1986. The main producers are lo- 
cated in Belgium, Japan, France, and Italy. Im- 
portant indium refiners are located in the 
United States (Indium Corporation of Amer- 
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ica, 25 t in 1986 [9]) and the United Kingdom 
(Mining and Chemical Products, 10 t in 1986 
[9]). 

Figure 36.5 shows the evolution of ће pro- 
ducer price for standard grade indium 
(99.97%) from the Indium Corporation of 
America. For indium of 99.9994 purity, a pre- 
mium of $2—5/kg is charged. Very pure indium 
(7N or 99.9999994) costs ca. $1500/kg [9]. 


36.11 Toxicology and 
Occupational Health 


There is no evidence of any health hazard 
from industrial use of indium. No systemic ef- 
fects in humans exposed to indium have been 
reported [44]. Тһе TLV for indium is 01 
mg/m’. 
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Figure 36.5: Evolution of the producer price for standard 
grade indium (99.97%) (Indium Corporation of America). 
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37.1 Introduction 


Thallium [1-18], atomic number 81, is in 
group 13 of the periodic table, and has elec- 
tronic structure 1s? 252рё 3s°p d? 4s°p d'O ft 
5s?pSd'? 6s?p! [19]. It is a dense, fairly reactive 
metal, the fresh surface having a bluish-white 
luster. Thallium is softer than lead, but harder 
than indium, with a low mp 303 °C. 

There are 20 known isotopes of thallium, of 
which two, atomic numbers 203 and 205, are 
relatively stable. The isotope 7“T] is used for 
materials testing. 

The only thallium-containing substances 
of commercial importance are the metal itself 
and thallium sulfate. As thallium compounds 
are prohibited for insect pest control in the 
United States and parts of Europe, methods of 
extraction have not been improved during the 
last 10 years. Several European producers 
have stopped production of thallium and its 
compounds. 


37.2 History 


Thallium was discovered in 1861 by the 
Englishman Crookes and in 1862 by the 
Frenchman Lamy, probably independently. 
During spectrographic examination of a lead 
chamber slime, Crookes found a green line 
that could not be ascribed to any known ele- 
ment. He was convinced that he had discov- 
ered a new element, and gave it the name 
thallium after the Greek word ӨсАос a young 


green branch. Lamy must have been the first 
person to isolate the element and establish its 
metallic character. A heated dispute over рп- 


ority developed between the two investigators 


[20]. 


37.3 Properties 


In many of its physical properties, thallium 
resembles its neighbor, lead. Its chemical be- 
havior combines the properties of the alkali 
metals with those of silver, mercury, lead, and 
aluminum. Thallium is highly toxic. 


Chemical Properties. Thallium is a very re- 
active metal. It oxidizes slowly in air, even at 
ca. 20 °C (more rapidly on heating), to thal- 
lium(T) oxide and thallium(IIT) oxide. Hydro- 
gen peroxide and ozone oxidize the metal to 
thallium(IIT) oxide. In the presence of water, a 
hydroxide is formed. Thallium is therefore 
stored under petroleum spirit, glycerine, or de- 
aerated water. On prolonged storage under 
water with free access of air, metallic thallium 
becomes covered with large crystals of thal- 
lium(T) carbonate, and the water becomes sat- 
urated with this salt. To protect against 
oxidation, rods of thallium are coated with 
paraffin. ` 
Thallium combines with fluorine, chlorine, 
and bromine at room temperature, and with io- 
dine, sulfur, phosphorus, selenium, and tellu- 
rum on heating. Nitrogen, carbon, and 
molecular hydrogen do not react with the 
metal, which does not dissolve in liquid am- 
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monia. The metal is dissolved slowly by hy- 
drochloric and dilute sulfuric acids, but more 
rapidly by nitric and concentrated sulfuric ac- 
ids. Its slow reaction with hydrofluoric acid is 
noteworthy. 

In the series of electrode potentials of cat- 
ions, thallium has a similar normal potential to 


that of indium (TI/TI* —0.335 V, In/In?* -0.34 


У), lying between cadmium (Cd/Cd?* 
— 0.402V) and tin (Sn/Sn^* —0.140 V). Solu- 
tions of thallium(IIT) salts are not stable to- 
ward metallic thallium, reacting almost 
quantitatively: 


TP* +2Ti 2 3TI* 
The electrode potential of TI*/T1* is +1.21 V. 


Physical Properties. Thallium is a soft metal 
(Brinell hardness 29.4 N/mm?, the value for 
lead being 39.2 Mim"), Thallium exists in 
two allotropic crystal forms: a-thallium, hex- 
agonal close-packed, stable at room tempera- 
ture; and p-thallium, body-centered cubic, 


stable above 226 °С. A volume increase of - 


3.23% takes place on solidification. On bend- 
ing, the metal emits a creaking sound similar 
to the “cry” of tin. It has good cold forming 
properties and low strength. It can be melted 
and worked like lead. Physical properties are 
as follows [21, 22]: 


Atomic number 81 
Isotope abundance 
2037] 29.52% 
105Т| 70.48% 
Density at 20 °С 11.85 g/cm? 


Atomic volume 17.26 cm3/mol 
Melting point 303.6 °C 
Boiling point 1457 °С 
Latent heat of fusion 30 Vg 
Latent heat of vaporization 
at normal boiling point 800 J/g 
Vapor pressure of melt, Torr logp = —9300/T — 
0.892logT + 11.1 
Thermal expansion of melt 3.1-43%°С' 
Electrical resistivity at 2.38 К superconducting 
at 0 °C 18x 10% Ост 
Specific magnetic susceptibility 
Solid thallium —0.165 x 10$ emie 
B-Thallium —0.158 x 10° 
Molten thallium —0.22 x 10$ 
Surface tension 4.01 mN/cm 
Tensile strength 9.8 kg/mm? 
Relative elongation 13596 
Brinell hardness `` 3 kg/mm? 
Mohs hardness 1.2 
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Like mercury, lead, indium, ete., thallium 
can become superconducting, the average up- 
per temperature limit being ca. 2.38 K [23]. 
Some compounds, e.g, TljBi, ТІ,Не,, and 
TLSb can also become superconducting [24]. 
Itis especially valuable as a superconductor in 
ceramic materials at higher temperatures than 
are possible with other metals [25]. 

Vessels for containing liquid thallium can 
be made of Fe, W, Ta, Mo, Nb, and Co, in de- 
creasing order of suitability. 


37.4 Occurrence 


Very vanable figures are quoted for the 
concentration of thallium in the Earth's crust 
(1-3 ppm). It is said to be the 58th most abun- 
dant element [26]. In its occurrence, thallium 
shows a dual character. As a chalcophilic ele- 
ment, it occurs typically, though in low con- 
centration, with the heavy metals that occur in 
sulfidic ores, usually associated with cad- 
mium, mercury, indium, and germanium. 
Much more frequently, thallium accompanies 
the alkali metals potassium, cesium, and ru- 
bidium, where its concentration is also low, 
e.g., in carnallite, sylvine, leucite, lepidolite, 
feldspar, mica, etc. It is found in seawater, 
some mineral waters, and in native sulfur [1]. 
It also occurs in true thallium minerals, of 
which the following are the most common: 


Lorandite TIAsS, 

Pirotpaulite TIFe,S, 

Chalcothallite Cu, TIS, 

Vrbaite Hg,T1,As,Sb,S,, 
Hutchinsonite (Pb, TI). (Cu, Ag)As,S,, 
Bukovite Cu, ,TLFeS, , 
Wallisite PbTICuAs,S, 

Hatchite PbTIAgAs,S, 
Crookesite (Cu, ТІ. Ag),Se 


Avicennite 7T1,0,°Fe,0, 

The thallium content of these minerals is 
16-85%. For many years, only five true thal- 
lium minerals were known. Because of their 
extreme rarity, these are of no importance for 


: the extraction of the metal [27, 28]. 


37.5 Extraction 


Although the amounts of thallium in ores, 
including those of lead and zinc, are small 


Thallium 


compared with the amounts in salts, rock, etc., 
only the former play a significant role in the 
winning of the metal. They can be economi- 
cally worked only if the thallium becomes 
concentrated in the side products in the course 
of processing the ore to obtain the main metal, 
and if other metals are present in this side 
product to an extent that justifies their extrac- 
tion. Only a small part of the thallium that oc- 
curs naturally is therefore available for 
extraction. 


Thallium is present only as a trace element 
in nonferrous metal concentrates. Only in a 
few smelting works does the thallium become 
sufficiently concentrated in particular process 
steps for extraction to be practical. 


The following companies are thallium pro- 
ducers: Vieille Montagne, Belgium; Cimkent, 
Russia; Toho Zinc, Japan; Cerro de Pasco, 
Peru; Preussag, Germany. | 


Thallium produced as a by-product of the 
extraction of nonferrous metals is of only mi- 
nor importance, both quantitatively and eco- 
nomically. 


If the raw materials are in solution, the thal- 
lium is precipitated by cementation, and is 
then processed like a solid raw material. The 
following concentration processes can be used 
for the treatment of solid raw materials. 


Leaching and Precipitation. The simplest 
process is leaching with water without pre- 
treatment. With airborne dusts from lead or 
zinc smelting works, or cementation slimes, a 
yield of 85-90% of the thallium can be ob- 
tained. The thallium-containing liquor, which 
usually also contains cadmium and zinc, is fil- 
tered, precipitated with zinc amalgam, and the 
relatively pure metal is obtained by an electro- 
lytic process (Figure 37.1) [31]. 


There are many methods of pretreating the 
starting material before leaching. These in- 
clude: 


ө Oxidative roasting at 500 °C 
e Sulfatization at 175-250 °C 
e Alkaline pretreatment 
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Zinc roasting furnace 


Flue dust, 
2-3% Cd, 
0.07-0.09% TI 
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Lead smelting 
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Cadmium 99.98% Thallium sulfate 


Figure 37.1: Simplified flow diagram of a plant for the 
combined recovery of cadmium and thallium sulfate from 
lead and zinc raw materials [29, 30]. 
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Leaching of the raw material after pretreat- 
ment can extract 50-60% of the thallium. Flue 
dusts that contain bismuth, copper, zinc, iron, 
arsenic, cadmium, thallium, selenium, etc., are 
given an alkaline pretreatment (fusion with 
caustic soda and lead sulfide). The alkaline 
slag so formed is granulated with hot water. 
On cooling, sodium and thallium arsenates are 
precipitated, and processed to obtain the thal- 
lium [32]. 

The thallium is usually precipitated and re- 
covered as a sparingly soluble salt (cementa- 
tion thallium and thallium amalgam) from 
liquors produced in a variety of concentration 
methods, with and without pretreatment, and 
also from liquors that are themselves the raw 
materials. 


Processing and refining of the precipitates 
obtained by cementation at the Duisburg cop- 
per refinery (33, 34] was discontinued in 
1983. 


Volatilization. In this process, crude arsenic 
containing 9696 As,O, and 0.2% ТІ is treated 
by adding 5% H.SO, and 5% lime and heating 
to 430 °C, causing 98% of the arsenic trioxide 
to be volatilized while 99% of the thallium re- 
mains in the residue. Sodium chloride is 
added, and the thallium is volatilized at 
800 °C [33]. The volatilization process also 
gives good results with materials of complex 
composition from lead smelting. The second- 
ary flue dust can be reprocessed. The most 
well-known process was that of the former 
company Zinkhütte Magdeburg [34]. 


Electrorefining. Electrorefining is operated 
in one or several stages, or as amalgam elec- 
trolysis. Depending on the purity of the start- 
ing metal and the operating conditions, 
thallium cathodes with variable thallium con- 
tent (ca. 99.9-99.99% and above) are pro- 
duced [35—37]. Metal of the highest purity can 
be obtained by multistage electrorefining, in 
which a perchlorate electrolyte containing 40— 
70 g/L ТІСІО, and 60—120 g/L NaClO, with 
small amounts of organic additives is used in 
the final stage. The current density is 0.3-0.6 
A/dm?. The sum of all the impurities in the 
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metal 15 < 1 g/t, i.e., the thallium produced has 
a purity of 99.9999% [38]. А 

Wet metallurgical refining is normally 
combined with the concentration process. The 
high solubility of thallium sulfate in water is 
used when lead and other metals that form in- 
soluble sulfates are precipitated. The insolu- 
bility of thallium sulfide in alkaline solvents is 
used to separate it from the group 1 metals, 
and its solubility in dilute acids is used to sep- 
arate it from silver, mercury, bismuth, copper, 
arsenic, antimony, cadmium, etc. The solution 
is treated with hydrogen sulfide, or preferably 
with freshly precipitated thallium sulfide, so 
that an easily handled thallium sulfate precipi- 
tate is produced at the end of all operations 
[39]. Iron and arsenic can be removed after 
oxidation with air followed by neutralization, 
e.g., by adding zinc oxide. The high solubility 
of thallium carbonate in water is used to sepa- 
rate it from zinc, iron, cadmium, and other im- 
purities, usually in combination with a 
concentration process. The low solubility of 
thallium chromate is then used for both con- 
centration and refining. 

Very pure metal can also be obtained by 
fractional dissolution of the impure metal or 
by fractional precipitation, mainly by frac- 
tional cementation of the impurities and the 
thallium from impure solutions. Impure thal- 
lium metal or thallium amalgam can be used 
as the starting material. When thallium amal- 
gam is heated with 70-100% sulfuric acid to 
boiling, the thallium dissolves first. 1f dissolu- 
tion is interrupted after almost all the thallium, 
but none of the impurities, has gone into solu- 
tion, the solution contains pure thallium sul- 
fate which can be the raw material for metal 
winning [40]. 

To obtain compounds of the highest purity 
for use as intermediates for producing very 
high-purity metal, several unusual reactions 
have been proposed. These include precipita- 
tion of the thallium as cyclopentadienyl thal- 
lium [41, 42], or extraction of thallium(IIT) 
chloride, ТІСІ,, from solution in hydrochloric 
acid (6—7 mol/L) with ether. First, however, 
the iron must be converted to the divalent 
form, and the heavy metals removed. Almost 
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complete removal of all impurities takes place 
by taking the impure starting substance into 
solution in hydrochloric, hydrobromic, or hy- 
droiodic acid, and extracting the thallium 
complex with isopropyl ether at acid concen- 
tration 0.1—4 mol/L. The metal obtained by 
electrolysis of the purified compound has pu- 
rity 99.9999-99.99999% [43]. 


During production of an ultrapure product 
from the already relatively pure metal by crys- 
tallization (especially zone melting and crystal 
pulling from the melt), the various impurities 
behave very differently. As well as the distri- 
bution coefficients, the operating conditions 
(mainly the migration rate of the zones and the 
crystallization rate) have a great influence on 
the refining. However, many other factors 
have an influence e.g., the rotation rate during 
zone melting, and the rotation rate of the seed 
crystal during crystal pulling from the melt. 
Secondary processes are also important, e.g., 
volatilization and oxidation of certain impuri- 
ties The behavior of some of the more com- 
mon. potential impurities for a given 
combination of operating conditions can make 
it difficult to obtain very pure end products. " 


Zone melting is generally carried out in 
graphite boats. The ingots used are 150-180 
mm long, with a ca. 15 mm molten zone, the 
process being carried out in an atmosphere of 
purified nitrogen. With a zone migration rate 
of 0.5-1.0 mm/min and five passes, the copper 
content in most of the ingot can be reduced 
from 50 g/t in the starting metal to 2 7 g/t, and, 
under the same conditions, the silver content 
in approximately half the length of the ingot is 
reduced from 3 to « 0.3 g/t. By pulling crystals 
from the melt in vacuo (ca. 10? Pa, 10% 
mbar), crystals 100—220 mm long and 8-10 
mm diameter can be obtained. With a crystal- 
lization rate of 0.4-0.5 mm/min, the manga- 
nese content is 0.2 g/t in the lower part and 0.1 
g/t in the middle part of the crystal. After a 
second recrystallization, 0.05 g/t manganese is 
found in the middle and upper part. 


Not all impurities can be removed by crys- 
tallization, e.g., lead and iron, and there is a 
group of impurities that can only be removed 
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by secondary processes. These include mer- 
cury, tin, and sulfur [44]. 

In Germany, thallium is produced solely by 
Preussag; annual production capacity is 4—5 t 
of 99.4-99.64% thallium [45]. Thallium is 
supplied as rods and granules in “4 nines” to 
“5 nines” quality (1.е., 99.99-99.999%). The 
catalogue also includes “pure” monovalent 
thallium compounds, including sulfate, bro- 
mide, chloride, and iodide. Other compounds 
can be produced on request. 


37.6 Uses 


No large application potential for thallium 
has so far been found. The unalloyed metal is 
unsuitable for direct use, owing to its unfavor- 
able mechanical properties and marked ten- 
dency to oxidize. The radioactive isotope ?T1 
is a B-emitter with half-life ca. 3.5 years, and 
is used as a radiation source in materials test- 
ing, principally for thickness measurements 
on metals and nonmetals. It has been discov- 
ered that ^T] has the most constant atomic vi- 
brations so far observed. This property has led 
to its use in atomic clocks. 

These special applications require ex- 
tremely pure grades. The very pure metal sup- 
plied by Unterharzer Berg- und Hüttenwerke 
contains > 99.999% ТІ, i.e., the sum of all the 
impurities does not exceed 10 g/t [46]. Ameri- 
can Smelting and Refining supply “high-pu- 
rity thallium”, with the same purity. The 
following figures are quoted for the impurities 
[47]: Cu « 1 g/t; Pb 1 g/t; Fe « 1 g/t; Ag, Sn, 
Mg, and Si spectrographically undetectable, 
but « 1 g/t; other elements spectrographically 
undetectable. 


37.7 Alloys 


Thallium readily forms alloys with most 
other metals. There is complete mutual insolu- 
bility with iron, and limited solubility in the 
liquid state with copper, aluminum, zinc, ar- 
senic, manganese, and nickel. The melting 
points of thallium lead alloys are higher than 
those of the pure metals, the maximum, 
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380 °C, being reached at 37.8% Pb. There is a 
resemblance to the two-component systems of 
lead, especially in alloys of thallium with cop- 
per, aluminum, zinc, and nickel. Gold, silver, 
cadmium, and tin form simple eutectics with 
thallium. Thallium also forms binary alloys 
with antimony, barium, calcium, cerium, co- 
balt, germanium, indium, lanthanum, lithium, 
magnesium, strontium, tellurium, and bis- 
muth. 

Alkali metals, alkaline earth ‘ictal some 
metals of the rare earth group (e.g., lantha- 
num, cerium, praseodymium), and mercury 
form intermetallic compounds with thallium, 
some of which have unusually high melting 
points, e.g., CeTl (1240 °С) and PrTl (ca. 
1150 °С). The compound with mercury, 
Hg;TL, has mp 14.5 °С and forms eutectics 
with thallium and mercury: TI-Hg;Tl, with 
40.45% ТІ melts at 0.6°C and Hg-Hg,;Tl, 
with 8.5% ТІ at —58.4 °C. 

Of the systems with three or more compo- 
nents, the combinations with bismuth, lead, 
and cadmium have been much investigated. 
These have very low melting points over wide 
ranges, and in most cases form ternary or qua- 
ternary eutectics. For example, the melting 
point of the Ві-РЪ-ТІ eutectic with 11.5% ТІ, 
55.2% Bi, and 33.3% Pb is 90.8 °C, and the 
melting point of the quaternary B-Cd-Pb-TI 
eutectic with 8.9% Tl, 44.3% Bi, 35.8% Pb, 
and 11.0% Cd is 81 °C [9]. 

The temary alloys TI-Pb-Bi, TI-Al-Ag, 
In-Hg-Tl, Sn-Cd-Tl, Bi-Sn-Tl, and Bi-Cd- 
Tl are used as semiconductors or in ceramic 
compounds (48, 17]. 

The quaternary alloys Tl-Sn-Cd-Bi, Pb- 
Sn-Bi-Tl, and Pb- Cd-Bi-Tl are known [17]. 

Thallium, like tin, cadmium, lead, etc., has 
good wear resistance when used in bearings 
for steel shafts. As additions of thallium also 
increase the deformation resistance, breaking 
strength, yield, strength, and hardness of lead 
and its alloys, thallium-containing alloys are 
frequently recommended for bearings [49]. 
The alloy 72% Pb, 15% Sb, 5% Sn, and 8% 
Tl is superior to the best tin-based bearing 
metals with respect to yield strength and 
breaking strength. Bearing metals based on 
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Pb-TI-Cd with high cadmium content can 
have compositions in the range 0.01-5% ТІ, 
5—40% Cd, the rest being Pb [47]. However, 
thallium has since been replaced by indium as 
an alloy constituent [45]. 

Addition of thallium to gold, silver, and 
copper contacts in the electronics industry 
(e.g., 0.05—20% T] added to copper alloys) re- 
duces the tendency to sticking [45]. 

In solid-state rectifiers, especially selenium 
rectifiers, addition of thallium increases the 
blocking resistance [50]. 

Addition of thallium can reduce the melting 
point of mercury from —39 °C to ca. —59 °С. 
One use for this low-melting Hg-Tl alloy is 
for low-temperature thermometers [51]. 

The increase in the melting point of lead by 
addition of thallium is used in special types of 
electrical fuses and in solder (thallium content 
< 20%) where a higher melting point is re- 
quired [5, 6]. 


37.8 Compounds 


Thallium can be monovalent or trivalent, 
the stability of the 6s electron pair in the elec- 
tronic structure making thallium preferentially 
monovalent in inorganic compounds. Thal- 
lium(T) compounds have a certain similarity to 
alkali metal compounds, e.g., high solubility 
of the sulfate, carbonate, and hydroxide in wa- 
ter. However, they also show similarities to 
compounds of silver, mercury, and lead, e.g., 
low aqueous solubility of the chloride, bro- 
mide, iodide, and sulfide. 


Thallium() oxide, T1,0, is formed by heating 
thallium in air at « 100 ?C, or by dehydration 
of TIOH. It is reddish-black to black, volatile 
in air at higher temperatures, being converted 
to TL,O,, and is very hygroscopic, forming a 
colorless, alkaline solution of TIOH with wa- 
ter. The enthalpy of formation 1s given by: 
2114140, э TLO 
АН; = —180.8 + 0.8 kJ/mol (—425.5 + 2.1 kJ/kg) 


With DO. borates, or mixtures of borates 
and fluorides of alkali and alkaline earth met- 
als, TLO forms stable, clear, homogeneous 
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melts which can be used for the electrolytic 
production of metallic thallium. 


Thallium(III) oxide, Tl,O,, is more stable, 
and can be formed by heating TLO to > 
100 °C, treating thallium(IIT) salts with KOH 
or NH,, or treating thallium(T) salts with oxi- 
dizing agents, e.g, TIC] with NaOCl. It is 
brown to black, forms cubic crystals with den- 
sity (4-21 °C) 9.65 g/cm, тр 717 +5 °C, and 
begins to sublime above 500 °C with partial 
decomposition: 


TLO; = TLO +0, 


It can be reduced to ТІ.О, and even to the 
metal, by strongly heating with hydrogen, car- 
bon, or carbon dioxide. It reacts very vigor- 
ously with sulfur and hydrogen sulfide, even 
at room temperature, doubtless in accordance 
with the equations: 


2Т1,0, + 58 — 211,8 + 380, 
31,0, + 5H,S — 3TLS + 5Н,0 + 280, 


Treatment of an aqueous suspension with sul- 
fur dioxide leads to TLSO,: 


TIO, + 250, > TI,SO, + SO, 


It is sparingly soluble in water, but does not 
form a hydroxide. It dissolves in hydrochloric, 
sulfuric, and nitric acids with formation of hy- 
groscopic, unstable thallium(TIT) salts, from 
which it is precipitated unchanged by alkali. It 
is also dissolved by acetic and tartaric acids. 
With oxalic acid, the sparingly soluble oxalate 
is formed, which decomposes on heating: 


TI,C,0, э 2TI + 2CO, 


Thallium) hydroxide, ТІОН (92.32% ТІ), 
is formed on heating metallic thallium with 
water in the presence of air, or dissolving T1,0 
in water. It is white, becoming dark gray on 
exposure to light. Its enthalpy of formation is 
given by: 
TI 14,0, + '/,H, э ТОН 

AH, = —240.4 kJ/mol (1085.8 kJ/kg) 

It dissociates to TIO and HO on heating 
above 139 °C. 

It is soluble in water, forming a colorless 
markedly alkaline solution which rapidly ab- 
sorbs O, from the air, with formation of 
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T1,CO,, and rapidly oxidizes, forming T1,03. 
The aqueous solution is a stronger base than 
NaOH, attacking glass very strongly on heat- 
ing. Sodium sulfide precipitates ТІ,8:. 

2TIOH + Na S — TLS + 2NaOH 


Thallium(I) chloride, ТІСІ, is formed when 
НСІ or alkali metal chlorides are added to neu- 
tral thallium(T) sait solutions. The precipitated 
product is sparingly soluble in water, and is of 
some metallurgical importance. It is white, be- 
coming gray-brown to blackish-brown on ex- 
posure to light. It forms cubic crystals, density 
7.00-7.05 g/cm?, тр 427 °C, bp 806 °C, ini- 
tial sublimation temperature ca. 360 ?C, spe- 
cific heat capacity c, (2.8-45.3 °C) = 0. 221 
Јек". The enthalpy of formation is given 
by: 

т1+ Cl, > TICI 

AH, = 203.7 kJ/mol (-847.3 kJ/kg) 

No thermal decomposition takes place at 
the melting point. On heating in a stream of 
chlorine, it is first converted to 3TICI- TICL, 
and then to ТІСІ,. On melting with NaHSO, it 
is converted to TlSO ; 
2TICI + NaHSO, — Т1,50, + NaCl + НСІ 


Metallic thallium is liberated on melting 
with alkali metal cyanides, or zinc: 
2TICI + Zn = ZnCl, +211 

It is very sparingly soluble in water, 0.29 g 
dissolving in 100 g H,O at 15.6 °C, and 2.41 g 
at 99.35 °C. It reacts with a dilute solution of 
Na,SO, to form TLSO;: 
2TICI + Na,SO, — TLSO, + 2NaCI 

On heating with H,SO,, ТІ,50, or TIHSO, 
are formed (see: above). HNO, reacts in the 
cold to form 2TICI- TICI,, and, on heating, the 
very soluble ТІСІ, (with some TINO ), in ac- 
cordance with the approximate equation: 
9TICI + ЗНМО, — 3TICI, + 6TINO, + 2NO + 4H,O 

On treatment with a 20% solution of 
Na,CO, TLCO, is formed, which is con- 
verted to ТІСІ on addition of NaCl: 
2ТІСІ + Na,CO, = ТСО,  2NaCI 


It reacts with ammonium sulfide to form 
TLS: 
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2TICI + (NH,4S > TLS + 2NH,Cl 


and with sodium hypochlorite to form Т1,0;: 
2TICI + 3NaOCI — Т1,0, + 3NaCl + Cl, 


With CdCl,, TIC] forms a sparingly soluble 
double salt, TICl-CdCl,, which decomposes 
again on boiling with water. 


Thallium(®) iodide, TII, is formed by direct 
combination of the elements or by precipita- 
tion from thallium(I) salt solutions by addition 
of alkali metal iodide. There are two modifica- 
tions: a yellow rhombic form stable at room 
temperature, and a red cubic form stable above 
ca. 165 °C. The yellow form has density 7.1 
g/cm? and the red form 7.45 g/em?, mp 440 °C, 
bp 824 °C. Sublimation starts at 355 °C. The 
specific heat capacity in Је К! is given by C, 
= 0.1527 + 3.43. The enthalpy of formation is 
given by 


TI * I TII AH, = 126.28 J/mol (-381.2 J/kg) 


Metallic thallium is liberated on melting 
with alkali metal cyanides. The following re- 
action takes place with sodium sulfide: 


2TII + Na,S — TIS + 2NaI 


Its solubility in water is considerably less 
than that of Т1С1, but is increased by addition 
of KOH. It is not attacked by sulfuric and hy- 
drochloric acids, but nitric acid (dilute or con- 
centrated) reacts with liberation of iodine. 


Thallium()) fluoride, TIF, is very soluble in 
water; unlike the other thallium(T) halides, the 
solution is alkaline. ` 


Thallium() sulfide, Т1„5, is formed on melt- 
ing together thallium and sulfur (along with 
TLS,, depending on the mixing ratio). It is 
also precipitated from thallium(T) salt solu- 
tions on adding (NH,).S, or an amorphous 
precipitate is formed when H,S is added to 
very weakly acid solutions. This becomes 
crystalline on heating to 150—200 °C with a 
solution of (NH,).S. From thallium(IIT) salt 
solutions, a mixture of T1,S and sulfur is pre- 
cipitated. Т1,5 is also formed when a solution 
of TLSO, is heated with Na,S;O,. It is black, 
and the crystals have a blue metallic luster. Its 
density is 8.4 g/cm?, and its melting point 
448 °C. It vaponzes on heating above 300 °C, 
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at first unchanged, but decomposing at higher 
temperatures (e.g., 900 °C). The enthalpy of 
formation is given by: $ 

2T1+S > TLS AH, =~90.6 kJ/mol (-205.4 kJ/kg) 


Precipitated T1,S is readily oxidized in air 
їо T1,SO,,. It is sparingly soluble in water and 
almost insoluble in alkaline solvents, but dis- 
solves in boiling mineral acids (dilute H,SO, 
and HNO,). Reaction with fuming nitric acid 
leads to the sulfate: 


3TLS + 8HNO, — 3TLSO, + 8NO  4H,O 


The other sulfides (TL,S,. TI,5;) become in- 
creasingly insoluble as the sulfur content in- 
creases, and are converted to TLS with 
liberation of sulfur on heating. 


Thallium() sulfate, T1,SO, (80.97% Т1), is 
the most important starting material for thal- 
lium metal winning. Depending on its method 
of manufacture, it forms colorless, very lus- 
trous rhombic crystals or a snow-white crys- 
talline powder, density 6.765 g/cm?, mp 
632 °C. It vaporizes unchanged at white heat. 
Above 900 °C, its vapor pressure increases 
rapidly. During the roasting of zinc concen- 
trates (900 °C) and the sintering of lead con- 
centrates (1000 °C), a considerable amount of 
thallium can volatilize as its sulfate. The effect 
of temperature on the vapor pressure can be 
approximately represented by: 


logp = ~ 9300 


—0.8921og T + 11.1 


where p is in Torr (1 Torr = 133 Pa); Tisin K. 
The enthalpy of formation is given by: 
211+ 20, + Susi  ThSO, 

AH, = -933.9 kJ/mol (-1849 kJ/kg) 


It is very soluble in water, e.g., 100 g boil- 
ing water dissolves 18.45 р T1,SO,. The solu- 
tion is hardly hydrolyzed, and is therefore 
neutral. Addition of hydrochloric acid or al- 
kali metal chlorides to the solution precipitates 
sparingly soluble ТІСІ, though never com- 
pletely: 


TI,SO, + 2HCI = 2TICI + H,SO, 


Potassium iodide addition can give com- 
plete precipitation: 


Thallium 


TI,SO, + 2K12 E + ESO, 


Addition of sodium thiosulfate at the boil- 
ing point produces Т1,5: | 


3T1,SO, + 4Na,S,0, — 3TLS + 4Na,SO, + 480; 


With excess sodium carbonate, partial hy- 
drolysis of the Tl,CO, formed, and oxidation 
of the TIOH, produces a black precipitate. Ad- 
dition of Na,Cr,O; or Na,CrO, produces spar- 
ingly soluble Tl, CrO, which’ can be 
redissolved іо T1,SO, and CrSO, by treatment 
with dilute H,SO, and NaHSO,. Treatment of 
TL,SO, with H,SO, or treatment of ТІСІ with 
excess H,SO, gives thallium(T) hydrogen sul- 
fate, TIHSO, ог T1,SO,"H,SO,, which melts 
at 115-120°C and is converted to neutral 
T1,SO, with liberation of SO, by strong heat- 
ing. 


Thallium) nitrate, TINO,, is formed when 
metallic thallium or T1,CO, is dissolved in 
HNO,, It is white, and forms rhombic crystals 
(a cubic modification is also known), density 
5.55 giem?, mp 206 °C. It melts without de- 
composition, but decomposition begins at ca. 
300 °C, and is complete at 450 °C: 


D 


2TINO, = TLO, + N,O, 
The enthalpy of formation is given by: 


TI + AN, +3/,0, — TINO, 
AH, -243.3 kJ/mol (-913.4 kJ/kg) 


It is very soluble in water, the solubility in- 
creasing very rapidly with temperature, 100 g 
HO dissolving 7.93 g TINO, at 15.4 °C and 
593.93 g at the boiling point. Its solutions are 
neutral. H,SO, reacts with TINO, to form 
TLSO,. 


Thallium) carbonate is formed by the ac- 
tion of CO, on TIOH, or by reacting thal- 
lium(II) salt solutions with an alkali or 
alkaline earth hydroxide, e.g., Ва(ОН),, while 
passing CO, into the solution. 

It is white, and forms monoclinic crystals, 
density 7.164 g/cm?, mp 272 °C, decomposing 
at elevated temperatures. The TLO thus 
formed is soluble in molten T1,CO,, and is 
converted to ТІ,О; on prolonged heating. 

The enthalpy of formation is given by: 
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2T1 +С +3/,0, > T1,CO, 
AH, =—699.45 kJ/mol (-1492.1 kJ/kg) 

It is fairly soluble in hot water (27.78 g 
ТІ,СО, dissolves in 100 g H,O at 100 °С). On 
dilution, rapid hydrolysis takes place with for- 
mation of TIOH, so that the solution is alka- 
line. It is rapidly decomposed by acids. 


Thallium metasilicate, Tl,SiO,, is obtained 
by treatment of thallium(1) hydroxide with so- 
dium metasilicate, Na,SiO,, dissolved in a so- 
lution of NaNO,. The orthosilicate, T1,SiO,, is 
prepared by reacting thallium(T) hydroxide 
with sodium orthosilicate, Na,SiO,. Both sili- 
cates are water soluble. Solid vitreous thal- 
lium silicate has a high refractive index. 

The total quantity of thallium compounds 
in Germany does not exceed 500 kg (based on 
thallium metal), and is distributed in laborato- 
ries, universities, and research institutes. 


Glasses and Single Crystals. Glasses com- 
posed of the three-component systems As-T1- 
S and As-Tl-Se may be prepared by melting 
the elements together. They are very mobile 
liquids, even below 400 °C. Viscosity as low 
as 3 Pa-s has been observed at 250°C for a 
composition of, e.g., 25% As, 45% Tl, and 
30% S. The glasses are chemically very sta- 
ble, and insoluble in dilute acids. They are 
very slightly attacked by alkalis. The electrical 
resistivity is ca. 105-105 Ост. The glasses 
have good wetting properties toward many 
metals, and are extremely impervious. They 
are therefore suitable for hermetically sealing 
sensitive electrical equipment (capacitors, re- 
sistors, semiconductors, etc.) to protect them 
from moisture and atmospheric effects. The 
glasses can be vaporized in vacuo and directly 
condensed onto the article to be coated [52]. 

The properties of photochromic glass can 
be improved by the addition of 0.2-4?^ thal- 
lium (as ТІСІ added to AgCl). | 

Single crystals of three-component sys- 
tems, e.g., TYS} TI,NbS,, and T1,PSe,, are 
used in acoustical optical measuring equip- 
ment, e.g., laser modulators [53]. 

In the manufacture of quartz single crystals, 
Т1 compounds can provide wavelength selec- 
tion (optical windows) [54]. 
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Uses. Since the 1970s, it has not been permit- 
ted to use thallium compounds for insect pest 
control in Europe and the United States, so 
that they are now sold only for special applica- 
tions. Thallium compounds have also been 
proposed for impregnating wood and leather 
to kill fungal spores and bacteria, and for the 
protection of textiles from attack by moths. A 
solution of 0.2 g thallium(IIT) sulfate in 1 L 
water is suitable both for wood impregnation 
and seed treatment. 


In the manufacture of ethylene oxide, cata- 
lysts containing 1 mmol Т1 per kilogram cata- 
lyst have certain advantages [55]. When 
recycling polyurethanes at 120—200 °C, TLO, 
0.01 mol/L and catalysts are added to the solu- 
tions [56]. 

Not only colloidal thallium metal, but also 
its compounds, especially the benzoate, ole- 
ate, and amyl alcoholate have been proposed 
as antiknock agents for internal combustion 
engines. These compounds are added to the 
fuel as insoluble suspensions or soluble com- 
pounds, or are introduced into the cylinders in 
other ways [57]. 

Binary mixed crystals of thallium halides, 
especially TIBr-TII and TICI-TIBr, are highly 
transparent in the infrared. They are used for 
the manufacture of plates, prisms, and lenses 
for infrared instruments [8]. 

Addition of thallium to the filling materials 
of high-pressure mercury vapor lamps im- 
proves light emission considerably. If thallium 
iodide is used in place of the metal, provided 
that certain operating conditions are ob- 
served, the spectrum can be modified, 1.e., the 
shade can be corrected [58]. Thallium salts are 
also added to fluorescent materials as activa- 
tors. 


Thallium(T) sulfide is one of the most im- 
portant photosemiconductors, and is used in 
the manufacture of photocells. These are 
mainly constructed as barner layer photocon- 
ductive cells, i.e., the resistance of the cell is 
reduced by absorption of light. The cells are 
especially sensitive in the long wavelength 
visible and near infrared, and are superior to 
selenium cells at low radiation intensities [59]. 
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Environmental Aspects. As the natural con- 
centration of thallium in the Earth's crust is 1— 
3 ppm, it does not constitute a danger 'to 
groundwater or rivers (Rhine water, 2 ppb). 
The most important sources of air pollution 
are smelting and roasting plants for iron and 
nonferrous metals, and lignite power stations. 
Over 95% of the ТІ is retained in cyclones and 
hot electrostatic filters [18]. The total thallium 
content of all the lignite used in Germany is 


1.7 t/a. Of this, 95% is retained in the ash, and . 


only 5% is released to the atmosphere (at an 
exhaust gas concentration < 1 ug/m?). 


37.9 Analysis 


The quantitative determination of thallium 
is carried out with the aid of the grass-green 
coloration of the flame, and the spectral line at 
535.] nm, which is easily distinguished from 
the barium band at 534.7 nm by its sharpness 
and intensity. There are several wet chemical 
methods: precipitation of the monovalent ion 
by hydrochloric acid; the very sensitive reac- 
ton with potassium iodide to bright yellow 
thallium iodide (minimum detectable Tl con- 
centration 1 in 3 x 10°); precipitation from 
neutral solution as the yellow chromate, 
TLCrO, or the most sensitive detection 
method, precipitation with thionalide as a 
lemon-yellow complex (concentration limit 1 
in 10’). 

Quantitative gravimetric determination is 
by precipitation as thallium(I) iodide or chro- 
mate. The reaction: 


TP*+ КІ TH + L +3K* 


is used for volumetric determination, the liber- 
ated iodine being titrated against thiosulfate 
after addition of starch. 

The Blumenthal permanganate precipita- 
tion is used to concentrate traces of thallium, 
ether being used to extract T1** (TI* cannot be 
extracted quantitatively with ether). 

For the determination of thallium in the mi- 
crogram and nanogram regions, atomic ab- 
sorption spectrometry is used, by flame 


atomic absorption or flameless techniques. 


Optimal limits of detection are: 
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e Solid samples (ores, earth samples, dusts, 
etc.), 0.5 ppm 
e Aqueous samples, 0.001 mg/L 


e Biological materials, 0.004 ppm [60] 

Field desorption mass spectrometry (FD- 
MS) enables detection and quantitative deter- 
mination of metallic cations from biological 
samples and environmental samples in the 
picogram range, without a separate conversion 
to ash. With this new technique for the deter- 
mination of trace and ultratrace quantities, the 
limits of detection for thallium are ca. 107"! g 
The extreme specificity of FD-MS makes 
elaborate sample preparation unnecessary, ex- 
cept for the tissue and cell components of sam- 
ples, which must be homogenized and 
centrifuged; the time required per analysis is 
only ca. 20 min. The sample size need be only 
ca. 1 mg [61]. 


37.10 Economic Aspects 


The limited demand can be fully met by 
suppliers, as the total world demand in 1988 
was only ca. 6-8 t. No increase is expected for 
either the metal or its compoünds. Annual pró- 
duction in 1975 was 15 t. The amount of thal- 
lium available annually from raw materials 
used in metal refineries is currently estimated 
as > 600 t/a. 

The price of the metal has increased tenfold 
since 1975, and is currently ca. US$170/kg. 
The price of the 99.999% metal is ca. 
US$350/kg [62]. 


37.11 Toxicology and 
Occupational Health [64—66] 


Thallium is a well-known, highly effective 
poison. Intoxications occurred in former times 
due to its use as a medicinal agent for many 
diseases such as venereal disease, dysentery, 
and tuberculosis. Another main source of acci- 
dental, suicidal, and homicidal exposures was 
its use as a rodenticide which, however, has 
been banned during the last decades in many 
countries. Thalium may be accumulated in 
mushrooms. 
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The toxicological significance of thallium 
is mainly restricted to some inorganic and or- 
ganic salts of ТІ* such as ТІСІ, TL,SO, (used as 
a rodenticide [67]), and thallium acetate. In- 
toxications by elemental thallium are compar- 
atively rare. There is some evidence that, 
analogously to mercury, T?* can be converted 
in the environment to methylated compounds 
by microbial action [68], and thus represents a 
potential cumulative hazard. p- 


Toxicokinetics. Tl* ions are readily absorbed 
from the gastrointestinal tract and distributed 
into various tissues, resulting in high concen- 
trations in kidneys, myocardium, testes, sali- 
vary glands, intestine, skeletal muscle, thyroid 
and adrenal glands. Uptake of thallium-con- 
taining dusts via the respiratory tract results in 
increased thallium toxicity. Transdermal ab- 
sorption is also possible, especially after the 
use of thallium-containing ointments. Thal- 
lium ions are able to cross the placental barrier 
and can produce nail abnormalities and alope- 
cia in fetuses exposed during the last trimester 
[69]. Thallium ions do not undergo metabolic 
reactions comparable to those of organic xe- 
nobiotics (e.g., hydroxylation and conjuga- 
tion reactions). 

Excretion of TI* ions after strong acute in- 
toxication mainly occurs via the feces. Due to 
pronounced enterohepatic circulation, the ex- 
cretion half-life varies widely in the range 
1.7-30 d. Only 3% of the entire body burden 
is excreted per day in the urine [64, 70]. 

The mechanism of toxicity is not com- 
pletely understood. There is evidence for in- 
teraction of TU ions with thiol groups, 
resulting in reactions with a variety of proteins 
and in inhibition of enzymes such as succinic 
dehydrogenase. The exchange of the activat- 
ing K* ion by the nonactivating Т1“ ion leads 
to inhibition of Na*, K*-ATPase. Furthermore, 
TU is stored in axonal mitochondria, resulting 
in their destruction [71]. 


Acute and Chronic Toxicity. The most prom- 
inent and characteristic features of acute, sub- 
chronic, and chronic thallotoxicosis are seen 
in the nervous system, skin, and cardiovascu- 
lar system. Conceming the clinical presenta- 
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tion, the time course for the development of 

symptoms can be divided into four stages [65, 

72]: 

e During 3—4 h onset of predominantly gas- 
trointestinal symptoms such as nausea, 
vomiting, and diarrhea occurs. In severe 
cases, hematemesis may occur. 


e Within hours to days various severe symp- 
toms of the CNS (e.g., disorientation, coma, 
convulsions, psychosis, cerebral edema with 
central respiratory failure), PNS (combined 
motor and sensory neuropathy, including se- 
vere hyperesthesia of palms and soles), and 
ANS (tachycardia, hypertension, fever, sali- 
vation, and sweating) develop. Symptoms 
of the cardiorespiratory system, which may 
predominate in severe cases, include myo- 
cardial necrosis with dysrhythmia and pump 
failure, hypotension, and bradycardia. Skin 
symptoms include blue-gray lines on gums, 
dark pigmentation around the hair roots, and 
acne. The ophthalmologic symptoms are op- 
tic neuritis and ophthalmoplegias. 


e During 2—4 weeks the skin becomes dry and 

„scaly, and white stripes across the nails 

(Mees’s lines), and scalp and facial hair loss 
appear as characteristic signs. 


e During several months various CNS and 
PNS abnormalities such as ataxia, tremor, 
foot drop, and memory loss may persist. 


Genotoxicity. Chromosome aberrations and 
an increased frequency of DNA breaks were 
found in embryonic cell cultures. After 
chronic thallium exposure, precancerous le- 
sions in the female genital tract occurred in 
mice [64, 73]. 


Reproductive Toxicity. The reproductive sys- 
tem is highly susceptible to thallium toxicity; 
in humans some of the highest concentrations 
have been found in the testes after Tl poison- 
ing [64]. Thallium has been shown to produce 
teratogenic effects in chick embryos, includ- 
ing achondroplasia, leg bone curvature, parrot 
beak deformity, microcephaly, and reduced fe- 
tal size; the results of teratological investiga- 
tions in rats, mice, and cats are conflicting 
[73]. 
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Toxicological Data and Analysis. The aver- 
age lethal dose of thallium salts 1s ca. 1 g for 
adults (ca. 10-15 mg/kg body weight). Low 
blood thallium levels are only an indication 
for an exposure, but do not allow conclusions 
on the degree of an intoxication to be drawn. 
However, levels above 300 ug/L blood or 100 
ug/L urine indicate severe intoxication (0.3 
ug/L urine is the. average level in unexposed 
persons). Moreover, the incorporation of thal- 
lium into scalp hair is of analytical signifi- 
cance, 7—15 ng/g hair being the normal range. 


Treatment. Decontamination of the gas- 
trointestinal tract such as by use of syrup of ip- 
ecac, lavage, serial doses of charcoal, and use 
of cathartics are useful during the first few 
hours after ingestion. Since thallium occurs as 
a monovalent cation, chelating agents used for 
the enhancement of excretion such as dithio- 
carb, CaNa,EDTA, BAL (British anti- 
Lewisite, dimercaprol, 2,3-dimercaptopro- 
panole), and penicillamine are not effective. 
The combination of hemodialysis (protecting 
the kidneys) and potassium diuresis has been 
recommended in the case of severe poisoning. 
However, hemoperfusion clearance seems to 
be superior to hemodialysis clearance. 


Prussian blue, potassium ferricyanoferrate, 
in daily doses up to 24 g (combined with a 
mild cathartic) may be used to interrupt the 
marked enterohepatic circulation by exchang- 
ing ТЇ* for K*. The resulting compound cannot 
be absorbed and therefore causes only minor 
side effects [71]. Moreover, it does not liberate 
substantial amounts of cyanide. 


Occupational Health. The MAK value is 0.1 
mg/m? soluble Tl compounds measured as to- 
tal dust. In the United States and the United 
Kingdom the TLV-TWA is 0.1 mg/m?. 


Occupational diseases caused by thallium 
are included in the list of the German Berufs- 
krankheitenverordnung (Occupation Disease 
Regulations). 

Since thallium tends to accumulate, per- 
sons exposed at the workplace should be mon- 


itored adequately even in cases of low chronic 
exposure. 
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.38.4 Introduction 


Selenium, atomic number 34, is a member 
of group 16 of the periodic table and thus be- 
longs to the chalcogens. Consonant with its 
position between the nonmetal sulfur and the 
metalloid tellurium, 1t has mainly nonmetallic 
properties. . 

Naturally occurring selenium consists of 
six stable isotopes: "^Se (0.9%), "Se (9.0%), 
Se (76%), Se (23.5%), Se (49.8%), and 
82Se (9.2%). 


38.2 History 


Selenium is 66th in order of natural abun- 
dance in the earth’s crust, with an average con- 
centration of 0.05 ppm. Selenium was 
discovered in 1817 by BRzELIUS in deposits in 
lead chambers used for the production of sul- 
furic acid from copper pyrites. The name sele- 
nium is derived from oeAnvn, the Greek word 
for moon, and reflects the close resemblance 
between selenium and tellurium (= earth), 
which was discovered about 20 years earlier. 


Selenium is a by-product of the extraction 
of metals such as copper, zinc, and lead, and 
has many industrial applications based on its 
chemical and physical properties. Its semicon- 
ducting properties and the light-induced varia- 


ton of its electrical conductivity are of 
particular importance. 
233.5pm (mean) 


105.7? (mean) 


la) Se, 


tb) Se, 





Figure 38.1: Structures of selenium: a) Se, molecule in 
red с-, В-, and y-selenium; b) Helical chains in hexagonal 
gray selenium [4]. 
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200 240 


Figure 38.2: Differential thermal analysis of distilled high-purity selenium after 3 h at 450 °C to give a material of uni- 


form structure [8]. 


38.3 Properties [1-4 


Like sulfur, selenium exists in several allo- 
tropic forms. The structures of these and the 
mechanism of transformation of one into an- 
other are not completely understood. Red sele- 
nium is a thermodynamically unstable, high- 
energy modification produced by precipitation 
at low temperature, crystallization of selenium 
from solution, or quenching of selenium vapor 
or molten selenium. The three modifications 
of monoclinic selenium (a-, В-, and y-sele- 
nium) consist of Se, rings and differ only in 
the packing of these in the crystal (Figure 
38.1). The red, amorphous form consists of 
chains in an irregular arrangement. It is solu- 
ble in carbon disulfide and to some extent in 
benzene, giving red solutions from which it 
can be crystallized. Red selenium is an electn- 
cal nonconductor. In the vapor phase, sele- 
nium exists mainly as Se, rings. At higher 
temperature these decompose into smaller 
units, eventually forming Se, molecules. 

Thermodynamically unstable vitreous or 
amorphous forms are obtained by rapid cool- 
ing of molten selenium. The structure of these 
modifications is not yet fully understood. Pre- 
sumably, high molecular mass selenium rings 
of various sizes are present, which explains 
the poorly defined melting point of industrial- 
grade vitreous selenium. This product softens 


at ca. 50 °C to a rubberlike state and is trans- 
formed at > 100 °C into the gray, crystalline 
form, with release of the heat of crystalliza- 
tion. The black, nonconducting form is 
slightly soluble in carbon disulfide. Structures 
similar to those in vitreous selenium are 
present in molten selenium. 

On heating to > 100 °C, both the red and 
the black forms are transformed into the sta- 
ble, gray, hexagonal (“metallic”) form in an 


'exothermic reaction. This modification is also 


produced by reducing selenous acid with sul- 
fur dioxide at high temperature. Unlike the 
ring structure of the unstable forms, it consists 
of helical chains in which the structure is re- 
peated at every third atom (Figure 38.1). Gray 
selenium is a semiconductor whose electrical 
conductivity increases by a factor > 1000 un- 
der the influence of light (photoconductivity ). 

Impurities have a great influence on crys- 
tallizing properties, so results given in earlier 
research work, where impurity content is not 
quoted, are often erroneous. Also, the previ- 
ous history of the material (e.g., high-tempera- 
ture treatment) plays an important role in the 
transformations between various allotropic 
forms. The thermal properties of selenium can 
be conveniently investigated by differential 
thermal analysis [8]. Figure 38.2 shows the 
various transformations of distilled selenium 
on melting. The brittle vitreous form is trans- 
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formed at 50 °C into the ductile vitreous form 
(glass transition). Above ca. 120 °C, vitreous 
selenium changes into the stable hexagonal 


- crystalline form, which melts at 220 °C. 


Important physical properties of selenium 
are given below [1, 4]: 


Electronic structure [Ar] 3d!° 472" 
Oxidation states 2-, 0, 4+, 6+ 
Atomic radius 0.140 nm 
Ionic radii . 

Se^ 0.191nm' ^ 

Sei? 0.050 

Se* 0.042 
Ionization energy 940 kJ/mol 
Ionization potential 

9.75 eV 

П 21.5 
Electronegativity (Pauling) 2.4 
Density at 25 *C 

Hexagonal 4.189 g/cm? 

a-Monoclinic 4.389 

Vitreous 4.285 

Liquid (490 K) 3.975 
Melting point 217°C 
Boiling point (101.3 kPa; 

760 mm Hg) 684.7 + 0.03 °C 
Vapor pressure at 344.6 °C 0.133 kPa (1 mm Hg) 

at 431.5 *C 1.333 (10) 

at 547.4 °C 13.33 (100) 

at 636.5 °C 53.32 (400) 
Electrical resistivity! at 25 °C 10!° O/em 

at 400 °C 1.3 x 10° » 
Glass transition temperature? 

(vitreous modification) 30.2 °C 


The electrical conductivity is strongly de- 
pendent on purity. Thus, the conductivity of 
selenium, including the poorly conducting 
amorphous form, can be increased consider- 
ably by traces (a few parts per million) of ha- 
lide ions or by alloying elements such as 
tellurium or arsenic. Because the electrical 
properties are sensitive to the presence of 
crystal defects, the purity of selenium, which 
can be deliberately controlled by doping or al- 
loying with other elements, plays an important 
role in its use in electrical and electronic appli- 
cations. 

The chemical properties of selenium are in- 
termediate between those of sulfur and those 
of the metalloid tellurium. In its compounds, it 
mainly exhibits the oxidation states 2—, 4+, 
and 6+. The oxidation state 6+ is considerably 
less stable than for sulfur, and in acid solutions 


А Strongly dependent on purity and light intensity. 
"Strongly dependent on purity. 
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is attained only by the action of strong oxidiz- 
ing agents such as chlorine or hydrogen perox- 
ide. Selenate(VI) is more easily obtained by 
oxidation in alkaline solution. The redox po- 
tentials of selenium in acid and alkaline solu- 
tion are as follows [4, 7]: 
Acid: 

-0.40 V +0.74V 4115 V 
H,Se@ > Se —› H. Set) —› Se(5202- 


Alkaline: 


-0.92 V -0.37 V +0.05 V 
Se? — Se —› Se 9902- — Sel? 


Selenium burns in air to form selenium di- 
oxide, which has the smell of rotten radishes. 
Selenium is oxidized by nitric acid to selenous 
acid. No reaction occurs with nonoxidizing 
acids such as hydrochloric acid. Hot, concen- 
trated sulfuric acid dissolves selenium, giving 
a green color and forming polymeric selenium 
cations, for example: 


Se, + 3H,SO, — Se2* + 2HSO; + SO, + 2H,O 


With chlorine, vigorous oxidation to sele- 
nium tetrachloride occurs. Selenium reacts 
with electropositive elements (e.g., many met- 
als) to form selenides and is therefore strongly 
corrosive, especially at high temperature. 
With hydrogen, the toxic gas hydrogen se- 
lenide is formed. Selenium combines with sul- 
fur to form nonstoichiometric alloys. 

Selenium dissolves in solutions of strong 
alkali, disproportionating into selenide and se- 
lenite. It dissolves in alkali-metal sulfides, 
sulfites, and cy anides, with formation of addi- 
tion compounds 


38.4 Occurrence and Raw 
Materials 


Pure selenium minerals are very rare. Thus, 
berzelianite (Cu,Se), tiemannite (HgS), and 
naumannite (Ag.Se) are never processed sim- 
ply to obtain selenium. However, selenium oc- 
curs in various: concentrations as ап 
accompanying element in many sulfidic ores, 
although isomorphic substitution in copper 
pyrites, iron pyrites, or zinc blende cannot ex- 
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ceed a theoretical maximum of 0.596 because 
of the larger ionic radius of selenium (Se^: 
0.191 nm, $2: 0174 nm). The selenium con- 
tent of pyrites, zinc blende, galena, and mo- 
lybdenite is too low for economic recovery. 
However, most copper concentrates from ore 
flotation contain ca. 100—400 g/t selenium and 
are hence the most important sources of sele- 
nium. Selenium production is therefore 
closely linked to copper production. 

Selenium occurs in low concentrations (ca 
15 g/t) in some types of coal and mineral oil. 

In addition to extraction of selenium from 
copper ore, the recycling of photocopying 
drums and rectifiers is becoming an important 
source. 


38.5 Production 


38.5.1] Primary Production 


Selenium is an accompanying element ob- 
tained during copper production. The sulfidic 
copper concentrate (e.g, chalcopyrite) is 
smelted in an oxidizing atmosphere to give a 
copper matte containing 40-70% Cu. This is 
then blown in a converter to yield crude cop- 
per. After reduction of excess copper oxide, 
the crude copper is cast into anodes. Along 
with other impurities, these copper anodes 
contain 25~70% of the selenium, depending 
on the smelting process. The rest of the sele- 
nium vaporizes during smelting, mainly as se- 
lenium dioxide. This is reduced to the element 
by the sulfur dioxide produced during smelt- 
ing and collects in the slime formed in the gas 
purification equipment. 

However, recovery is generally uneconom- 
ical due to the complex composition of the 
slime. Likewise, in the roasting of pyrites and 
zinc or lead ore, most of the selenium volatil- 
izes and concentrates in the slime in the gas 
purification equipment. The selenium remain- 
ing in the copper anodes is mainly in the form 
of Cu,Se, or sometimes CuAgSe and Ag,Se, 
depending on the silver content. Because they 
are insoluble in the sulfuric acid electrolyte, 
these selenides remain in the anode slime dur- 
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ing electrolytic refining of the copper, as do 
the noble metals. As a result of the high stabil- 
ity of noble-metal selenides, the copper 'se- 
lenides initially present in the anodes can be 
converted to silver selenide or gold selenide 
under the influence of the electrolyte, depend- 
ing on the noble-metal content. The selenium 
in the anode slime is therefore in the form of 
various compounds, depending on the silver 
content. The selenium content of the anode 
slime varies with the raw material and can 
reach > 20%. 

Selenium contents (%) of anode slimes 
(from which residual copper has not been re- 
moved) from various copper tankhouses are as 


follows [9]: 
CCR (Noranda), Canada 10.0 
Chuquicamata, Chile 4.0 


Copper Refineries Pty, Australia ` 0.7 
IMI Refiners, United Kingdom 2.0 


Inco, Canada 8.4 
Kidd Creek, Canada 19.5 
MHO, Belgium 5.1 
Norddeutsche Affinerie, Germany 7.5 
Palabora, South Africa 3.6 
Phelps Dodge, United States 8.8 
Southwire, United States 0.6 


The precious metals can be recovered only 
by decomposing the very stable selenides with 
very strong acid or alkali, or by roasting. Sele- 
nium must be removed from the anode slime 
before the noble metals can be recovered. The 
important processes are [10] 


e Fusion with sodium carbonate 
e Roasting with sodium carbonate 
e Direct oxidation (roasting) 


e Oxidative leaching with sodium hydroxide 
solution under pressure 


e Roasting with concentrated sulfuric acid 


e A hydrometallurgical process of chlorina- 

tion in hydrochloric acid 

In roasting with sodium carbonate, the an- 
ode slime is first treated with sulfuric acid so- 
lution to remove the copper and then mixed 
with sodium carbonate and water to give a stiff 
paste. The paste is extruded or pelletized, and 
dried. It is then roasted at 530-650 °C in a 
stream of oxygen air. Sodium carbonate pre- 
vents vaporization of the selenium as selenium 
dioxide by converting it completely into so- 
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dium selenate. The roasted pellets are ground 
and leached with water to dissolve sodium sel- 
enate. The precious metals remain in the solid 
residue, which also contains tellurium in the 
form of sodium tellurate if higher roasting 
temperatures are used. The selenate is crystal- 
lized from solution and reduced with active 
carbon to sodium selenide, which is redis- 
solved in water and oxidized with air to ele- 
mental selenium. However, this process'leads 
to the formation of large amounts of wastewa- 
ter. . f 
Elemental selenium can also be precipi- 
tated from selenate solution by strongly acidi- 
fying with hydrochloric acid and reducing 
with iron(II) salts or sulfur dioxide. Alterna- 
tively, the sodium carbonate solution can be 
decomposed by adding acid to precipitate im- 
purities such as tellurium. After filtration and 
further acidification, selenium is precipitated 
by reduction (Figure 38.3). 

In the direct oxidation process, copper is re- 
moved first from the anode slime by sulfuric 
acid. The slime is then dried and mixed with 
inert materials that prevent sintering, and the 
selenium is volatilized as selenium dioxide va- 
por at 600—900 ?C. Silver selenite is formed 
initially at « 400 °C 


Ag,Se+7/,0, — Ag. SeO, 
and decomposes at higher temperature 
Ag,SeO, > 2Ag + SeO, + 0, 


Selenium dioxide and some of the sulfur di- 
oxide formed from the sulfate fraction of the 
anode slime are removed from the gas phase 
by scrubbing with water or sodium hydroxide 
solution. After acidifying the wash liquor, the 
selenium is reduced with sulfur dioxide (Fig- 
ure 38.4). Very high volatilization rates are 
achieved at « 600 ?C if the oxidative roasting 
is carried out in the presence of sulfur dioxide. 
The reaction is believed to occur via the inter- 
mediate formation of sulfur trioxide, which re- 
acts with silver selenite: 


Ag,SeO, + SO, > Ag,SO, + SeO, 
This method is used by Outokumpu [11]. The 


selenium dioxide produced is absorbed in di- 
lute sulfuric acid and immediately precipitated 
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as elemental selenium by the excess sulfur di- 
oxide in the scrubbing equipment. 
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Figure 38.3: Recovery of selenium from copper anode 
slime by roasting with sodium carbonate. 


Whereas roasting is carried out below the 
melting point of the anode slime, in the classi- 
cal Doré process (Figure 38.5) the anode slime 
is melted after addition of fluxes. A matte con- 
sisting mainly of silver selenide and a high- 
lead slag containing precious metals are 
formed. The slag can be processed in a lead 
smelting works, or the noble metals can be re- 
covered by flotation. The selenium-containing 
matte is oxidized in the molten state in a sec- 
ond stage, and selenium is vaporized as its di- 
oxide and absorbed in a scrubbing stage. In a 
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process operated by the Canadian copper pro- 
ducer Noranda, these two stages are carried 
out in succession in a top blown rotary con- 
verter [12]. 
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Figure 38.4: Recovery of selenium from copper anode 
slime by acidic roasting. 

Alternatively, roasting with sulfation is car- 
tied out in the presence of concentrated sulfu- 
ric acid at 500-600°C after removal of 
tellurium [9], although the large quantities of 
sulfur dioxide and sulfur trioxide aerosols 
formed can present environmental problems, 
and the severely corrosive properties of sulfu- 
tic acid at high temperature are difficult to 
deal with. 


Apart from the widely used high-tempera- 
ture processes, hydrometallurgical extraction 
of selenium from copper anode slimes is of 
some importance in small plants [13—15]. For 
example, in the copper refinery Austria-Metall 
[14], the anode slime is leached with hydro- 
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chloric acid and chlorine, whereby the gold, 
platinum metals, and selenium (as selenous 
acid) dissolve, and silver remains in the resi- 
due as silver chloride. Selenium is then precip- 
itated from the hydrochloric acid solution by 
reduction with SC. 
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Figure 38.5: Recovery of selenium from copper anode 
slime by the Doré process. * See Figure 38.4. 
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38.5.2 Secondary Production 


Although most selenium comes from pri- 
mary production, recycling of the selenium in 
used rectifiers and photocopying drums is be- 
coming increasingly important for environ- 
mental reasons. An older recovery process 
involves fusion with sodium hydroxide to dis- 
solve the selenium, forming polyselenides: 


6NaOH + (2х + 1)Se — 2Na,Se, + Na,SeO, + 3H,O 


Selenium is obtained by acidifying the solu- 
tion, but toxic hydrogen selenide may be 
formed. This can be prevented il an alkaline 
solution of sodium sulfite is used in the treat- 
ment process. This dissolves selenium selec- 
tively, forming sodium selenosulfate: 


Na,SO, + Se — Na,SeSO, 


Selenium can be recovered by acidification, 
which produces SO,. 

In another process, selenium is treated with 
sodium hydroxide solution and hydrogen per- 
oxide to give a mixture of sodium selenite and 
sodium selenate. The solution is acidified, and 
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selenium is precipitated by sulfur dioxide 
16]. 
PES can also be removed mechani- 
cally from photocopying drums by using a wa- 
ter jet. The aluminum drum can be reused 
whether selenium is removed chemically or 
mechanically; the selenium on photocopying 
drums is thus 10096 recyclable without any 
deterioration of its quality. Recycling of pho- 
tocopying drums is currently performed on a 
large scale (e.g., by the company Retorte). 
Selenium can be dissolved selectively 
from residues by leaching with ammonia or 
amines in an aprotic solvent in the presence of 
carbon monoxide, to form amine salts of sele- 
nocarbamic acid. It can then be precipitated in 
a pure state by heating, with recovery of car- 
bon monoxide and the amine [17]. 


38.5.3 Refining [3] 


The roasting processes, followed by precip- 
itation with sulfur dioxide, gives selenium 
with a purity usually exceeding 9994, which is 
adequate for many chemical applications. 
However, for electronic applications or xerog- 
raphy, selenium must be purified further, be- 
cause of the sensitivity of its physical 
properties to the presence of impurities. 

The simplest method of purification is dis- 
tillation at atmospheric pressure and ca. 
650 °C, which gives a purity up to 99.99%. 
All the nonvolatile elements, such as copper, 
nickel, iron, and tellurium (if present as the di- 
oxide), remain in the distillation vessel. How- 
ever, sulfur and mercury (as HgSe) also distill 
over and are thus not removed. Therefore, the 
crude selenium should not contain mercury. A 
sufficiently pure product is obtained if some of 
the selenium is not distilled, ca. 50% being 
left behind in the distillation vessel to be re- 
turned later to the recovery process. The cor- 
rosive properties of selenium vapor cause 
problems during distillation, and purified sele- 
nium that is collected in cast iron vessels 
sometimes becomes contaminated with iron. 
Improved separation is obtained by vacuum 
distillation at 0.7—1.3 kPa and 360—400 °C, or 
at 0.1 Pa and 260 °C, which also reduces cor- 


1563 


rosivity [18]. A further improvement in qual- 
ity is obtained if the melt is selectively 
oxidized by atmospheric oxygen before distil- 
lation. This gives better separation of the more 
readily oxidized impurities. 

An alternative to distillation for producing 
high-quality selenium is vaporization with ox- 
idation, the selenium dioxide vapor formed 
being absorbed in pure water. Mercury can be 
removed from the solution by adsorption, and 
the other metallic ions by ion exchangers. Ele- 
mental selenium is then precipitated with 
high-purity sulfur dioxide. Purities > 99.99% 
can be achieved in this way [19]. After precip- 
itation, the selenium powder is washed and 
can be remelted if desired (e.g., to produce 
granules or to homogenize the structure). 

High-purity selenium is also obtained by 
the hydride process. Impure selenium is 
treated with hydrogen at ca. 550-685 °C to 
form hydrogen selenide, which is then decom- 
posed at 1000°C Alternatively, it can be 
cooled to remove gaseous impurities before - 
thermal decomposition is carried out [20]. 


38.6 Environmental 
Protection 


Selenium is toxic at high concentration and 
must therefore be effectively removed from 
off-gases and wastewater Since oxidizing 
processes are used, selenium is present in the 
off-gas as selenium dioxide. After cooling, it 
can be removed either by dust filters or, be- 
cause of its high solubility, by absorption in 
water or sodium hydroxide solution in gas- 
scrubbing equipment. Because selenium diox- 
ide is readily reduced by organic compounds 
or sulfur dioxide, the off-gas always contains a 
small amount of elemental selenium. The sele- 
nium-containing dust filtered out thus gener- 
ally has a reddish color. 

The wastewater treatment process and the 
minimum attainable selenium content both de- 
pend on the form in which selenium is present 
and on the other components in the wastewa- 
ter. Although selenites in acid solution are re- 
duced readily to insoluble selenium, complete 
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removal is often difficult, because the sele- 
nium sometimes precipitates as a colloid and 
the reduction is very slow, especially in dilute 
solution. Therefore, precipitation aids such as 
hydroxides of aluminum or iron must be 
added usually. Adsorptive precipitation then 
enables a final content of « 10 mg/L Se to be 
achieved in the wastewater. 

Selenium-containing wastewater, as pro- 
duced in the sour waters from petroleum refin- 
ing, can be purified by ion exchange [21]. 


38.7 Uses [5,6] 


The uses of selenium and selenium com- 
pounds can be divided into the following cate- 


gories [22]: 
Electronic applications ca. 2596 
Pigments ca. 10% 
Glass ca. 4096 
Metallurgy ca. 1096 
Agricultural and biological applications 596 
Other uses (e.g., additives for rubber 

vulcanization, oxidation catalysts) ca. 1096 


Rectifiers. Selenium conducts electricity pref- 
erentially in one direction, and this property 
has been utilized since 1920 for converting al- 
ternating to direct current. À selenium rectifier 


consists of a steel or aluminum plate coated . 


with nickel, with an additional coating of sele- 
nium, 50-60 um thick. A sprayed cadmium al- 
loy is used as a counterelectrode. Several of 
these rectifiers can be stacked in series. The 
efficiency of rectification is ca. 8596. Al- 
though selenium rectifiers have been increas- 
ingly replaced by germanium and silicon 
diode rectifiers, selenium is still used where 
the performance of the rectifier must be main- 
tained even in the presence of high counter- 
voltage peaks. 


Xerography [23]. The use of selenium in pho- 
tocopying technology is based on its sensitiv- 
ity to light. Selenium, which may be highly 
pure, doped, or alloyed, is deposited by a va- 
porization process to form a film, ca. 50 pm 
thick, on an aluminum drum. In the copying 
process, the selenium surface is first charged 
by a high-voltage corona discharge. The drum 
is then exposed to the projected light from the 
picture. Where the light falls on the drum, the 
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charge on the selenium flows away, and a la- 
tent picture is thereby formed. After the illu- 
mination stage, the thermoplastic toner 
powder is applied to the drum, attracted elec- 
trostatically to the charged parts (not illumi- 
nated), and then fixed by heat. À photograph 
of a used photocopier drum after 60 000 pho- 
tocopying runs is shown in Figure 38.6. The 
pure, amorphous selenium originally used to 
coat the drums is very fragile and crystallizes 
at high temperature. Therefore, selenium sta- 
bilized with tellurium or arsenic is now often 
used (selenium tellurium alloys or arsenic 
triselenide), generally doped with small 
amounts of chlorine. The alloys containing 
high-purity tellurium enable copying rates to 
be increased and light of a wider spectral 
range to be used. A still-higher copying rate 
and wider spectral range are possible with ar- 
senic triselenide, which has been used increas- 
ingly in recent years despite its toxicity and 
problems in manufacture. The drums also 
have a considerably longer life. The selenium- 
based system is now being replaced by organic 
photoconductors and amorphous silicon in 
low-cost applications. However, selenium is 
maintaining its position in industrial applica- 
tions because of its long life and high photo- 
copying capacity. Whereas a drum with 
organic photoconductors has a lifetime of ca. 
10 000—30 000 copies, drums coated with se- 
lenium can withstand more than 100 000 
copying operations. 


A potential application of xerography with 
selenium as the photoconductor is in medi- 
cine. Here, X rays are used instead of visible 


light to form the latent image. The advantage. 


of this process lies in the possibility for direct 
digitization without producing a copy or a 
film, so that the X-ray image is generated di- 
rectly by a computer on a visual display unit, 
and can be stored and processed. Although 
several patents exist and comprehensive re- 
search has been carried out, the process is not 
yet in general use [24, 25]. 


Glass Manufacture. Selenium and selenium 
compounds are used in silicate glass both in 
decolorization and as a colorant for producing 
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intense yellow to red glass for special applica- 
tions (selenium pink glass). 





Figure 38.6: Selenium-coated -photocopier drum after 
60 000 copies. 


The main application in glass manufacture 
is in the decolonzation of glass, which is al- 
ways colored green to yellow green by traces 
of iron(II) and ігоп(Ш). The addition of 30- 
150 g/t selenium compensates for this color by 
adding the pink of the selenium, with no ap- 
parent reduction in transparency [26]. For- 
merly, selenium was added mainly as the 
element. However, elemental selenium vola- 
tilizes below the melting temperature of glass, 
so the yields were usually « 50%. Therefore, 
selenium compounds such as sodium selenite, 
sodium selenate, barium selenite, or zinc se- 
lenite are now increasingly used. Even so, 
some volatilization losses are unavoidable. Lf 
an excess of selenium is used, pink glasses are 
obtained that used to be important for artistic 
purposes. 


The addition of cadmium sulfoselenide to 
glass gives intense colors such as those re- 
quired for signal technology (e.g. traffic 
lights). The colors vary from yellow to red, de- 
pending on the CdSe content and melting con- 
ditions. Because of the volatility of selenium 
compounds, reproducible color control is dif- 
ficult. 


1565 


Pigments. Selenium is used as a pigment in 
the form of cadmium sulfoselenide. Replace- 
ment of part of the sulfur in cadmium sulfide 
by selenium changes the yellow color to an in- 
tense red. The pigment has good brightness 
and high stability. It is an important colorant 
for plastics, because the addition of up to 
1.5% cadmium sulfoselenide does not signifi- 
cantly affect their physical properties; it is also 
stable at the temperatures used for injection 
molding and extrusion. However, the impor- 
tance of these pigments has declined consider- 
ably because of the toxicity of cadmium 
compounds. In some areas, the use of cad- 
mium sulfoselenide is prohibited. 


Metallurgy. The addition of selenium to steel 
improves its machinability, resulting in higher 
cutting speeds, lower energy consumption, 
and a longer lifetime for the machine tool. Al- 
though this is often achieved by adding sulfur, · 
selenium is always used where good hot and 
cold formability, corrosion resistance, and sur- 
face finish are also required. For stainless 
steel, the addition rate is ca. 0.1-0.3% Se. The 
machinability of copper can also be improved 
by addition of selenium, but tellurium is used 
more often. Addition of up to 0.1% selenium 
to magnetic silicon steels improves their mag- 
netic properties for use in transformer cores. 
Selenium is also used in lead accumulators to 
improve the casting and mechanical properties 
of lead antimony alloys with low antimony 
content. : 

Ferroselenium, copper selenide, and nickel 
selenide are used in metallurgy. 


Agriculture. Although the toxicity of soil 
with high selentum content has long been 
known, only much later was the need for sele- 
nium as an essential trace element in low con- 
centrations discovered. A number of diseases 
formerly thought to be due to vitamin E defi- 
ciency are in fact the result of a deficiency of 
selenium. For example, the addition of 0.1-0.3 
ppm selenium to the feed of chickens and pigs 
considerably increases their growth rate and 
prevents certain diseases, although the mecha- 
nism of this is not fully understood. Selenium 
may act as an antioxidant or free-radical trap. 


1566 


The high rate of heart disease in Finland is 
thought to be due to a selenium deficiency, the 
soil being low in selenium, and the law now 
requires that 6-16 g/t selenium be added to 
fertilizers used there. 

Selenium is added to fertilizers or animal 
feed in the form of sodium selenite or sodium 
selenate, which are absorbed more readily by 
plants. 


Other Uses. Selenium and selenium com- 
pounds (e.g, Selenac, dialkylselenium саг- 
bamates) are added with sulfur in rubber 
manufacture. This improves the thermal sta- 
bility of the product and controls the vulcani- 
zation rate. 

Selenium compounds are used to a small 
extent as additives to oxidation catalysts for 
hydrocarbons. Selenium dioxide 1s also used 
as a selective oxidizing agent in organic chem- 
istry. 

Selenium acts as an absorbent for mercury, 
forming stable mercury selenide, in gas purifi- 
cation [27]. 

Addition of up to 5% selenium has been 
proposed in the preparation of dental amal- 
gams [28]. 


38.8 Quality Specifications 
and Analysis 


Standard-grade selenium containing 99.5% 
Se is adequate for chemical and metallurgical 
use, although many producers supply a 99.996 
Se material. A special pigment grade contain- 
ing 99.896 Se is also marketed. The standard 
grades are supplied as powders of various bulk 
densities, depending on precipitation condi- 
tions. The standard grade is used mainly as 
starting material for the production of high- 
purity selenium for photocopiers and elec- 
tronic applications, which require a product 
containing > 99.999% Se. Here, the heavy- 
metal content must also be as low as possible, 
and the oxygen content should be much less 
than 5 ppm. Electronic-grade selenium 1s sup- 
plied in the form of granules, which can be 
produced by pouring molten selenium into 
deionized water. In addition to chemical anal- 
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ysis, the quality assessment of high-purity se- 
lenium includes measurement of electrical and 
especially the photoelectrical properties [29]. 
The crystallization temperature, determined 
by thermal analysis, can give a useful indica- 
tion of the impurities in selenium (Figure 
38.2), although interpretation of the results is 
not always unambiguous. 

The methods of analysis for selenium de- 
pend on the matrix material. Direct spectro- 
scopic determination in raw materials and 
intermediate products is usually impossible 
due to lack of standards. Hence, selenium- 
containing materials are first treated with ni- 
tric or sulfuric acid, for example, to dissolve 
the selenium as selenous acid. Most methods 
of determination involve reduction of sele- 
nous acid with various reducing agents, usu- 


ally in solution in strong hydrochloric acid. 


Selenium can be determined gravimetrically 
after reduction with iron(II), for example, if 
the hydrochloric acid concentration is such 
that precipitation 1s complete and no loss of 
SeCl, vapor occurs [30]. The precipitated se- 
lenium is weighed, or redissolved and deter- 
mined by atomic absorption spectroscopy, 
inductively coupled plasma, or direct coupled 
plasma spectroscopy [31]. In one of the oldest 
methods still in use, selenous acid is titrated 
with thiosulfate according to the equation: 
Na,SeO, + 4Na,S,0, + 6НСІ — Na,SeS,0, + Na,S,0, + 
6NaCl + 3H,O 

Sodium monoselenopentathionate is formed, 
and the excess of thiosulfate is back-titrated 
iodometrically [32]. 


38.9 Compounds 


Selenium forms a large number of chemical 
compounds, some of which are of major in- 
dustrial importance. 


Selenium Dioxide, Selenous Acid, Selenites. 
Volatile selenium dioxide (sublimes at 
315 °C) is formed by the combustion of sele- 
nium-containing materials. Selenium dioxide 
dissolves readily in water (800 g/L at 85 °C) to 
form selenous acid. Unlike sulfur dioxide se- 
lenium dioxide and selenous acid are easily re- 
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duced to selenium by reducing agents such as 
sulfur dioxide. Even traces of organic material 
reduce part of the selenium dioxide to sele- 
nium, resulting in a slightly reddish color of 
the SeO,. The sensitivity to reduction is in- 
creased by the influence of light. Selenium di- 
oxide is used to oxidize alkyl groups to 
carbonyl groups in organic chemistry, as a lu- 
bricant additive, and as an additive in the elec- 
trolysis of manganese. Selenous acid i$ more 
stable than sulfurous acid and can be isolated 
in the pure state in the form of colorless 
prisms. Selenous acid decomposes above 
70 °C, forming selenium dioxide and water. 
Sodium selenite, zinc selenite, and barium se- 
lenite are important additives in glass manu- 
facture. These salts are prepared by the 
reaction of selenous acid with the correspond- 
ing hydroxides or oxides, followed by crystal- 
lization. 


Selenium Trioxide, Selenic Acid, Selenates. 
Selenous acid is oxidized to selenic acid by 
strong oxidizing agents such as chlorine, chlo- 
ric acid, ozone, or anodic oxidation. Selenic 
acid is a hygroscopic solid that melts at 


59.9 °C. It is a much stronger oxidizing agent 


than sulfuric acid; for example, a mixture of 
concentrated selenic acid with concentrated 
hydrochloric acid evolves chlorine. Selenic 
acid can be dehydrated with phosphorus pen- 
toxide or by applying vacuum (200 Pa) at 
160 °C to give the strongly oxidizing selenium 
trioxide (mp 118 °C). Above 185 °C, selenium 
trioxide decomposes into selenium dioxide 
and oxygen. Selenates are formed by the reac- 
tion of selenic acid with metal oxides or hy- 
droxides, and resemble the isomorphous 
sulfates in both structure and solubility. So- 
dium selenate has recently become an impor- 
tant fertilizer additive. 


Hydrogen Selenide, Selenides. Hydrogen se- 
lenide can be obtained either directly from the 
elements at ca. 400 °C or by decomposition of 
the selenides of iron, magnesium, or alumi- 
num with hydrochloric acid. It is a colorless 
gas (bp —41.3 °C) smelling like rotten rad- 
ishes, is even more toxic than hydrogen sul- 
fide, and has a very irritating effect on the 
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mucous membranes, causing bronchial and 
nasal irritation. Hydrogen selenide is less sta- 
ble than hydrogen sulfide and can be oxidized 
to selenium by air, especially in the presence 
of light. Heavy-metal selenides such as copper 
selenide form the basis of selenium extraction 
from ores. Cadmium selenide, produced from 
cadmium and selenium, is used in the pigment 
industry together with cadmium sulfide. 

High-purity zinc selenide is an iniportant 
infrared optical material. Single crystals can 
be produced by reacting zinc vapor with hy- 
drogen selenide (chemical vapor deposition, 
CVD). Copper indium selenide could be the 
basis for solar cells of the future; light effi- 
ciencies of 14% at an energy flux density of > 
100 W/m? can be achieved. However, the 
manufacturing process (CVD) is expensive 
[23, 33]. 


Selenium disulfide is formed by reaction of 
hydrogen sulfide with selenous acid or by di- 
rect combination of the elements. The red 
powder (mp ca. 100 °C) is used in concentra- 
tions of < 1% in shampoos and hair prepara- 
tions for the treatment of dandruff. 


Selenium Halides. The action of halogens or 
halides on elemental selenium yields various 
selenium halides, depending on the tempera- 
ture and stoichiometric ratio. Selenium 
monochloride, Se,Cl, (р 2.774 g/cm’), and se- 
lenium monobromide, Se,Br, (p 3.604 g/cm’), 
are intensely colored, heavy liquids. SeC1, and 
SeBr, are.crystalline substances that readily 
form complexes with alkali-metal halides. Se- 
lenium exhibits the oxidation state 6+ only in 
SeF, the corresponding chloride and bromide 
being unstable. Of the oxyhalides, selenyl 
chloride, SeOCL, is liquid at room tempera- 
ture and is remarkable for its extreme reactiv- 
ity, combining with almost all elements. 


38.10 Economic Aspects 


The total consumption of selenium in 1989 
1991 was ca. 2100—2300 t/a (Table 38.1) [22, 
34]. Average consumption in previous years 
was ca. 1700 t/a, although the published fig- 
ures are unreliable due to the lack of informa- 
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tion from Eastern European countries. Of the 
total, about one-third is produced as high-pu- 
rity selenium for electronic applications. Since 
selenium is a by-product of copper produc- 
tion, its price is subject to very wide variations 
due to over- or underproduction from time to 
time. In recent years, the price of selenium has 


decreased considerably (Table 38.1). How- · 


ever, most dealing takes place not on the open 
market, but directly between the producer and 
consumer, so the true prices differ from the 
published prices. The price for standard-grade 
selenium in 1990 was ca. $10/kg, and for high- 
purity selenium ca. $30—50/kg [22]. Manufac- 
turers of elemental selenium in the Western 
world include the large copper producers No- 
randa Mines (Canada); Norddeutsche Affine- 
rie AG (Germany), with its subsidiary Retorte 
producing selenium compounds and high-pu- 
rity selenium; Metallurgie Hoboken-Overpelt 
(Belgium); Mitsubishi Metals, Nippon Min- 
ing, Sumitomo (Japan); Outokumpu (Fin- 
land) ASARCO, Kennecott, and Phelps 
Dodge (United States) [35]. Selenium com- 
pounds are also produced by Degussa (Ger- 
many). 

Although the consumption of selenium 
compounds in the glass industry and as a fer- 
tilizer additive is increasing, the use of cad- 
mium selenide in pigments is decreasing, and 
selenium is being replaced by organic photo- 
conductors in some types of xerography. 
Therefore the total consumption of selenium is 
not expected to increase in the near future. 
However, the supply of selenium could de- 
crease in the future if copper is produced 
partly by  hydrometallurgical processes, 
which do not yield a selenium by-product. 


38.11 Biological Activity and 
Toxicology 


Although selenium is an important trace el- 
ement in low concentrations, it is toxic at 
higher concentrations. It is an essential trace 
element in the selenoenzyme glutathione per- 
oxidase. This enzyme, together with vitamin 
E, is important for the protection of cells from 
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oxidative attack. The activity of glutathione 
peroxidase in red blood corpuscles correlates 
well with the selenium concentration up to 
100 ug/L [36, 37]. Low selenium levels in the 
blood: cause heart disease. For instance, in 
China, Keshan disease, a cardiomyopathy, 
caused the deaths of a large number of people, 
especially children, until the daily consump- 
tion of selenium was found to be very low. The 
transition from essential trace quantities to 
toxic quantities of selenium in terms of intake 
in food is summarized below [37]: 


Low-selenium area with Keshan disease 11 g/d 
Selenium adequate area 116 g/d 
National Academy of Sciences, Food and Nutrition 

Board “safe and adequate” range 50—200 Held 
Lowest observed effect level (LOEL) 3200 pg/d 
High-selenium area with chronic selenosis 4990 pg/d 
Table 38.1: Estimated production (t), consumption (t), 
and price (S/kg) of selenium [22, 35]. 


1989 1990 1991 


Production 

Belgium 275 360 260 
Canada 270 340 240 
Chile 40 40 40 
Finland 10 25 25 
Germany 110 110 100 
Japan 534 550 631 
South Korea 20 25 25 
Mexico 25 25 25 
Peru 20 20 20 
Philippines 120 120 120 
Sweden 60 30 30 
United States 253 287 240 
Yugoslavia 50 60 40 
Zambia 50 60 40 
Others 100 100 100 
Total 1937 2052 1918 
Consumption 

United States 560 530 500 
Japan 283 289 263 
Europe 830 800 770 
China 200 300 350 
Others. 300 300 300 
Total 2173 2119 2283 
Average price 13.81 11.206 10.56 


The concentration of selenium in the blood 
should be 60-100 pg/L. Although small 
amounts of selenium may reduce the risk of 
cancer, as indicated by some investigative 
studies, this has not been proved conclusively. 

A chronic high selenium intake of > 5 mg/d 
gives rise to nonspecific symptoms such as 
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hair loss, changes to the fingernails, diarrhea, 
effects on the central nervous system, and 
nonspecific changes to the liver. Also, a loss of 
appetite and a tendency to walk in a circle can 
occur. High concentrations of selenium in the 
workplace can cause headaches and “selenium 
catarrh”. Also, the breath can have a garliclike 
smell due to the formation of methyl selenide, 
although this effect is much less pronounced 
than with tellurium. AN 

A few selenium compounds exhibit acute 
toxicity. Irritation of the mucous membranes 
of the digestive system, liver damage, and 
toxic edema of the lungs have been observed. 
The most toxic compound is hydrogen se- 
lenide, tor which the MAK is 0.05 ppm, the 
MAK value for other selenium compounds be- 
ing 0.1 ppm. In the United States, the TLV is 
0.2 mg/m’. In a study carried out in Canada on 
people working in selenium production, if the 
TLV was exceeded slightly (up to 0.8 mg/m?) 
for limited periods, no symptoms resulted 
[38]. In Germany, the limit in drinking water is 
0.008 mg/L [39], and in the United States, the 
EPA recommends a maximum contamination 
level (MCL) of 0.01 mg/L. r 
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39.1 Introduction 


Tellurium, atomic number 52, is a metallic 
element of group 16 in the periodic table. 

Tellurium has 8 natural stable isotopes, and 
is known to have a total of 21 artificial unsta- 
ble isotopes. The natural abundance of the sta- 
ble isotopes is: !2°Те (0.096%) !22Те (2.60%) 
1BTe (0.908%), "Te (4.816%), Те 
(7.14%), STe (18.95%), '??Te (31.69%), and 
130Те (33.80%) [1]. The abundance of tellu- 
rium in the Earth’s crust is comparable to that 
of platinum, 0.01 ppm. 


39.2 History 


Tellurium was discovered in 1782 by 
MULLER von REICHENSTEIN and named by Ka- 
PROTH in 1798 (Latin, tellus, Earth) [2]. 


39.3 Properties [1,3-12] 


Tellurium is a crystalline, bright silver- 
white metal, which is rather brittle and easily 
crushed. Tellurium is relatively soft (2.3 Moh, 
nearly as hard as zinc). 

The crystal structure is a three-point helical 
lattice with hexagonal symmetry, with the he- 
lical chains parallel to the hexagonal axis. 
Many physical and electrical properties, e.g., 
hardness, thermal expansion coefficient, Hall 
coefficient, resistivity, and diamagnetic sus- 
ceptibility are anisotropic. The so-called 


amorphous phase actually contains very small 
hexagonal crystals. 

Tellurium, a p-type semiconductor, demon- 
strates the phenomenon of piezoelectricity and 
becomes superconductive at 3.3 K. Some tel- 
lurium compounds have excellent thermoelec- 
tric properties which are commercially 
interesting. Trace additives of tellurium to 
steel, lead, and copper and their alloys have a 
positive influence on the machinability of 
tools. 

Tellurium has a relatively low melting (723 
K) and boiling point (1327 K). On melting, the 
specific volume increases by ca. 596. Tellu- 
rium vapor is yellow-gold and consists mainly 
of Te, molecules up to 2000 °C. Some physi- 
cal properties of tellurium are: 

Electronic configuration [Kr] 4d" zent 


Thermal neutron cross section at 2200 m/s 
absorption (4.7 x 0.1) x 107? m?/atom 


scattering (5+ 0.1) x 1075 
Crystal structure hexagonal lattice with 
trigonal symmetry (A8) 
a, = 0.4457 nm 
с, 70.5929 nm 
bond angle (103.2 + 0.1)? 
Atomic radius 0.1285 nm 
Ionic radius 
Те“ 0.089 nm 
Te™ 0.221 nm 
Atomic volume 20.42 x 10 m?/mol 
Density at 300 K 6.245 g/cm? 
mp 722.6K 
bp 1327K 
Enthalpy of fusion 17.489 kJ/mol 


107.77 kJ/mol 

25.707 Jmol” K^! 
49.497 Jmol ! K! 
24.201 Jmol?K7 


Enthalpy of vaporization (Te;) 
Specific heat at 25 °C 
Entropy at 25 °C 

Entropy of fusion 
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Entropy of vaporization 36.6 Jmol K^! 
Coefficient of linear expansion, 


mean value (anisotropic) 16.8 x 10% K^! 


Vapour pressure p at 793 K 0.133 kPa 
at923K 1.33 
at llli K 13.3 

Thermal conductivity at 293 K 0.060 Walk" 


Surface tension at temperature Т, 0.178 —2.4x 105 


mp = melting point (ТТ) Мт 

Electrical resistivity at 3.3 К superconducting 

at300 K 9.9x 10? Qm 
Standard electrode potentials 

Te + 2e Ale" -0.92 V 

Te** + de” > Te 0.63 
Tensile strength 11.0 x 0.25 MPa 
Modulus of elasticity 4140 MPa 


Metallic tellurium has many properties 
similar to sulfur and selenium, but it is less re- 
active, more basic, more metallic, and 
strongly develops amphoteric properties. 
When metallic tellurtum is heated in air, it 
burns with a blue-green flame; tellurium pow- 
der oxidizes at room temperature. 

Tellurium reacts vigorously with halogens 
at room temperature, cannot be combined di- 
rectly with sulfur, and reacts with hydrogen at 
high temperature (920 K). Tellurium does not 
react with carbon, boron, or nitrogen; it reacts 
with phosphorus only in a sealed tube heated 
above 595 K. 

Tellurium is insoluble in water, dissolves in 
concentrated sulfuric and nitric acid, and only 
slightly 1n dilute hydrochloric acid. The solu- 
bility in caustic alkalis depends on the temper- 
ature; telluaum is, however, insoluble in 
ammonium hydroxide. 

When heated in an evacuated ampule, sto- 
ichiometric amounts of tellurium and one or 
more other elements form binary or ternary 
tellurides. Molten tellunum corrodes iron, 
copper, and stainless steel. 


39.4 Resources and Raw 
Materials [13] 


Tellurium, a relatively rare element with a 
crustal abundance of 10 pg/kg, is found in 
close association with sulfur as well as with 
selenium. Unlike the latter, tellurium does not 
substitute in sulfide lattices, but forms discrete 
minerals or microsegregations in the host sul- 
fide mineral [14]. 
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Native tellurium has been observed, but the 
element is mainly found as a gold and/or silver 
telluride. The concentration of tellurium min- 
erals in nature is insufficient to allow their 
economic recovery as principal mining prod- 
ucts; its recovery therefore depends on its con- 
centration during the processing of other 
nonferrous metals. In copper refining, tellu- 
rium accumulates together with precious met- 
als and selenum in the anodic slimes 
generated by electrolysis. Other primary met- 
als such as zinc, gold, and lead, concentrate 
tellurium during refining. 


Reserves of tellurium are difficult to assess 
because of the limited knowledge of tellurium 
content in the copper or other ores from which 
it is recovered. Estimations of refinery pro- 
duction of tellurium are complicated by the 
trade in concentrates, blister, and anode cop- 
per, as well as other nonferrous residues. 


As copper ores are the main sources for tel- 
lurium, public statistics are based on the cop- 
per industry. The United States Bureau of 
Mines estimates tellurium resources by apply- 
ing fixed recovery factors (i.e., 0.065 kg Te 
per tonne of Cu) and quotes the figures in 
tonnes [15]. 


Continent, country 





Tellurium reserves, t 





North America 

United States 6 000 

Canada 2000 

Others 3 000 
South America 

Chile 6 000 

Peru 2000 

Others 1000 
Europe 5 000 
Africa 

Zaire 2000 

Zambia 2 000 

Others 1000 
Asia 

Philippines 1000 

Others 1000 
Oceania 2000 
World 34 000 


The results of these estimations do not in- 
clude tellurium resources included in lead, 
zinc, or gold reserves. 
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39.5 Production [16-22] 


Tellurium can be recovered as a by-product 
in the treatment of lead, copper, bismuth, pre- 
cious metals, and nickel ores, and from sulfu- 
ric acid plants. The main source is copper 
anode slimes, which settle at the bottom of the 
refining tanks during the electrowinning of 
99.9% pure copper. Copper anode slimes con- 
tain 0.5—10% tellurium (Table 39.1). . 

Table 39.1: Composition of copper anode slimes: selected 
examples [23—25]. 

. . Typical concentration, % 

Element Canadian Cop- 





Nippon Mining Inco 


per Refiners 
Cu 20.3 4.73 17 . 
Bi 0.36 1.6 0.1 
Sb 0.95 0.95 0.05 
Se 10.9 15.23 7 
Te 3.19 3.64 2 
Pb 8.5 6.54 p 
Au 0.99 0.1 
Ag 213 20.58 6 
As 1.83 1.59 0.8 
Ni 0.52 0.03 26 





Tellurium is collected with the precious 
metals in the anode slimes, and has to be sepa- 
rated from these together with selenium, be- 
cause they interfere with the separation and 
refining of the precious metals. Tellurium is 
mostly present in the form of intermetallic 
compounds of silver, copper, and sometimes 
gold [Ag,Te, Си,Те, and (Ag, Au)Te,]. Pre- 
treatment of the slimes can dissolve the copper 
which is harmful in the further treatment of the 
slimes. It is normally followed by roasting or 
sulfatizing of the decopperized slimes, or a 
combination of these and alternative methods. 


Pretreatment consists of dissolving residual 
copper and tellurium by dilute aerated sulfuric 
acid or by oxidative pressure leaching with di- 
lute sulfuric acid (normally tankhouse liquid 
from the copper electrolysis). The first method 
dissolves 70-80%, the second > 90% of the 
tellurium. Pressure leaching takes place in an 
autoclave under an oxygen pressure of 250- 
350 kPa at 80-160 ?C. Depending on the con- 
ditions, tellurium is converted to the tetrava- 
lent or hexavalent form. Tests have been 
performed at oxygen pressure up to 1000 kPa 
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whereby copper and tellurium are completely 
dissolved, together with part of the contained 
silver and selenium, which, after contact with 
a reducing agent (e.g., SO;) at atmospheric 
pressure, reprecipitate [23]. The dissolved tel- 
lurium in the filtrate is consequently recovered 
as copper telluride (Cu,Te) by cementation 
with copper above 80 °C. This can be per- 
formed in a rotating drum containing copper 
shot or in a fixed-bed reactor filled with cop- 
per chippings [26]. Other techniques use cop- 
per electrodes suspended in a bath containing 
the dissolved copper and tellurium sulfate, ag- 
itated by vibration or alternating current to the 
electrode to remove the deposited copper tel- 
luride [27, 28]. Figure 39.1 illustrates a possi- 
ble pretreatment scheme. 


Wet anode slime 






Sulfuric acid, oxygen 
Cu chippings 


Tellurium cementation 










Cu-Te solution 


Filtration 





Decopperized slimes Copper telluride 


Figure 39.1: Anode slime pretreatment scheme. 


Roasting. Pretreated decopperized slimes are 
roasted with soda ash, whereby tellurium is 
converted to insoluble sodium tellurite and tel- 
lurate: 


Ag,Te + Na,CO, +O, 2 2Ag + Na,TeO, + CO, 
(400—500 °C) 


Na,TeO, +1/,0, > Na/TeO, ае (С 550 °C) 


Normally, complete conversion to hexava- 
lent tellurium is preferred with roasting. tem- 
perature 550-650 °C. Other processes operate 
below 400 °C or up to 750 °C, involving dif- 
ferent process steps. After water leaching, se- 
lenium is recovered as soluble sodium 
selenate. The residue containing tellurium (as 
sodium tellurate), lead, and precious metals is 
either sent to a doré furnace, or treated 
with.sulfuric acid: 


Na,TeO, + Н,50, — НО, gonbi + NaSO, (95 °С) 
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Decopperized slimes 






Soda sinter 
Alkaline Te slag 


Tellurium dioxide 


Water, sodium hydroxide 

















Filtrate to Se recovery 
Silica, lime 


Alloy to precious metals 
refining 





Solids 


Sulfuric acid 





Sodium tellurite 
solution 


Etectralysis 


Te cathodes 


Ка 


Tellurium [999%] 


Figure 39.2: Soda ash roasting and doré furnace treat- 
ment. 


Tn this processing step, the residue contain- 
ing lead and precious metals is separated for 
further treatment. The telluric acid 1s reduced 
to tellurium by treatment with hydrochloric 
acid and sulfur dioxide, or reduced by sodium 
sulfite to tellurium dioxide, or precipitated as 
copper telluride by adding copper. If there is 
no preliminary sulfuric acid treatment, the res- 
idue still containing the sodium tellurate is 
smelted in a doré furnace, where the tellurium 
1s collected in a soda slag leached with water 
to convert it to sodium tellurite. It is then neu- 
tralized with sulfuric acid to tellurium dioxide. 
Copper telluride and tellurium dioxide can be 
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leached with dilute sodium hydroxide (with 
aeration in the case of copper telluride) to 
form a sodium tellurite solution which is fur- 
ther prepared for electrolysis. Figure 39.2 
shows a soda ash roasting process combined 
with a doré furnace. 


Sulfation takes place in two stages: below 
350 °C the sulfuric acid forms metal sulfates 
with the proper consistency to be roasted 
above 400°C in the second stage. In this 
stage, selenium dioxide is eliminated. For tel- 
lurium, the following reactions take place: 


Ag, Te + 3H,SO, > 
Ag,SO, + TeSO,+SO,+3H,O (150-200 °C) 


3TeSO, — TeO,-SO,+2Te +280, (> 400°C) 
TeO,-S0, — TeO, SO, (> 430°C) 


The tellurium dioxide remains in the sul- 
fated slimes, which are leached with water. 
Part of the tellurium is dissolved, and can be 
cemented with copper to yield copper tellu- 
ride. The leach residue can be treated in the 
dore furnace. Alkaline leaching of the residues 
yields soluble sodium tellurite, but this pro- 
cess does not recover all the tellurium. Figure 
39.3 shows a sulfatizing roasting process for 
the recovery of tellunum. 


Other Techniques. The oxidation of slimes 
under pressure in alkaline solution can be used 
to give good separation of tetravalent sele- 
nium and hexavalent tellurium after oxidation. 
Sodium hydroxide concentration is 100—500 
g/L, the temperature is ca. 200 °C, and the ox- 
ygen partial pressure is 170—1700 kPa. Pres- 
sure leaching with oxygen or hydrogen 
peroxide is also possible [29, 30]. Aqueous or 
dry high-temperature chlorination of slimes 
has been developed. Dry chlorination being 
difficult to control, wet chlorination is pre- 
ferred. The slimes are sparged with chlorine 
gas or sodium chlorate at ca. 100 °C, and all 
selenium and tellurium is recovered in the sol- 
uble form. ` 


The recovery of tellurium from secondary 
materials accounts for 10-20% of world tellu- 
rium production. 





Tellurium 


Decopperized stimes 







Copper telluride 


Sodium hydroxide 


Sodium fellurite 
solution 


Electrolysis 


Te cathodes 






Cu powder 


"tH 


Tellurium (99.9%) 


Figure 39.3: Sulfation roasting process. * As in Figure 39.2. 


International Recoveries of the Philippines 
started producing tellurium dioxide and tellu- 
rium metal from copper telluride rdw material 
in 1984, and other complex residues and waste 
products are now treated. Treatment of a tellu- 
num tetrachloride residue was described in 
1989 [31]. Small quantities of thermoelectric 
scrap are recycled by different tellurium pro- 
ducers. 


Purification. The following reactions take 
place during the electrolysis of a tellurite solu- 
tion: 


Anode: 40H” — 2Н,0 + O, + 4e7 
Cathode: Тео; + 3H,O + 4e~ — Te + 60H™ 


Typical conditions in an electrolysis cell 
are: tellurium 100—200 g/L; free sodium hy- 


Sulfur dioxide 


Selenium dioxide 
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Residue: Cu-Se, Cu-Ag 


droxide 40 g/L; current density 160 Алта”, 
temperature 40—50 °C. After drying, melting, 
and casting in different shapes (or crushing to 
powder) the commercial tellurium grade is 
ready for sale. Direct precipitation with zinc is 
also possible instead of electrowinning. 


Further refining consists of vacuum distil- 
lation and zone refining, and yields the higher- 
purity grades 99.99-99.9999%. As zone refin- 
ing is unsatisfactory for some impurities, e.g., 
aluminum, bismuth, and iron, another process 
uses chlorination with НСІ to tellurium tetra- 
chloride; distillation and hydrolysis leads to 
the precipitation of tellurium dioxide of > 
99.999% purity, which after reduction with 
hydrogen gas gives tellurium of the same pu- 


rity [32]. 
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39.6 Quality Specifications 


Qualities ranging from 99.5% to 99.9999% 
tellurium are commercially available. Impuri- 
ties may be metallic (As, Na, Ca, Pb, Cu, Ni, 
Sb, Sn, Se, Fe) and nonmetallic (S, Cl, O). 

Commercial grades and forms are: 99.5— 
99.9% (2N5-3N) powder, sticks, or ingots; 
99.99% (4N) ingots or lumps; 99.999% (SN) 
ingots; and 99.9999(9)% (6N—7N) ingots. 

Tellurium dioxide powder 15 available with 
purity 99. 5-99.9%, 


39.7 Analysis 
34] 


(Table 39.2) [13, 33, 


Emission spectrometry (ES) is frequently 
used for the analysis of standard grade rnateri- 
als up to a purity of 99.99-99.999% (with pre- 
concentration if necessary), Atomic 
absorption spectrometry (AAS) is used for 
analysis down to sub-ppm levels; this method 
has, however, no multielement capability. 
AAS can be adapted with a graphite furnace 
(GFAAS) and coupled with a Zeeman back- 
ground correction to allow detection limits at 
pg/kg levels. 


Techniques such as spark source mass spec- 
trometry (SSMS) and glow discharge mass 
spectrometry (GDMS) offer panoramic ele- 
mental capability with low detection limits 
and maximum selectivity. 


Table 39.2: Detection limits obtained by GFAAS, SSMS, 
and ES, pg/kg. 


Element — GFAAS SSMS ES 
Ag 10 1.0 100 
Al 50 0.8 300 
Bi 50 2.0 100 
Cu 50 з 200 
Fe 50 1.0 200 
Mg 20 19 100 
Ni 20 1.6 300 
Pb 50 1.0 200 
Sb 50 1.0 300 
Sn 50 40 100 


^ Interference by doubly charged ions. 
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39.8 Compounds [5, 11, 35-37] 


Tellurium dioxide, TeO,, is found in ће min- 
erals tellurite and paratellurite, which have a 
rhombic and a tetragonal lattice structure, re- 
spectively. It can be formed by burning tellu- 
num in air, ог by treating tellunum powder 
with nitric acid, followed by heating the ni- 
trate: 

2Te + 9HNO, — 2TeO,-HNO, + 8NO, + 4Н,0 


The melting point of TeO, is 1005.8 K 
(732.6 °C), the clear, dark red liquid oxide va- 
porizes between 790 and 940 °. Tellurium di- 
oxide is very soluble in water and is 
amphoteric, the minimum solubility is at pH 
3.8-4.2, the isoelectric point. Tellurium diox- 
ide is an important catalyst in oxidation, hy- 
drogenation, and dehydrogenation processes; 
itis also used in chalcogenide glasses, and as a 
vulcanizing agent for rubber. Single crystals 
of TeO, are used in acousto-optic detectors 
and modulators. Other oxides of tellurium are 
tellurium monoxide, TeO, tellurium trioxide, 
TeO,, and tellurium pentoxide Те,О;; TeO, 
exists in a yellow o-form and a grey B-form. 


Tellurium Halides. In tellurium halides, Te 
has valency 2, 4, or 6. Not all the halides are 
formed— Tel, and the Te, X, halides do not ex- 
ist. Tellurium tetrachloride, TeC1, forms white 
hygroscopic needle-like crystals which are 
soluble in benzene, nitrobenzene, toluene, eth- 
ylacetate, and methanol. It is used as a starting 
material for the synthesis of many organic tel- 
lurium compounds, and is also a catalyst for 
the chlorination of phenol and benzene, and 
the hydrogenation of acids and esters to alco- 
hols. Tellurium tetrafluoride, TeF, forms 
white hygroscopic needles. It reacts with wa- 
ter, glass, or silica to tellurium dioxide; metal 
tellurides are formed with copper, silver, gold, 
and nickel at 185 °C. Platinum is not attacked 
below 300 °C. 


Hydrogen telluride, H,Te, is a colorless, un- 
stable gas which decomposes above 0 °C and 
is prepared by electrochemical reduction of 
tellurium, or by the addition of hydrochloric 
acid іо Al;Te,. It is used in the production of 
heavy metal tellurides. 





Tellurium 


Tellurous acid, H,TeO,, is obtained by reac- 
tion of alkali tellurites with nitric acid, or by 
hydrolysis of a tellurium tetrahalide. Orthotel- 
luric acid, H;TeOg, is made by oxidizing tellu- 
rium or tellurium dioxide. It is used in some 
chemical processes. Sodium telluride, 
Na, TeO,, improves the corrosion resistance of 
electroplated nickel layers. Solutions of so- 
dium tellurate, Na,TeO,, containing Cu?* ions 
are used for black or blue-black coatings on 
iron, steel, aluminum, and copper. 

A large number of metal tellurides are 
known, and many are semiconductors (Table 
39.3). The tellurides are used in infrared de- 
tectors (Cd,Hg,_,Te, PbTe, and Pb, ,Sn,Te) 
and laser diodes (PbTe and Pb, ,Sn,Te), ther- 
moelectric elements (PbTe, Bi,Te;, Sb,Te;, 
GeTe), solar cells (CdTe), and y-ray detectors 
(CdTe). 


39.9 Uses 


Consumption of tellurium (in t) according 
to end use in the western world in 1990 was 
estimated as follows [38]: 


Steel additives 145 T 
Nonferrous metals additives 55 

Chemicals 45 

Electronics 20 

Others Ss 

Total 270 


The machinability of steel can be improved 
by.the addition of small quantities (up to 
0.1%) of tellurium [39-42], added during the 
refining of leaded and/or resulfurized, or low- 
carbon steel in the form of powder, sticks, or 
cored wire. Manganese telluride alloys are 
most frequently used nowadays. Additions to 
cast iron help control the chill depth of rapidly 


Table 39.3: Important tellurides and their properties. 
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cooled surfaces and produce hard, wear-resis- 
tant top layers. 


Tellurium steels and chilled castings are 
used in the automotive industry, in industrial 
machinery and tools, in mining, and in rail- 
road equipment. 


Many other positive effects of tellurium ad- 
ditions, e.g., deoxidation of liquid steel, refin- 
ing of the grain size of castings, improyement 
of the magnetic anisotropy in electrical steels, 
and improvement of machinability of powder 
metallurgy steel have been reported. 


The use of tellurium in steel could be af- 
fected because of decreased consumption of 
leaded steels owing to environmental con- 
straints. 


Traces of tellurium are added to many non- 
ferrous metals [39, 41—43]. The tellurium con- 
tent is mostly less than 1%. Tellurium—copper 
(which also contains some phosphorus) re- 
duces cutting resistance, tool wear, heat of cut- 
ting, and chip size. It is used in forging, 
automotive radiators, vacuum applications, 
and as electrical, motor, and switch parts. Tel- 
lurium-copper can replace lead-copper in 
plumbing, as the latter is under environmental 
pressure in some countries. 


Tellurium-lead is used in the sheathing of 
power and marine cables and in chemical 
equipment piping (mostly where sulfuric acid 
is used). In lead acid batteries, tellurium helps 
strengthen the battery grids. Other nonferrous. 
alloys are tellurium bronze, tellunum-tin, tel- 
lurium-chromium, and tellurium-magnesium. 
Tellurium—cobalt-titanium is used in perma- 
nent magnets. 





Carrier mobility at 300 K, 
Formula Crystal type Density, g/cm? Band SE 300E; cm^V s^ Melting point, °C 
Hs Hp 
CdTe cubic 5.86 1.5 1000 95 1092 
HgTe cubic 8.2 0.15 25 000 350 670 
PbTe cubic 8.16 0.29 1800 900 924 
ZnTe cubic 5.7 226 530 900 1238 
Bi2Te3 hexagonal 7.86 0.15 1300 1200 588.5 
Sb2Te3 hexagonal 6.52 0.24 360 621.5 
GeTe face-centered cubic 62 0.1 180 724 
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Tellurium is used in combination with other 
components in many catalysts. The chemical 
reactions involved are oxidation, ammoxida- 
tion, hydrogenation and dehydrogenation, ha- 
logenation and dehalogenation, and phenol 
condensation [44]. The two major industrial 
applications are the Nitto process: (acryloni- 
trile ammoxidation) and the Mitsubishi pro- 
cess (tetramethylene glycol synthesis) [45]: 
Nitto: acrylonitrile ammoxidation catalyst: 


Sb-Mo-U-Te 
CH; + NH,/air  C,H.CN 


Mitsubishi: tetramethylene glycol synthesis 
(Ac = acetate): 


C,H, + HOAc/air 


Pd-Te 
— AcO-CH,-CH-CH-CH,OAc 


нун, 
— HO-CH,-CH.-CH,-CH,-OH 


-H,O 
— (СН,),О (tetrahydrofuran) 


Tellurium is used as a secondary vulcaniz- 
ing agent in natural, styrene-butadiene, and 
isobutylene-isoprene rubber [39, 41, 46]. The 
tellurium rubbers have improved aging and 
mechanical properties, and better resistance 
to heat and abrasion. They are used in portable 
cables, automobile tires, door and window 
seals, double glazing, and in conveyor belts 
for special applications. The use of tellunum 
in rubber has declined over the past few de- 
cades, and there is concern over the toxicity of 
tellunum handling in rubber production, 
which could further affect its usage. 

Other uses of tellurium in chemistry are in 
heat- and vacuum-stable lubricants for elec- 
tronics and aerospace applications, metal coat- 
ings for silverware, aluminum, and brass, in 
glass, pigments and fungicides, and in organic 
derivatives and radioactive isotopes for medi- 
cine and biology. Lately, the role of tellurium 
as a possible regulator in cholesterol synthesis 
has been studied [47]. 

In electronics, tellurium is a well-known 
additive in selenium(-arsenic) photoreceptors 
[48, 49]. Tellunum has the property of in- 
creasing the sensitivity and broadening the 


Handbook of Extractive Metallurgy 


spectral response of the photoreceptor. Since 
organic photoconductors have been taking 
over the photocopier and laser printer market, 
starting with the slower machines (up to 20— 
30 pages per minute), the use of selenium-tel- 
lurium alloys is decreasing markedly, espe- 
cially in the industrialized countries. 

Polycrystalline cadmium telluride is used 
in photovoltaic solar cells [50]. CdTe has a di- 
rect band gap of 1.5 eV, which is optimal for 
solar energy conversion, and a high optical ab- 
sorption coefficient. Research into higher effi- 
ciencies, lower cost, and better reliability has 
intensified in recent years, and the future of 
CdTe solar cells looks very promising. By the 
year 2000, the use of tellurium in solar cells 
could be more than 50 t/a [51]. 

Bismuth telluride and lead telluride are 
thermoelectric materials [52, 53]. Thermocou- 
ples of these materials convert electricity into 
heat (Peltier effect) and heat into electricity 
(Seebeck effect). In these thermocouples, 
dopants such as Sb and Se are needed to make 
n- and p-type materials. 

Bi,Te, is mostly used below 200 °C, PbTe 
at 200-500 °C. The efficiency of a thermo- 
electric material is expressed by its figure of 
merit Z, a function of the thermal and electri- 
cal conductivity and the Seebeck coefficient. 

Thermoelectricity has found many applica- 
tions in picnic boxes, water and food coolers, 
fiber optic circuits, blood analyzers, and other 
precision temperature control instruments, re- 
mote power generators, solar energy conver- 
sion, military equipment (e.g., refrigeration 
systems in submarines and infrared detectors), 
and aerospace. Especially the low-tech appli- 
cations, such as picnic boxes and car drink 
coolers, have seen a steady rise in sales. 

Now that systems based on chlorofluoro- 
carbons are increasingly banned from refriger- 
ators and air-conditioning devices, owing to 
their detrimental effect on the ozone layer, 
thermoelectricity could offer a viable alterna- 
tive, but the present efficiency ofthe coolers is 
still too low and the cost too high to suggest a 
rapid growth in large cooling systems [54]. 

Optical disks are powerful tools for storing 
vast quantities of digitized information (up to 
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1 Gbyte). Different types of write-only and 
erasable disks exist, and some of their active 
layers use tellurium alloys which are sputtered 
onto the disk by vapor deposition techniques 
from targets containing, e.g., Te-Ge-Sb or 
Te-Se-Sb [55]. 

Cadmium-, cadmium zinc-, and cadmium 
selenium telluride single crystals are used in 
several electronic applications: y-ray detectors 
for medical diagnostics and dosimetry, nonlin- 
ear optics, infrared electro-optic modulators, 
and photorefractive devices [34, 56]. These 
crystals are grown by vertical or horizontal 
Bridgman techniques, or the traveling heater 
method. They are also used as substrates for 
epitaxial cadmium mercury telluride (Cd, 
Hg, _,Te) thin film detectors for infrared imag- 
ers [57], of which lead tin telluride (Pb,Sn,_, 
Te) is an example. The detectors operate in the 
spectral ranges 3—5 um and 8—14 um. The thin 
films are grown by methods such as liquid 
phase epitaxy, organometallic vapor phase 
epitaxy, or molecular beam epitaxy [34]. The 
devices are normally cooled to 77 К with liq- 
uid nitrogen. The new generations of imagers 
use two-dimensional focal plane arrays to cap- 
ture an entire image at once. 

Research and development literature fo- 
cuses on the different uses of tellurium in non- 
ferrous alloys (3596), optical storage (1096), 
cadmium- and cadmium mercury tellurides 
(20%), and 35% other applications. 


39.10 Economic Aspects 


World production of tellurium in 1990 has 
been estimated at 306 t. The estimated produc- 


tion (in t/a) by country and company for 1990 


is listed below: 


Japan 

Mitsubishi Metal 22 

Mitsui Mining & Smelting 10 

Nippon Mining & Smelting 12 

Sumitomo Metal Mining 12 
Belgium 

Union miniére 90 
Canada 

Noranda Mines 15 
United States 

Asarco 40 
Philippines 

Pacific Rare Metal 35 
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Former Soviet Union 50 
Peru 10 
China 10 
Total 306 


The main producers are in Belgium, the 
United States, the Commonwealth of Indepen- 
dent States, and the Philippines [41]. 


Figure 39.4 shows the evolution of the av- 
erage annual price for standard-grade tellu- 
rium (99.5%) [41]. Tellunum 99.99% is 
normally 40-50% more expensive, 99.999% 
is more than double the standard-grade price, 
and 2 99.9999% ranges from 400 to $1200/kg. 


The world economic recession of the early 
1990s, particularly hitting the steel industry, 
and cheap material from the Commonwealth 
of Independent States, led to a price erosion of 
5096 between 1990 and 1993. 
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Figure 39.4: Average annual price for standard-grade tel- 
lurium (99.5%). 


39.11 Toxicology and 


Occupational Health [58-62] 


Elemental tellurium is considered to be less 
toxic than selenium. Organic compounds and 
reactive tellurides can be a health hazard. Hy- 
drogen telluride (Н,Те) and tellurium hexaflu- 
oride (TeF,) are both highly toxic, colorless 
gases. Some LD,, values on ingestion of tellu- 
rium compounds are listed in Table 39.4. On 
the basis of new data for the LD. value for el- 
emental tellurium, the Environmental Protec- 
tion Agency of the United States has been 
asked to declassify tellurium as extremely 
hazardous [62]. 
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Table 39.4: LD,, values for different tellurium com- 
pounds. 


Compound Animal ^ Administration LD. mg/kg 
Te rat, mouse oral > 5000 
TeO, unspecified oral > 3000 
Na,TeO, | white mouse oral 20 
Na,TeO, ` white mouse oral 165 


The acute inhalation toxicity value ІС, 
(4 h) for rats is > 2.42 g/m?, the maximum at- 
tainable concentration [63]. 

Tellurium intoxication in the working envi- 
ronment can occur through inhalation and in- 
gestion. No irritation of skin or eyes has been 
reported for elemental tellurium and tellurium 
dioxide. Exposure to tellurium fumes and dust 
cause a garlic odor of the breath and malaise, 
dryness of the mouth and metallic taste, anor- 
exia, occasional nausea, and some other symp- 
toms. Tellurium is accumulated in the liver, 
kidneys, bones, and neural cells. The elimina- 
tion of tellurium in breath, sweat, urine, and 
feces is very slow. The typical garlic odor 
. Seems to result from the partial elimination of 
tellurium through the lungs as dimethyl tellu- 


ride (СН,),Те; it can be suppressed tempo- ` 


rarily by administration of vitamin C (ascorbic 
acid), but the vitamin C may also enhance the 
toxic effects. Tellurium hexafluoride can 
cause a bluish-black pigmentation of the skin. 


Tellurium intoxication symptoms do not 
appear when the tellurium concentration in the 
air is < 0.01 mg/m? and in the urine < 1 ug/L. 
The TLV for tellurium and its compounds is 
0.1 mg/m? (calculated as tellurium). The TLV 
was established to prevent poisoning, but gar- 
lic breath may still occur. There is no specific 
antidote for tellurium poisoning. 

There are no indications of carcinogenic, 
teratogenic, or mutagenic effects of tellurium 
or its compounds. 

Unlike selenium, tellurium is not а an essen- 
tial trace element for humans or animals. Tel- 
lurium and its compounds cannot be used in 
cosmetics. 
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40.1 History 


1896: Discovery of Radioactivity. H. Bec- 
QUEREL discovered radioactivity one year after 
the discovery of X rays. Using photographic 
plates to study the fluorescence of uranium 
compounds, BECQUEREL found that uranium 
blackened plates even after a long period in 
the dark. Fluorescence, therefore, cannot be 
the cause of the blackening, the radiation 
comes spontaneously from the uranium, with- 
out prior excitation. z 

Radio-Thorium. Marte CURE made a sys- 
tematic study of all elements to investigate 
which ones emit the newly discovered radia- 
tion. She discovered that thorium, two atomic 
numbers away from uranium, is also “radioac- 
tive". 

First Activity Unit, the Curie (Ci). In quan- 
titative investigations with a galvanometer, M. 
Cunr found that the intensity of the radiation 
from uranium (the radioactivity) is propor- 
tional to the quantity of uranium. 


1898: Polonium. From the pitchblende ore of 
a uranium deposit, M. Сок isolated an ele- 
ment with atomic mass 210. She proposed the 
name “polonium” after her homeland. 


1898: Radium. PERRE and Mare Cure found 
element 88 in pitchblende from Joachimsthal 
and named it “radium”. 


1899: Birth of Nuclear Physics. ELSTER and 
GEITEL stated the hypothesis that radioactivity 
originates from the transmutation of elements. 


This hypothesis has ultimately become the ba- 
sis for nuclear physics. 


1899: Alpha and Beta Radiation. By mea- 
suring ranges, Rutherford determines that ra- 
dioactive radiation consists of at least two 
distinct components which are designated o 
and p. i 


1903: Nobel Prize for Research on Radioac- 
tivity. H. BECQUEREL, M. SKLODOWSKA-CURIE, 
and P. Cunr shared the Nobel Prize for Phys- 
ics. 


1903: Gamma Radiation. The third compo- 
nent of radioactivity, called ү radiation, was 
first reported in 1903 and later described in 
1906 by P. VitLARD. 


1905: Gamma Quanta. Егчѕтегч postulated 
the existence of corpuscular light quanta (pho- 
tons) and explained the photoelectric effect. 
Einstein's postulate also explains the character 
of y quanta. 


First Decade of the 20th Century: Identifi- 
cation of Alpha and Beta Particles. The a 
particle was identified in 1903 by Des Cou- 
DRES, Who determined the ratio of mass to 
charge of this particle, and in 1908 E. REGENER 
measured the charge. The « particle is found 
to have a mass identical to that of the helium 
nucleus. This result supplements the observa- 
tion made by RAMsEY and Soppy (1903) that 
the noble gas helium is generated from “ra- 
dium emanation”; this observation in turn sup- 
ports Eise and (Geet s 1899 thesis of 
transmutation. In 1909, RurHERFORD also 
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showed by spectroscopic measurements that o 
particles are helium nuclei. 

For В particles, the deflection in electric 
and magnetic fields gives the ratio of charge to 
mass (KAUFMANN) and showed that the spe- 
cific charge is the same as that of cathode rays, 
i.e., electrons. 


1906: Equivalency of Mass and Energy. 
Emsrem stated that mass and energy are 
equivalent and can be transformed into each 
other. This equivalence is fundamental to all 
phenomena of radioactivity and nuclear phys- 
ics. 

1907: Three New Radioactive Elements. 
Otro Haun discovered the radioactive ele- 
ments radiothorium, radioactinium, and “me- 
sothorium" I and II. 


1909: Isotropy. F. Soppy reported that lead at- 
oms have different masses. The phenomenon 
of isotropy had not yet been explained until 
the discovery of the neutron in 1932. 


1911: Second Nobel Prize for M. Skro- 
DOWSKA-CURIE. M. SkLobowskA-CURIE Te- 
ceived the Nobel Prize in Chemistry for the 
discovery of radium and polonium. 


1911: The Atomic Nucleus. Rutherford's 
model of the atom has a small, heavy nucleus 
surrounded by a shell of electrons. 


1913: Charge and Size of the Atomic Nu- 
cleus. H. GEIGER and E. Marspen obtained ex- 
perimental confirmation of the Rutherford 
atomic model by measuring the charge and 
size of the nuclei. 


1913: The Hydrogen Atom; Planck’s Con- 
stant. NrELs Вонв described a planetary model 
of the atom. The spectral lines of the hydrogen 
atom were calculated with the help of Planck's 
constant. 


1918: Protactinium. О. Hann and L. MEINER 
discovered the radioactive element protactin- 
ium. 

1919: Discovery of the First Artificial Nu- 
clear Reaction. While studying the range of a 
particles in nitrogen, RUTHERFORD observed 
components having a longer range but a lower 
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signal intensity on the scintillation screen. Ru- 
THERFORD interpreted these unexpected com- 
ponents as protons: 


HNra—UO-cp 


1923: Compton Effect. A. Н. COMPTON 
showed that X-ray quanta collide with elec- 
trons like discrete particles (1927 Nobel 
Prize). 


1925: Pauli Exclusion Principle. The exclu- 
sion principle of W. Paur, which holds for 
particles with spin !/, and thus in particular for 
electrons in the atomic shell, explains the peri- 
odic system of the elements. It has also ac- 
counted for the nuclear systematics in the 
framework of the shell model. Protons and 
neutrons are also spin —'/, particles. 


1926: Fermi Statistics. Fermi statistics apply 
to all spin —/, particles (“fermions”), thus in 
particular to electrons and neutrons. 


1927: Chemical Bonding. W. Ham sp and Е. 
LowpoN accounted for chemical bonding on a 
quantum-physical basis. 


1927: Betatron Principle. К. WribEROs and Е. 
STEENBECK described the betatron principle for 
accelerating electrons. 


1928: Spin and Magnetic Moment of the 
Electron. P. A. M. Dirac explained the angu- 
lar momentum and magnetic moment of the 
electron by introducing the laws of relativity 
theory to extend quantum wave mechanics. 


1928: Heisenberg's Uncertainty Principle. 
HEISENBERG stated that in the world of elemen- 
tary particles, position and momentum cannot 
both be determined simultaneously. 


1930: Preduction of the Positron. In the 
framework of his extended quantum theory, 
Drac predicted the existence of the positron, 
which was discovered experimentally in 1932. 


1930: Cyclotron. E. Lawrence constructed 
the cyclotron. 


1932: Discovery of the Positron. C. D. 
ANDERSON discovered the positron. 
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1932: Discovery of the Neutron. James 
СнАрулск discovered the neutron. Nuclei con- 
sist of neutrons and protons. 


1932: First Artificially Induced Nuclear 
Reaction. The first nuclear reaction initiated 
by artificially accelerated particles (150 keV 
protons) was accomplished by J. D. Cockrort 
and E. T. S. Watton. They received the Nobel 
Prizein 1951. 


1932: Deuterium. H. C. Urey discovered 
deuterium (Nobel Prize 1934). 


1932: Pair Production. I. Сок and Е. Jorio 
discovered pair production with the postulate 
that a ү quantum transforms into an electron- 
positron pair; mass and energy are equivalent 
(Елчѕтегм, 1906). 


1934: Annihilation Radiation. Тнвлор and 
Jour discovered the emission of annihilation 
radiation when a positron and an electron in- 
teract and subsequently produce two ү quanta. 
Asin the case of pair production, mass and en- 
ergy are equivalent (EmsTEIn, 1906). 


1934: Artificial Radioactivity. I. CURE and F. 
Јоілот discovered artificial radioactivity. — , 


1934: Neutron-Induced Nuclear Reactions. 
E. FERMI initiated nuclear reactions with neu- 
trons. 


1934: Neutrino Theory. E. Ferm postulated 
the existence of the neutrino in order to ac- 
count for B decay. 


1935: Betatron. M. STEENBECK constructed 
the betatron, an electron accelerator. 


1937: The р Meson. The р meson, predicted 
in 1935 by Yukawa, was discovered in cosmic 
rays. 


1937: Technetium. G. PERRIER and E. SEGRE 
discovered element 43, technetium, as a nu- 
clear reaction product. Because of its half-life 
of 4.2 x 105 a (®Тс) or 210 000 a (*?Tc) is short 
on a cosmological scale, the element has never 
been found in nature. It 1s, however, certainly 
present in nature as a product of the very rare 
spontaneous fission of uranium. 


1938: Neutron-Induced Nuclear Fission. 
Haun and StrassMANN discovered that the ura- 
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nium nucleus can be induced to fission byn neu- 
tron bombardment. 


1942: Chain Reaction. E. Ferm achieved the 
first nuclear chain fission reaction. ` 


40.2 The Law of Radioactive 
Decay 


In a tennis game, the ball occasionally 
lands among the spectators. This is neither the 
point of the game nor the intent of the players, 
it is a random event in the dynamics of play. 
When it will occur cannot be predicted; there 
is merely a certain probability that it will hap- 
pen. 

Comparable with the dynamics of a tennis 
game are the internal dynamics of an individ- 
ual radioactive nuclide, which lives with the 
permanent risk of losing, e.g., four nucleons 
(an © particle in this situation) all at once. The 
nuclide suffers this loss at an unpredictable 
time and without external stimulation. Radio- 
active nuclides undergo such changes sponta- 
neously, and radioactive decay must be 
regarded as a stochastic process. 

The behavior of the stochastic occurrence 
in time is characterized by a decay constant A. 
This constant is defined as a probability per 
unit time, specifically the (infinitesimal) prob- 
ability dw that a certain individual nucleus 
will decay in the infinitesimal time di: 


А = dwidt 

Or 

dw = Айг 

The decay constant n has the following prop- 
erties: 

e It is equal for all nuclides of a given species 


ə Ít is constant over time; Nuclides do not 
*age" and do not have any history 


40.3 Activity 


The physical quantity “activity” is defined 
as the number of decays per unit time. Since 
1985, the unit of activity has been the number 
of decays per second: 
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A= decays · 57 


Its special name since 1985 has been the bec- 
querel (Bq): 
1 Ва = 1 decay : s! 


Up to 1950, the unit of activity was defined in 
terms of the activity of 1 g of uranium (special 
name: curie (Ci) after M. Curr, who discov- 
ered the proportionality between the mass of” 
radioactive uranium and the “intensity” of ra- 
diation). This definition was made numeri- 
cally exact in 1950: 


1 Ci = 1.700 x LO decays · 51 


By international convention, the unit curie 
may no longer be employed, but is, however, 
still frequently encountered. However, since 
radioactive decay is a stochastic process, se- 
quential measurements of a radioactive source 
over time will not yield count rates JO that 
correspond exactly to the exponential law J(f) 
= [(0)e*. The exponential law describes only 
the time dependence of the "expected" value 
KÒ. The individual measurements /(5) are 
Poisson distributed about the expected value 
I(t). For “not too low" count rates J (/ > 20), 
typical of all technical uses of radioactive 
sources, the skew-symmetric Poisson distribu- 
tion can be replaced, to a good approximation, 
by the symmetric Gaussian normal distribu- 
tion. 


40.4 Radioactive Elements! 


40.41 Promethium 


Promethium (Z = 61) was discovered after 
1945 as a product of 250 fission by neutrons 
(J. A. Manmskvy, І. E. GreNpENw, C. D. 
ConvELL) The isotopes "Pm to Pm are 
known, but ошу B~-active Рт (fp = 2.62 a) 
has found some industrial importance. (Pm 
(t, = 17.7 a) is the longest-lived promethium 
isotope but it can only be produced by nuclear 


! Astatine, the heaviest halogen, a radioactive element (Z 
= 85), was discovered in 1940, and occurs in minute 
amounts as a short-lived intermediate product in the decay 
of ?5U and ?*U, Of no metallurgical interest. 
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reactions involving accelerators and is, there- 
fore, only available in tracer quantities. 

V7Pm is obtained from high active waste 
solutions of the PUREX process, together 
with other fission lanthanides. The waste solu- 
tion is stored for at least several years and then 
extracted by a solution of di-(2-ethyl- 
hexyl)phosphoric acid in kerosene. Pure "Pm 
is subsequently separated by adsorption to a 
cation exchanger followed by elution with so- 
lutions of complexing agents such as nitrilotri- 
acetic acid or ethylene diaminotetraacetic 
acid. | 

In its chemical and physical behavior, 
promethium (electronic configuration [Xe] 
4f? 652р!) is a typical trivalent rare earth ele- 
ment. ; 

Promethium crystallizes in the double-hex- 
agonal close-packed (dhcp) structure (a = 365 
pm, c = 1165 pm) and has a melting point of 
1168 °C. It is produced either by reduction of 
PmF, using calcium as a reductant 


2PmF, + 3Ca — 2Pm + 3CaF, 


or in purer form by reduction of Pm,O, with 
metallic thorium and subsequent sublimation 
and condensation. 


1600 °C 
2Pm,O, + 3Th > 4PmT + 3ThO, 


Uses. All uses of "Pm are based on its inher- 
ent radioactivity. The heat released оп "Pm 
decay (0.3 Wie '4’Pm) can be transformed into 
electric energy in isotope batteries via the ther- 
moelectric effect. Backscattering of the elec- 
trons emitted by "Pm is applied for 
determination of the thickness of material that 
is composed of elements with low Z, for ex- 
ample a plastic cover on a metallic substrate. 

Intimate mixtures of ""Pm;O, and phos- 
phors such as ZnS(Cu) are widely applied as 
luminescence materials for watches and space 
modules. 


Handling. '“’Pm is a soft В emitter (Egmax) = 
225 keV) so no special radiation shielding 
measures are necessary. However, when han- 
dling solid compounds in powder form tight 
glove boxes must be used to avoid contamina- 
tion. 
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40.4. Technetium 


Technetium (Tc, Z = 43), the lightest radio- 
element was discovered by G. PERRIER and E. 
Seng in 1937 after irradiation of molybde- 
num with deuterons at the Berkeley cyclotron 
(United States). SERE took the irradiated sam- 
ple to Palermo (Italy) where he and PERRIER 
probably separated the isotope ?""Tc (1,,, = 90 
d). п 

Тп 1992, all isotopes between mass num- 
bers M = 89 [prepared by the reaction $99Ni(?S, 
p2n), with л» = 12.8 s] and M = 111 (prepared 
by fission of ??U after bombardment with 20 
MeV protons, р = 0.30 s) were identified. 
9*Tc (1 = 4.2 x 106 a) is the longest-lived iso- 
tope but it cannot be obtained in weighable 
amounts. The isotope ??Tc Ge = 2.14 x 10? a) 
is used for chemical and physical studies of 
technetium and obtained by fission of 2350 
with thermal neutrons in ca. 6% yield. This 
corresponds to formation of 2.8 g technetium 
per day and 100 MW,, power of a nuclear re- 
actor (i.e., about 30 kg/a іп a modern 1300 
MW, nuclear power reactor). “Tc can be ré- 
covered from high active waste solutions after 
reprocessing of spent fuel by the PUREX pro- 
cess. 


"The most important technetium isotope, 
however, is "Tc (д = 6.0 h) which is cur- 
rently the most frequently used radionuclide in 
nuclear medicine. Due to its short half-life, it 
must be separated from its mother nuclide 
ЭЭМо (tip = 66 h) by the use of a generator at 
the place of application. 


Several types of ?Mo/"?"'Tc generators ex- 
ist which can supply sterile "Tc in high pu- 
rity and good yield, e.g. by elution of 
technetium with NaCl solution from an alu- 
mina column loaded with Mo (Figure 40.1). 

Mo itself can be produced by two pro- 
cesses: 


e Irradiation of **Mo-enriched molybdenum 
in a nuclear reactor via neutron capture 
**Mo(n, Mo 
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Elution 
solution 


Figure 40.1: "Tc generator "Tecegen" (Hoechst): a) 
Eluate shielding (lead glass); b) Evacuated eluate bottle, 
13 mL, 5 mL calibration; c) Canula for eluate; d) Adapter 
for eluate; e) Transport shielding; f) Transport box; g) 
Canula for elution solution; h) Box containing elution so- 
lution in plastic container; i) Additional shielding, j) Gen- 
erator column for fission Mo. 


e Irradiation of highly ??U-enriched (> 20%) 
uranium in a nuclear reactor and separation 
of the fission product %Мо (fission yield = 
696) 

The second type of production is preferred 
because it yields Mo with a high specific ac- 
tivity so that the eluted "Tc is obtained in 
high concentration. In contrast, the product of 
Mo irradiation only delivers Mo with a 
much lower specific activity and, therefore, 
requires larger generators. 


Nowadays, an adequate supply of "Tc is 
provided by the so-called "Tc generators. 
These generators are efficient and reliable and 
differ principally from common generators in 
the technique of separating technetium from 
molybdenum. Preferred separation methods 
are the adsorption of 9MoOZ" onto a solid me- 
dium and elution of 9"TcO; with saline solu- 
tion, selective extraction of to. into 
organic solvents, and sublimation of ditechne- 
tium heptaoxide at high temperatures. 
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Technetium has the ground state electronic 
configuration of [Kr] 4d 5s!. Its chemical 
properties are more similar to rhenium than to 
manganese. Valency states between 1— and 7+ 
are known, the most stable ones being Tc(IV) 
and Tc(VII). The most important redox poten- 
tials in acidic solution at 298.2 K are: 


+0.477 V 
0.738 V 
+0.281 V *1.39 V —0.569 V 


T, > Т0, > TOF > TO; 


Metallic technetium can be easily prepared 
either by reduction of NH,TcO, or TcO, with 
hydrogen at 700—900 ?C or by electrodeposi- 
tion from a 1 M solution of NH,TcO, in sulfu- 
ric acid. Its most important physical properties 
are: 


mp 2250 + 50 °C 
Density 11.47 g/cm? 
Crystal structure hexagonal close-packed 
Lattice dimensions (25 °C) a= 274.07 pm 
с = 439.80 pm 

Critical temperature 

(superconducting) 7.73+0.02K 
Debye temperature 454K 


Standard entropy of formation 31+0.8Jmol'K™ 
Magnetic susceptibility (25 °C) 270 x 10 

Specific heat C, (1000 K) 0.29 Jg ! K^! 
Chemical Properties. Solid technetium is.re- 
sistant to oxidation, but in sponge or powder 
form it is readily oxidized to the volatile hep- 
taoxide when heated in air. The metal dis- 
solves in dilute or concentrated nitric acid, 
concentrated sulfuric acid, and bromine water, 
but not in hydrochloric acid. Technetium also 
dissolves in aqueous acid hydrogen peroxide 
solutions. It is oxidized by these solvents to 
pertechnetate, but in the case of bromine water 
[TcBr,]* is also formed. 

TcO, reacts with fluorine to yield TcO,F. 
Contrary to rhenium, no heptafluoride of tech- 
netium is known. Ошу TcF; and ТсЕ, are ob- 
tained, for example, by fluorination of 
technetium metal at 400 °C. The correspond- 
ing reaction with chlorine or bromine at 
550 °C produces the tetrahalides TcCl, and 
TcBr, These halides can form hexahalide 
complexes with an octahedral TcCI2" arrange- 
ment that are more stable than the correspond- 
ing tetrahalides, for example, K,TeCl,. 
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TcOCI, and TcO,CI are formed if technetium 
reacts with chlorine that contains oxygen. Sul- 
fur reacts with technetium at elevated temper- 
ature to give the disulfide, and carbon to give 
TeC. A technetium hydride of the composition 
TcHp зз is formed at 300 °C under a hydrogen 


: pressure of ca. 0.2 GPa. 


Only a few compounds have been prepared 
so far, with Tc in low oxidation states, includ- 
ing: 

Tc(-1): HTc(CO), 

Te(0): Tc2(CO),,, CoTc(CO), 

Te(+1): K,Te(CN),, (C,H;), TcH, Te(CO),Cl 
Te(+2): [((C,H,),Te], 

Te(+3): [Tc(o-phenylene-bis-dimethylarsine),CL;] CI 
Te(+4): TcO,, МЛЕХ, (X = E, Cl, Br, I, SCN) 

Oxidation of technetium metal by oxygen 
at 500°C yields pale yellow Tc,0, (mp 
119.5 °C, bp 310.6 °C) which reacts with wa- 
ter vapor to form dark red HTcO,. Many 
pertechnetates such as LiTcO, or the sparingly 
soluble CsTcO, have been prepared and char- 
acterized. 

Reduction of Tc(VID solutions or thermal 
decomposition of NH,TcO, at 450 °С in vac- 
uum gives TcO, which has a distorted rutile 
structure. Brown-black Tc,S, is precipitated 
from TcO; solution by gaseous Н,5. 


Uses. Technetium itself and some of its com- 
pounds and ions have properties that should 
make them suitable for broad industrial appli- 
cations. However, their inherent radioactivity 
prevents their general use except in special ap- 
plications, for example, "Tc in nuclear medi- 
cine. 

Metallic technetium supported on Al,O, or 
SiO, is an excellent catalyst for hydrogena- 
tion, dehydrogenation, dehydrocyclization, 
and cracking reactions, particularly of C, and 
C, species. The reforming of naphtha to gaso- 
line with higher aromatic content is catalyzed 
by téchnetium-promoted Cr,O, catalysts, at a 
lower reaction temperature than other pro- 
moted catalysts. Technetium can, therefore, 
partly substitute for expensive platinum cata- 
lysts, especially as technetium catalysts are 
highly resistant to sulfur poisoning. 

Metallic technetium is a weak-coupling 
type II superconductor with a high critical 
temperature (7, = 7.73 К). Some technetium 
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alloys have still higher critical temperatures 
up to 7, = 15.0 K for a technetium molybde- 
num alloy with 60 atom% technetium. 

TcO, ions are excellent corrosion inhibitors 
even in the presence of corrosive media and at 
temperatures < 250 °C. At pH = 6 and 10 ppm 
Cl, a solution of 50 ppm technetium (= 5 x 107 
4M Tc) suppresses corrosion of a 0.1% carbon 
steel even after 20 years. The corrosion rate is 
at least four orders of magnitude less than in 
the absence of TcO, ions. The surface concen- 


tration of technetium on the steel corresponds 


to about a tenth of a monolayer. Furthermore, 
technetium-coated stainless steel does not cor- 
rode in seawater. 

9?Tc is used very often as a standard source 
of В radiation for radiometry and dosimetry. 
Such sources are safe and convenient to han- 
dle because of the lack of y radiation. 

In nuclear medicine, chemical compounds 
of "Tc are widely used for radionuclidic im- 
aging of the brain, liver, lung, and skeleton, 
and to a lesser extent in thyroid scintigraphy. 
9?"Tc-labeled radiopharmaceuticals have 
been developed that are suitable for both static 
and dynamic evaluation of renal and cardiac 
pathology. Sales of *?"Tc-labeled products ac- 
count for about 75% of the total sale of radiop- 
harmaceuticals in the United States; similar 
trends are observed in Europe. 


Handling. ?Тс is a soft B emitter so no special 
radiation protection measures are necessary. 
Tight glove boxes must be used to avoid con- 
tamination of work places and incorporation 
when handling powdered samples of ??Tc 
compounds. Lead shielding is necessary for 
ЭЭМо/Тс generators because Мо also emits ү 
rays. 


40.4.3 Polonium 


Element 84 was discovered in 1894 by P. 
and M. Сок. Its discovery was possible be- 
cause of its inherent radioactivity. 

Today, all isotopes between mass numbers 
M = 193 and M = 218 are known including 
many relatively long-lived isomers. The long- 
est-lived isotope *?Po (дь = 102 a) is only 
available through charged-particle nuclear re- 
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actions and therefore not produced in weigh- 
able amounts. Nearly all the chemical and 
physical studies on polonium were performed 
with the pure o emitter *!°Po (7 = 138 d). 

Even though polonium was first discovered 
by the separation of ?'?Po from uranium ores, 
due to the very small amount of ?'?Po (equilib- 
rium concentration 7.4 x 10™ р 20Ро/р 23807) 
in ores, nowadays most *!°Po is isolated in a 
different way. It is either separated from “old” 
radium samples or more recently by irradia- 
tion of very pure bismuth with neutrons in a 
nuclear reactor, even if the neutron capture 
cross section © is low: 


с. p 
c-19mban "Bi — "2011 — Ph 
` 3.5x 105a 42 min 


?99Bi(n,y) 


ebbe ang; P шь mp 
5014 13844 

One year of irradiation of 1 kg bismuth at а 
neutron flux of 10! ncm ?s! gives 25 mg 
210ро (ca. 4 x 10'? Bq). The isolation of such 
quantities from natural sources is practically 
impossible. Following irradiation of bismuth, 
2109 is separated from molten bismuth by 
vacuum distillation. Final purification of polo- 
nium generally is accomplished by its sponta- 
neous deposition on silver or copper powders. 
Metallic polonium is then easily prepared by 
sublimation of this deposit at about 700 °C. It 
is also obtained by reduction of polonium sul- 
fide with hydrogen at 500 °C. Polonium sul- 
fide itself is precipitated from an acid solution 
of polonium ion by gaseous ELS. 

Polonium with electronic configuration 
[Xe] 4/4 50° Gs?p* is the heavy homologue to 
tellurium. The oxidation states 2—, 2+, 4+, and 
6+ are known, but Po(IV) (ionic radius 102 
pm) is the most stable one. Po(VI) (ionic ra- 
dius 67 pm) is easily reduced to a lower oxida- 
tion state by its own radiation. 

Important physical properties of polonium 
metal are: 
fp =250 °C 
bp 962 °C 
Atomic radius 164 pm 


1592 


Vapor pressure 
(438—745 °C), Pa logp = (964.36 + 0.9064) 
—(716 860 + 893)/Т(°С) 
Structure 
a Po (< 18 °C) cubic, a = 335.9 pm 
B Po (> 54 °C) thombohedral, 
а= 336.9 pm, & = 98.23? 
Density 
a Po 9.142 g/cm? 
В Po 9.352 


Chemical Properties. Polonium is soluble in 
НСІ and forms Po(ID), in HNO, and aqua regia 
Po(IV) is produced. 

Po(VI) solutions are obtained by the oxida- 
tion of Po(IV) with Cl, K,Cr,0,, or Ce(IV)- 
HNO. SO, and N5H, reduce Po(1V) to Ро(П), 
by reduction with SnCl,, Ti(IID, and NaHSO,, 
a precipitate of finely divided metallic polo- 
nium is formed. 


Compounds. Polonides of several metals with 
the composition MPo (e.g., M = Mg, Mn, Y, 
rare earth element) are prepared by the inter- 
action of polonium vapor with powdered met- 
als. Most of these polonides dissociate at ca. 
700 *C, only rare earth polonides are stable up 
to 1000 ?C. 

Polonium monoxide, PoO, is obtained by 
thermal decomposition of polonium selenide. 
The more stable PoO, is formed by thermal 
decomposition of, for example, PoO(OH), or 
Po(1V) nitrate, or by reaction of metallic polo- 
nium and oxygen. It can be sublimed in an ox- 
уреп stream at 885 °C but decomposes in 
vacuum at 500 °C. РоО, vapor reacts with rare 
earth oxides to form compounds such as 
Pr,0,°PoO, and Гу,О;:РоО,. 

Halides such. as PoCl, and PoBr, are 
formed when polonium metal reacts with 
chlorine ог: bromine at ca. 100 °C. At 200 °C 
these halides decompose to the corresponding 
polontum dihalides. Complex halides such as 
MIPoX, M = К, Rb, Cs; X = Cl, Br, I) of 
Po(IV) and MPoCl, and M;PoCI, of Po(IT) are 
also known. 

Due to the high radioactivity of ?'9Po, rela- 
tively unstable compounds such as PoH,, 
РоЕ,, PoO, and organometallic compounds 
could be identified only in tracer amounts but 
not in quantities that are needed for detailed 
investigations of their properties. 
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In aqueous solution, polonium ions are eas- 
ily hydrolyzed even at pH = 1, if not com- 
plexed by, for example, oxalic, citric, or 
tartaric acids. Po(IV) in particular, is readily 
extracted from aqueous solutions by, e.g., tri- 
n-butyl phosphate, dithizone-CHCl,, and 
amines. Polonium is adsorbed as complex ions 
by anion exchangers in strong acid solution— 
elution must be performed rapidly due to the 
fast decomposition of the ion exchanger by o 
activity. 


Uses. ?!°Ро is the only isotope that finds broad 
application. It is used as an energy source for 
radioisotope batteries. This isotope has the ad- 
vantage that it does not emit y rays therefore 
heavy weight shielding of the batteries can be 
avoided. The disadvantage is the short half- 
life of Po. 210ро (140 W,,/g) was especially 
used as an energy source in Soviet space mis- 
sions, e.g., in Lunochod-1 and Lunochod-2. 
About 10^ Bq ?'?Po are needed for a radioiso- 
tope battery that delivers 1 kW electric power. 
The polonium is mostly provided in the form 
of rare earth polonides. 

210ро is used also as an © emitter for (0, n) 
neutron sources. A BeO-?Po source emits up 
to 93 neutrons per 10° o particles. 


Handling. Tracer amounts of ?!°Po can be 
handled in well-working fume hoods but even 
microgram quantities of ?!°Ро require han- 
dling in tight glove boxes due to unavoidable 
о recoil and the consequent contamination of 
the working area. 


40.4.4 Francium 


Element 87 is the most unstable of all natu- 
rally occurring elements. It was discovered in 
1939 by M. Perey. "Fr (t p = 21.8 min) is the 
most stable of all 27 isotopes. 


Relatively pure "Fr solutions are obtained 
by its elution with NH4CI-CrO, from a cation 
exchanger loaded with °” Ас. The solution is 
further purified by passing it through a SiO, 
column loaded with BaSO,. 

Francium is only monovalent and shows a 
very similar behavior to the other heavy alkali 
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elements. Francium has the most negative 
standard potential of all elements. 

No industrial applications or uses in nu- 
clear medicine have yet been found. 


40.4.5 Radium and Radon 


Radium (Z = 88) was discovered in 1898 by P. 
and M. Соке and G. Вёмомт. Ra (tp = 
1600 a) is the longest-lived of all the 25 ra- 
dium isotopes known to date. Its concentration 
in uranium ores is 0.36 ир per gram uranium. 
23р а, 22*ра, and ??Ra also occur in nature. 

According to its electronic configuration 
[Rn] 7s, radium shows the typical behavior of 
an alkaline earth element with a large ionic ra- 
dius. It is obtained from uranium ores by a 
mixed precipitation-ion exchange procedure. 

Radium metal 1s prepared by reduction of 
the oxide by aluminum at 1200 °C in vacuum. 
The pure metal has a cubic body-centered 
structure (a — 515 pm) such as barium and a 
mp of 700 °C. The known compounds, includ- 
ing the halides Ках, (X= Е, Cl, Br, D), the ox- 
ide RaO, the carbonate RaCO,, and the ternary 
oxides RaCeO, and RaMO, (M = Cr, Mo, W) 
are isostructural with corresponding barium 
compounds. Because of its large ionic radius, 
radium forms weak complexes and is not well 
extracted from aqueous solutions except at 
high pH values. 


Uses. The use of "Ra as a y emitter in nuclear 
medicine for cancer therapy lost its impor- 
tance when larger and cheaper “Co sources 
became available. Also most (o. n)-neutron 
sources based оп ~*Ra were replaced by 
241 Am-Be sources even if the number of emit- 
ted neutrons іп Еа sources are higher (for 
ВаВеЕ,: 1.84 x 10$ neutrons per second and 
per gram Z'Rai 

Today radium is mainly used to prepare 
227 Ac via neutron capture in a nuclear reactor. 


Handling. 22а requires special precautions 
to work with because it is considered the most 
toxic radioelement. Handling of **Ra is possi- 
ble only in tight glove boxes where the circu- 
lating air stream must also be treated to avoid 
the escape of decay product ?"Rn to the envi- 
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ronment. Special care must be taken when 
opening disused radium ampoules because of 
possible overpressure formed by the decom- 
position of water. 


Radon, the heaviest noble gas, was discov- 
ered in 1900 as a decay product of radium by 
F. E. Dorn. 

Today, radon isotopes with atomic masses 
between 199 and 226 are known, of which 
?Z Rn (fi = 3.82 d), Ra (1, = 55.6 $), and 
??Rn (tp = 3.96 s) are members of natural de- 
cay series. On average, they contribute to 
about half of the natural radiation dose the 
population is exposed to. 

Despite the fact that the chemical behavior 
of radon is only known from tracer experi- 
ments with the longest-lived 7“Rn, there is no 
doubt that radon is the most reactive noble 
gas. Reaction of radon with fluorine or halo- 
gen fluorides, such as BrF,, is likely to pro- 
duce КпЕ, which can be reduced to radon by 
hydrogen only at temperatures > 500 °C. Ra- 
don fluoride can be sublimed at about 250 °C. 
It also seems to be possible to oxidize radon 
with О». 

There are no known uses of radon, except 
application of 222 capsules for the treatment 
of cancer. The release of radon from solid sub- 
stances (“emanation method" by O. Hauw) is 
often used to study structural changes of sol- 
ids. 

SbF, in the presence of CIF, and 
N,F SbF), might be suitable for the removal 
of radon from the air in uranium mines in or- 
der to reduce radiation dose to workers by the 
formation of Rut 


40.4.6 Actinium 


The element with Z = 89 was discovered in 
1899 by A. DEBIERNE, but F. О. Grsex in 1902 
was the first to have prepared pure actinium. 
Of all 25 known isotopes, only the longest- 
lived Ac (t, = 21.77 a) has some impor- 
tance. In uranium ores its amount is too low to 
be recovered (2 x 107° g per gram uranium), 
so currently nearly all 22'Ас is obtained by ir- 
radiation of ?SRa. Three months irradiation at 
a neutron flux of 5 x 10!* ncm el transforms 


1594 


2% of ?5Ra to °” Ac. In the 1970s, about 18 р 
"Ae, were prepared by this method. The 
?? Ac obtained was separated from 22а and 
decay products by a precipitation ion ex- 
change process. 

Because of its electronic configuration [Rn] 
6d' 75° and ionic radius (r = 111 pm for Ac**), 
actinium closely resembles lanthanum, but 
only few compounds [e.g., the oxide Ac,O,, 
the sulfide Ac,S, the phosphate AcPO,- 
0.5H,O, the halides AcX,, and oxide halides 
AcOX (X = F, Cl, Br, D)| have been synthe- 
sized up to now. 

Actinium metal is obtained by reduction of 
Ac,O, with thorium at 1750 °C and 10~ Pa. It 
crystallizes in the cubic B-lanthanum type 
structure with a lattice constant of a = 531.5 
pm. In solution only Ach" occurs. The stability 
of Ac** complexes is low due to the large ionic 
radius. Because of this, actinium can only be 
extracted from aqueous solutions at relatively 
high pH values with low distribution coeffi- 
cients. Most solution experiments were per- 
formed by using 7” Ac (fp = 6.13 h), separated 
from ??Ra (t, = 5.7 a). 


Uses. ?"Ac is a radionuclide with high spe- 
cific power (14.3 W,,/g) and besides “Ст, is 
the only radioisotope used for thermionic 
transformation of the heat of decay into elec- 
tricity. For a thermionic battery that trans- 


forms 12% of heat into electricity, about 17 g . 


2 Ac4O, (equivalent to about 5 x 103 Bq) аге 
needed to obtain 250 W,,. Due to the instabil- 
ity of thermionic batteries compared to ther- 
moelectric devices, the interest іп ?"Ac is 
currently decreasing. 


Handling. Handling of ^" Ac is possible only 
in tight glove boxes, gram-amounts require 
hot cells with y shielding. Well-aerated fume 
hoods are sufficient for the handling of trace 
quantities of all actinium isotopes. 


40.4.7 Protactinium 


The element with Z = 91 was discovered in 
1913. К. FA1ANs and О. Gourinc were proba- 
bly the first to have separated pure protactin- 
ium. 
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21ра (г „= 32 480 a) is the most important 
of all 24 known isotopes, even though “Pa is 
of special importance because it is formed as 
an intermediate in the production of fissile 
2320] from nonfissile ”?Th by neutron capture 
?3?Th(n, Kean? B 233pa E 2331] 

223min 2704 

G = 7.4 bam 


This process is used іп thorium high tem- 
perature reactors (THTR), which utilize the 
fivefold occurrence of thorium in nature com- 
pared to uranium. 

The separation of *'Pa from residues of 
uranium production is a difficult process. Nev- 
ertheless, around 1960 са. 100 g pure ?'Pa,O; 
were isolated from residues of the uranium 
production at Springfield, United Kingdom, 
that contained 3.7 ppm Pa. In future, larger 
quantities of *’Pa might be recovered from 
nuclear waste originating from reprocessing 
of thorium fuels, because it is formed via 
23? Th(n, 2n)?'Th B, 21ра 

256h 
by the fast neutrons in a THTR nuclear reac- 
tor. 

With its electronic configuration [Rn] 5f 
6d' 75°, protactinium is the first element to 
posses 5f'electrons in the ground state. Both in 
the solid state and in solution protactinium can 
occur in the oxidation state Ра“ (r = 96 pm) 
and Pa" (у= 90 рт). In its chemical and phys- 
ical behavior protactinium is much more simi- 
lar to tantalum than to typical 5felements. 

Protactinium metal 1s best prepared by the 
Van Arkel method using a PaC-L, mixture. a 
Protactinium is tetragonal-body centered (a = 
393.1 pm, c = 323.6 pm), В protactinium is cu- 
bic face-centered (a — 501.9 pm). The melting 
point of protactinium is 1572 + 20 °C. 


Compounds. The solid state chemistry of pro- 
tactinium is quite well known. Binary com- 
pounds exist such as the tetrahalides PaX, and 
pentahalides PaX; and complex compounds 
including the sparingly soluble K;PaF,. The 
very stable white Pa;O; occurs in at least five 
modifications. The reduction of Pa,O, with 
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pure hydrogen at 1550 *C yields black PaO,. 
A protactinium peroxide of still unknown 
composition can be precipitated from diluted 
acids. This method is used to separate protac- 
tinium from tantalum and niobium which form 
soluble peroxide complexes. 


Pa(V) is hydrolyzed in aqueous solution 
even in strong acids, if not complexed, for ex- 
ample, by F^ ions. No Раз" exists in solution. 
only partly hydrolyzed species with two posi- 
tive charges (in ca. 1 M НСІ) or one positive 
charge (in 102-10? M H*) could be identi- 
fied. Pa(V) is readily adsorbed onto precipi- 
tates, surfaces (even metal surfaces), graphite, 
quartz, etc. The partly hydrolyzed protactin- 
ium species form very stable complexes with 
most organic ligands. Pa(V) can be extracted 
from aqueous solution by amines and most 
neutral and acid phosphoric and phosphonic 
extraction agents. The distribution coefficients 
are high. 


Pa(IV) solution is obtained by reduction of 
Pa(V) solutions using chemical (e.g., zinc) or 
electrochemical methods. The behavior of 
Pa(IV) is very similar to all other actinides ef 
oxidation state IV, however, its tendency to 
hydrolyse is much higher. 


Due to the unavoidable hydrolysis and for- 
mation of radiocolloids, solutions of protactin- 
ium in various oxidation states must be freshly 
prepared before use. The large number of un- 
explainable results found in the literature are 
mostly due to using degraded protactinium so- 
lutions with partly hydrolyzed, nonspecified 
protactinium species that change composition 
by time, even in 6 М НСІ. 


Uses. Protactinium plays an important role in 
the THTR fuel cycle, especially because ofthe 
high neutron absorption cross section of ??Pa 
(fj; = 27.0 d) that lowers the amount of fissile 
23317 formed. Therefore, several processes, for 
example, for a "molten salt reactor", have 
been developed to separate protactinium con- 
tinuously during reactor operation with the 
consequence that “Pa will decay outside the 
reactor core and, therefore, not absorb neu- 
trons. However, many technological prob- 


1595 


lems have to be solved before practical 
application. 


Handling. ?'Pa must be handled in tight 
glove boxes, whereas tracer chemistry of pro- 
tactinium (e.g., with **Pa) сап be performed 
in well-aerated fume hoods. 


40.5 The Biological Effects 
of Radiation and 
Radionuclides 


The assessment of the health hazards aris- 
ing from ionizing radiation has undergone a 
striking change in the course of this century. 
When RowrGEN announced in 1895 that he had 
discovered a new type of radiation, which he 
called X rays, the world reacted with an im- 
mense faith in progress. Although harmful 
side effects of X rays were soon encountered, 
no one thought about hazards or radiation pro- 
tection. Inflammation similar to that caused by 
burns was observed on the hands of operators 
repeatedly testing X ray pictures and, later, the 
first cases of radiation-induced skin cancer be- 
came known. Only a decade after the discov- 
ery of X rays, an increased frequency of. 


leukemia among radiologists was noticed [9]. 


This was not regarded as a warning sign but, at 
best, as an indication of the possible hazards 
arising from the long-term exposure to high 
doses of radiation. 


The positive expectations that were aroused 
by this new agent are reflected in the applica- 
tion of X rays and natural radioactivity (which 
was discovered just a year later) in medicine 
within few weeks after the discovery by Rówr- 
GEN. X rays were being used extensively in the 
examination of the human body and first in 
simple medical diagnoses. Radioactivity was 
also quickly applied for all kinds of medical 
therapy and especially radium, with its pene- 
trating y radiation, was frequently and indis- 
criminately used at the start of this century in a 
large number of diseases and for the supposed 
stimulation of the organism. For instance, the 
application in the form of radium pillows was 
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common, even in the absence of disease and 
without medical supervision. 

Early fundamental work in radiation biol- 
ogy, e.g., by the young FRIEDRICH DESSAUER 
[10], showed that higher doses of ionizing ra- 
diation destroy living cells. This finding 
quickly led to the introduction and subsequent 
improvement of radiation therapy for cancer 
patients. In spite of the accumulated results on 
the biological effects of ionizing radiation, the 
belief in the harmlessness of low doses of radi- 
ation persisted for decades. 

The fate of hundreds of young women, es- 
pecially in the United States, who painted the 
faces of clocks and instruments with luminous 
paint containing the long-lived, o-emitting 
26р а was one of the first great tragedies re- 
sulting from unprotected exposure to radionu- 
clides. Since they had not been wamed of 
possible hazards, the workers sharpened their 
brushes soaked in luminous paint with their 
mouths, thus incorporating considerable 
amounts of activity. Many of them died of 
bone tumors [11, 12]. A young doctor pub- 
lished his suspicions, that the severe lesions in 
the jaws of the young women could be caused 
by radiation. In response, he was called a char- 
latan by a reader because, as was explained in 
the reader’s letter, it was common knowledge 
that radiation was dangerous only in massive 
overdoses over long periods of time. The letter 
was written by the great scientist Marie Curie, 
who herself fell victim to radiation exposures 
later. 

These: and similar examples illustrate the 
consequences of the uncritical contact with 
ionizing radiation which took place in the first 
half of this century. A fundamental change in 
assessment of radiation hazards occurred, 
when the long-term effects of radiation expo- 
sure were discovered in the survivors of the 
atomic bombings of Hiroshima and Nagasaki. 
The possibility that leukemia might result 
from a single and relatively small dose of radi- 
ation was proposed by Lewis in the 1950s 
[13]. He inferred from the increased frequency 
of leukemia among the survivors of the atomic 
bombings—about a dozen cases per year— 
that leukemia could result from somatic muta- 
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tions, i.e., individual alteration in the DNA of 
single cells. This finding became the basis for 
the present philosophy of radiation protection, 
which holds the principle that unnecessary ex- 
posure to radiation should be prevented and 
unavoidable exposures should be reduced as 
far as possible. 

The recognition that even the smallest 
doses of radiation can—with correspondingly 
low probability—cause hereditary defects or 
cancers and the fact that this possibility was 
recognized first for radiations, and only later 
for chemical carcinogens, may have led to the 
amazing change in the attitude to ionizing ra- 
diation. In the past, people had blind faith in 
the mysterious biopositive effects of radiation, 
but now the risks, which must indeed be taken 
seriously, are often overestimated in compari- 
son with other risk factors. 


Physical Radiation Effects. Several levels 
can be distinguished in the effects of ionizing 
radiation: physical, molecular, cellular, and 
tissue effects. 


In spite of considerable differences in the 
energy transport and interactions with matter, 
all types of ionizing radiation act through the 
same physical primary processes and, as dis- 
cussed later, they all act predominantly by 
damaging the DNA, i.e., the genetic material 
of the cell. Indirectly ionizing radiation, 1.e., 
photons and neutrons, release fast particles in 
matter. The charged particles are, in turn, ion- 
izing and produce secondary electrons which 
cause the major part of the ionizations and ex- 
citations. In the case of excitation, the excited 
molecule dissociates into radical or nonradical 
products or it gives up its energy to the envi- 
ronment without disintegrating. In compari- 
son with ionizations, however, electron 
excitations are of secondary importance for ra- 
diation effects. In the case of directly ionizing 
radiation, such as electrons or œ particles, 
charged particles are present from the start. 


The photons of X rays or y rays generated 
in nuclear decay and energy-rich neutrons 
have substantial penetrating power in tissue. 
The high-energy electrons produced in an ac- 
celerator can also penetrate deeply into tissue. 
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In contrast the electrons of B radiation, which 
are produced in radioactive decay, have a 
range of only a few millimeters in tissue. For 
this reason, B emitters are active primarily 
when they are incorporated. The same applies 
to а emitters. As a result of their short range, 
they are of importance only in the case of in- 
halation or ingestion of radionuclides. 

Since the primary physical and chemical 
effects are identical for all types of ionizing ra- 
diation, the same quantity can be used to mea- 
sure the extent of a radiation exposure. This 
quantity is called the adsorbed dose, D, or 
simply the dose. The unit used, to express the 
absorbed dose, is J/kg, or gray (Gy). In spite of 
the identity of the physical primary processes, 
the various types of radiation have, even at the 
same absorbed dose, different efficiency in the 
cell or tissue. The reason for the differences 
lies in the varying microscopic concentration 
of the energy transferred along the tracks of 
the various particles. Sparsely ionizing radia- 
tions, such as y rays, X rays, or fast electrons, 
cause only a few dozen ionizations along their 
path through the cell. The resulting direct and 
indirect damage to DNA can be largely re- 
paired. Densely ionizing particles, such as the 
relatively slow, heavy œ particles or recoil nu- 
clei triggered by neutrons, cause thousands of 
ionizations as they pass through the cell. The 
clustered DNA damage produced within a 
small site can often be only imperfectly re- 
paired. The difference between the various 
types of radiation is quantified by the linear 
energy transfer (LET), i.e., the rate of energy 
loss per unit distance. 

In the application of ionizing radiation in 
tumor therapy, the different efficiency of the 
various types of radiation must be carefully 
evaluated. Moreover, the effect ratio depends 
in a complicated manner on the dose and the 
dose distribution in time. Simplified evalua- 
tions of radiation quality are adequate for the 
purpose of radiation protection, where low 
doses are involved and, furthermore, only 
summary estimates are required of effects that 
are possible, but less likely to occur. 

Radiation protection summarily takes into 
account the different efficiency of densely and 
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sparsely ionizing radiation through the quality 
factor, Q. This factor represents the relative 
biological effectiveness of the different types 
of radiation with- regard to the production, 
through DNA damage, of stochastic, long- 
term effects, i.e., hereditary damage or car- 
cinogenesis. The International Commission 
for Radiation Protection (ICRP) has defined 
the quality factor as a function ofthe LET [14] 
(Figure 40.2). The dose equivalent, H? is the 
product of the absorbed dose, D, times the 
quality factor, О: 

Н=рхо 


To differentiate between the absorbed dose 
and the dose equivalent, the latter is expressed 
in the unit sievert (Sv). 
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Figure 40.2: Quality factor as a function of the linear en- 
ergy transfer, LET [14]. The corresponding ranges of LET 
are shown for some types of radiation. 


40.6 References 


1. Gmelin, 8th ed., Technetium. System no. 69, Suppl. 
vol. 1 and 2 (1982). 

2. Gmelin, 8th ed., Polonium, System no. 12, Suppl. 
(1990). 

3. Gmelin, 8th ed., Francium, System no. 25a, Suppl. 
(1983). 

4. Gmelin, 8th ed., Radium, System no. 31, Suppl. vol. 
1 and 2 (1977). 

5. Gmelin, 8th ed., Actinium, System no. 40, Suppl. 
(1981). 

6. Gmelin, 8th ed., Protactinium, System no. 51, 
Suppl. vol. 1 and 2 (1977). 

7. Е. J. Wheelwright: Promethium Technology, Ameri- 

can Nuclear Society, Winsdale, IL, 1977. 

. F. Weigel, Chem. Ztg. 102 (1978) 287—299. 

9. N. von Jagle, G. Schwarz, L. von Sienbenrock: 
"Blutbefunde bei Róntgenologen", Berl Klin. 
Wochenschr. 48 (1911) 1220-1222. 

10. F. Dessauer: "Über einige Wirkungen von 
Strahlen", Z. Phys. 12 (1922) 38. 

11. H. S. Martland: "The Occurrence of Malignancy in 
Radioactive Persons: A General Review of Data 


со 


1598 


12. 


Gathered in the Study or the Radium Dial Painters 
with Special Reference to the occurrence of osteo- 
genic Sarcoma and the Interrelationship of Certain 
Blood Diseases", Am. J. Cancer 15 (1931) 2435- 
2516. 

D. M. Taylor, C. W. Mays, G. B. Gerber, R. G. Tho- 
mas: “Risk from Radium and Thorotrast”, BIR Re- 
port 21, EUR 12088, Brussels 1989. 


Handbook of Extractive Metallurgy 


13. E. B. Lewis: Leukemia and Ionizing Radiation”, 
Science (Washington, DC) 125 (1957) 965—972. 

14. International Commission on Radiological Protec- 
tion, ICRP Publication 60. 1990 Rccommendations 
of the International Commission on Radiological 
Protection, Pergamon Press, Oxford 1991. 





| 
| 


П 
| 





41 Uranium 





MARTIN PEEHS, SABINE WALTER, Tuomas WALTER 


41.1 Introduction ..................... 1599 
41.2 History... 1600 
41.3 Physical Properties............... 1601 
41.3.1 Radioactivity ........... „++ 1601 
41.3.2 Modifications............... ..1601 
41.3.3 Mechanical Properties .......... 1604 
41.34 Thermal Properties............. 1604 
41.3.5 Electrical and Electrochemical 
Properties .................... 1605 
41.3.6 Magnetic Properties............ 1605 
41.4 Chemical Properties.............. 1605 
41.5 Occurrence, Requirement, and 
Production Figures............... 1606 
41.5.1 ` Oeourrenee 1606 
41.5.2 Resources, Requirement, and 
Production Figures............. 1607 
41:6: UseS.c. ж cece knee Shes 1611 
41.7 Production....................... 1612 
41.7.1 From Crude Ore to Yellow Cake .. 1612 
41.7.2 From Yellow Cake to UF, ....... 1612 


41.7.3 From UF, to the Nuclear Fuel UO, 1612 
41.74 Detailed Description of the 


Processes 12: ыгы ыккый 1613 
41.7.41 Digestion and Leaching of Ores. . . 1613 
41.7.42 Treatment of the Solution ........ 1614 
41.7.4.3 Production of Uranium 

Concentrate .................. 1617 
41.7.44 Final Purification of Uranium 

Concentrate .................. 1617 


41.7.4.5 Production of UO, and UO, from 
Purified Uranyl Nitrate Solution . . 1619 
41.7.4.6 Production of ШЕ, ............. 1623 


41.7.4.8 Complete Plant for Production of 


41.7.4.7 Production of UF, from UF,..... . 1625 


The following abbreviations are used: 
ADU ammonium diuranate 
AUC ammonium uranyl carbonate 
AVLIS Atomic Vapor Laser Isotope Separation 
BNFL British Nuclear Fuels Limited 
DC Direct Conversion 
GECO General Electric Dry Conversion 
DEHPA 2-ethylhexyl phosphate 


IDR Integrated Dry Route 

LWR light-water reactor 

MLIS Molecular Laser Isotope Separation 
MTR materials testing reactor 

RIP resin in pulp 

TBP tributyl phosphate 

TOPO trioctylphosphine oxide 

USW uranium separative work 


ОЕ, from Uranyl Nitrate......... 1626 
41.7.4.9 Enrichmentof^PU ............. 1627 
41.7.4.10 Production of UO, Pellets from 
(8) атра ate. sia Quote RH 1631 
41.7.4.11 Production of Uranium Metal . .2 . 1635 
41.8 Compounds...................... 1637 
41.81 __ Наһйез...................... 1637 
41.8.1.1 TrivalentHalides. .............. 1637 
41.8.1.2 Uranium Tetrahalides . . .. ....... 1638 
41.8.1.3 Uranium Pentafluoride.......... 1638 
41.8.1.4 Uranium Hexafluoride .......... 1638 
41.82 Сагыфез..................... 1639 
41.83 ` Nugdes 0000s 1640 
41.84 Охез....................... 1640 
41.8.4.1 Uranium Dioxide .............. 1640 
41.8.4.2 Uranium Trioxide .............. 1641 
41.8.4.3 Triuranium Octaoxide........... 1641 
41.8... Регохїйез..................... 1642 
41.85 Мигаіеѕ...................... 1642 
41.86 — Sulfates............. AS ES 1643 
41.87  Tricarbonatodioxouranate........ 1643 
41:9: Safe о ызы Epod DAS 1643 
41.9.1] | Radiation Shielding............. 1643 
41.92 Safety Against Uncontrolled 
Criticality .................... 1644 
41.93 Geometrically Safe Vessels....... 1644 
41.94 Apparatus with Heterogeneous 
Neutron Absorbers ............. 1645 
41.9.5 Neutron Interactions in the UO, 
Fabrication Plant............... 1645 
41.9.6 Ттапзропайоп................. 1645 
41.10 References. cece ees 1646 
UTK `: uranium tetrafluoride in kilns 


41.1 Introduction 


Uranium, atomic number 92, is a radioac- 
tive element that is transformed into the stable 
element lead via many intermediate stages in- 
volving the emission of a- and f-radiation. 
Uranium has the probable electronic configu- 
rations 4s?pfgl9f!4, 55255919 652рбай, and 7s, 
and is a member of the actinides in which the 
6d shell is filled until uranium is reached, and 
the 5f shell is then filled from neptunium on- 
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. ward to 5/4. Natural uranium consists of three 
isotopes whose concentrations in different re- 
sources are usually the same, even to the 
fourth decimal: **U, 99.2762 at%; 20, 
0.7182 at%; 74U, 0.0056 at%. However, ura- 
nium from one deposit in Gabon (the Oklo 
mine) is exceptional [8], the proportion of 20 
being lower (see below [9]): 
Expected *5U content 0.71196 
Measured ?5U content (July 7, 1972) 0.707896 
Absolute discrepancy 0.003296 
Relative discrepancy 0.4596 
Accuracy of measurement + 0.000196 
The somewhat lower percentage of *°U in 
the Oklo deposit led to the discovery of natural 
reactors and the revelation that the first nu- 
clear fission chain reaction was not brought 
about by humans in 1942 but by nature long 
before this. Since its discovery, the Oklo phe- 
nomenon has been investigated in great detail, 
and the results are documented in almost 100 
papers. At least ten different reactor zones 
have been identified in Oklo. The individual 
reactors were active for 100 000 to 800 000 
years. These periods of activity, which oc- 
curred 1.8 x 10? years ago, resulted in the re- 
lease of 100 x 10? kWh thermal energy, 
equaling the output of a large-capacity power 
reactor over a three-year period. These natural 
reactors are the-only ones discovered thus far 
in the world. During these periods of activity, 
natural uranium still had а ^?U content of ca. 
3%; geochemical processes caused the U con- 
tent to increase to 30% and higher. The thick- 
ness of the natural deposits reached 50 cm, 
and the presence of water as a moderator and 
coolant caused the configuration to become 
critical. The nuclear fission that then occurred 
was controlled by the properties of water. 
High power output led to evaporation of wa- 
ter, with consequent reduction of the moderat- 
ing effect; lower power led to condensation 
and increased moderation. Decay products 
from earlier fission products and from the plu- 
tonium formed in the active zones of the natu- 
ral Oklo reactor are still present without 
losses. This shows that these elements have 
not been dispersed but have been immobilized 
by simple geological barriers. 
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41.2 History 


Uranium was discovered in 1789 by Man- 
TIN Hemnics Ei apporg, who extracted it from 
pitchblende. He precipitated the yellow uran- 
ate and reduced this with charcoal, but ob- 
tained only a black oxide, probably UO,. In 
1790, he named the putative metal uranium af- 
ter the planet Uranus, whioh had been discov- 
ered in 1781 by HzmscHEL. In 1841, E. M. 
P£LiGOT reported that he had obtained uranium 
metal by thermal reduction of anhydrous ura- 
nium tetrachloride with potassium in a plati- 
num crucible. In 1856, he succeeded in 
producing the pure metal in compact form by 
reducing uranium tetrachloride with sodium 
with complete exclusion of air. A worth men- 
tioning quantity of uranium metal was put on 
display at the Paris World Exhibition of 1867. 

In the 1890s, H. Motssan developed new 
processes for producing metallic uranium. He 
obtained the purest metal (> 99% uranium) by 
electrolysis of sodium uranyl chloride. At the 
end of the 19th century, uranium found some 
almost unnoticed industrial applications, e.g., 
in glass and ceramics because of the beautiful 
colors of its different compounds. 

The discovery of radioactivity by A. H. 
BECQUEREL on March 1, 1896, resulted from 
experiments with uranium. The fluorescence 
and phosphorescence of uranium compounds 
had been studied from about the mid-1800s. 
Following the discovery of X rays, the ques- 
tion arose of whether substances showing 
strong fluorescence or phosphorescence emit- 
ted penetrating rays of a similar kind. Вес- 
QUEREL exposed potassium uranyl sulfate to 
sunlight and observed that it emitted rays that 
darkened photographic plates. An interrup- 
tion of these investigations due to cloud cover 
led to the discovery of intense darkening of the 
plates by uranium salts that had not been ex- 
posed to light. He concluded from this that 
uranium salts produced a special kind of radia- 
tion independent of light exposure. 

The history of uranium is closely linked to 
the discovery of polonium and radium in 
pitchblende by P. and M. Сок in 1898. The 
induced fission of the isotope 20 was discov- 
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ered in 1938. by, О. Hann and Е. STRASSMANN. 
This discovery was followed by intense re- 
search activity, that led to the first man-made 
nuclear chain reaction, which was brought 
about in Chicago by E. Ferm on December 2, 
1942. World War II and U.S. decision to have 
a nuclear weapon led to intense activity in ura- 


-pium research and nuclear development. Ura- 


nium enrichment plant based оп the 
electromagnetic process was started in 1943 in 
Oak Ridge, Tennessee, followed a year later 
by another plant based on the gas diffusion 
principle. | 

After World War П, the search for uranium 
ores for the peaceful utilization of nuclear en- 
ergy was intensified in most countries, and 
some large deposits were discovered. In the 
1960s, military applications predominated; 
the peaceful use of nuclear energy gradually 
gained in importance in the late 1970s. En- 
riched uranium was required for the light-wa- 
ter reactors favored for energy production; 
thus, enrichment processes and techniques to 
manufacture fuel elements became important 
research and development topics. Enrichment 
by gas diffusion processes was used in the 
United States and France, whereas Germany, 
The Netherlands, and the United Kingdom de- 
veloped a cooperative program based on three 
enrichment plants using the ultracentrifuge 
principle. The jet nozzle separation process, 
developed in Germany, is used in a demonstra- 
tion plant in Brazil and South Africa. 


Literature searches carried out for the 
present article have revealed that research and 
development of nuclear energy production and 
related technologies were largely complete in 
Western societies by the early 1980s: How- 
ever, research continued into the technology 
of enrichment (laser and chemical processes), 
along with fundamental research into the band 
structure of uranium. 
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41.3 Physical Properties 


41.3.1 Radioactivity 


Тһе natural uranium isotopes (Ос, 
23417) are a-emitters. Tables 41.1 and 41.2 
show the decay chains of the two most impor- 
tant isotopes. These chains terminate with the 
nonradioactive isotopes "Pb and 7°’Pb. 

Artificial uranium isotopes are formied in a 
nuclear reactor (e.g., by irradiation or decay of 
transuranics) Thus, after reprocessing of 
spent fuel elements, the following uranium 
isotopes are found in the purified uranium for 
a uranium burnup of 36 GW -d/t and an initial 
enrichment in the fuel elements of 3.5%: 

23210); concentration 0.71 mg per tonne U; half-life 74 
а; > Th 

WUY: concentration 7.4 mg per tonne U; half-life 1.6 x 
105a; > Th 

2341), concentration 137 g per tonne U; half-life 2.5 x 
10° a; — °ТҺ 

BEY: ` concentration 4490 g per tonne U; half-life 2.4 x 
107 a; > "Th 

All four artificial isotopes are o-emitters 
with a certain amount of y-emission and are 
transformed into the thorium isotopes indi- 
cated. Because of the comparatively short 
half-life of. ??U, associated y-emission re- 
quires heavily shielded equipment for radia- · 
tion protection. This hot-cell technology is 
also needed to handle the radioactive fission 
products in the reprocessing of spent fuel. Be- 
cause it has an odd atomic number, 23207 is fis- 
sile by capture of a thermal neutron when it 1s 
reused in the reactor. However, 2260 in partic- 
ular is purely a neutron absorber, so that on 
use of the reprocessed uranium, the fissile 
fraction (23507) must be increased by ca. 0.15% 
to compensate for neutron capture by the 
0.45% 280. 


41.3.2 Modifications 


The phase diagram of uranium is shown in 
Figure 41.1 [10, 11]. At atmospheric pressure, 
uranium occurs in three modifications with 
different crystal structures, depending on tem- 
perature [12]: 
a-Uranium, T < 942 К, orthorhombic 

Lattice constants: a = 0.2858 nm, b = 0.5876nm, c = 
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0.4955 nm at 298.15 K. 
B-Uranium, 7 = 942-1049 K, tetragonal 
Lattice constants: a = 1.0759 nm, c = 0.5656 nm at 942 
K (lower transformation point). 
y-Uranium, 7 = 1049-1408 К, body-centered cubic 
Lattice constants: a = 0.3524 nm at 1049 K (lower 
transformation point). 
The triple point of the three modifications 
is at 3.6 + 0.2 GPa and 1078 + 3 K [10]. Fig- 


ures quoted for the mp at atmospheric pressure 


Table 41.1: Radioactive decay of ?*U. 


Atomic Relative 
number atomic mass 


Bs 92 238.05 
al 
wt?) 90 234 
BL 
Pa 91 234 
B Y 40.15% 

99.85% ipa ee д 234 
mg Aly 92 234 
a 
Boh 90 230 
aly 
пера 88 226.03 
aly 
Rn 86 222 
al 
28ро 84 . 218 
«| В [0.031% 

99.96% a 
тарь 82 214 
Bly ?“Аї 85 218 
"ap zi hs 83. 214 

99.996 
á d твр 86 218 
0.04% 

шр al" 84 214 

зот a 81 210 

В Kä "Opp 82 210 
Zä 
пові 83 210 
Ват 84 210 

S (Opes 

a | y TI 81 206 
206рь EN P 82 205.97 


*99.96%. 
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cover the relatively narrow range between 
1398 K (1125 °C) [13] and 1408 К (1135 °С) 
[14]. These small discrepancies are due to ex- 
tremely low levels of impurities that cannot be 
avoided completely. The bp is said to be 4407 
К. The theoretical density of a-uranium is 
19.13 g/cm?, small variations in the experi- 
mental value again being due to impurities. 


Amount in radioac- 
Half-life tive equilibrium with 


Penetration of a- 
particles in air at 


15 °C and 0.1 8U contained in 
MPa, cm 1000 kg uranium, g 
2.63 4.515x 10? a 9.93 x 10° 
24.10 d 1.426 x 10% 
1.16 min 4.76 x 1071? 
67h 2.5x 10719 
322 2.32 х 10а 50.1 
3.13 83х10*а 17.6 
3.30 1590 а 3.32x 107 
4.06 3.825d 2.147 x 10% 
4.67 3.05 min 1.17x 10? 
26.8 min 1.01 x 10% 
5.53 a few seconds са. 1x 1074 
4.1 19.7 min 74x10? 
6.1 0.019 s 1х107# 
6.95 1.45 х 105 s 9.1 x 10715 
1.32 min 1.95 x 1073 
223a 4.32 x 10? 
4.95d 2.63 x 10% 
3.85 138.8 d 7.37 x 10° 
4.23 min 7.6х 10716 
stable oa 
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Table 41.2: Radioactive decay of ??U. 
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Penetration of a- 














Atomic Relative particles in air at А 
number atomic mass 15 °C and0.1 Half-life Amount 
MPa, cm 
EU 92 235.04 2.7 7.07 х 10% a 7.06 х 10? 
al 
TY 90 231 24.6h 2.75 x 108 
BL 
21ра 91 231.04 3.62 3.2 х 10*а 3.14x107 
al 
27 Ac 89. 227 21.7a 2.09x 10^ 
Bl 98.8% S 
2T] 9€ 1.276 90 221 4.67 18.6 d 4.85 x 107 
ү 2з 87 223 21 тіп 45x10 
Y å a . 
зра 4,293955] 9.004% 88 223 4.33 1134 2.93 x 107 
а 219 At 85 219 4.97 0.9 min 8x 1078 
Y B a 12 
Rn Ex = 9796 86 219 5.75 3.925 1.16 x 107 
2396 { 
а wech 83 215 8 min 6x107? 
Z5po — P 84 215 6.49 0.00183 s 5.30x 10718 
al 99999595 ; 
pp P| 0.0005% 82 211 36.1 min 6.15x 101? 
: Y 
B 215 At 85 215 80 . са ca. 1x 107 
Y 
Bi << z 83 211 5.46 2.16 min 3.68 x 107 
BL 032% 
Po 999.6876 зд 211 6.59 ca. 0.005 s 4.5 х 10718 
a 2077] 81 207 4.76 min 7.93 x10! 
орь а PY 82 206.98 stable © 
1500 Table 41.3: Mechanical strength of rolled uranium metal 
L products annealed in the a- or В-геріоп before measure- 
ment [15]. 
Test 0.2% Ultimate 
1300 temper- yield ^ tensile Elonga- 
de ature, strength, strength, tion, 96 
А Y ос MPa MPa 
a 
5 Rolled at 570 °C 
= 1100 a-annealed 20 2986 7660 68 
а B-annealed 20 1693 4399 8.5 
£ Rolled at 1110 °C 
Li a-annealed 20 179.3 609.5 13.5 
900K a B-annealed 20 1696 4254 6.0 
Rolled at570°C, 299 1207 2427 49.0 
0 2 4 6 8 a-annealed Я 
Pressure, GPa ——» Rolled at 570 °C, 299 129.6 217.7 43.0 
Figure 41.1: Phase di f uranium [10, 11]. R о-аппеајей 
igure 41.1: Phase diagram of uranium [10, 11]. Ranges potted at 570°C, 499 352 76.7 61.0 
of the a-, В-, and y-modifications and of the liquid are annealed 
shown. 'Rolledatlll09C, 499 376 720 57.0 
Q-annealed ` 
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Table 41.4: Hardness of annealed uranium metal. 


Rockwell hardness 





Annealed Brinell hard- 
forlhat 150-kg 100-kg ness number 
weight weight 

310?C 36.6 109 341 

490 *C 24.0 101 247 

600 °C 22.0 99 240 

720 °C 9.0 90 ` 185 

770 °С 0 92 152 


41.3.3 Mechanical Properties 


In the y-phase (1049 K < T « 1408 K), the 
metal is soft, ductile, and easily worked. How- 
ever, since this phase 1s readily oxidized in an 
oxidizing environment (e.g., air), uranium 
usually must be worked while in the sa 
at lower temperature (at 563 K). 

Mechanical strength data for the o and B- 
phases are given in Table 41.3 [15]. 

The hardness of the metal depends strongly 

‘on the annealing temperature (Table 41.4). 
The Rockwell hardness was measured at ap- 
plied weights of 100 and 150 kg, and the 
Brinell hardness is given in Brinell numbers 
(applied weight of 300 kg divided by the pene- 
tration area of a 10-mm steel sphere). 

The modulus of elasticity is also very de- 
pendent on the history of the material; it 
ranges between 155 GPa (a-phase, rolled; B- 
phase, annealed) and 207 GPa (y-phase, ex- 
truded). 


41.3.4 Thermal Properties 


The specific and molar heat capacities of 
the three uranium modifications are given in 
Table 41.5 [12]. 

Table 41.5: Specific and molar heat capacities of uranium 
modifications. 
с Jkg!K! ` C, ток"! 


a-Uranium (298.15 К) 116 271.666 
B-Uranium (942 K) 180 42.928 
ү Uranium (1049 К) 161 38.284 


In the о- and B-phases, uranium is anisotro- 
pic; i.e., thermal expansion depends on direc- 
tion. Thus, a crystal of a-uranium expands in 
only two directions and contracts in the third 
(Figure 41.2). The expansion coefficients for 
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a-uranium in the various crystal directions are 
given in Figure 41.3 [16, 17]. 


z|001] 





Figure 41.2: Dimensional change of a-uranium from 0 to 
300 °C. Original dimensions: а = 0.2852 nm; b = 0.5985 
nm; с = 0.4945 nm; Aa = +0.0015 nm; Ab = -0.0006 nm; 
Ac = +0.0339 nm. 
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Figure 41.3: Linear expansion coefficient of o-uranium 
[16, 17]. 
For B-uranium in the range 959—998 K, the 
linear coefficients of expansion are 
z-axis, 4.6 x I0 К! 
x-axis, 23.0 x 10. K^! 
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y 16.9х10 К! 

The linear coefficient of expansion of y- 
uranium is the same for all three axes (1.е., ca. 
18x 106K"). 

The thermal conductivity of uranium at 298 
К is 27.60 Wm"K"'. 


41.3.5 Electrical and 
Electrochemical Properties [18] 


The specific electrical conductivity of ura- 
nium has been determined by several authors. 
The variations in the value obtained (3.0—3.38 
x 10* Q7!cm 3) are due to variations in the pu- 
rity and history of the metal. The values deter- 
mined for specific electrical resistance 
naturally show similar variation, the mean 
value at room temperature being ca. 30 Hiem. 
The specific electrical resistance increases 
with increasing temperature to ca. 55 рОст at 
873 K. At the transformation points of œ- to B- 
uranium and of B- to y-uranium, the curve 
shows a downward discontinuity but then rises 
again. The temperature coefficient of the spe- 
cific electrical resistance in the range 273—373 
K is 2.61-2.76 x 10°. 

Uranium becomes superconducting at very 
low temperature, but the transition tempera- 
ture 7, is very pressure dependent [10]. At at- 
mospheric pressure, 7, has its lowest value 
(0.2 K), it reaches its highest value (2.25 K) at 
1 Gpa. 

The standard electrode potential =, for the 
reaction 


2Н'+2г = Н, 

2U** = 2U'* + Ae 

at 25 °C with a 1 mol/L solution of metal ions 
and a hydrogen electrode is with water —0.414 
V, with a 1 mol/L HCIO, solution —0.631 V, 
and with a 1 mol/L НСІ solution —0.640 V. 


The thermoelectric potential with copper is ca. 
5 mV [19]. 


41.3.6 Magnetic Properties 


Uranium is paramagnetic. The paramag- 
netic susceptibility varies with temperature 
and exhibits discontinuities at the phase trans- 
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formation points (Figure 41.4). The specific 
magnetic susceptibility at 298 К is 1.66 x 10° 
cm?/g. 


ba 
кә 


N 
о 


Paramagnetic susceptibility, 10" ст?/д 





“0 400 800 1200 
Temperature, К ——» 


Figure 41.4: Paramagnetic susceptibility of uranium. 


41.4 Chemical Properties 


The freshly exposed surface of massive 
uranium metal has a silvery luster, but it is ox- 
idized relatively rapidly in air. Within a few 
hours, the metal becomes covered with a thin 
oxide layer of iridescent colors and eventually 
turns black. The same mass of metal that is ox- 
idized by steam at 593 K is oxidized by air 
only above 753 К. The enthalpy and the free 
energies of formation of oxides from the metal 
at 298.К are as follows [20]: 

UO,: AH =-1084 kJ/mol, AG = —1029 kJ/mol 
U40,: АН = -3565 kJ/mol, AG = -3360 kJ/mol 
UO,: AH = –1218 kJ/mol, AG = 1138 kJ/mol 

Uranium metal powder is pyrophoric and 
burns or smolders very readily in air, some- 
times spontaneously if the powder has a large 
enough surface area. Mechanical machining 
of uranium metal by turning, lathing, and drill- 
ing must be carried out with adequate work 
fluids for lubrication of the cutting tools and 
for cooling the chippings formed. To store the 
chippings, they are wetted with a special oil or 
burned promptly in a controlled manner to 
form U40,. Uranium does not react with Ay- 
drogen at room temperature but combines 
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readily with it at 498 K to UH;, which decom- 
poses again at 709 K. This behavior is utilized 
in the manufacture of the powdered metal 
from its compact form, in which UH, is pro- 
duced as an intermediate. Also, to reduce the 
hazard involved in transporting tritium gas, 1t 
is currently absorbed by depleted uranium 
powder in flasks. 


Uranium reacts very vigorously with halo- 
gens and hydrogen halides. It burns in fluorine 
gas to form UF, ("flame reactor"). The reac- 
tion with HF gas proceeds only to the UF, 
stage; reaction with aqueous HF leads to hy- 
drated UF, (UF,:0.75H,O, UF,-2.5H,0). 
Uranium burns in a stream of chlorine to form 
ОСІ, and UCL, With bromine and iodine, it re- 
acts to only UBr, and UI,. With sulfur, grayish 
black US, is formed, which is stable up to 
1273 K. 


Powdered uranium reacts very vigorously 
with water, above 308 K the compact metal 
also reacts with water. Uranium is attacked 
vigorously by dilute acids, with the formation 
of salts. Strong solutions of alkali also attack 
the metal to form uranates. 
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41.5 Occurrence, Require- 
ment, and Production Figures 


41.5.1 Occurrence 


The mean concentration of uranium in the 
earth’s crust is 2 x 10 96. For comparison, the 
abundances of cobalt, lead, and molybdenum 
are similar. Uranium is a typical lithophilic el- 
ement, occurring mainly in the silicates of the 
earth's crust. Most of the uranium is distrib- 
uted widely in small concentrations, both in 
acidic rocks such as granite, gneiss, and peg- 
matite, and in sedimentary rock such as schist 
and phosphatic ores. Basic rocks (basalt) have 
a lower uranium content than granite, for ex- 
ample. The wide distribution of uranium and 
the low degrees of enrichment in ores com- 
pared with other metals of similar abundance 
are the result of its ability to form a wide range 
of chemical complexes. Uranium occurs in 
more than 100 minerals; those of industrial 
importance are listed in Table 41.6. 


Table 41.6: Uranium minerals of industrial importance (detailed information on uranium minerals is given in (21]). 


Origin 


Oxides, hydrates, simple silicates (uranium, completely or primarily tetravalent) 


Mineral Chemical formula 
Pitchblende xUO,°jyUO, 
Uraninite UO, (with UO,) 
Coffinite xUSiO,-yU(OR), 
Uranothorite xThSiO,-yUSi0O, 


Canada, Congo, Western and Central Europe 
Canada, Colorado Plateau, Argentina 
Colorado Plateau 

Canada, Madagascar 


Complex deposits of uranium oxides with rare earths (titanates, etc.) 


Brannerite (U, Ca, Fe, Y, Тћ),Ті,О, 
Betafite (similar toam- (0, Ca)(Nb, Ta, Ti),0,-xH,O 
pangabeite) 


Canada 
Madagascar 


Davidite (Ее, rare earths, О, Ca, Zr, Th) (Ti, Fei", V, 


Cr, YO. 
Secondary minerals with hexavalent uranium 


Gummite 
definite composition) 


Uranophane CaO-2U0,-3Si0,-6H,O 
Schroeckingerite Na,O-3CaO-UO,-3CO,-SO,-F-10H,O 
Carnotite K20-2U0,-V,O,-3H,0 
Tjujamunite CaO-2UO,- V,O;- 8H.O 


Autunite (torbernite) ^ CaO-2UO,-P,0,:12H,0 


UO, :хН;0 (also silicate, phosphate, of in- 


Colorado Plateau, Argentina 
Joachimsthal, Colorado Plateau, Argentina 
Colorado Plateau, Australia, Argentina 
Turkestan, Colorado Plateau, Argentina 








Uranium 
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Figure 41.5: Uranium concentration in important uranium minerals. 


Some materials not regarded as true ura- 
nium minerals are the poorly defined uranium- 
containing bituminous products known as 
kolm (Sweden), thucholite (Sweden, Canada, 
South Africa), and asphalt or asphalite (Colo- 
rado Plateau, Argentina). An industrially im- 
portant mineral, which contains uraninite or 
pitchblende as accompanying mineral, is mon- 
azite. Large deposits of monazite are found in 


- India and Brazil. 


Large reserves are also present in seawater 
because of its enormous volume. However, the 
uranium level (ca. 3 ppb = 3 ug/L) is very low. 
Nevertheless, attempts have been made since 
the 1950s to extract uranium from seawater. 
An enrichment factor of 10? has been 
achieved. However, the processes will be eco- 
nomical only if enrichment can be increased to 
са. 105. the concentration would then corre- 
spond to that in a minable ore [22]. Uranium 
concentrations in the most important uranium- 
bearing ores in the earth's crust are shown in 
Figure 41.5 [23]. Approximately half of the 
annual uranium production comes from. sec- 
ondary minerals. One-third comes from con- 
glomerates in which unweathered rock has 
been sedimented together with oxidized ura- 


nium. The remaining uranium production is 
from veins or lodes and syngenetic-sedimen- 
tary ore deposits. 


41.5.2 Resources, Requirement, 
and Production Figures 


А 1991 report with data valid for January 1, 
1991, issued jointly by the Nuclear Energy 
Agency of the OECD and the IAEA, gives 
data on deposits, production, and uranium re- 
quirements for 44 countries [24]. This report, 
for the first time, includes countries from the 
former Eastern Bloc. 

Since then, the data from the former East- 
ern bloc have become more precisely known 
and have been more thoroughly evaluated. 
The development of uranium supply and de- 
mand has also changed considerably. Thus 
considerable quantities of uranium from mili- 
tary projects are now available for civil nu- 
clear energy generation as a result of 
worldwide nuclear disarmament. Hence 
OECD/NEA [25] and The Uranium Institute 
[26] have revised and re-issued their existing 
reports. The market perspectives have been 
studied with respect to the question of how the 
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ever-increasing gap between uranium de- 
mand and uranium production can only be 
bridged by the release of military reserves 
[27—29]. 

The known world uranium resources, clas- 
sified according to the IAEA system by the 
state of exploration and the anticipated costs 
per kilogram of uranium extracted, are listed 
in Table 41.7. The reserves of the following 
countries are not included in the IAEA classi- 
fication: 
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Chile 0.23 x 10? t 
China 55.1 x 10? t 
India 66.15x 10 t 
Romania 26.0x 10 t 
Former Soviet Union 685.6 x 1021 
Bulgaria 45.0x 10? t 
Former Czechoslovakia 145.0 x 101 
Poland 20.0 x 103 t 
Total 1038.98 x 1011 


On the basis of reports on estimated and 
speculative reserves, it is assumed that world- 
wide reserves amount to (8—13) x 106 t of ura- 
nium. 


Table 41.7: World uranium reserves according to IAEA classification [24], in 10° t uranium. 


Reasonably assured resources 


Estimated additional resources (category I) 





Country 
upto $80/kgU $80-130/kg U up to $80/kg U $80-130/kg U 
North America (total) 247.90 323.90 149.00 80.70 
Canada 146.00 68.00 149.00 80.00 
Mexico 0.00 1.70 0.00 0.70 
United States : 101.90 254.20 0.00 0.00 
Africa (total) 547.02 138.70 380.57 75.50 
Algeria 26.00 0.00 
Central African Republic 8.00 8.00 
Gabon 11.00 4.65 1.30 8.30 
Namibia 84.75 16.00 30.00 23.00 
Niger 166.07 6.65 295.77 - 10.00 
Somalia 0.00 6.60 i 0.00 3.40 
South Africa 247.60 96.80 51.80 30.80 
Zaire 1.80 0.00 1.70 0.00 
Zimbabwe 1.80 0.00 
Europe (total) 58.27 74.25 23.05 51.35 
Austria 0.70 1.00 
Denmark 0.00 27.00 0.00 16.00 
Finland 0.00 1.50 
France 23.80 15.70 4.20 3.90 
Germany 0.60 4.00 1.60 5.70 
Greece 0.30 0.00 6.00 0.00 
Hungary 1.62 1.50 9.10 9.15 
Italy : 4.80 0.00 0.00 1.30 
Portugal 7.30 1.40 14.45 0.00 
Spain 17.85 21.15 0.00 9.00 
Sweden : 2.00 2.00 1.00 5.30 
Australia 469.00 60.00 264.00 126.00 
South America (total) 172.53 2.19 96.26 2.09 
Argentina 8.74 2.19 0.54 1.95 
Brazil 162.00 0.00 94.00 0.00 
Peru 1.79 0.00 1.72 0.14 
Asia (total) 4.32 27.53 0.00 3.20 
Indonesia 4.32 0.00 
Japan 0.00 6.60 
Korea 0.00 11.80 0.00 3.00 
Turkey 0.00 9.13 
Vietnam 0.00 0.20 
Total 1449.04 626.57 912.88 338.84 
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Figure 41.6: Uranium production and demand of the Western World (1956-1996). 


Uranium Production of the Western Coun- 
tries. Figure 41.6 shows the uranium produc- 
tion and uranium demand of the Western 
world in the period 1956 to 1995. In this part 
of the’ world, the uranium industry experi- 
enced its first boom in the early 1960s. At that 
time, almost the entire uranium production 
was consumed by the weapons programs of 
the western nuclear powers (United States, 
United Kingdom, France). The civil uranium 
demand for nuclear power stations began in 
the late 1960s and early 1970s. This was stim- 
ulated by the expansion programs that were 
established as a result of the oil crisis of 1973. 
However, the actual expansion in Europe and 
the United States failed to meet the planned 
level. Nevertheless, between 1975 and 1980, 
uranium production grew to meet the in- 
creased demand from civil nuclear energy 
generation. At this time, production of ura- 
nium as a by-product of phosphate-rock min- 
ing became important. The dramatic decrease 
in production since 1989 is due to increasing 
oversupply. Thus, in 1980 the uranium pro- 
duction of the western world was ca. 44 000 t 
U, but demand was only ca. 22 000 t U. While 
uranium production continued to decrease, the 
uranium demand of the civil nuclear energy 
program grew worldwide. The difference be- 
tween supply and demand was covered by ura- 
nium from stockpiles. 


The price development for uranium shows 
clearly that sufficient quantities of previously 


produced uranium are reaching the market, 
since the uranium price has dropped (Figure 
41.7) despite the fact that production has 
failed to meet demand. Up to 1973, the ura- 
nium price remained at a constant $7ЛЪ U but 
then increased greatly due to the oil crisis, 
reaching a peak of $45/Ib U in 1976. The over- 
capacity existing at this time led to a price 
drop and eventual stabilization at ca. $23ЛЬ in 
1982. For the reasons discussed above, the 
uranium price fell slowly up to 1994 and has 
currently reached temporary stability at a low 
level. 
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Figure 41.7: Uranium spot market price for European 
buyers (1968-1995). 

Uranium Production of the Former Eastern 
Bloc. In the former Soviet Union, its satellite 
states, and China, ca. 630 000 t of uranium 
have been produced since the 1940s (Figure 
41.8). Prior to the political and economic lib- 
eration of Eastem Bloc in 1989/90, the major- 
ity of the uranium produced in the Soviet 
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sphere of influence was transported to the So- 
viet Union as a strategic material. Only Roma- 
nia retained a few thousand tonnes for its 
CANDU reactor program. Of the uranium 
produced in the Soviet Union and imported 
from its satelhtes up to 1994, probably 
450 000 t U was made available for military 
purposes, and 115 000 t U was used for the nu- 
clear reactor program of the Soviet Union and 
Eastern Europe. Thus, today Russia should 
possess a stockpile of ca. 75 000 t U in the 
form of natural and enriched uranium. Figure 
41.9 shows the uranium production of the CIS 
since 1991. Two of the largest producers, Ka- 
zakhstan and Uzbekistan, have essentially no 
nuclear energy program, so that their entire 
production should become available to the 
world market in the form of exports. 


Uranium Production Today. World uranium 
production in 1995 was са. 34 200 t U, 75% of 
which came from the Western countries and 
25% from Eastern Europe, the CIS, and China 
(Figure 41.10). The 13 largest mines ac- 
counted for 7096 of world uranium produc- 
tion. The three largest western uranium 
producers — Cogemá, Cameco, and Uran- 
erzbergbau — were responsible for ca. 4496 of 
world uranium production. Figure 41.11 
shows 1994 uranium production divided ac- 
cording to mine owners. 
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Figure 41.8: Cumulated uranium production in the 
former Eastern bloc and use of the material (1945—1994). 
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Figure 41.9: Uranium production in the CIS (1991— 
1996). 
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Figure 41.10: World uranium production in 1995 by 
countries. 
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Figure 41.11: World uranium production in 1995, broken 
down by owners of mines. 
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Figure 41.12: Projected uranium consumption for nuclear 
reactors [24]. 
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Figure 41.13: Contributions of the production of fresh 
uranium and uranium inventories to future uranium sup- 
ply (1996-2010). 

Future Supply/Demand Pattern. Figure 
41.6 shows uranium demand and uranium pro- 
duction up to 1996. Figure 41.12 shows an 
OECD/IAEA estimate of future uranium de- 


mand dating from 1991. World uranium de- . 


mand in 1991 was 49 300 t U, and this was 
distributed between the continents as shown in 
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Figure 41.12. On the basis of planned nuclear 
energy generating capacity, a uranium demand 
of ca. 77 700 t U is expected in the year 2010. 
New investigations of various reference sce- 
narios of The Uranium Institute [26] give val- 
ues between 70 000 and 80 000 t U. SCHREBER 
[29] assumes a demand of less than 60 000 t U 
and predicts the uranium supply situation 
shown in Figure 41.13. 


World uranium demand will inerease 
slowly for about a decade, after which a down- 
ward trend can be expected if it is assumed 
that nuclear power stations are removed from 
the grid and not replaced when their licenses 
expire. This assumption is based on a projec- 
tion of current energy policies. 


Figure 41.13 compares world uranium de- 
mand with maximum achievable production 
capacity. Production capacity is divided into 
potential projects, mines held in reserve, and 
plants in operation or for which concrete plans 
exist. Figure 41.13 shows that world uranium 
production could double by 2002, but also that 
the operating, planned, and potential projects 
will not be sufficient to cover the uranium de- 
mand of the nuclear power stations. Hence, in 
future the existing civil uranium inventories 
and those that become available from military 
programs as a result of disarmament will have 
to be used to meet these demands. 


41.6 Uses 


The intermediate product “yellow cake” is 
produced from uranium ore. The industrially 
most important end product is UO,, which is 
the only nuclear fuel used in power station re- 
actors, although uranium carbide (UC) is 
sometimes used in sodium-cooled fast breeder 
reactors because of its higher density and su- 
penor thermal conductivity compared with 
UO,. 

Uranium metal is used as the fuel in materi- 
als testing reactors and Magnox reactors. Be- 
cause of its extremely high density, it is also 
used in depleted form for trimming weights in 
large aircraft. A Boeing jumbo jet contains 
360 kg of depleted uranium metal. The high 
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density of uranium metal also utilized in 
shielding materials for protection against radi- 
ation sources (e.g., in portable equipment for 
weld radiography and medical X-ray equip- 
ment). 

U-Zr alloys are used as nuclear fuel in ma- 
rine reactors and in research and materials 
testing reactors. Hydrogenated U-Zr alloys 
(UZrH,) are used as combined fuel-moderator 
systems in spacecraft reactors. Uranium sili- 
cides could in principle be used as fuel.in 
light-water reactors. However, uranium sili- 
cides are not utilized because undesired reac- 
tions with water, the cooling medium, can 
occur as a result of defects in the fuel ele- 
ments. Uranium—aluminum alloys are used in 
materials testing and research reactors. 

Uranium salts are now rarely added to ce- 
Tamic products to produce luminous colors 
(e.g., in Merano glassware or tiles) because of 
the radiation problems involved. 


41.7 Production 


41.71 From Crude Ore to Yellow 
Cake 


Mined crude ores are prepared for leaching 
by crushing and grinding. The chemical leach- 
ing process is selected according to the miner- 
alogical nature of the ore. Acidic ores are 
treated with dilute H,SO,, and alkaline ores 
with an aqueous solution containing sodium 
carbonate and sodium bicarbonate. Phosphatic 
ores are treated with acid. 

Solid—liquid separation of leached ore is 
achieved by standard processes such as filtra- 
tion, multistage decantation, and hydrocy- 
clone separation; uranium is recovered from 
the solution by ion exchange or solvent extrac- 
tion. Combining these two techniques, as in 
the Eluex process, is also advantageous. Yel- 
low cake is then produced by precipitation 
from the acid liquor with ammonia or 
Mg(OH), or by precipitation from the alkaline 
liquor with NaOH. 

Uranium is obtained as an accompanying 
element from phosphatic ores in which the 
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uranium content is very low (see Section 
41.5.2). After acid treatment, uranium is puri- 
fied and recovered by the stripping process. 
Uranium is precipitated as ammonium uranyl 
carbonate (AUC). 


41.7.2 From Yellow Cake to UF, 


In the wet treatment process, yellow cake is 
dissolved in HNO, and purified by solvent ex- 
traction. The resulting solution of uranium in 
nitric acid can then be reacted chemically to 
form UO, or UO, by using either the ammo- 
nium diuranate (ADU) or the AUC process, or 
by denitrating evaporation. 


UO, is converted into UF, in two stages: 
first UF, is produced by treatment with HF; 
UF, is then converted into UF, by treatment 
with fluorine gas. In principle, yellow cake 
can also be processed in the dry state. After 
size reduction and preliminary purification, 
yellow cake is calcined to form UO,, which is 
then converted into UF, as described above. 
However, the dry UF, so obtained must then 
be punfied by fractional distillation. 


41.7.3 From UF, to the Nuclear 
Fuel UO, 


If UF, is to be converted to the nuclear fuel 
UO, for light-water reactors, an enrichment 
process must be carried out for reasons of re- 
actor physics until the 2350 isotope content is 
between 2 and 6%. Enrichment processes 
commonly used include the diffusion process, 
the nozzle process, and centrifugation. 


Enriched ОЕ, can be processed by either 
wet methods (e.g., AUC, ADU) or dry meth- 
ods [e.g., Integrated Dry Route (IDR), Direct 
Conversion (DC), General Electric Dry Con- 
version (GECO)] to obtain UO, powder. After 
chemical conversion and before pelletization, 
the powder must be pretreated (except in the 
case of precipitation by the AUC process). 
Only after pretreatment do the various steps of 
pelletization (compression, sintering, and 
grinding) give an end product with the desired 
spectrum of properties. 


Uranium 


41.7.4 Detailed Description of the 
Processes 


41.7.4.1 Digestion and Leaching 
of Ores 


Before ore digestion appropriate pretreat- 
ment is essential. This includes size reduction 
for which several stages are necessary. In the 
first stage, lumps of ore ca. 1 m in diameter are 
passed through gyratory or jaw crushers with a 
power consumption of 250—350 kW. These re- 
duce the ore to lumps of ca. 200 mm diameter. 
Cone crushers with a power consumption of 
30—40 KW are used in the second stage, giving 
pieces of ore ca. 65 mm in diameter. Particle 
sizes of « 10 mm are obtained in the third 
stage, in which fine cone crushers or roller 
crushers with power consumption of 15—20 
kW are used [30, 31]. This degree of size re- 
duction is adequate with most types of ore for 
which the much more usual sulfuric acid pro- 
cess is used. Finer grinding is necessary only 
for alkali treatment. Here screen mills and ball 
mills are used in succession to reduce the par- 
ticle size of the ore to ca. 0.5 mm. 

Consideration of the economics of the com- 
plete process of grinding and chemical treat- 
ment must include the question of whether 
preliminary removal of worthless material 
(gangue) might be beneficial. However, ex- 
cept for visual hand sorting of lump materials, 
no industrial process has thus far been used. 
Pilot-scale experiments in Elliot Lake, Can- 
ada, have been reported (Table 41.8) [32]. 


Table 41.8: Separation methods: amounts of worthless 
material removed and consequent uranium loss [32]. 


Method Kë U,0, loss, % 
Flotation after grinding 62-80 8 
to < 0.3 mm 
Gravitational method са. 35 8 
Radiometry method ca. 20 8 
Magnetic separation ca. 85 14 


Acidic Ores 


Dilute sulfuric acid is always used for the 
acid treatment of ores. The rate of dissolution 
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depends on acid concentration, temperature, 
and surface area of the ore particles. If the ore 
contains feldspar and clay, highly concen- 
trated acid should not be used since it will dis- 
solve aluminum silicates. If the particles are 
ground too finely, clarification of the cloudy 
solution can present some problems. If tet- 
ravalent uranium is present, an oxidizing 
agent (sodium chlorate or manganese dioxide) 
is added to the liquor, with dissolved iron act- 
ing as a catalyst. The following reactions oc- 
cur during the dissolution process: 


UO, + 2H* — UO?" + HO 
UO, +2Fe** э UO? + 2Fe* 
UO? +8О 00,80, 

At higher acid concentration, complex an- 
ions such as [UO.(SO,),]* are also formed, 
but these do not cause problems in later pro- 
cessing. 


Alkaline Ores 


Alkaline ores require treatment with alka- 
line solutions. Alkaline leaching is consider- 
ably slower than acid leaching, but is more 
effective for ores in which the gangue materi- 
als contain calcium compounds or other acid- 
consuming components. For alkaline treat- 
ment the ore must be more finely ground. 
Since carbonate solution does not attack this 
type of gangue, uranium is dissolved much 
more selectively than when acidic solutions 
are used, and the subsequent concentration 
stage is easier. The dissolution of uranium is 
due to the formation of a tricarbonato com- 
plex: 

UO, + Na,CO, + 2NaHCO, > Na,[UO,(CO,),] + H,O 


The above ratio of carbonate to hydrogen- 
carbonate should be maintained. If tetravalent 
uranium is present, oxygen is used as an oxi- 
dizing agent, and higher temperature and pres- 
sure are applied. This oxidation is catalyzed 
by copper sulfate and ammonia. 


Digestion of Phosphate Rock 


Uranium is present in phosphate rock at a 
mean concentration of 100-150 mg/kg. Flor- 
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ida phosphate rock, for example, contains 110 
mg/kg uranium. Total uranium reserves in 
phosphate rock are currently estimated at ca. 
7.1 x 106 t [24], which is nearly twice as much 
as the world reserves with beneficiation costs 
of « $130 per kilogram uranium. 

Most phosphate rock minerals are members 
of the apatite group, having the typical compo- 
sition Ca(PO, CO3),(OH, Е, Cl, in which 
calcium is replaced to a small extent by U**, 
which is of similar size OUT. 0.097 nm; Ca?*, 
0.099 nm). The presence of uranium is due to 
the formation of phosphate deposits from sea- 
water, which contains 3 ug/L uranium. In the 
presence of organic reducing agents or Fe(II) 
ions, U(VT) is reduced to U(IV), which is in- 
corporated into the apatite lattice. 

When apatite is treated with dilute sulfuric 
acid at 80—135 °C to form crude phosphoric 
acid, uranium also goes into solution. How- 
ever, if apatite is treated by the dry method or 
with concentrated sulfuric acid to form super- 
phosphate, uranium is not dissolved but re- 
mains in the product. In Israel (only), uranium 
is first dissolved with hydrochloric acid when 
using the dry method. Two processes for ex- 
tracting uranium from phosphoric acid solu- 
tion have been put into practice, oxidation 
stripping and reduction stripping. 


41.7.4.2 Treatment of the Solution 


Uranium can be removed from the solution 
by ion exchange, solvent extraction, or a com- 
bination of the two processes known as the 
Eluex process. Undissolved solids, which 
would have a detrimental effect, are usually 
removed first from the liquor by sedimenta- 
tion or decantation, or with hydrocyclones, fil- 
ters, or centrifuges. The best process is 
vacuum filtration using plane, band, or drum 
filters, because the solution should be diluted 
as little as possible by washing of the filter 
cake. 

Whereas slight cloudiness is tolerable for 
the ion-exchange process, the liquor must be 
clanfied as much as possible before solvent 
extraction is carried out, because the expen- 
sive extraction agent can be lost by adsorption 
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by the solids, which can lead to environmental 
pollution. 


Uranium Recovery by Ion Exchange 


Anionic complexes of uranium are present 
in both acid and alkaline uranium solutions. 
Strongly basic ion exchangers are generally 
used to extract these complexes: 


4RX + [UO,(SO,),]* = R,[UO,(SO,),] + 4X- 
4RX + [UO CO] = R,[UO,(CO,),] + 4X" 


where R denotes the matrix and X the func- 
tional basic group of the ion exchanger. 

The pH is adjusted to 1.5—2 in sulfuric acid 
solutions and to 9—10 in alkaline solutions for 
the ion-exchange process, which can be oper- 
ated batchwise (fixed-bed process) or continu- 
ously. 


Fixed-Bed Process. In the fixed-bed process, 
cylindrical columns of diameter 2—3 m, height 
4—5 m, containing 10-30 m? resin are used. 
The ion-exchange resin is loaded at a flow rate 
of 5—20 т°/һ and eluted at 1-5 mäh. The resin 
pebble bed usually consists of spherical parti- 
cles of diameter 0.3-0.8 mm, but 2-mm-diam- 
eter granules may be needed to prevent 
blockage of the columns if solutions are in- 
completely clarified. For such solutions, the 
resin in pulp (RIP) process was developed, in 
which large resin granules are held in sieve 


- baskets that are moved to and from in a hori- 


zontal flow of unclarified liquor. 

Elution can be carried out with 1 mol/L so- 
lutions of chlorides and nitrates. However, 
these anions interfere with subsequent loading 
of the resin, so elution with sulfates is often 
preferred. This proceeds more slowly but does 
not affect loading of the resin and is more 
cost-effective. The resin is first eluted with a 1 
mol/L sulfate solution and subsequently 
treated with 10% sulfuric acid or, in the case 
of alkaline uranium solutions, with 1—2 mol/L 
sodium carbonate-sodium hydrogencarbon- 
ate solution. 


Continuous Ion-Exchange Processes. Sev- 
eral types of columns have been developed for 
continuous ion exchange. The first is exempli- 
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fied by the Higgins column, which has been 
operated successfully in Texas and Wyoming 
since 1955 [33]. Resin is loaded as it is pushed 
slowly upward through the column. It is 
washed at the overflow at the top and then 
passed to elution columns. Similar columns 
have been used successfully by the Bureau of 
Mines in South Dakota. In 1977, the Hims/ey 
column was installed in Ontario, Canada, and 
the Cloete-streat column in South Africa. In 
the Porter column, which was installed in 
Namibia in 1978, uranium solution flows up- 
ward and overflows from the top into a second 
ion-exchange column at a shghtly lower level. 
The laden resin is drawn off from the bottom 
by means of compressed air and fed via an in- 
termediate tank into elution columns. 


Although ion-exchange resins have been 
improved considerably in recent years, the 
trend now is toward solvent extraction or a 
combination of ion exchange and solvent ex- 
traction (Eluex process) because these pro- 
cesses give better selectivity and, hence, 
improved product purity. 


Uranium Recovery by Solvent 
Extraction 


Two types of extraction solvents are used: 
the first includes alkylated phosphoric acids 
and pyrophosphoric acids; the second, higher 
aliphatic amines. Both types are dissolved in 
inert hydrocarbons, mostly high-purity kero- 
sene. The mechanism of extraction is based on 
ion exchange in the liquid phase. Tributyl 
phosphate (TBP), which is used in the produc- 
tion of high-punty uranium, cannot be used 
for liquid-liquid extraction of sulfuric acid li- 
quors because neutral extraction media are not 
suitable for uranyl sulfate solutions. 


Solvent Extraction with Phosphoric Acids. 
The following three phosphoric acids have 
been found suitable for extraction of uranium: 


CH,  OPOH, 
(CHj,CH-CH,CH-CH;CH-CH;CH(CH,), 
Isododecyl phosphate 
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CH, о 
(C;H,CH-CH,O),P-OH 


Di(2-ethylhexyl) phosphoric acid (DEHPA), 
bis(2-ethylhexyl) phosphate 


CH, 0 9 ` CH; 
C,H,-CH-CH;O-P-O-P-OCH;-CH-C4H; 


Diisooctylpyrophosphoric acid 


In the extraction process, acidic hydrogen 
atoms of phosphoric acids are replaced by the 
uranyl ion. The exchange therefore also de- 
pends on the pH of the solution. The com- 
plexes formed are soluble in the organic 
phase. In contrast to extraction with neutral or- 
ganophosphorus compounds, the anion of the 
uranyl salt is not extracted at the same time: 


СО iay +2(RO),POH „у > UOj4[POXOR)]; s + 2H ag) 


Extraction can be much improved by add- 
ing tributyl phosphate to the phosphoric acid 
(synergistic effect). Concentrated mineral ac- 
ids or sodium carbonate solutions are used to 
strip uranium from the organic solvent. 


Solvent Extraction with Amines. Newer ura- 
nium processing plants use mainly amines as 
extraction solvents. These are usually com- 
mercially available mixtures of either highly 
branched dialkylamines or straight-chain tri- 
alkylamines. Solutions of these amines in hy- 
drocarbons have a strong affinity for uranyl 
sulfate and form addition complexes of the 
type (R9NH^[UO.(SO 2] that are soluble in 
organic solvents. Uranium can be stripped 
from these solutions by simple ion exchange 
with solutions of the nitrate or chloride of so- 
dium or ammonium. Sodium carbonate solu- 
tions, which are sufficiently basic to convert 
the amine salt into free base, can also be used. 


Technique of Solvent Extraction. Only a few 
column types are suitable for solvent extrac- 
tion; these include the rotating disk column 
and the Scheibel column. However, the most 
suitable type is the mixer-settler in its various 
forms. A continuous mixer-settler consists of 
a mixing chamber and a settling chamber. The 
mixing chamber is provided with an agitator 
to mix the two phases (aqueous and organic). 
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The organic phase is fed by gravity from the 
preceding settling chamber into the inlet at the 
top of the mixing chamber, while the aqueous 
phase from the next settling chamber enters 
the mixing chamber from below. The mixed 
phases pass through an outlet at an intermedi- 
ate height into the settling chamber in which 
the two phases separate. Thus, the phases flow 
countercurrently, and each mixer-settler con- 
stitutes one stage of the exchange process. 
Mixer-settlers are used for both the extraction 
and the stripping stages. 

Four-stage mixer-settlers of various de- 
signs are used for industrial-scale solvent ex- 
traction. For example, in the Davy Power Gas 
mixer-settler, the mixed phases flow out cen- 
trally in upward direction. The Israel Mining 
mixer-settler contains lamellar internals to 
promote rapid phase separation [34]; these en- 
able throughput rates to be improved by a fac- 
tor of 20. The Lurgi MultiTray settler 1s aimed 
at a similar result [35]. Optimization of design 
and operation is described in [36]. 


Eluex Process 


In the combined Eluex process, uranium is 
crudely separated by means of an ion-ex- 
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change resin, followed by solvent extraction 
[37]. The ion-exchange resin is designed so as 
to tolerate as much “cloudiness” as possible, 
and uranium is collected almost quantitatively. 
Breakthrough of foreign ions is acceptable 
since these are removed easily in the second 
(solvent extraction) stage. In this combined 
process, the first stage has the useful effect of 
increasing the concentration of uranium, with 
consequent reduction in the mass flow. This 
enables the second stage to be smaller by a 
factor of 20—30, and also improves the purifi- 
cation effect of this step as the uranium con- 
centration in the feed is higher. An additional 
advantage is that the process can be used with 
relatively low uranium concentrations in the 
leach liquor (low-grade uranium ore). Thus, 
for example, the ion-exchange stage increases 
the concentration of a starting solution con- 
taining 0.02-0.5g/L U,O, to 9-12 g/L UO 
and reduces the mass flow by the same factor. 
Four industrial plants processing 1000—1200 
t/d ore are operating in the United States [38]. 
In South Afnca, the technique was developed 
in 1963 under the name “BuMex Process", 
and full-scale operation followed. 


Table 41.9: Specifications for uranium concentrate (yellow cake), contents in 96. 





British Nuclear Comurhex 
Fuel (UK) (France) 

U 40 60 
Moisture 10 5 
Insolubles in HNO, 0.1 
Granulation, m 6.68 6 
Th not available not available 
Mo «0.6 0.45 
VO, « 1.00 1.80 
Ca 1.15 
Р.О, <6 1.1 
Cl, Br, I «0.5 0.25 
F 0.15 
SO, 10.50 
Fe | 
Аз < 2.00 1.0 
со, <2.00 2.0 
B «02 0.15 
Na not available 
K not available 
SiO, « 4.00 
Zr 


*Maximum concentration without cost penalties. 


Eldorado Allied Chemical Kerr McGee 
(Canada) (USA) (USA) 
50 75 60 
5.0 2.0 
0.1 Я 0.1 
6.25 6.25 6.25 
2.0 2.0 
0.157 0.1 0.157 
V=0.1 0.1% OI 
1.0 0.05 1.0 
P=0.35 PO,=0.1 P=0.35 
0.257 0.05 0.25 
0.15? 0.01 0.15 
5=3.5 S =3.00 5=3.5 
0.15 
1.0 0.05 1.00 
2.00 0.20 2.00 
0.15 0.005 0.15 
0.50° 
0.1 
2.00 
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41.7.4.3 Production of Uranium 
Concentrate 


From Precipitation to Yellow Cake 
Production 


Solutions obtained by the above processes 
contain uranium in the form of its sulfate or 
the carbonato complex Na,[UO,(CQ3)3]..Ura- 
nium is precipitated from this as a uranate by 
addition of base, filtered, and dried. The ura- 
nium concentrate obtained, known as “yellow 
cake" because of its color and form, is the ba- 
sic material for the production of nuclear fu- 
els. Commercial uranium concentrates of 
various origins are listed in Table 41.9. Precip- 
itation is carried out in large, agitated vessels. 
The precipitating agent for acidic, sulfate-con- 
taining solutions is ammonia or Mg(OH), 
whereas carbonato complexes are precipi- 
tated by a 5096 solution of NaOH. 


Processing of Phosphate Liquor and 
Precipitation of AUC 


Oxidation Stripping Process. In oxidation 
stripping, U(VI) is first converted into U(IV) 
by adding Fe(II) salts to the phosphoric acid; 
uranium is then extracted from the orthophos- 
phoric acid by mono- and dioctylphenyl esters 
mixed with kerosene. Stripping is by oxidative 
treatment with phosphoric acid and sodium 
chlorate (NaClO,). The U(VI) is again ex- 
tracted from the stripping solution at 40— 
50°C, this time by trioctylphosphine oxide 
(TOPO) and 2-ethylhexyl phosphate 
(DEHPA) dissolved in kerosene; it is then re- 
ductively stripped from this extract by addi- 
tion of Fe(II). Multiple recycling of the 
stripping solution gives an enrichment factor 
of 40. The stripping solution is then reoxidized 
by NaClO, and extracted with DEHPA~ 
ТОРО-Кегоѕепе. Phosphoric acid is washed 
out of the extract, which is then stripped with 
(NH,).CO, solution. An excess of ammonium 
carbonate is added in the cold to the complex 
salt solution obtained, precipitating ammo- 
nium uranyl carbonate, (NH,),UO,(CO3)3. 
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This is filtered off, washed, and calcined to 
give UO 


Reduction Stripping Process. Reduction 
stripping proceeds in an almost identical man- 
ner, except that only one extraction medium 
(DEHPA—TOPO-kerosene) is used. Uranium 
from the first stage is thus not reduced but ex- 
tracted as U(VI). Both stripping stages are 
therefore reductive. Uranium does not require 
further purification in these cases and i$ usu- 
ally purer than normal yellow cake. 


2+х 


41.7.4.4 Final Purification of 
Uranium Concentrate 


Dissolution of Yellow Cake 


Yellow cake produced by mining compa- 
nies is not a single chemical substance, but a 
mixture of uranates. Its composition depends 
on the mined ores, as mentioned above, and on 
the chemistry of the treatment process suitable 
for those ores. The uranium content and the 
nature and concentration of impurities vary. 
However, the manufacture of nuclear fuel re- 
quires a product of high purity and constant 
composition, and the fine purification pro- 
cesses are intended to achieve this aim. 

On an industrial scale, wet processes are 
used mainly to treat yellow cake, which must 
therefore first be brought into solution. This 1s 
achieved with hot nitric acid, which dissolves 
the uranium as uranyl nitrate. Impurities settle 
out to some extent or may also be dissolved as 
nitrates. 


Extractive Purification 


In the extractive stage of purification, ura- 
nium is separated from the accompanying im- 
purities as far as possible. Removal of 
elements with a high cross section for thermal 
neutrons (e.g., boron, rare earths, cadmium, 
and lithium) is especially important. 

Purification is carried out by dissolving the 
uranium concentrate in nitric acid and extract- 
ing uranium with selective solvents. Currently, 
TBP diluted with hydrocarbons is used in al- 
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most all known purification plants. A complex 
is formed according to i 


UO, + 2МО sq + 2TBP,,, = UO,(NO3),*2TBP oro 


The complex is neutral, anhydrous, and un- 
dissociated, and has a higher solubility in the 
organic than in the aqueous phase. The uranyl 
nitrate solutions contain an excess of free ni- 
tric acid (sometimes nitrates of alkali metal, 
alkaline-earth metal, or aluminum are added), 
which has a salting-out effect and improves 
the distribution coefficient between the or- 
ganic and inorganic phases. The tributy! phos- 
phate solution is then treated with pure water, 
and uranyl nitrate is transferred back to the 
aqueous phase. The distribution coefficient is 
temperature dependent, and hot water (50— 
60 °C) is preferred for this stripping process. 

Other heavy-metal nitrates can also form 
complexes with TBP. The more completely 
the amount of tributyl phosphate present in so- 
lution is bonded to UO,(NO)),, the smaller is 
the extent to which other heavy-metal nitrates 
are extracted. Therefore, a high degree of satu- 
ration of tributyl phosphate with uranyl nitrate 
is necessary. To reduce the density of tributyl 
phosphate (which is close to that of water) and 
to lower its relatively high viscosity, it is di- 
luted with inert, saturated hydrocarbons. Ker- 
osene and n-hexane are generally used, giving 
solutions that usually contain 25-35% TBP. 

Harmful impurities in uranium solutions in- 
clude gypsum and soluble silica, which can be 
deposited in the solvent extraction apparatus 
and reduce the efficiency of extraction. Also, 
some anions, especially sulfate and phosphate, 
cause problems by forming complexes with 
uranium. These complexes are not extracted 
and therefore lead to uranium losses. Fluo- 
rides and chlorides in the presence of nitric 
acid can cause severe corrosion of the vessel 
material. 

Tributyl phosphate also contains impurities 
that interfere with extraction. Some of these 
are present in the commercial product as sup- 
plied; others are formed by chemical attack 
and by radiation. The main impurities are 
dibutyl- and monobutylphosphoric acids. Al- 
though dibutylphosphoric acid extracts ura- 
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nium more effectively, it is less selective than 
tributyl phosphate (1.е., impurities are ex- 
tracted at the same time). These make the 
stripping of uranium more difficult. Acids can 
be removed by washing them out of the tribu- 
tyl phosphate (e.g., with sodium hydroxide so- 
lution). 
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Figure 41.14: Schematic of a solvent extraction plant: a) 
Extraction column; b) Washing column; c) Stripping col- 
umn; d) Diatomite filter. — Impure UO,(NO,), solution 
containing 275 g/L U, 3 mol/L HNO,; —- Depleted solu- 
tion (0.1 g/L О) passing out of extraction column; ——- 
Solution of uranyl nitrate in TBP; —-—-: Depleted solu- 
tion (1-3 g/L U) of urany] nitrate in TBP; +++ Water, -—-— 
— Aqueous solution of UO,(NO,),. = 


— -.- 


L 


Technique of Solvent Extraction. The con- 
centrate is dissolved in nitric acid, and the 
concentrations of uranium and nitric acid in 
the unfiltered solution are adjusted to the de- 
sired values, usually 250—350 g/L uranium 
and 1—3 mol/L free nitric acid. Before being 
fed to the solvent extraction plant, the solution 
is filtered in some plants. Various types of ex- 
tractors (Figure 41.14) are used in solvent ex- 


traction plants. Pulsed sieve tray columns are ` 


the most popular, but mixer-settlers are also 
used in some cases. Pulsed columns and 
mixer-settlers are used both for solvent ex- 
traction and for washing and stripping. The 
columns contain perforated stainless steel 
plates ca. 50 mm apart. The holes are 3—5 mm 
in diameter, and the total area of all the holes is 
са. 23-25% of the area of the plate. In the first 
column, uranyl nitrate is extracted by the sol- 
vent (25% TBP in kerosene). The volume ra- 
tio of the two phases is set such that maximum 
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saturation of the organic phase with uranyl ni- 
trate, together with almost quantitative extrac- 
tion (> 99.9%) is achieved. In the second 
column (washing column), the organic phase 
is washed with a small amount of deionized 
water to remove impurities extracted at the 
same time. A volume ratio of organic 
phase: water = 10:1 is adequate. In this wash- 
ing process, uranium is also partly transferred 
into the washing water. This solution is there- 
fore recycled to the process. After the organic 
phase has been washed, it passes into the strip- 
ping column where uranyl nitrate is stripped 
out by hot (60°C) deionized water. After 
treatment of the organic solvent with Na,CO, 
to remove hydrolysis products of tributyl 
phosphate and the remaining uranium (a step 
not always included in the process), the or- 
ganic solution is fed back to the first column. 


41.7.4.5 Production of UO, and 
UO, from Purified Uranyl Nitrate 
Solution 


Two different methods have been devel- 
oped for the production of UO, and UO, from 
uranyl nitrate solution. In the first of these, the 
uranyl nitrate solution is evaporated until ura- 
nyl nitrate hexahydrate is completely crystal- 
lized; and this is then converted into uranium 
trioxide by thermal decomposition. Alterna- 
tively, uranium is precipitated in the form of 
an insoluble compound, and this precipitate 
(usually an ammonium salt) is converted into 
uranium trioxide. Common to both processes 
is reduction of the uranium trioxide UO, ob- 
tained to uranium dioxide UO,. The two pro- 
cesses are compared in Figure 41.15. 


Evaporation of Uranyl Nitrate 
Solution and Denitration by Thermal 
Decomposition 


Solutions of uranyl nitrate are evaporated 
until uranyl nitrate hexahydrate, UO,(NO3),° 
ЄН,О, begins to crystallize. Further evapora- 
tion leads to the liberation of nitrogen oxides 
and water: 
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UO,(NO,),-6H,O — UO, * NO +NO, + О, + 6H,O 


This decomposition and the phase diagram 
of the hydrated uranyl nitrate have been inves- 
tigated thoroughly. The phase diagram (Figure 
41.16) shows that the hexahydrate and the tri- 
hydrate have incongruent melting points at 60 
and 113 °C, respectively. The uranyl nitrate— 
water system is stable up to 184 °C, the melt- 
ing point of the dihydrate. Above this temper- 
ature, decomposition to uranium trioxide 
occurs with liberation of nitrogen oxides. This 
reaction becomes much more rapid above 
300 °C. Since uranium trioxide loses oxygen 
above 430 °C [39], 400 °C is considered the 
optimum temperature for producing UO, In 
order not to reduce the reactivity of UO, in 
later process steps (reduction, sintering, or hy- 
drofluorination), avoiding higher tempera- 
tures, at which ће U,O, phase could be 
formed, is desirable. 


Evaporation. The design of evaporation 
plants depends on the initial concentration of 
solutions to be evaporated. Since nitric acid at 
low concentration (up to 0.05 mol/L) is han- 
dled, the construction material is stainless 
steel. Vertical tube evaporators and evapora- 
tion tanks heated by internal steam pipes are 
commonly used. The final concentration of 
uranyl nitrate for the subsequent denitration 
stage is established by means of temperature 
control. Thus, a temperature of 120 °C corre- 
sponds to a uranium concentration of ca. 1000 
g/L, and 143 °C to ca. 1285 g/L, the solution 
fed to the denitration stage being produced at a 
concentration between these two. The melting 
point of the less concentrated solution is 
60 °C, and that of the more concentrated solu- 
tion 116 °C. Because these melting points are 
relatively high, care must be taken to prevent 
the melt from solidifying in any part of the 
system (e.g., by heating the pipework). Con- 
centrated uranyl nitrate solution is stored in 
heated tanks before being pumped to the deni- 
tration stage. | 


Denitration. Batchwise denitration was car- 
ried out in stainless steel pots containing fairly 
powerful agitators but the batch process is 
rarely used today. 
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Figure 41.15: Methods for the production of UF,. 


Continuous Denitration. The continuously The mean particle diameter of the powder 


operating furnace first used in 1956 ina plant — js ca. 150 pim. In comparison to UO, powder 
in Hanford (Washington) consists of a hori- produced by other processes, all powder pro- 


zontal trough with a central stirring device. duced Бу th id ition of Ini 
Uranyl nitrate is fed via rotameters through С PY herma’ decomposition ої шаву? ni- 


the inlets to the decomposition trough, and the Hate has a relatively high bulk density (ca. 


UO, formed flows out over a weir into a pow- 
der receiving vessel. 


The temperature in the bed of powder 
largely determines the water and nitrate con- 
tent of the powder. The nitrate content varies 
between 1.1% at 242 °C and 0.02% at 454 °C. 
At these temperatures, the water contents are 
2.6 and 0.1%, respectively. Here, too, higher 
bed temperature leads to powder with lower 
reactivity. 


3.5-4.3 g/cm?) Ge, the individual particles 
are very dense). 

In the course of development work on 
equipment, Argonne National Laboratory 
started to develop a fluidized-bed denitration 
furnace as early.as 1953. Fluidized-bed fur- 
naces are now used widely not only in this 
stage but also in the reduction stage, for exam- 
ple. 
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Figure 41.16: Phase diagram of the system UO4(NO,),-H,O. 


Denitration is carried out by spraying ura- 
nyl nitrate solution onto a fluidized bed of hot 
particles of UO}. Carrier air is introduced from 
below through a porous metal filter and intó 
the reaction tube where it fluidizes the bed of 
powder Gaseous reaction products pass 
through sintered metal cartridges at the top of 
the reaction tube, and the nitrogen oxides are 
subsequently absorbed in water The mean 
particle diameter is 150—200 um. A fluidized- 
bed reactor of a type still often used today is il- 
lustrated in Figure 41.17. 


Precipitation of Uranium by the ADU 
and AUC Processes 


The sparingly soluble compounds ammo- 
nium diuranate (ADU), (NH,);U;O,, tetraam- 
monium diooxocarbonatouranate or 
ammonium uranyl carbonate (AUC), 
(NH44[UO4(CO4),] and uranium peroxide, 
UO,:2H,0, can all be used to precipitate ura- 
nium. All three compounds form uranium tri- 
oxide on thermal decomposition in air, 


UO;IN04;- 3H;0 
* solution 
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UO{NG,).-2H,0 
+solution 







U0,(NO;),: 2H,0 + 
UO,{NO,),-3H,0 


86 88 90 92 


although precipitation of uranium peroxide is 
now rarely used industrially. 


The ADU process was the first to be operated 
on an industrial scale and is still used widely 
today [40]. Precipitation of uranium from 
aqueous solution by ammonia gives a nonsto- 
ichiometric precipitate whose composition 
does not correspond to the chemical formula. 
Instead, the molar ratio NH,:U varies between 
0.3 and 0.45. The properties of ammonium di- 
uranate and of uranium dioxide produced from 
it can be influenced within limits by changing 
the operating conditions. Important parame- 
ters that determine particle size and particle- 
size distribution include temperature, precipi- 
tation time, initial concentration, and intensity 
of agitation. A relatively large size of agglom- 
erated particles is obtained by using urea as 
the precipitating agent [41] or by passing a 
mixture of NH, and air into the solution [42]. 
Depending on the plant, precipitations can be 
carried out continuously or batchwise. The 
precipitate is separated from the mother liquor 
with the aid of continuous filters and centri- 
fuges. 
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Waste gas 





Figure 41.17: A 10-inch fluidized bed for denitration of 
UO,NO,),°6H,O (laboratory plant): a) Safety valve; b) 
UO, for charging, c) Spray nozzle; d) Pressure compensa- 
tion; e) Porous filter plate (steel); f) Bed level detector; g) 
Porous filter, h) Separating plate; i) Thermocouple; j) Re- 
action tube; k) Heating element; 1) Thermocouples; m) 
Sampling device; n) Receiver. 


AUC Process [43, 44]. The AUC process was 
developed for precipitating uranium from flu- 
orine-containing solutions (from the hydroly- 
sis of UF) because the fluoride contained in 
precipitated AUC (produced by addition of 
NH, and CO,) can be removed nearly com- 
pletely by washing, in contrast to ammonium 
diuranate precipitated by NH,. Because of the 
high-quality UO, powder obtained from the 
precipitated product, this process was also 
used for uranyl nitrate solutions. The equa- 
tions of these reactions are as follows: 
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UF, + 5H,O + 10NH, +3CO, 2 
(NH,),[UO(CO );] + 6NH,F 

UO,(NO,), + 3H,O + 6NH, + ЗСО, > 
(NH,[UOXCO,),] + 2NH,NO, 


Ammonia and carbon dioxide pass through 
a system of jets into a reaction tank filled with 
water, and uranyl nitrate solution is added at 
the same time at a controlled rate. The aque- 
ous solution is pumped around a circulating 
system for the entire period during which re- 
actants are added. The temperature of the wa- 
ter and the suspension increases because of 
liberation of heat of solution and reaction. 
When it reaches 60°C, the suspension is 
cooled to prevent excessive decomposition of 
the ammonium carbonate formed. After cool- 
ing to room temperature, the suspension is fed 
to a rotary disk filter, and after washing the 
precipitate with water, residual water is re- 
moved by suction until the moisture content is 
ca. 8%. If desired, the product can be dried 
further by washing with alcohol. The filter is 
discharged by rotating it while a knife fixed to 
a moving arm travels from the center to the 
edge of the filter over a period of up to 3-4 h, 
removing the filter cake in a thin layer. The 
powder is fed by a pneumatic suction device 
through the air lock of the fluidized-bed fur- 
nace. 


Reduction of. Precipitated Product to 
UO, Powder 


Ammonium diuranate or ammonium uranyl 
carbonate can be reduced to uranium dioxide 
either immediately or after drying. The reduc- 
tion temperature is 500—700 °C. Hydrogen or 
cracked ammonia (1.е., an N,-H, mixture) can 
be used as reducing agent. Most reducing fur- 
naces used today are continuously or discon- 
tinuously operated fluidized-bed furnaces. 


Batchwise Process. A discontinuously oper- 
ated fluidized-bed furnace is used in the AUC 
process (Figure 41.18). The precipitated prod- 
uct in powder form is fed in small portions of 
са. 0.5 kg through a cellular wheel sluice into 
the furnace, where it decomposes to uranium 
dioxide in the hot, reducing atmosphere of the 


Uranium 


furnace. The gases liberated are passed 
through porous metal filter cartridges. Water 
vapor is used as the carrier gas for fluidization, 
and hydrogen is the reducing gas; these are fed 
through a fritted metal plate. 


Carrier air 
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Figure 41.18: Fluidized-bed furnace for reduction of 
(NH,),U,0, (ADU) or (NH,),[UO,(CO,),] (AUC): a) 
Feed; b) Fluidized-bed furnace; c) Electrical heating; d) 
Sintered metal cone; e) Exterior heating coil for steam and 
H,; f) Discharge vessel. 


Continuous plants usually consist of several 
fluidized beds. The product is fed by a screw 
feeder into the first reactor where only partial 
reduction takes place; the powder then passes 
over an overflow into the second reactor 
where reduction is completed. Moving-bed 
Јитасеѕ, which are electrically heated cylin- 
drical shafts through which a powder-granu- 
lar material migrates continuously downward 
from above, produce a heterogeneous powder 
because of large temperature gradients in the 
furnace; these are now seldom used. However, 
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rotary kilns are sometimes employed and, like 

fluidized-bed furnaces, are in widespread use 
for other process stages in the thermal treat- 

ment of uranium compounds. 


41.7.4.6 Production of UF, 


Uranium hexafluoride has always been pro- 
duced on an industrial scale via the intermedi- 
ate UF,, which is produced in a dry ргоёеѕѕ by 
reaction of UO, with anhydrous hydrogen flu- 
oride. If UO, is the starting material, it is first 
reduced to UO,. Uranium hexafluoride is then 
produced by reaction of UF, with elementary 
fluorine. 


Hydrofluorination of UO, 
The reaction 
UO, *4HF = UF, +2H,O AH, =~178 3 kJ/mol 


is carried out at 300-600 °C, depending on 
the reactivity of the UO, powder and the de- 
sired bulk density of the UF, product. Some 
difficulties are encountered due to the revers- 
ible nature of the hydrofluorination reaction 
and the possibility that eutectic UF ,-UO, mix- 
tures may be formed that can lead to plastic 
flow and, hence, sintering at higher tempera- 
ture. Uranium tetrafluoride always contains a 
small proportion of UO.F, formed from the re- 
action of uranium trioxide with HF: 


UO, + 2HF  UO;F, + HO 


Fluidized-bed furnaces and rotary kilns are 
generally used to carry out the reaction. The 
LC reactor, which was developed in France, is 
of a special type (Figure 41.19), part of which 
resembles a moving-bed reactor (a) in which 
granulated uranium trioxide is reduced to ura- 
nium dioxide. The latter is then converted to 
UF, by passing anhydrous hydrogen fluoride 
over it in the next part of the equipment (d), 
which has vertical and horizontal sections. 
The powder flows by gravity through the 
moving bed and is then propelled forward in. 
the horizontal section by a built-in screw 
feeder. 
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Hydration and Hydrofluorination of 
UO, 


In a process developed by British Nuclear 
Fuels Limited (the BNFL process) [44], ura- 
nyl nitrate solutions are concentrated continu- 
ously and denitrated to form UO}. 


Reduction of UO, to UO, was formerly car- 
ried out in semicontinuous fluidized-bed reac- 
tors, and hydrofluorination of UO, to UF, in 
batch-operated fluidized-bed reactors. For 
economic and technical reasons, a change to 
continuous rotary kilns was made. 

Waste gas from 


reduction and 
hydrofluorination U0; 





Figure 41.19: LC reactor for UF, production: a) Reduc- 
tion section; b) Heating; c) Cooling; d) Hydrofluorination 
section. 
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The so-called UTK process (uranium tet- 
rafluoride in kilns) has three principal stages 
(Figure 41.20): d 
e Exothermic hydration: 

UO, +xH,0 > UO,:xH,O 


e Endothermic dehydration and exothermic 
reduction: 


UO,-H,O +H, э UO, + 2H,O 
e Exothermic hydrofluorination: 
UO, + 4HF > UF, + 2H,O 


Uranium trioxide as produced by denitra- 
tion in the fluidized bed consists of hard spher- 
ical particles with low surface area and inner 
porosity. To increase both of these parameters 
and thereby ensure rapid diffusion of the react- 
ing gases, UO, is hydrated in jacketed vessels 
made of special steel. These contain screw 
feeders that operate intermittently, bringing 
the powder into contact with metered quanti- 
ties of steam. Careful control of contact time 
and temperature ensures that the product is a 
dry, free-flowing powder. 

Hydrated UO, powder is reduced in stain- 
less steel rotary kilns (b) containing a system 
of pushers and retaining rings to give intimate 
contact with the countercurrent flow of hydro- 
gen. The UO, formed is fed pneumatically un- 
der nitrogen into the feeder tank (c) of the 
hydrofluorination stage. The reaction temper- 
ature over the entire length of the kiln must be 
controlled carefully to ensure complete reduc- 
tion of the product without any decrease in its 
chemical reactivity during the endothermic 
dehydration and exothermic reduction. Waste 
gases leaving the kiln contain nitrogen, steam, 
and excess hydrogen; they are passed first 
through filters that remove suspended parti- 
cles of powder and then through water-cooled 
condensers and a flame. The gases are then 
discharged into the atmosphere. 

UO, is converted into UF, in a rotary kiln 
(h) containing similar powder feeding equip- 
ment, the material of construction being In- 
conel Waste gases (nitrogen and small 
amounts of excess HF) are filtered and 


. scrubbed with sodium hydroxide solution be- 


fore being released to the atmosphere. The 


j 
a 
| 


H 
i 
H 
i 
П 
P 
i 








Uranium 


NaF solutions produced are treated with hy- 
drated lime. 


41.7.4.7 Production of UF, from 
UF, 


Process Description 


The only processes used on an, industrial 
scale involve the use of elementary fluorine. 
Uranium tetrafluoride reacts with fluorine ac- 
cording to 
UF ya + Fag > UF gig) АН = -246 kJ/mol 


The reaction proceeds fairly rapidly above 
250 °C. Reaction temperatures of 400 °C are 
used for fluorination in fluidized-bed reac- 
tors, while name reactors operate at 1100 °C. 

If the conversion to UF, is incomplete, the 
product will contain UO, and UO.F,, which 
also react with elementary fluorine. Large 
amounts of fluorine are consumed in these re- 
actions, so the concentration of these com- 
pounds in UF , should be kept low. All metallic 
impurities react to give fluorides in which the 
metals are at their maximum oxidation states. 
Nonvolatile fluorides (е.р., AIF,, Feb, and 
ThF,) remain behind with unreacted UF ,; the 
volatile compound UF, contains volatile fluo- 
ride impurities (MoF,, VF, SiF,, CF, SFe, 
etc.). These impurities can be removed by dis- 
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tilling UF, and condensing it as a solid. For 
this, several condensers are used in series. Vol- 
atile fluorides of other elements contained as 
impurities (C, P, Si, B, and S) can be removed 
without problem during crystallization of ПЕ; 
nonvolatile fluorides remain behind as solids 
at the bottom of the reactor. Most of the UF, 
сап be recovered between +5 and —15°C in 
relatively large condensers; the remaining UE, 
is collected in much smaller condensers at ca. 
—50 °C. Uranium hexafluoride is then melted 
out of the filled condensation vessels and col- 
lected in storage cylinders. 


The heat-exchange surfaces of the condens- 
ers consist of nat ribbed plates that are fixed 
with baffles to the coolant pipes and steam 
pipes to give good contact. The tubes are U- 
shaped to reduce thermal stress to a minimum 
and to enable the condenser contents to be re- 
moved easily from the vessel. 


Chemical Reactors 


Fluidized beds can be used for all stages of 
the process, i.e., the production of UO, and its 
further reaction to UO,, UF,, and ОЕ, All of 
these are gas-solid reactions for which the flu- 
idized-bed reactor is ideally suited, providing 
rapid mixing of the components and having 
only small temperature gradients within the 
bed volume. 





Figure 41.20: Flow diagram of UF, production plant in Springfield, United Kingdom: a) UO, storage vessel; b) UO, hy- 
drator; с) UO,-H,O storage vessel; d) Screw feeder; e) Rotary kiln for reduction; f) UO, intermediate storage vessel; g) 
UO, storage vessel; h) Rotary kiln for hydrofluorination; i) Intermediate storage vessel for UF,; j) ОЕ, receiver. 
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Figure 41.21: Flame reactor for fluorination of UF,: а) 
Cooling coils; b) Expansion compensator; c) Ash receiver. 


Flame reactors, developed by Union Car- 
bide Nuclear Corp., are also used. These reac- 
tors (Figure 41.21) consist of a vertical Monel 
tube surrounded by a cooling coil, with a de- 
vice at the top to give good distribution of 
UE, which is fed by a screw feeder. Fluorine, 
which is in excess, is fed through nozzles to 
the top of the reactor. Reaction of the two 
components produces a name at ca. 1100 *C 
inside the reactor. The upper part of the reac- 
tor, where most of the reaction occurs, must be 
cooled to give a wall temperature between 450 
and 540 °C. This both minimizes corrosion of 
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the structural materials and prevents the for- 
mation of low-valence uranium fluorides. 


Y 


Removal of Excess Fluorine from UF; 


To achieve complete fluorination of ura- 
nium, excess fluorine must be used; therefore, 
excess fluorine will still be present in the reac- 
tion gas after it has passed through the con- 
denser. This fluorine comprises ca. 20-40% of 
the reaction gas and must be removed in an ad- 
ditional chemical reactor. This is similar to the 
fluorination reactor and operates with an ex- 
cess of UE, Not only is UF, formed, but also 
lower-valence intermediates such as UF, 
U;F, and UE, 


41.7 .4.8 Complete Plant for 
Production of UF, from Uranyl 
Nitrate 


French Process in Pierrelatte [45] 


Uranyl nitrate solution (Figure 41.22) is 
pumped into a precipitation vessel (a) together 
with ammonia and water, which react to form 
ammonium diuranate. Temperature and pH 
are controlled during precipitation. The pre- 
cipitate is filtered off by using a vacuum drum 
filter (b) and is transferred from this to a mixer 
(c), which converts it into a pumpable slurry 
by utilizing the thixotropic properties of tbe 
material. Ammonium diuranate is calcined to 
UO, in the first rotary kiln (d) and then re- 
duced by a countercurrent flow of hydrogen 
further down this kiln. Uranium dioxide 
passes through a seal into a second rotary kiln 
where hydrofluorination occurs. A third kiln 


' containing a screw feeder completes this reac- 


tion. The HF required for fluorination is fed 
from the exit end of the third rotary kiln in 
countercurrent flow to tbe solid. The UF, 
formed is conditioned in drums and then 
burned in a name reactor (a vertical Monel 
tube 4.40 m in length) to form UE, The solid 
by-products UF, and UF, which are formed 
in very small quantities, are removed by a 
screw and recycled to the top of the reactor. 








Uranium 






Uranyl nitrate 


Residues 
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Figure 41.22: French process for UF, production: a) Precipitation; b) Filters; c) Mixer; d) Calcination and reduction; e) 
Hydrofluorination; D Flame reactor; g) Primary crystallizers; h) Secondary crystallizers; i) UF, receiver. 


Allied Chemical Process 


Unlike the processes described above, the 
Allied Chemical process does not include final 
purification of uranyl nitrate by liquid-liquid 
extraction. Instead, UF, is purified by distilla- 
tion [46] at a pressure and temperature above 
the triple point of UF, (64.05 °C at 151.1 kPa). 
Schematics of UF, production and distillation 
plants are shown in Figures 41.23 and 41.24, 
respectively. 


41.7.4.9 Enrichment of 2350 


Three industrial processes are currently 
used for enrichment of uranium: the diffusion 
process, the ultracentrifuge process, and the 
less important jet nozzle process. Chemical 
enrichment, laser separation, and the plasma 
process are used on an experimental or labora- 
tory scale. The three industrial processes em- 
ploy gaseous UF, Chemical enrichment 
requires the uranium to be in solution. Two la- 
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ser separation processes are in competition 
with each other. Metallic uranium is used in 
one of these, and gaseous UF, in the other. 
Metallic uranium 1s used in the plasma process 
as well. 


Diffusion Process 


Separation by diffusion occurs because iso- 
topes diffuse through a semipermeable mem- 
brane at different rates owing to the т 
effect. A schematic diagram of the process is 
given in Figure 41.25 [47]. The separation fac- 
toris small (i.e., 1.002—1.004 per stage). Many 
separation stages (1000—1500) are arranged in 
series in cascade to give an integral separation 


UF, 





F, residues 


Figure 41.23: Flow diagram of an Allied Chemical UF, production plant: a) Tower reactor, b) Filter, c) Condenser, d) 


Scrubber, e) Fluorinator; f) Mill; g) Ash treatment. 
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effect. For improved maintenance and ease of 
replacement, 5, 8,10, 16, or 20 separation cells 
are combined as a module. The heavier frac- 
tion (depleted ір 2357) that did not diffuse goes 
back to the previous stage. The heart of the 
separation cell is the diffusion membrane, 
which usually has a tubular shape. Diffusion is 
accelerated by a concentration difference be- 
tween the outside and the inside induced by a 
pressure. The pressure difference is 1—10 kPa, 
depending on the membrane material, and the 
operating pressure in a cell is 10—30 kPa. 
Many materials have been tested as membrane 
materials, including Au, Ag, Ni, Al, Cu, 
Monel, Teflon, and A1,0,. 





Uranium 


Details of membranes are kept secret. They 
must be as thin as possible and have a pore 
size of 10 nm, but they must also have suffi- 
cient mechanical stability to withstand the 
pressure difference for years. One method of 
producing pores is to dissolve out a compo- 
nent of alloy foils (Ag-Zn, Au—Ag) selec- 
tively. Al,O, membranes are produced from 
aluminum foil (13-30 pm thick) by anodically 
oxidizing it to completion in 5-10% sulfuric 
acid and then heat treating at 500—530 °C. Wa- 
ter is evolved, and a porous membrane is 
formed with a permeability of ca. 0.1 ст?ст- 
Ze) [n the EURODIF plant in Tricastin, 
France, diffusers (diffusion cells) and com- 
pressors have been joined to form a single 
unit. The main disadvantage of the diffusion 
process is the high energy requirement for the 
work of compression. For example, the EU- 
RODIF plant, which provides 10 800 t USW/a 
(tonnes of uranium separative work per year), 
requires ca. 3000 MW electric power, for 
which four nuclear power stations, each of 925 
MW capacity, have been constructed [48]. 


Ultracentrifuges 


In 1942, P. Harteck and W. Go first 
used centrifuge technology to separate ura- 
nium isotopes. The countercurrent centrifuge 
is illustrated in Figure 41.26 [47]. The separa- 
tion factor of 1.2 formerly achieved has now 
been increased to 1.5 in modern equipment of 
this type. In Germany in 1970, a trilateral cen- 
trifuge project among the United Kingdom, 
The Netherlands, and West Germany was in- 
augurated (foundation of URENCO), and con- 
struction of three plants each with an 
enrichment capacity of 200 t USW/a was 
agreed upon. The German and Dutch plants 
are in Gronau, Lower Saxony, and Almelo, 
The Netherlands, respectively; the British 
plant is in Capenhurst, United Kingdom. Over 
the long period of operation, 99% plant avail- 
ability has been achieved [49]. Ultracentrifuge 
plants of capacity > 100 t USW/a are competi- 
tive with diffusion plants and have two impor- 
tant advantages: 
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Figure 41.24: Flow diagram of the fine purification of 
UF, by the Allied Chemical process: a) Column I for low- 
boiling fraction; b) Evaporator, c) Column II for high- 
boiling fraction; d) UF, cooler; e) UF, receiver. 
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Figure 41.25: Schematic of a diffusion cell [47]. 
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Figure 41.26: Cross section of a centrifuge [47]: a) Hous- 
ing; b) Vacuum; c) Magnetic holding device; d) Rotor, e) 
Electrical drive; f) Needle bearing. 


Light 
fraction (enriched 
uranium) 






Feed 


(depleted 
uranium) 






Heavy 
fraction 


Intermediate fraction 


Figure 41.27: Schematic of the Brazilian nozzle separa- 

tion system [47]: a) Compressor; b) Double deflecting 

system. 

e The specific energy consumption using the 
centrifuge technique is 200 KWh/kg USW. 


e The cascade for a low degree of enrichment 
(e.g., for light-water reactors) has only 15— 
20 separation stages, but diffusion equip- 
ment requires 1200 stages (EURODIF). A 
plant using the ultracentrifuge technique can 
be extended easily by the modular method 
using parallel connections. 
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Nozzle Process 


This process, which was developed by E. 
W. Becker in Karlsruhe, is the only one to 
which secrecy restrictions do not apply [50]. A 
modern nozzle with dimensional data 1s de- 
scribed [51]. The separation effect is improved 
by addition of a light gas. The nozzle principle 
is illustrated in Figure 41.27 [47]. 

A mixture of 4% gaseous UF, and 96% of a 
light carrier gas (e.g., H, or He) is expanded in 
the first jet. Due to the flow deflection in the 
carrier stream the heavier uranium isotopes 
become enriched in the outer flow region. 
Subsequently the outer flow region is sepa- 
rated by specially designed separation geome- 
try from the inner flow region. The second jet 
works similar and is used to improve the effi- 
ciency of the stage. 

The production of enriched uranium for 
light-water reactors requires several hundred 
stages in a cascade; i.e., the separation effect. 
(0.015—1.026) is better than that obtained by 
the diffusion process and worse than that ob- 
tained by ultracentrifugation. The energy re- 
quirement is comparable to that of the 
diffusion process since high energies of com- 
pression are required. The process is operated 
on an industrial scale in Brazil and South Af- 
rica (the Helikon process). 


Chemical Enrichment 


Thé principle of chemical enrichment is 
based on the fact that in some chemical ex- 
change processes (e.g., UX + Y = UY + X), 
different uranium isotopes have different ten- 
dencies to bond to substances X and Y. This 
mechanism is based on small differences in 
the preferred mean oxidation states of the par- 
ticular isotopes in the given reaction environ- 
ment. For industrial operation, the reaction 
must be rapid; the separation factor for the re- 
action must be acceptable; and the reverse re- 
action must occur readily. A pilot plant in 
operation in Japan [52] depends in principle 
on the equilibrium between U* and UO?" in 
aqueous solution in the presence of an ion-ex- 
change material. In this environment, the pre- 
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ferred valence of *U is 4 and that of ?5U is 6. 
The ion-exchange material has no preference 
for either isotope, but it preferably adsorbs 
hexavalent uranium isotopes. So the overall 
effect is a slight increase in ^U concentration. 
Since the enrichment factor is very small 
(1.001 to 1.0014), many stages in the sequence 
are necessary. The integration of many stages 
into a continuously operating column was 
achieved in the pilot plant with thé develop- 
ment of the self-generation reaction (Addox 
reaction) between the deactivated redox 
agents. A regeneration of ca. 70% is achieved 
in a semi-commercial plant. Figure 41.28 
shows a schematic diagram of the plant. 

In the column the zones are migrating con- 
tinuously from top to bottom. In the adsorp- 
tion zone the ion exchanger is loaded with 
2350] If the adsorption zone arrives at the 
valve, the adsorber is removed together with 
enriched uranium. The acceptor zone contains 
the depleted uranium. Uranium and regener- 
ated ion exchanger material are introduced at 
the donor zone. The redox agents are regener- 
ated in the addox boundary zone. Hydrogen 
and oxygen are fed in the area of the valve to 
complete regeneration of the redox agent. 

In France, the equilibrium between U** and 
U“ is utilized [53]. Separation occurs between 
an aqueous hydrochloric acid phase retaining 
trivalent *U and the phase of an organophos- 
phorus compound, retaining ?UCI, The en- 
richment factor is ca. 1.025. This process also 
requires several thousarid stages. 


Laser Separation Process 


Laser separation of isotopes is based on the 
fact that small differences exist between the 
absorption spectra of 2220 апа 2380. By using 
lasers of suitable wavelength, one isotope can 
be excited selectively. Two methods have been 
investigated, in one of which selective excita- 
tion is applied to uranium metal vapor, and in 
the other to gaseous UE, The first of these is 
known as the Atomic Vapor Laser Isotope 
Separation (AVLIS) process. Here, the selec- 
tively excited uranium atom is ionized and 
then separated electrostatically from the 
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stream of metal vapor [54]. In the Molecular 
Laser Isotope Separation (MLIS) process, se- 
lectively excited UF, molecules dissociate 
into UF, and F. Fluorine must be bonded rap- 
idly to suppress the reverse reaction. The ОЕ; 
can then be separated from the stream of mole- 
cules [54]. Both processes require several 
stages despite the high separation factor. The 
AVLIS process is currently regarded as the 
most promising because the sequence of 
stages can be put together without problems. 
However, in the MLIS process, UF; must be 
converted back to UF, after each stage [54]. 
For this reason, research in the United States 
was formerly concentrated on the AVLIS pro- 
cess. ; 


Two possible methods of incorporating the 
AVLIS process into the series of operations to 
convert uranium ore into nuclear fuel are illus- 
trated in Figure 41.29. - 


Plasma Processes 


Two effects suitable for isotope separation 
are under investigation. 


The first utilizes the fact that uranium plas- 
mas rotating in magnetic fields achieve con- 
siderably higher rotational speeds than those 
produced by a centrifuge. Thus, uranium iso- 
topes can be separated by gravity. The second 
effect utilizes that in a homogeneous magnetic 
field the cyclotron frequency of the ions in the 
plasma depends only on magnetic field 
strength and ionic mass. Hence, the isotopes 
have different circulation paths in the cyclo- 
tron. Thus, isotopes are separated in a rotating 
plasma and collected separately by different 
collecting devices. 


41.7.4.10 Production of UO, 
Pellets from UF, 


Conversion of UF’, to UO, 
The industrially important processes for 


producing UO, pellets from UF, may be di- 
vided into wet and dry processes. 
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Figure 41.28: Schematic of the Japanese chemical enrichment plant: a) Pump; b) Valve; c) Detector; d) Enrichment col- 


umn; e) Regeneration reactors. 






Laser enrichment of uranium metal vapor f 





Figure 41.29: Example of incorporation of the AVLIS 
process into the chemical process chain of fuel element 
production. 

Wet Processes. Wet processes include the pre- 
cipitation of ADU and AUC, as described in 
Section 41.7.4.5 for obtaining UO, from high- 
purity uranyl nitrate. The apparatus for con- 
verting UF, to UO, is illustrated in Figures 
41.30 and 41.31. The difference from the pro- 
cesses described in Section 41.7.4.5 is that the 
starting material is UF ;. The following two re- 
actions occur: ; 


ADU process 
2UF, + 2NH, + 7H,O — (NH,),U,0, + 12HF 
AUC process 
UF, + 5H,O + 10NH, + 3CO, > 
(NH44UOXCOy), + 6NH,F 

Subsequent conversion of ammonium di- 
uranate or ammonium uranyl carbonate to 
UO, powder is carried out by methods similar 
to those already described. However, since 
conditions in the calcination stage signifi- 
cantly affect the properties of the powder for 
later finishing operations, properties are opti- 
mized by controlling those conditions. 


Dry Processes. Reaction equations for dry 
processes are given below in simplified form: 
UF, + 2H,0 — UO,F, + 4HF 

UO,F, + H, — UO, + 2HF 


However, these dry processes vary consid- 
erably with respect to processing details and 
design of the chemical reactors. In the older 
processes, up to four separate reaction cham- 
bers were required, whereas modern processes 
use one or at most two reaction chambers. A 
schematic diagram of the Direct Conversion 
(DC) process is given in Figure 41.32. Con- 
struction materials must be chosen very care- 
fully because of the corrosive properties of the 





| 
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hot, gaseous hydrofluoric acid produced. 
However, satisfactory experience with this 
plant shows that reliable solutions to these 
problems have now been achieved by materi- 
als technology. 


Possible Future Developments in the 
Conversion of UF їо UO, Powder 


The wet ADU and AUC processes are'used 
worldwide to convert UF, to UO, powder for 
the production of nuclear fuel pellets for light- 
water reactors. The combination of processes 
has been optimized within the limits of pro- 
cess parameters to enable the pellets to be pro- 
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duced economically and in accordance with 
quality specifications. The standards estab- 
lished are applicable to all later production de- 
velopments, especially the dry conversion 
processes. 


However, assessment of the wet processes 
shows that the following fundamental im- 
provements are desirable: 


e Avoidance of open-air handling of the pow- 
der in all process steps 


e Reduction of radioactive secondary waste 
when treating process waste and purifying 
process materials from uranium 


To AUC-UO, 
conversion 





Figure 41.30: Conversion of UF, into AUC: а) UF, evaporation; b) МН,, CO, supply; c) Reaction tank, d) Rotating filter 


for AUC collection. 


AUC 





To pelletizing 


Figure 41.31: Conversion of AUC into UO, powder: a) Fluidized bed; b) Stabilization; c) Storage container; d) Homog- 


enizer. 
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Figure 41.32: Schematic of Direct Conversion process: a) Reactor; b) Fluidized bed; c) Feed bin; d) Rotary kiln; e) Fil- 


ter; f) Condenser. 


Future Processes. In the production of UO, 
pellets, intermediate products in powder form 
can of course be avoided only by using wet 
processes. A possible approach is to use the 
sol-gel process [55-57] in which UF, is dis- 
solved in aqueous uranyl nitrate solution and 
mixed with poly(vinyl alcohol). This solution 
is then sprayed into a second liquid with a very 
different surface tension, and ammonia is 
added. This causes hardening of the droplets 
to form particles, which are then washed in 
aqueous NH, solution to remove the undesired 
by-product NH4NO,. A calcination process in 
air then decomposes the poly(vinyl alcohol) 
and the ammonium diuranate to UO,. The 
solid particles obtained can then be com- 
pressed directly into pellets. The process is 
carried out in such a way that the UO, pellets 
are of similar quality and have similar proper- 
ties to those produced by conventional pro- 
cesses. 

However, analysis of this process shows 


that the many washing and purification steps 


and the considerable volume of materials used 
lead to a large volume of process and waste 
materials that must be cleaned and disposed 
of. Although very little dust is:produced, the 
cost of cleaning and waste disposal is high. 
For this reason, the main interest in process 
development has now reverted to dry pro- 
cesses such as IDR, DC, and GECO, the in- 
dustrial handling of dusts and aerosols having 
meanwhile been greatly improved. |. 

All these processes convert UF, to UO, by 
the following reactions 


ОЕ, + Zen — ООЗЕ, + 4HF 
UO,F, + Н, — UO, + 2HF 


These two reaction steps can be combined 
in one process as realized by the BNFL IDR 
process. Siemens prefers a two-step proce- 
dure. In a flame reactor UO, is formed to- 
gether with minor amounts of UO.F,. In a 
subsequent rotary kiln the UO,-UO,F, mix- 
ture is converted to UO, which contains negli- 
gible impurities of fluorine. A common 
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feature of all processes is to provide a UO, 
powder with an acceptable sinterability and a 
low F content. Reducing the fluorine content 
requires a hydrogen treatment at higher tem- 
perature (500—800 °C), which results in an op- 
timization of fluorine depletion and 
sinterability. 

Table 41.10: Treatment of processing materials and resi- 
dues in the AUC process (simplified). 


Residual Disposal 
Process step material" Treatment yal tee 
Precipitation g: NH, Waste-gas Stack 
| g: CO, scrubbing 
Filtration 1: NH,F Peroxide ` Utilization 
1: HO precipitation 


I: U (traces) . Lime pre- 
1: Other activity cipitation 
Washing I: (NH4),CO, ADU pre- Wastewater 


1: HO cipitation 
]: U (traces) 
AUC feed р: NH, 
(AUC => E CO, 
UO) g: H,O Waste-gas 
d 2 Bas Stack 
Calcination 8: Н scrubbing 
g: HO 
g: HF 





+g = gaseous phase; 1 = liquid phase. 


Chemicals and Residues in the AUC and 
DC Processes. Table. 41.10 shows how the 
treatment (not presented in detail here) of pro- 
cessing chemicals and residues is integrated in 
such a way that it is compatible with the main 
process of UF, — UO, conversion. Material 
flows are suitably interlinked to minimize 
consumption of raw materials and processing 
chemicals, and to recycle usable materials. At 
the same time, individual process steps must 
be optimized continuously to ensure compli- 
ance with steadily decreasing pollution limits. 


In the DC process, the processing materials 
are steam, Hj, and М№,. In addition, HF is 
formed in amounts corresponding to the 
amounts of UF, treated. Gas streams passing 
from the reaction vessels are filtered several 
times to remove solids. After condensation of 
HF, the gas is recycled as far as possible for 
use as a processing material. Residual gas is 
passed over CaCO, to remove HF completely, 
the traces of HF reacting to form CaF.. The 
gas so obtained is flared off to remove H,, and 
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the waste-gas stream can be released from a 
stack since it contains only residual H, and 
H,O. Fluorine introduced into the process in 
the form of UF, can be reused in the form of 
pure hydrofluoric acid. The small amounts of 
CaF, іп CaCO, can be dumped without further 
treatment. 

A comparison of the aqueous AUC process 
and the dry DC process shows that for the 
same product quality, the dry process has con- 
siderable advantages in the treatment of pro- 
cessing and waste materials. The DC process 
is consequently growing in importance, which 
shows how ongoing efforts to reduce pollution 
can also lead to process rationalization. 


Pelletizing of UO, Powder 


Some processes require preparation of the 
powder by compaction and granulation. When 
the AUC process is used, the UO, powder ob- 
tained can be compressed and sintered without 
any intermediate steps. 


41.7.4.11 Production of Uranium 
Metal 


The requirement for uranium metal is lim- 
ited. Only Magnox reactors for power genera- 
tion require uranium metal as fuel. Uranium 
metal is also needed for the production of U— 
Zr, U-Zr hydride, uranium silicide, and ura- 
nium-aluminum alloys. If laser enrichment 
processes such as the AVLIS process attain in- 
dustrial importance, the requirement for ele- 
mentary uranium will increase. Uranium 
metal is produced from UF, by a two-stage re- 
duction; the intermediate product is UF ,. 


Reduction of UF, to ОЕ, 


Two principal routes are used: 
e Reduction of UF, by Н, in the gas phase 


e Reduction of UF, with chlorinated hydro- 
carbons (mainly unsaturated) 


Reduction with Hydrogen. The throughput 
and degree of enrichment required are impor- 
tant considerations when selecting a process. 
Reduction of UF, by hydrogen in so-called 
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hot-wall and cold-wall reactors was reported 
at the Geneva Conference of 1958 [58]. The 
reaction is exothermic: 


UF, + H, UF,+2HF AH =-281.7kJ/mol 


The heat of this reaction is not sufficient to 
give quantitative conversion. The hot-wall re- 
actor is therefore provided with extemal heat- 
ing to give a wall temperature of 630 °C. The 
cold-wall reactor obtains its energy from the 
highly exothermic reaction of fluorine (mixed 
directly with UF) with excess hydrogen. 


Reduction with Tetrachloroethylene. Reac- 
tion of UF, with tetrachloroethylene (C,C1,) in 
a fluidized-bed furnace was developed by 
United Nuclear Corp. [59]: 

UF, + СЬС=СС1„  UF, + CLFC-CFCI, 


. The reaction temperature is 260—295 °C. Ni- 
trogen is added to tetrachloroethylene to act as 
a carrier gas. 


Reduction of UF, to Uranium Metal 


Calcium, magnesium, and sodium are ther- 
modynamically suitable agents for the reduc- 
tion of UF, to uranium metal, but only calcium 
and magnesium are of practical importance— 
calcium for small batches because of its higher 
heat of reaction, and magnesium for larger 
quantities because it 1s the cheaper metal. 


Reduction with Calcium. The heat of reac- 
tion of reduction with calcium is very large: 
UF,*2Ca—2CaF,*U АН =-577.8 kJ/mol 


With a calcium excess of 15% and adia- 
batic conditions during reduction, the temper- 
ature of the reaction mixture can rise to 
1800 °C. This temperature is high enough to 
melt the slag formed (mp of CaF, 1418 °C). 
Calcium granules (ca. 5 mm) are used, which 
must be very pure. High magnesium content 
may cause a violent reaction because the reac- 
tion temperature is higher than the boilin 
point of magnesium. | 

A mixture of UF, and calcium is charged 
into a steel reaction vessel whose inner walls 
are lined with high-purity CaF, (Figure 
41.33). This interior lining prevents the con- 
tainer material from reacting with molten ura- 
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nium metal. Before reduction, the reaction 
apparatus is evacuated and filled with argon. 
The reaction mixture is then ignited electti- 
cally with an ignition pellet, and the reaction is 
complete after a few seconds. Molten uranium 
collects at the bottom of the reaction vessel 
and can be separated easily from the slag after 
the vessel is cooled. The yield of metal is ca. 
98-99% of theory. 





Figure 41.33: Reactor for reduction of UF, with calcium: 
a) Pressure control valve; b) Heat protection shields; c) 
Circular water pipe for flange cooling; d) CaF, lining; e) 
Circular pipe for water jets. 


Reduction with Magnesium. Uranium re- 
duction on a larger scale (several hundred ki- 
lograms of metal) is usually carried out with 
the much cheaper magnesium. Also, since its 
relative atomic mass is only about half that of 
calcium, the amount of magnesium required is 
smaller. However, the price advantage 1s coun- 
terbalanced partly by the lower heat of reac- 
tion: 


UF, +2Mg—> U +2MgF, AH =-349.6 kJ/mol 


which makes it necessary to heat the reaction 
mixture to ca. 600 °C. If the mixture is at room 
temperature when it is ignited, the melting 
point of uranium metal and of the MgF, slag 
(1263 °C) is not reached. By using an excess 
of 15% magnesium, the temperature reached 
is only ca. 900 °C under adiabatic conditions. 


Uranium 


The interior walls of the reactor are often 
lined with dolomite. To obtain a good yield, 
the bulk density of UF, must be relatively high 


(> 3 g/cm’), giving good thermal conductivity. - 


Briquetting the reaction mixture before load- 
ing it into the reactor vessel is therefore advan- 
tageous. 


Production of Uranium Powder 


Uranium powder can be obtained by reduc- 
tion of UO,, electrolysis of fused salts, or de- 
composition of uranium hydride. 


Reduction of UO,. Reduction of UO, with 
calcium or magnesium has not become widely 
established in industry because separation of 
the product from the slag is difficult. Also, the 
demand for uranium powder is limited. 

Reduction with Calcium. The best reducing 
agent for UO, is calcium. A carefully prepared 
mixture of calcium granules and UO, is 
charged to a reactor whose walls are lined with 
CaO. The mixture is heated to 1200 °C under 
argon and kept at this temperature for at least 
30 min. The temperature should reach the 
melting point of uranium (1132 °C) but should 
not cause CaO to melt. The uranium particles 
therefore become embedded in unmelted CaO. 
Excess calcium, which has low solubility in 
CaO, acts as a grain growth accelerator of the 
uranium. 

After reaction, the mixture, which contains 
uranium and CaO together with excess cal- 
cium, is broken up and slurred with water. Af- 
ter careful addition of acetic acid (to buffer the 
solution at pH 5.5 by formation of calcium ac- 
etate), dilute nitric acid is added to leach out 
calcium. A temperature of 30 °C should not be 
exceeded in this leaching process because 
higher temperatures cause oxidation of the 
surface of the metal powder. 

Reduction with Magnesium. The tempera- 
ture during reduction with magnesium must be 
kept below 1270 °C; however, it should be 
above 1133 °C, which is higher than the bp of 
magnesium, so that large enough metal parti- 
cles will be formed. The metal powder pro- 
duced by reduction with magnesium is much 
finer than that obtained by reduction with cal- 
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cium. Magnesium chloride is often added to 
the reaction mixture to act as a flux. 


Electrolysis of Fused Salts. The electrowin- 
ning of metal powder is carried out in fused 
fluoride or chloride salts. КОЕ; or UF, is dis- 
solved in a molten salt mixture of 8096 CaCl, 
and 20% NaCl, and electrolyzed at 900 °C in a 
graphite crucible, which forms the anode. 
When withdrawing the cathode from the mol- 
ten salt, appropriate precautions must be taken 
to prevent burning of powdered metal that ad- 
heres to it. After cooling, soluble chlorides can 
be removed from the metal by washing with 
water. 


Decomposition of Uranium Hydride. Hy- 
drogen reacts very readily with uranium 
metal, forming uranium hydride (UH). The 
optimum  hydrogenation temperature is 
220 °С. Because of the large density differ- 
ence between the hydride (10.8 g/cm?) and the 
metal (19.06 g/cm?); the brittle hydride breaks 
down dunng the reaction into a fine pyro- 
рһопс powder. This is decomposed thermally 
at 310°C with application of a vacuum to 
draw off hydrogen. The metal powder so ob- 
tained is strongly pyrophoric and can be han- 
dled only under an inert gas atmosphere. 


41.8 Compounds 


41.8.1 Halides 


The most important halides (Table 41.11) 
are the fluondes; polymers such as U,F,, and 
U,F,, are not included in this table because 
they have little technical importance. 


41.8.1.1 Trivalent Halides 


In general, trivalent halides may be pre- 
pared by reduction of the tetravalent com- 
pounds with hydrogen, e.g., [60]: 
2UF, + Н,  2UF, + 2HF 


At 950 °С all of the UF, does not react; 
above 1080 °C, disproportionation of UF; into 
UF, and uranium occurs. Preparation of chlo- 
rides, bromides, and iodides involves similar 
problems. | 
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Table 41.11: Halogen compounds of uranium (excluding 
polymeric compounds. 


Structure 
Fluorides UF, hexagonal, LaF, type 
UF, triclinic (pseudomonoclinic), 
isomorphous with ThF, 
ULF, cubic 


a-UF, tetragonal, chain structure 

B-UF, tetragonal, three-dimensional 
lattice 

UF, rhombic, molecular lattice 


Chlorides ОСІ, hexagonal La(OH), type 
ОСІ,  tetragonal 
UCL hexagonal, molecular lattice 


Bromides and ` UBr, hexagonal, La(OH), type 
iodides UI, rhombic, Lal, type 


Uranium trifluoride, UF}, forms red-violet 
crystals. It is stable to moist air at room tem- 
perature, but is converted to oxide fluorides on 
heating and is oxidized to 07,0, above 900 °C. 
It is insoluble in cold water but is slowly oxi- 
dized to UE, In boiling water, further oxidiza- 
tion to uranyl fluoride occurs. 


Uranium trichloride, UCL. forms dark red, 
very hygroscopic needles, mp 842°C. In 
aqueous НСІ solution, rapid transformation 
into a tetravalent green compound occurs, 
with liberation of hydrogen according to: 


2UCI, + 2HCI > 2UCI, + H, 


Uranium Tribromide and Triiodide. Ura- 
nium tribromide, UBr,, mp 730 °C, and ura- 
nium triodide, UL, тр 506 °C, are formed 
similarly to UF, and are also soluble in water. 


41.8.1.2 Uranium Tetrahalides 


Uranium tetrafluoride 1s a very important 
intermediate in the production of UF, fer en- 
richment plants (see Section 41.7.2) and for 
production of the metal. It is a highly poly- 
meric green solid that melts at 1034 [61] to 
1036 °С [62]. Gaseous UF, is monomeric. 


The stability of solid UF, is explained by its. 


complex crystal lattice (a@-ZrF, structure). 
However, oxidation occurs in a stream of oxy- 
gen at 700—850 °C: 


2UF, + О, > UF, + UO,F, 


Handbook of Extractive Metallurgy 


Uranium tetrafluoride is almost insoluble in 


- water and is dissolved only by oxidizing acids 


and some concentrated acids. 

Hydrated UF, can also be prepared by pre- 

cipitation from U(IV) solutions with hydroflu- 
oric acid. At room temperature, the very pale 
green UF,:2.5H,O [63] is formed, but at 80— 
100°C the grass green compound UF, 
0.75H4O is obtained. Both can be converted 
into anhydrous ОЕ, by careful dehydration in 
a vacuum. 
Other Halides. Uranium tetrachloride (mp 
569 °С), UBr, (тр 518°C), and UI, (mp 
706 °C) can be produced by heating a mixture 
of uranium oxides and carbon in a stream of 
halogen. Uranium tetrachloride dissolves 
very readily in water, with evolution of heat; 
UBr, and UI, behave similarly. 


41.81.3 Uranium Pentafluoride 


The reaction of UF, with UF, produces 
UF, which is formed together with О.Е, and 
О.Е; as an intermediate in the production of 
UF, (see Section 41.7.4.7). ОЕ, is now also 
important as an intermediate product formed 
during uranium enrichment using lasers (see 
Section 41.7.4.9). Other pentahalides are 
known but are of only theoretical interest. 


41.8.1.4 Uranium Hexafluoride 
Many possible methods can be used to pro- 

duce UF, the more important are listed below: 

U-3F,—UF, (hazardous reaction) 

UF,+F,— UF, (at340 °C), 50% Е, excess 

UO,-3F,—UF,;-*O, (at 500 °C) 

UO, + 3F, 3 UF, + 2/,0, (at 400 °C) 

0,0, + 17F, > 3UF,+8F,0 (at 360°C) 

UC, +7F, > UF,+2CF, (at350 °C) 

UO, +4HF > UF,+2H,O (at 550 °С) 

UF, + F, — UF, 


U+2BrF; > ОЕ, + Вг, (at 50-125 °C) 


The only industrial route is from рше UF,. 
The phase diagram of ОЕ, is shown in Figure 
41.34. At normal pressure, UF, sublimes at 





Uranium 


56.54 °C and melts only under a pressure of 
1.517 x 10? Pa at 64.05 °C. 

The critical constants for ОЕ, are [64] ~ T, 
230.5 + 0.2 °C; р„ (45.50 + 0.50) x 10° Pa; p,, 
1.375 g/m?; H. 0.256 L/mol. 

Solid UF, has similarities to white phos- 
phorus, having a colorless to yellowish ap- 
pearance and being easily cut into pieces. 
However, in contrast to phosphorus, it reacts 
rapidly with moisture, hydrolyzing even in 
moist air to form the bluish compound ОО,Е,, 
which resembles cigarette smoke: 


UF, + 2H,0 — UO,F, + 4HF 


This fine bluish smoke enables the smallest 
UF, leak in pipework to be detected immedi- 
ately. At increased temperatures, ОЕ, gas re- 
acts violently or explosively with organic 
suibstances, but metal and glass are not at- 
tacked in the absence of moisture. Compre- 
hensive data on UF, can be found in [64]. 
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Figure 41.34: Phase diagram of UF, [64]. 


41.8.2 Carbides 


The three carbides UC, U,C,, and UC, ap- 
pear in the U-C phase diagram [65]. Both UC 
and UC, are stable up to their melting points; 
О.С, is an intermediate phase that dispropor- 
tionates above 1800 °C into UC and UC, [66]. 
The carbide UC, is unstable below 1275- 
1500 °C, disproportionating to form U,C, and 
carbon [67]. Above 1800 °С, UC, has the 
composition U/C = 1.86 + 0.02 (atomic ratio) 
and a cubic structure, whereas a tetragonal 
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form exists between 1600 and 1800 °C with 
composition U/C = 1.96 + 0.04. Various tem- 
peratures are quoted for the melting point. Ac- 
cording to [68], the mp of UC is ca. 2350 °C, 
and that of UC, with the composition U/C = 
1.9 is 2475 °С. 

The carbides react very vigorously with 
water, and are therefore not used in water- 
cooled nuclear reactors because secondary 
damage could occur in the event of a defective 
fuel rod. However, they can be used as nuclear 
fuel if cooling is by gas or sodium, two gener- 
ations of reactors that could be important in 
the future. Carbide fuels are therefore not yet 
available on the market except for testing pur- 
poses. In experimental fuel elements, UC is 
used mainly in the form of pellets, rods, or 
coated particles. 

Uranium carbide is produced by three main 
methods: 


Reaction of Uranium Metal with Carbon. 
Stoichiometric UC is obtained when a mixture 
of uranium powder with carbon is compressed 
at 800-1000 °C [69]. The material so pro- 
duced has a density of 98% of the theoretical 
value and a Vickers hardness of 700 kg/mm”, a 
figure normally only obtainable with UC sin- 
tered at 2000 °C. A somewhat lower-density 
UC is formed by compressing uranium pow- 
der with carbon at 700—800 °C and then sin- 
tering the pellets at 1100 °C [70]. 

Very pure and dense UC is obtained by arc 
melting of uranium and carbon under vacuum 
or argon. This method gives densities of 98— 
99.596 of theory [71]. 


Reaction of Uranium Metal with Alkanes. 
Very fine uranium powder (produced by de- 
composition of uranium hydride) is reacted 
with methane at 600—900 ?C to give very pure 
and dense UC [72]. Reaction times are 0.5— 
2 h. Propane has also been used successfully. 


Reaction of Uranium Oxides with Carbon. 
This is the only reaction of industrial impor- 
tance. The following reactions can occur: 

U,0, + 11C »3UC+8CO (at 1800 °C) 

U,0, + 14C 33UC,+8CO (at 2400 °C) 

ОО, +3C + ОС +2СО (at 1800-1900 °C) 


1640 


Nuclear fuels are produced by this method 
in a vacuum furnace or under a protective gas 
since UC is pyrophoric. 


Production of UC Fuel Rods. Uranium car- 
bide rods are produced by melting UC at ca. 
2500 °C and casting in rod-shaped molds [73]. 
Of the possible melting processes (i.e., elec- 
tron beam melting, induction melting, and arc 
melting), only the last has been developed to 
an industrial scale. Induction melting is partic- 
ularly unsuitable because reaction with the 
walls of the graphite crucible occurs, convert- 
ing UC to ОС,. 


The process of melting UC in an electric 
arc furnace is known as skull melting; a solid 
shell of UC forms between the water-cooled 


copper crucible and the melt, preventing mol- - 


ten UC from reacting with the metal crucible. 


This ensures the required purity of the nuclear 


fuel. To be able to cast the melt, tilting fur- 
naces or centrifugal casting furnaces are used. 


41.8.3 Nitrides 


The nitrides UN, UN. and UN, аге analo- 
gous to the carbides. The mononitride has a 
theoretical density of 14.32 g/cm? [74]. Under 
N, at normal pressure (100 kPa), UN decom- 
poses at 2800 °C in a uranium-rich melt with 
liberation of №, If the N, pressure is reduced 
to 10 Pa, the decomposition temperature de- 
creases to 2080 °C. Above 2.5 x 10° Pa, UN 
melts without decomposition [75]. At nitrogen 
pressures above atmospheric and 1300 °C, 
U.N; disproportionates into UN + UN, with a 
13 % decrease in volume [76]. 


The mononitride is produced by three main 
methods [77]: 
1. Reaction of uranium metal with nitrogen 


850°C 1300 °C 
2U+3/,N, э UN, > Q2UN-«'AN, 


Vacuum 
2. Reaction of UH, with nitrogen 
250°C 800°С 1300°С 
U+*,H, ә UH, > UN, ә Q2UN-'AN 
+N, 


Vacuum 
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300°C ` 800"C 1300°С 
U+NH, > UH, э UN, э Q2QUN-!AN 
+N, Vacuum 
3. Reaction of uranium oxide with carbon 
and nitrogen 
400-1850 °C 
2U0, £4C 4 № ә 2UN+4CO 

If method 3 is used, the nitride always con- 
tains some carbon and oxygen [77]. 

The nitrides have not yet become important 
nuclear fuels for power reactors, but the prop- 
erties of uranium nitrides have recently been 
investigated again in detail with the aim of us- 
ing them as nuclear fuels for special reactors 
(e.g., in space applications) [78-81]. 


41.8.4 Oxides 
The following oxides of uranium are 
known: 


e Uranium monoxide, UO, discovered by X 
rays, of no industrial importance 


e Uranium dioxide, UO,, an important reactor 
fuel 


e UO, ,, stable only above 500 °C, tetragonal 
crystal structure 


e UO, 44-U4O,, tetragonal crystal structure 


ө U,O,, formed as an intermediate from UO, 
at high temperature 


e О-О», monoclinic crystal lattice, red-brown 

e О-О», stable in all temperature regions 
(0,0,:00,), black 

e UO,, stable up to ca. 300 °C, orange 

e Uranium peroxide, UO,, light yellow 


41.8.4.1 Uranium Dioxide 


Production of the industrially important 
uranium dioxide is described in Section 
41.7.4.5. Important physical properties are 


Theoretical density 10.96 g/cm? 
mp 2860 + 70.5 °C 
Thermal conductivity at 500 °C 43 Мік 
at 1100 °C 2.6 
at 1650 °C 2.15 
at 2200 °C 4.3 
Linear coefficient of expansion 
(4-2800 °C) 1.1 x 10 K“ 


Specific heat capacity (32-315 °C) 237.4 Jkg K7 





Uranium 


The crystal lattice of UO, is face-centered 
cubic of the CaF, type. Stoichiometric UO, 
powder is pyrophoric and is oxidized in air to 
intermediate products (UO, з, and UO; зз) or 
to ОЗО». 

UO, powder with a large specific surface 
area is self-igniting. Therefore, handling of 
UO, powders-with BET surfaces > 2 mm?/g 
requires special precaution measures, e.g., 
surface oxidation in a controlled manner* 


41.8.4.2 Uranium Trioxide 


Normal decomposition at 300 °C of inter- 
mediate products obtained during uranium 
production always leads to orange-colored 
UO,. At > 400 °C, this begins to change into 
black U40,. Uranium trioxide occurs in five 
forms: 

e o-UO, is formed by careful decomposition 

of UO, at 450-500 °C [82]. 

e D-UO, is formed by slow decomposition of 

ammonium diuranate at 450-500 °C [83]. 


e y-UO; is formed by slow decomposition of 
uranyl nitrate hexahydrate (e.g, 4 h at 
550 °C) [84]. 

e 5-UO, is red and is formed by dehydration 
of UO, H4O in air at 375 °C [83]. 

e £-UO, is brick red and is formed in a few 
minutes by oxidation of U4O, with NO, at 
350 °C [83]. 

e C-UO, is a brown powder produced by rapid 
decomposition of urànyl nitrate hexahydrate 
in the presence of 0.6% sulfamic acid [85]. 
The existence of this compound is not yet 
certain. 

Uranium trioxide can be an intermediate in 
the production of nuclear fuel, but it is not it- 
self used. 


41.8.4.3 Triuranium Octaoxide 


The polymorphism of 0,0, is extremely 
complex, and the data are to some extent con- 
flicting. A summary is given below: 

At normal pressure, four modifications ex- 
ist denoted by a, a’, o". and В. Of these, œ and 
В are base-centered rhombic, o is body-cen- 
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tered rhombic, and o" is hexagonal. The a- 
forms are stable at low temperature (room 
temperature) and the B-form at high tempera- 
ture (> 730 °C). At 50 °C, the a-form changes 
to the oi Zomm [86]. The a-form changes to the 
B-form at high pressure or under shear forces 
at 1100-1500 °C in the presence of atmo- 
spheric oxygen [87]. However, B-U,O, has a 
lower density and changes back to 0-1,0, at 
50 °C. Therefore, the reported phase stransi- 
tions depend on temperature, pressure, and re- 
dox reactions, which cause changes in density. 
The interrelationships between the different 
phases are thus very complex. 

Another U,0, (or UO,,,) phase has been 
described, which is formed only at high pres- 
sure at ca. 627 ?C and has a face-centered cu- 
bic structure. The combination of pressure and 
Shear stress is said to be important for forma- 
tion of this phase [86]. Thus, cubic О-О», is ob- 
tained from a-U,O, by prolonged milling in a 
ball mill, conversion being almost complete 
after one week. Considerable amounts of wa- 
ter are taken up during milling. Therefore, to 
obtain a pure product, œ-U308 is first milled 
for 72 bh the mixture of a-U,O, and cubic 
1,0, obtained is heated to 750 °C; this is then 
milled again for 24 h in the absence of mois- 
ture. After milling for another 30 h in contact 
with atmospheric oxygen, an amorphous vari- 
ety of a-UO, is formed. 

Of four other possible modifications, the 
existence of two is fairly well established: y- 
U,O, is said to be formed at 940 °C from B- 
UO, with a heat of transformation of 4.63 + 
0.06 kJ/mol [88]. At 120 °C, this changes back 
irreversibly to a-U,O,, the heat of transforma- 
tion being 4.40 + 0.21 kJ/mol. The AC, 
modification is formed above 1050 °C [89]. It 
crystallizes in a rhombic structure with unit 
cell dimensions a = 0.670 nm, b = 1.246 nm, 
and c = 0.851 nm. The density is said to be 
7.86 g/cm’. 

Oxygen is evolved when U,O, melts, so the 
melting point cannot be determined; 0,0, va- 
porizes at 925-1525 °С with formation of 
mainly monomeric gaseous UO, [90]. 

The specific magnetic susceptibility of 
10,0, does not obey the Curie law or the Cu- 
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rie- Weiss law; this indicates that 0,0, should 
be written as U,0,-UO,. The electrical con- 
ductivity of О-О». depends strongly on tem- 
perature and the O:U ratio, so a generally 
valid value cannot be given. The oxide 0,0, is 
an n-type semiconductor. Conduction ` is 
thought to occur by electrons and also: by 
holes. Because of its mixed oxide properties, 
electron transport from U(V) to U(VI) is as- 
sumed. 


Chemical Properties. Triuranium octaoxide 
dissolves readily in oxidizing acids and is oxi- 
dized to the hexavalent state and hydrolyzed 
to uranyl salts [e.g., UO.(NOJ),] in the aque- 
ous phase. Uranyl chloride, UO;CL, is formed 
by passing HCl gas over ОЗО» at 700 °C. Triu- 
ranium octaoxide is insoluble in water and is 
oxidized rapidly to UO, (uranium peroxide) 
by hydrogen peroxide; it is reduced by hydro- 
gen or ammonia to UO, at > 500 °C. 


41.8.4.4 Регохійеѕ 


Of the uranium oxides containing a perox- 
ide group, the existence of two is well estab- 
lished: UO, (crystallizing with two or four 
molecules of water) and U,O, with or without 
water of crystallization. 


The hydrate ОО ,:хН,О can be precipitated 
easily from aqueous uranyl nitrate solutions at 
room temperature by addition of H,O,: 


UO,(NO,), + H,O, + xH,O > UO,:xH,O + 2HNO, 


This precipitation easily can be performed 
continuously, and the precipitate can be dried 
to give a powder with good flow properties 
[91]. 

A UO, powder with good sintering proper- 
ties 1s prepared from a solution of uranyl ni- 
trate (90-120 g/L) in 0.5 mol/L HNO, to 
which ammonium nitrate (80 g/L) has been 
added. Precipitation at pH 1.5 and 40 °C oc- 
curs at a uranium: hydrogen peroxide ratio of 
1:3. The UO, powder formed is a spheroidal 
to spherical agglomerate with a maximum par- 
ticle size of 50 um, although most particles аге 
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ca. 20 um. Calcination of this powder gives а 
product with good sintering properties. 


The hydrate UO,-xH,O is pale yellow; 
UO,:4H,O is the main product at a precipita- 
tion temperature of « 50 °C, UO,:2HjO at 
higher temperature. Careful dehydration in a 
vacuum at ca. 130°C gives hydrated UO. 
which decomposes with liberation of oxyge: 
above 150 °C. | 


The structure of UO,-xH,O has not yet 
been established, but 0,0, probably has the 
following structure [92]: 


О О-О О 


QZ 2 
po 
o^ o" "o 


This is a brick-red to orange hygroscopic sub- 
stance [93]. 


41.8.5 Nitrates 


Uranium and its oxides dissolve in nitric 
acid to form uranyl nitrate: 


UO, + 2HNO, 2 UO,(NO,), + H,O 


The hexahydrate crystallizes from weakly 
acidic supersaturated solutions, but tri- and di- 
hydrates can be obtained at higher concentra- 
tion of HNO, (Figure 41.35) . Upon 
evaporation of uranyl nitrate solutions to > 
450 g/L uranium, UO4(NO4,'6H,O (mp 
60 °C) crystallizes on cooling [94]. The ura- 
nium content of a solution boiling at 120 °C is 
ca. 1000 g/L. The trihydrate melts at 113 °C, 
and the dihydrate at 184 °С. No decomposi- 
tion occurs up to this temperature, but denitra- 
tion begins above 300°C. The UO, so 
produced has a relatively high bulk density 
(3.54.3 g/cm?) and, after reduction to UO,, is 
not very suitable for the production of com- 
pressed and sintered pellets. The nitrate of 
UG V), UCNO,),, can be obtained by treatment 
of uranyl nitrate with reducing agents such as 
hydrazine, iron(IT) formate, or SO,, or by elec- 
trolytic reduction. Uranium(IV) nitrate is a 
green substance, in marked contrast to yellow 
ООМО). It oxidizes readily to U(VI) in air. 
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Figure 41.35: The UO,(NO,),-HNO,—H,0 system. 
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Figure 41.36: The UO,SO,-H;SO,-H5O system. 


41.8.6 Sulfates 


The sulfates of uranium are important be- 
cause uranium ores are usually digested with 
sulfuric acid (see Section 41.7.4.1), which 
generally leads to the formation of uranyl sul- 
fate, UO.SO,. The nature of the hydrates 
formed depends on the H,SO, concentration 
(Figure 41.36). Sulfates of tetravalent uranium 
are more stable than nitrates. The following 
hydrates are known: U(SO 94: 8H40, U(SO 4: 
4H,O, U(SO 9: 9H50, and U(SO4),:2H;O. 


41.8.7 "Tricarbonatodioxouranate 


Tricarbonatodioxouranate, [UO4(CO;)4]^. 
is formed by alkaline digestion and in the 
AUC process. The ammonium salt of this an- 
ion (AUC) decomposes above 80 ?C, liberat- 
ing CO, and forming ammonium diuranate. 
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41.9 Safety 


The normal safety precautions taken in the 
chemical industry when handling toxic, liquid, 
volatile, and gaseous substances must be ob- 
served also in the case of uranium, but in addi- 
tion radiation protection and criticality safety 
must be included. These affect plant and 
equipment design and may necessitate the use 
of apparatus with dimensions not generally 
employed in chemical technology (see Section 
41.9.3), but reflecting all considerations as re- 
gards chemical, nuclear, and radiological 
safety. 


41.9.1 Radiation Shielding 


Handling natural uranium that has not been 
irradiated does not present special problems: 
The danger of unacceptable emission of radia- 
tion is generally small, nevertheless, all pro- 
cesses are generally emboxed. Special 
attention must be given to cleaning UF, cylin- 
ders because buildup of *‘Th, which is in 
equilibrium with “*U, can occur. After evapo- 
ration of UF the cylinder still contains resi- 
dues in the form of uranium decay products. 
However, providing shielding against the in- 


tense B-radiation and bremsstrahlung emitted 


by these residues while they are being treated 
is not difficult. 


In addition, the uranium content of atmo- 
sphere and contamination of the workplace are 
measured and controlled to protect personnel 
from uptake of or contamination by uranium. 
If legal limits are exceeded, respiratory pro- 
tection must be provided. Workers must also 
be examined with a lung monitor at regular in- 
tervals, and the uranium content of urine must 
be determined. If uptake of uranium is sus- 
pected, whole-body measurements must be 
carried out. 


Maximum permitted uranium concentra- 
tions in air at the workplace and in the form of 
surface contamination are given in Table 
41.12. 
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Table 41.12: Maximum permitted uranium concentra- 
tions in the workplace (with figures for other toxic ele- 
ments for comparison) [95]. 


Outside at- In the workplace 


mosphere, Inactive Active area, 


mg/m? area, mg/cm? mg/cm? 


Natural uranium 180 150 1500 

Uranium with 42 35 350 
5% BSU 

Uranium with 24 20 200 
10% 2237 

HF 2000 

Pb 200 

Be 2.0 

B9pu 0.000032 0.00017 0.0017 


* Workplace where radioactive materials are processed. 


41.9.2 Safety Against 
Uncontrolled Criticality 


Criticality safety includes all technical and 
organizational measures taken to prevent an 
uncontrolled chain reaction. Uranium with its 
natural isotopic composition becomes critical 
only under special reactor conditions. This 
means that a spontaneous chain reaction under 
the conditions of uranium processing is im- 
possible. However, in contrast to uranium 
with a natural isotopic composition, enriched 
uranium can have a critical configuration un- 
der considerably simpler circumstances (e.g., 
during manufacture or storage of fuel ele- 
ments). The critical mass depends mainly on 
the degree of enrichment of “°U, the composi- 
tion of the material, and the moderating effect 
of the geometrical configuration. 


In Germany, for example, plants for pro- 
cessing nuclear fuels can, therefore, be oper- 
ated only if they are licensed under $7 of the 
Atomic Energy Law, which specifies essential 
criteria for the nuclear safety of personnel and 
of the environment. Similar regulations apply 
in other countries. 


In older plants, the observance of limit val- 
ues was ensured mainly by measures under the 
control of plant personnel, but in newer plants 
this has been superseded by automatic control 


Handbook of Extractive Metallurgy 


and is largely independent of human error. Ex- 
act and in licensing approved and validated 
computer codes enable a reduction of extra 
safety margins, so that larger vessels can be 
used with the knowledge that they are geomet- 
rically safe with respect to permitted criticality 
dimensions. In addition, more precise calcula- 
tion of neutron interactions between individ- 
ual vessels can be carried out with these 
methods; hence, a space-saving arrangement 
of components is possible. 


41.9.3 Geometrically Safe Vessels 


The nuclear safety of a critically safe (E < 
0.95) thickness of material is achieved by in- 
creasing the surface of a vessel, thereby in- 
creasing the loss of neutrons to the 
environment and preventing the neutron popu- 
lation necessary to reach a critical condition. 
The safe geometry is determined as follows: 


A hypothetical optimum neutron reflector 
is assumed to be present at the vessel, whether 
or not this assumption corresponds to actual 
conditions. This assumed reflector reduces 
calculated neutron loss considerably, and, 
therefore, causes a calculated increase in ac- 
tivity exceeding that of the actual arrange- 
ment. The smallest dimensions of the vessel in 


which a self-sustaining chain reaction can oc- 


cur are found, based on the combined effects 
of concentration of fissile material, degree of 
moderation, and neutron loss by leakage by 
using this conservative method of calculation. 
From these conservatively smallest critical di- 
mensions for ideally reflected uranium-water 
systems, the largest safe subcritical dimen- 
sions for k,g = 0.95 can be deduced, including 
safety factors (Table 41.13). Safe maximum 
amounts of uranium under all circumstances 
are listed in columns 2 and 3 of Table 41.13. 
The geometric dimensions in columns 4—6 ap- 
ply to any amounts of uranium, provided py < 
3.5 g/cm. 





Uranium 
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Table 41.13: Safe masses and geometries for uranium salts and solutions as a function of degree of enrichment for a total 


density «3.5 g/m’. ' 
Degree ofenrich-  Massof 2350] max. Total mass of U 








ment, % U kg max., kg 
100 0.350 0.35 
75 0.360 0.46 
50 0.390 0.76 
40 0.410 1.025 
30 0.440 1.467 
20 0.480 2.4 
15 0.520 , 3467 
12 S 0.583 4.858 
10 0.600 6.0 
8.0 0.6650 8.125 
6.0 0.710 11.833 
5.0 0.800 16.0 
4.0 0.930 23.25 
3.5 1.04 29.714 
3.0 1.20 40.0 
2.5 1.47 58.8 
2.0 2.0 100.0 
1.75 2.56 146.286 





41.9.4 Apparatus with 
Heterogeneous Neutron Absorbers 


The dimensions of safe vessels are often 
too small to allow desired throughputs to be 
achieved. In these cases, considerable benefit 
can be obtained by incorporating heteroge- 
neous neutron absorbers (nuclear poisons), 
such as boron carbide or cadmium, into the 
equipment. Their effect is very dependent on 
the spatial arrangement of the no-absorption 
or intermediate vessel walls. For example, flu- 
idized-bed furnaces are provided with a nu- 
clear poison consisting of a central boron 
carbide rod with double cladding, and rotary 
UO, mixers with a surface covering or clad- 
ding consisting of securely attached cadmium 
sheets, This ensures nuclear safety even if wa- 
ter penetrates the fluidized bed or rotary mixer 
(accident safety). 


41.9.5 Neutron Interactions in the 
UO, Fabrication Plant 


A nuclear fuel production plant contains 
many individual processing stations. There- 
fore demonstrating that these will remain sub- 
critical as individual units is not sufficient. 
Equally important is ensuring that no increase 


Safe cylinder di- Safe thickness of 


Safe volume, L В 
ameter, ст material, cm 
44 12.70 3.81 
5.0 13.21 4.06 
6.0 14.48 4.83 
6.7 524 5.08 
77 : 16.00 5.59 
9.5. 17.53 6.86 
11.0 18.80 7.87 
12.5 19.81 8.64 
14.0 20.83 9.14 
16.0 22.10 9.91 
20.5 24.38 11.43 
27.0 26.04 12.70 
33.8 28.45 13.97 
40.0 30.48 15.24 
49.2 32.51 16.51 
64.6 35.56 18.03 
95.1 40.64 22.10 
126 44.70 24.38 


in criticality is caused by interactions of the 
systems, plant, and equipment due to the way 
in which they are arranged. The entire layout 
of processing and storage operations must 
therefore be in the form of subcritical geome- 


try. 


41.9.6 Transportation 


Plants for ore extraction, processing, and 
concentration are usually geographically re- 
mote from those for fuel assembly production; 
thus, uranium and its compounds must be 
transported between these plants. Since the 
materials being transported are often fissile 
and radioactive, special precautions must be 
taken and rules observed. For this reason, the 
IAEA has issued guidelines that are updated 
continuously according to the latest knowl- 
edge (Regulations for the Safe Transport of 
Radioactive Materials, IAEA, Vienna), in 
which national safety regulations are also con- 
sidered. In its “Safety Series” of publications, 
the IAEA includes recommendations for 
methods of transporting radioactive materials, 
taking international and national regulations 
into account. f 

Since shipments often cross international 
boundaries, international harmonization of 
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- rules and licensing procedures is necessary. 
This is controlled under the UNO umbrella 
[96]. The aim of the recommendations, guide- 
lines, and regulations is to protect the general 
public, transport operatives, and private prop- 
erty from both the direct and the delayed ef- 
fects of radiation during transportation [96]. 

This protection 1s secured by 


e Restriction of the nature and activity of the 
radioactive material, which must be trans- 
ported only in packaging of a specified type 

e Specification of design criteria for each type 
of packaging 

e Rules for handling and storage during trans- 
portation 

The regulations are intended to prevent the 
release and uptake of radioactive materials 
into the human organism, to protect against ra- 
diation emitted by the materials being trans- 
ported, and to ensure that unforeseen 
criticality events do not occur. 

These aims are achieved in practice by 


e Containment of the material being trans- 
ported, the design and sturdiness of the 
packaging depending on the activity and na- 
ture of this material 


e Limitation of the maximum dose level at the 
outer surface of the item being transported, 
by taking account of the contents of the 
package and storage techniques used in the 
transport system 


e Protection of the transport container from 
external effects of an accident, again by tak- 
ing into account the nature and activity of 
the material being transported 


e Prevention of a criticality event by very re- 
strictive assumptions with respect to the 
items being transported and the conditions 
that could arise from an accident 
Experience with the transport of radioac- 

tive goods has justified the practices used in- 
temationaly. In industrialized Westem 
countries, no case of injury or death has re- 
sulted due to the release of radioactive materi- 
als in a transportation accident. This is 
supported by data from the following coun- 
tries: 
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United States: A detailed study of 811 reported incidents 
between 1971 and 1981 

United Kingdom: A study of 330 000 shipments of radio- 
isotopes 

Germany: A study of shipments up to 1984 [97] 


The positions are underlined when assess- 
ing the Mont-Louis incident. In August 1984, 
the freighter Mont Louis, with a cargo of 350t 
ОЕ, sank in 15 m water. Within 40 days, all of 
the containers were recovered undamaged 
from the wreck without any release of radioac- 
tivity. 
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421 Introduction 


Thorium was originally placed in group 4 
of the periodic table under titanium, zirco- 
nium, and hafnium, following Ас. However, 
the 5felectron shell is filled in the series of el- 
ements from „Th to озї. In analogy to the 
lanthanides, in which the 4f shell is filled, 
these elements are therefore referred to as the 
actinides, thorium being the first in the series 
[1, 2]. Its similarity to cerium and its mineral- 
ogical occurrence in association with the rare 
earths and uranium confirm this placing. The 
number of thorium isotopes known thus far, 
all radioactive, is 25 [3]. The most common of 
these has the relative atomic mass 232, and 
five others occur naturally in the decay chains 
of uranium and thorium. First isolated by BER- 
781105 in 1828 from the silicate mineral thor- 
ite, thorium attained industrial importance in 
the late 1800s as a component of gas mantles. 
By World War II, total consumption world- 


wide had amounted to ca. 8000 t, mainly for 
the production of gas mantles, reaching 250 t 
in some years. Thorium occurs in only a few 
regions of the earth’s crust in minable 
amounts, although its average abundance is 
three to four times that of uranium [4]. After 
absorbing a neutron, thorium is transformed in 
several steps into fissile (1.e., fissionable by 
thermal neutron) ??U. Thorium thus repre- 
sents quantitatively by far the greatest energy 
reserve based on nuclear fission. Therefore, in 
the early years of nuclear technology, up to 
900 t/a thorium was extracted and stockpiled 
as a strategically important raw material, and 
some hundreds of tonnes were irradiated in re- 
actors although less than 3 t of 2330 was ob- 
tained from this. 


However, for partly technical and partly 
economic reasons this route to energy produc- 
tion is now of little importance except in India. 
Therefore, since thorium is little utilized in the 
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nonnuclear field, consumption since 1990 has 
declined to a few tens of tonnes per year. 


42.) Properties 


42.2.1 Physical Properties 


Formation and Decay. The most abundant 
thorium isotope (exceeding the abundance of 
the other isotopes by a factor of several mil- 
lions) is ?Th. Its concentration in the earth’s 
crust obeys Harkins’ rule, which states that 
even-numbered isotopes are more abundant 
than odd-numbered ones [5]. However, its 
concentration overall is more than twice that 
expected from the decrease in abundance of 
nuclides with increasing atomic number. The 
half-life of ??Th (a decay) is 1.4 x 10! a, the 
longest of all actinides, and a calculation 
based on the half-lives of higher actinides 
shows that this concentration excess must be a 
result of the decay of primordial actinides 
such as plutonium and curium in the initial 
phases of the earth's history. Mineralogical 
evidence is provided by the fact that the very 
old thorium mineral bastnesite, a thorium flu- 
orocarbonate, is so far the only mineral in 
which traces of the longest-lived transuranic, 
the isotope “Ри with a half-life of 8.26 x 10" 
a, have been detected [6]. 

As early as 1922, the isotopic ratio 28РЫ: 
?pb and the age-proportional Th:U ratio in 
old ores were thought to indicate that a parent 
nuclide to thorium must have existed, whose 
half-life was estimated to be (5.96.3) x 10’ a 
[7]. This closely matches that of "pu. 

Alpha decay of “*Th leads to ??Th, while 
in the uranium decay chain, 230 gives the 
short-lived Э“ТҺ and ???Th, and decay of 230 
gives 2'ТЬ and "Th. Because of the low con- 
centration of 230 (0.711%) in natural uranium 
and the short half-lives of the last two thorium 
isotopes, these are of little quantitative signifi- 
cance. 

The thorium decay chain from ?*?Th to 
208Pb is shown in Figure 42.1 [8]. 

The concentration ratio of ??Th to ?*Th at 
equilibrium corresponds to the ratio of their 
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half-lives. In ??Th irradiated in a reactor, an 
even higher proportion of “*Th and of ће fol- 
low-on daughter nuclides from 2320 decay 
chain is present, which is indicated, e.g., by 
the intensified .2.6-MeV y-radiation from 
78T], 


Neutron absorption leads to the formation 
of ??Th from “Th. By two subsequent В de- 
cays 2330 is formed which decays to form the 
long-lived ??Th (half-life 7340 a). The other 
thorium isotopes with mass numbers 212-225 
are very short-lived a-emitters formed by de- 
cay of the corresponding uranium isotopes, 
and the isotopes *°Th and “*Th are short- 
lived B-emitters; all are produced by artificial 
transmutation and are of no industrial impor- 
tance. 


Like all other actinides, “Th also under- 
goes spontaneous fission with neutron emis- 
sion, although, being the first member of the 
series, it has the longest half-life (1.е., > 10?! 
8). The xenon isotopes expected as fission 
products can be found in old thorium ores, 
which also contain 1-10 cm? of helium per 
gram from a-decay. The helium can be boiled 
out with water. 


Where tetravalent uranium is present in pri- 
mary ores, it 1s usually associated with tho- 
rium, whose principal valence is also 4. 
Therefore, the thorium isotopes present come 
from all three decay chains (2320, 23807, Э?ТЬ). 
The isotope ??Th (ionium), a decay product of 
34), is important because of its relatively long 
half-life (75 400 a) and, at equilibrium, is 
present at a level of 1.76 x 107% of the pro- 
portion of uranium in the thorium. 


The activity of freshly separated Zb 
passes through two activity maxima due to the 


` formation of decay products. The first of 


these, which gives approximately a threefold 
increase in activity, is due to the six short- 
lived decay products of ??Th (half-life 1.9 а) 
and occurs after ca. 5 weeks. The second in- 
crease begins after ca. 4 a when ??Th is 
formed from 7*Ra (half-life 5.75 a), and the 
original radiation level increases almost five- 
fold after 40 a (Figure 42.2). 
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Figure 42.1: Thorium decay chain. 


Pure thorium is a silvery-white, ductile 
metal, with low strength properties and chemi- 
cal resistance [9]. It becomes gray on exposure 
to air. Finely divided thorium is pyrophoric. 
These disadvantages can be mitigated slightly 
by adding alloying elements. Solid thorium 
has the highest atomic density of all thorium 
compounds, which favors its use in nuclear re- 
actors. 

The physical properties and thermody- 
namic data of thorium are listed below. Tho- 





rium exists in two solid phases, the a-phase 
(lattice constant 0.5068 nm) is stable at room 
temperature and is transformed to the B-phase 
(lattice constant 0.411 nm) at 1360 + 10 °C 
(heat of transformation 3600 + 125 J/mol). 
The phase transformation B—-phase-liquid oc- 
curs at 1750 °C. Thorium has a bp of 4702 °C. 
‘The molar heat capacities are as follows: 
о-рһаѕе а: 25.5 J/mol 


bx 10°: 4.48 J/mol 
cx 105:-0.51 J/mol 
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Figure 42.2: Change in reactivity with time of natural 
DÉI plus ?*Th after separation from their daugthers at 
time zero. 
where a denotes the linear, b the quadratic, 
and c the cubic term in the equation for the 
heat of transformation (О = at + bt? + c?) 


B-phase а: 15.70 J/mol 
b: 11.97 J/mol 


liquid 46.06 J/mol 
The vapor pressure p (atm) is given by 


b 
logp = a- T | 
where T is the temperature in kelvin, and a and 
b are 27.84 and 129.67 J/mol for the a-phase 
and 25.10 and 124.02 J/mol for the liquid. 

Thorium crystals have a density of 11.72 
g/cm? at 25 °C; the apparent density of the cast 
metal is only 11.5-11.6 g/cm?. 

Mechanical, thermal, and electrical proper- 
ties of thorium metal are very sensitive to the 
level of impurities, especially the carbon con- 
tent. The level of impurities typically varies 
according to the method of production. The 
purest and hence most ductile metal, prepared 
from the iodide by the van Arkel process (see 
Section 42.6), is used only in exceptional 
cases. 

The effect of the tborium production pro- 
cess on strength properties is shown in Table 
42.1. 

The dependence of Brinell hardness 
(N/mm?) on the metal treatment process is 
given below: 


Annealing or sintering 400-600 
Moderate deformation (50-80%) 600-800 
Strong deformation (10 х elongation) 1100-1500 
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Table 42.1: Effect of production process on strength prop- 
erties. 
Ultimate Tensile + 


Production process tensile strength Elongation, 





strength, (0.2% off- % 
MPa set), MPa 
From iodide 125 42 40 
By Ca reduction 175 105 60 
Compressed and 
sintered thorium 245 175 35 
0.22%, DI 
9.00 
6.75 
en 
а 450 
E 
a 
= 2.25 
E 
e 0 
Е 
= | -200 -100 0> 100 200 


Temperature, °C -—— 


Figure 42.3: Effect of carbon content of thorium on im- 
pact energy [10]. 

Table 42.2: Linear thermal coefficient of expansion (a) of 
thorium. 





e P 5i ах 10, K" 

е ге гапре, : 

SES ore Westinghouse Th Ames Th 
298-473 ? 11.2 10.8 
473-948 12.3 11.8 
948-1273 13.8 13.4 
298-1273* 12.6 12.4 


*Mean value. 


Figure 42.3 shows the temperature depen- 
dence of the mechanical impact strength as a 
function of carbon content. The linear coeffi- 
cient of expansion of Westinghouse and Ames 
thorium is listed in Table 42.2. As in the case 
of carbon-containing steels, marked cold em- 
brittlement occurs with carbon-containing 
thorium over a certain range of carbon con- 
tent, whereas with pure thorium, embrittle- 
ment increases continuously with decreasing 
temperature. 

The variation of thermal conductivity 
OW em K) with temperature given below 


[11] 

100°C 0.377 
200 °C 0.389 
300 °C 0.402 
400 °C 0.419 
500 °С 0.427 
600 °C 0.444 
650 °С 0.452 


Thorium 


This property is affected only slightly by 
the content of impurities, whereas the electri- 
cal conductivity is much reduced by impuri- 
ties. At room temperature, pure thonum has an 
electrical resistance of 14 + 1 x 10% Q/cm. 
With 0.03% C, the figure is 18 x 10° Q/cm, 
and with 0.2% C, 37 x 10° Q/em—the tem- 
perature coefficient of resistivity being (3.6— 
4) x 102 КТ. 

Thorium metal is superconducting below 
1.368 K. 

Thorium has a very low work function of 
thermal electrons [9] (Figure 42.4). The emis- 
sion of electrons from "thoriated" tungsten 
wires is up to four orders of magnitude higher 
than that from pure tungsten in the lower tem- 
perature region. (For further details, see Sec- 
tion 42.9.2.) 
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Figure 42.4: Effect on temperature on state of activation: 
a) Thoriated tungsten (monoatomic layer); b) Thorium; c) 
Pure tungsten. 

This low work function is in fact more 
likely to be a property of the oxidized surface 
of thorum, possibly formed by a suboxide 
such as “ThO”, rather than of the pure metal. 
This is suggested by the fact that in Th?* the 
electronic transition from 5fto 6d is facilitated 
by the extremely small difference in bonding 
energies (i.e., only 570 cm”), which is better 
than an order of magnitude less than the 5/-6d 
transition in neighboring elements and is a re- 
sult of the interaction of a valence electron 
with the empty 5/ shell, which can occur only 
with thorium (Figure 42.5) (1, p. 144]. 
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Figure 42.5: Relative binding energies in the radium iso- 
electronic sequence. 

The standard electrode potential of tho- 
rium is 
Tho ТЬ" £,=-1.90V 

It is therefore somewhat more negative 
than zirconium or aluminum. The overvoltage 
of H, on thorium is 0.38 + 0.01 V. Thorium 
cannot be deposited electrolytically from 
aqueous solutions, and its deposition at a mer- 
cury electrode is also doubtful. Oxide-aquates 
are formed instead. The production of thorium 
metal by fused salt electrolysis is described in 
Section 42.6. 


42.2.2 Chemical Properties 


Thorium is nearly always tetravalent but, 
exceptionally, can have a valence of two (tho- 
rium hydride) or three. 

In moist air, thorium metal oxidizes slowly 
at its surface even at room temperature. Oxi- 
dation proceeds in two stages. First, a surface 
layer of the dark gray hydride is formed by re- 
action with atmospheric moisture, the hydride 
is then oxidized, with formation of a strongly 
bonded oxide layer. Above 130 °C the rate of 
oxidation increases together with ablation of 
the oxide film, and at 450 °C, rapid oxidation 
begins with the evolution of heat. Thorium 
burns like magnesium, with an intense 
flame—pulverized thorium ignites spontane- 
ously. Above 670 °C, thorium reacts with ni- 
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trogen to form Th;N, Thorium reacts with 
hydrogen at 300-400 °C, with the evolution of 
heat, to form Th,H,,, which itself decomposes 
above 1100?C, probably forming ThH,, a 
gray-black powder that ignites spontaneously 
and is isomorphous with ZrH,. Thorium can 
therefore be melted only in an inert-gas atmo- 
sphere or in a vacuum. 

Thorium reacts violently with the halogens 

and with sulfur on heating to 450 °C, produc- 
ing a flame, and it reacts with fluorine even in 
the cold. The oxidation state of thorium is 4 in 
all the compounds formed. Thorium is hardly 
attacked at all by water, even when hot, but re- 
acts at 800—900 °C with water vapor to form 
ThO,. 
On heating with phosphorus, finely divided 
boron, or carbon, tetravalent compounds are 
formed immediately, as in the reaction with ni- 
trogen. Alloys are formed with all actinides 
and lanthanides, iron- and platinum-group 
metals, alkali metals (except Li), Mo, W, Ta, 
Zn, Zr, Hf, Be, Al, and Si. 

Thorium is stable toward dissolved or mol- 
ten alkali and is attacked only slowly by dilute 
mineral acids. It is passivated in HNO,, but the 
effect disappears in the presence of small con- 
centrations of HF or H,SiF, (0.05 mol/L), and 
thorium is then dissolved rapidly. Thorium 
dissolves in aqua regia and concentrated НСІ. 
Thorium salts generally contain tetravalent 
thorium. They have only a slight tendency to 
hydrolyze. A pH of 3.7 is required to remove 
the first hydrogen ion from the water molecule 
according to 


ТЫ + H,O — Th(OH)* + H* 


The thorium ion forms anionic complexes 
with a large number of ions in acidic or neutral 
solution (e.g, СО2, C,07, SOZ, HSO;, 
PO, citrate, and tartrate). Thorium forms 
positively charged complexes with F` if the 
molar ratio of E" to Th” is < 2. Complexes are 
also formed with an excess of thiocy anide and 
nitrate. Thorium has a strong tendency to form 
double salts such as K.,ThF,-4H,0, 
NaTh,(PO,),, ` MnTh(SO,),°7H,O, ава 
ThSO,HPO,-4H,0; it also forms basic salts 
such as ThOCO,-2H40O. The strong adsorptive 
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forces of the Th“ ion, which are exemplified 
by the formation of stable colloidal solutions 
in salt solutions with full gel-sol reversibility, 
especially in the system Th“*-NO,-OH,, is 
used in industrial production of ThO,-particles 
of high density. 

Some of the salts have very low solubility 
in acids (e.g., the iodates, peroxides, oxalates, 
fluorides, phosphates, complex sulfophos- 
phates, ferrocyanides, and the double salt po- 
tassium thorium sulfate); these are used 
industrially to separate thorium. For more re- 
cent separation processes, the fact that tho- 
rium nitrate forms complexes with tributyl 
phosphate (TBP) and other organophosphates 
that are soluble in organic solvents is of great 
importance. These are useful for separating 
thorium from the rare earths (RE). 

Although the readiness of the valence elec- 
trons to occupy the empty inner 5/shell is too 
small for any oxidation states other than 4 to 
be stable, it is deemed to be sufficient for co- 
valent bonding. This gives thorium also a re- 
markable catalytic activity. 


42.3 Occurrence and Raw 
Materials 


Primary thorium deposits occur in acidic 
granitic magmas and pegmatites. They are lo- 
cally concentrated, but of a small size. Sec- 
ondary deposits are found in placer deposits at 
the mouths of rivers in granitic mountain re- 
gions (e.g., in India, Indonesia, and Brazil). In 
these deposits, thorium is enriched along with 
other heavy minerals. 

Thonum, together with the related rare 
earths, is believed to have remained in the sili- 
cate layers during the phase separation of the 
earth because of their affinity for oxygen. 
Wherever these elements have not become 
bonded in the apatites formed in the initial 
crystallization, thorium became concentrated 
in the acidic residual magmas, especially in 
the nepheline syenite pegmatites, where it can 
be found at concentrations of ca. 80 mg/kg 
(Hungary) compared with the average level in 
granites (5—15 mg/kg Th). If these minerals 


Thorium 


have been formed at high temperature, ura- 
nium is also present because of the isomor- 
phism of UO, and ThO,, although at lower 
temperature in the presence of oxygen and wa- 
ter, uranium can migrate away as a hexavalent 


lon. 


Since thorium minerals are attacked only 
slightly by reactive components of the atmo- 
sphere (e.g., oxygen, nitrogen) and by aqueous 
solutions, they have been deposited in a sedi- 
mentary sequence (monazite has a density of 
4.3—5.6) along with other heavy minerals such 
as magnetite, rutile, cassiterite, garnet, il- 
menite, and zircon in placer deposits, which 
sometimes also contain gold. If any thorium 
was present in the rivers in solution, it was 
precipitated together with dissolved iron as 
carbonate and fluoride on entering the sea. 


Because of its low water solubility, thorium 
is scarcely present in water, soil, plants, or ani- 
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mals, even if the sand under a biotope contains 
thorium. 


More than 100 different ores contain tho- 
rium minerals. The most important are listed 
in Table 42.3. No deposits exist that are worth 
extracting for thorium alone, so it is almost al- 
ways extracted as a coupled product with the 
rare earths, which themselves can be a side 
product of the production of other heavy min- 
erals when they are in the form of monazite 
from a gravity concentration process. 


The most widely occurring and important 
mineral is monazite, a phosphate of rare earths 
and thorium, in which the content of individ- 
ual metals varies with the origin of the mineral 
(Section 44.3). Typical compositions of mona- 
zite concentrates from five important deposits 
are given in Table 42.4 [12]. 


Table 42.3: Thorium minerals containing > 396 Th (mean value). 


Name Formula 
Oxides 
Thorianite ThO, 
Uranothorianite (U, Th)O, 
Phosphates/silicates, carbonates 


Th content, 96 Principal deposits 


45.3-87.9 Sri Lanka 
15-48 Canada, Madagascar 


Thorite ThSiO, 25.2-62.7 ` Langesundfjord (Norway) 
Orangite ThSiO, Madagascar, Idaho 

Huttonite ThSiO, New Zealand 

Uranothorite (U, Th)SiO, 20-42 Mid-Norway, Blind River (Canada) 
Cheralite (Ce, La, Pr, Nd, Th, Ca, UXPO,, SiO) 25.927.7 Travancore (India) 

Monazite (Ca, La, Y, Th)PO, 3-26 India, Brazil, and most other deposits 
Thorogummite Th(SiO,), (OH), 18.2-50.8 Brazil, Jisaka (Japan) 

Tscheffkinite silicates of RE, Fe. Mn, Mg, Ca, Al, Ti, Th, U < 18.4 Madagascar 

Pilbarite PbO-UO,-ThO;-2SiO, -4H,O S274 Western Australia 

Allanite (Ca, Ce, Th),(Al, Fe, Mn, Mg),(SiO,),OH $3.2 Montana, Sri Lanka 
Niobates/tantalates ` 

Pyrochlore (Na,, Са,, U, Th)(Nb, Ta),O,, <10 Colorado 

Euxenite (Y, Ca, Ce, О, Th)(Nb, Ta, Ti),0, < 4.5 Western Australia, Nigeria 


Table 42.4: Composition of monazite concentrates (in 96). 


Constituent India Brazil Florida beach sand? South Africa Monazite Rock Malagasy Republic 

ThO, 8.88 6.5 3.1 5.9 8.75 

UO 0.35 0.17 0.47 0.12 0.41 
(RELO, 59.37 59.2 40.7 46.41 46.2 

Се.О; (28.46) (26.8) (24.9) . (23.2) 

P.O, 27.03 26.0 19.3 27.0 20.0 

Fe. 0.32 0.51 4.47 4.5 

TiO, 0.36 1.75 0.42 2.2 

SiO, 1.00 2.2 8.3 3.3 6.7 


_- oo SS Ў 


„Florida beach sand contains about 70% monazite. 
Rare earth oxides, including Се,О,. 
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The currently known and extracted deposits 
amounting to ca. 1.3 x 106 t are in India and 
Malaysia (3096); Egypt (2096); Canada and 
the United States (1596); and Brazil, Russia, 
and Australia (596); the remainder is in Indo- 
nesia, Nigeria, Nyasaland, and South Africa. 
These deposits can meet the demand for the 
foreseeable future, so new deposits are not be- 
ing sought. 

The largest mining areas are in India in the 
province of Travancore, where the coastal 
sands over a distance of > 70 km contain mon- 
azite in the form of honey-yellow grains up to 
several millimeters in size. 

The sands are usually subjected first to sim- 
ple gravity concentration, which yields a con- 
centrate containing 65-80% ilmenite 
(FeTiO,), 3-6% rutile (TiO,), zircon (ZrSiO,), 
1-5% sillimanite (Al;SiO;), and gamet [(Fe, 
Са, MgAALSIO,], as well as some cassiterite 
(SnO,) and a small amount of gold, together 
with 0.5—196 monazite. 


42.4 Production [13] 


The principal production stages are the 
concentration of thorium minerals, extraction 
of thorium from them, purification, and con- 
version to the metal or desired compounds, 
usually ThO,. Whereas up to 0.2% impurities, 
including rare earths, have no detrimental ef- 
fects on conventional applications, nuclear 
technology demands a much lower level of 
impurities (by one or more orders of magni- 
tude), especially of neutron-absorbing ele- 
ments such as rare earths and boron, for which 
additional purification processes have been 
developed. | 


42.4.1 Concentration 


42.4.1.1 Ore Preparation 


The methods used for ore concentration are 
different for primary and secondary deposits. 
The process used by Molybdenum Corp. in the 
United States is described here as a typical ex- 
ample of beneficiation of a primary deposit. 
The pegmatites, which are usually obtained by 
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mining, are first coarsely and then finely 
ground. The ores are then subjected to a flota- 
tion process at 60 °C. This gives a 63% con- 
centrate of rare earths and thonum. The 
alkaline-earth carbonates are dissolved out of 
this with HCl, further concentrating the ore to 
73%. Thickening, filtration, and calcination 
yield a concentrate containing almost 90% Th 
and RE suitable for further processing. 

For ore preparation from Indian coastal 
sands (secondary deposit), the sand is sub- 
jected to gravity separation on dredges just off 
the coast; i.e., the sand that is collected from 
the seabed is wet sorted in batteries of separa- 
tors. Alternatively, after removal of the coarse 
fraction, the sand is sorted in a dry state on the 
coast. The second step 1s magnetic sorting us- 
ing a series of magnets of increasing strength. 
Magnetite and ilmenite are first removed by 
the weakest magnets; garnet is removed by 
magnets of the next higher strength; and 
coarse and fine monazite is successively re- 
moved in the next two stages, the paramagnet- 
ism of monazite being due to its rare-earth 
content. The monazite concentrate obtained 
has a purity of up to 9896. Nonmagnetic resi- 
dues are then usually treated by flotation to re- 
cover rutile, zircon, and gold, which are 
valuable by-products. 


42.4.1.2 Ore Digestion and 
Thorium Recovery 


Monazite is fairly inert chemically. The in- 
dustrial chemical ore digestion process, 
which was started 1n the last century, was first 
based on the simplest possible methods (1.е., 
treatment with hot, concentrated suifuric acid 
in cast iron vessels, followed by selective pre- 
cipitation by dilution with water). Because of 
the low rate of solution and the simultaneous 
presence of rare earths, thorium, and the com- 
plexing ions phosphate and sulfate in the solu- 
tion, only slight variation in operation was 
possible, and success depended on following 
the formulations precisely and also on the 
composition and grain size of the monazite. A 
number of other processes were therefore de- 
veloped to avoid these problems. For eco- 


Thorium 


nomic reasons, the only successful alternative 
method was to use alkaline digestion with hot 
sodium hydroxide solution. Although the pro- 
cess itself is a little more expensive than acid 
digestion, it removes phosphate and is there- 
fore more suitable as a first stage before ex- 
tractive separation to produce high-purity 
thorium. After some process development, it 
has been used mainly in the United States, In- 
dia, and Brazil, where one of the target prod- 
ucts is (or was) thorium of nuclear purity [14]. 


Acid Digestion 


Digestion with sulfuric acid is usually car- 
ried out in two stages with 9396 acid at 210— 
230 °C (see Figure 42.6). In the first stage, in 
which an acid excess of ca. 6096 is used, the 
reaction mixture thickens as reaction products 
are formed—first to a slurry and then to a solid 
gray mass. Then, fuming sulfuric acid is 
added, and treatment is continued for addi- 
tional 5 h at the same temperature. The acid 
concentration chosen is the result of a compro- 
mise between the reaction rate (which in- 
créases with concentration) and the viscosity 
(which also increases with concentration, 
thereby retarding the reaction). The complete- 
ness of the reaction depends on the grain size 
of the monazite sand, sand:acid ratio, temper- 
ature, and reaction time. Unfortunately, in- 
creasing the reaction temperature to 300°C 
brings a risk of formation of insoluble thorium 
pyrophosphate and must therefore be avoided. 
Since the dissolution reaction is strongly exo- 
thermic, an upper limit exists to the rate of ad- 
dition of monazite to the acid. In contrast, 
below 200°C the reaction proceeds too 
slowly. If stoichiometric amounts of sand and 
acid could be used, the required amount of acid 
added would be only 60% of the sand mass. 
However, to keep the salts formed in solution 
and prevent blockage of the reactive surface of 
sand by the formation of precipitates, the mass 
of acid used must be twice the mass of sand 
(see Figure 42.7). To reduce acid consumption, 
reaction times of > 5 h are used to minimize 
the volume of solution after dilution. After the 
pasty mixture is cooled to 70 ?C, it is diluted 
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with ten times its volume of cold water. The 
salts of rare earths and thorium remain in solu- 
tion, while undissolved monazite rapidly set- 
tles out because of its high density. This can be 
recycled, and the finer and lower-density 
gangue materials are filtered off. 
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Th precipitation 
pH 1.05 
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concentrate 


Rare earths 
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Figure 42.6: Digestion with sulfuric acid and thorium 
concentration. | 
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Figure 42.7: Effect of mass ratio of H,SO,:monazite sand 
at 300 *C and 30-min digestion on completeness of reac- 
tion: a) Completeness of reaction of thorium fraction; b) 
Completeness of reaction of sand (overall); c) Complete- 
ness of reaction of uranium fraction. 


1658 


Handbook of Extractive Metallurgy 


Monazite 
concentrate E 


Water, 
10kg per 


kg monazite 





Monazite liquor А“ 

ThO, RE;0, Р,0; 
6 60 269/1 

15mol/L Н,50, 





Mixed 
sulfates 

























33% 
Hen, 





Monazite liquor B? 
ThO;RE;0, P 

22 120 95g/L 
6mol/L H,S0, 














xt 
Add aq. NH; P “Sc! with amine 
pH= 1.02 Ф Са o. ZA n kerosen H 
Ki + СД e 
KENE E s 
phosphate Amine- Мы = 
precipitate? deri ES x 
= |5 
complex S| 
«| 
a lS SIE 
L = Ei 
hal? 
= 
Ki Thorium Thorium Thorium Sodium Sodium Thorium 
= oxalate oxalate rare earth thorium thorium sulfate 
È precipitate precipitate oxalate rare earth carbonate crystals 
ч precipitate sulfate solution 
E 
ka ч Ww ч 
Ki 5 з 5 a © a| 5 
о | a "2| о = m ul 
<| z <| z a| z <| z 
1. Thorium 2. Thorium 3. Thorium 4. Thorium 5. Thorium 6. Thorium 
hydroxide hydroxide hydroxide rare earth rare earth hydroxide 
R=1:0.8:0.005 R=1:0.8:0.2 Rz115:0.3 hyroxides hydroxides R21:0.02:0.005 
Ү=95% Y295% Y285% ` R=1,9:0.1 R=1.9:0.2 Ү=95% Ү=95% 
Ү=95% Ү=95% 








Figure 42.8: Principal processes for extracting thorium from monazite acid leach solution. R = Mass ratio ThO,: 
RE,O,:P,0,; У = Approximate overall ThO, yield in concentrate. ^ Filtered. è Washed. < 10% excess. 


The subsequent separation of thorium and 
rare earths is based on the fact that thorium is 
almost completely precipitated as phosphate 
at pH values of ca. 1.3, while the main quan- 
tity of rare earths is precipitated later at a pH 
of ca. 2. Neutralizing agents such as sodium 
carbonate and ammonia must be added slowly 
and distributed homogeneously so that the pH 
limit is never exceeded, thus preventing local 
precipitation of rare earths, which do not re- 
dissolve. Furthermore, the slow rate of precip- 


itation and the occlusive properties of the 
finely divided thorium precipitate must be 
kept in mind. The most uniform results would 
be obtained by diluting with pure water, but 
this is ruled out for practical reasons (1.е., ex- 
cessive volume increase). 


If the solution contains much uranium, si- 


multaneous precipitation of thorium and rare. 


earths by oxalic acid can be used—a selective, 
but expensive method of separation. Attempts 
have also been made to precipitate the rare 


Thorium 


earths first as double sulfates by adding so- 
dium sulfate; to selectively precipitate tho- 
rium along with uranium from the solution as 
peroxides; or to precipitate rare earths from 
the concentrated solution by phosphoric acid 
and then evaporate the solvent to achieve pre- 
cipitation of thorium as a double salt (sulfate— 
phosphate) [15]. 


. 4 
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An overview of the principal proven pro- 
cess variations is given in Figure 42.8. None 
of the processes is sufficiently selective to be 
used without subsequent removal of the rare 
earths from thorium and vice versa. Also, 
sometimes one or more rare earths are the 
most marketable products and sometimes tho- 
rium is, the purity requirements being differ- 
ent in each case. 
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Figure 42.9: Iowa process for separating thorium, rare earths, and uranium from monazite sulfate. 
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Monazite sand: 1kg Table 42.5: Distribution coefficients for uranium, thorium, and cerium between organic amines and aqueous sulfate solu- 
(Ce, La)PO,, ThO,, Sid, NaOH | tion. 
h i P 





Distribution coefficient? 


l : | i Amine type Examples of amines 
| UVD ` Tu. Се) 
TL Ue Lau OC rn E EE WE a Antica ASS CESARIS COM AN AAN 7 OAC AA 
----------- 7 8 Branched primary primary JM’ and 1-(3-ethylpentyl)-4- 5-30 > 20 000 10-20 
| | ethyloctylamine 
1 ! . Secondary with alkyl branching distant di(tridecyl)amine* . 80 500 «0.1 
1 | from the nitrogen 
| | Secondary with alkyl branching on the amberlite LA-1? and bis(1-isobutyl- 80—120 5-15 < 0.05 
REAL Ad eae ыар а н ae АЕ ЕЗ first C 3,5-dimethylhexyl)amine . 
Sep ep E Umum OP 1 -= Tertiary with no branching or branch- alamine 336° and triisooctylamine®? 140 < 0,03 <,0,01 
i ing no closer than the third C 


| I 
Settler and filter и repre 


I |. Filtrate waste HD 
ы _ 


| comet 


(Ce,LaJ(OH), 









Th(OH), praduct 


Figure 42.10: Caustic soda process for recovery of thorium from monazite. 


In the early 1950s, interest in thorium of 
nuclear purity suddenly increased in the 
United States. This led to the development of 
the Iowa process in the Ames Laboratories of 
the USAEC [16] in which H,SO,, digestion 
was linked with purification by solvent extrac- 
tion of the Th and RE nitrates with TBP. After 
acid digestion, phosphate and sulfate were re- 
moved by oxalate precipitation; the oxalates 
were digested with alkali to form hydroxide 
precipitates, which were subsequently dis- 
solved in HNO,. The process was functionally 
reliable, but expensive, and produced a num- 
ber of waste streams (variation 4 in Figure 
42.8, with details in Figure 42.9). 


Alkaline Digestion 


As with acid digestion, treatment with so- 
dium hydroxide solution (Figure 42.10) is lim- 


ited by a number of factors. If the temperature 
is too high, a difficultly soluble thorium oxide 
is formed and too much uranium appears in 
the filtrate. If alkali concentrations are too 
low, the dissolution process takes too long. 
The optimum values appear to be 30-45% so- 
dium hydroxide solution at ca. 140 °С and a 
reaction time of 3 h. However, these compara- 
tively mild reaction conditions require finely 
ground monazite sand (particle size « 45 pum) 
to ensure adequate reaction. After filtration 
the filter cake contains rare earths and thorium 
as hydroxides and uranium as sodium diuran- 
ate; all of the phosphate is present in solution 
in the filtrate as trisodium phosphate. On cool- 
ing this below 60 °C, Na4PO,: 10H;O crystal- 
lizes. The uranium content of trisodium 
phosphate increases with the amount of dis- 


.solved SiO,, and it must be recrystallized be- 


fore it becomes a saleable by-product. ` 


*0.1 mol/L SOF; pH = 1; = 1 р metal per liter; 0.1 mol/L amine in kerosene; 1:1 phase ratio. 


* Trialky methylamine, homologous mixture, 18-24 carbons. 
* Mixed C, alkyls from tetrapropylene by oxo process. 


4Dodecenyltrialkylmethylamine, homologous mixture, 24-27 carbons. 


© Trialkylamine with mixed n-octyl and n-decyl radicals. 
fKerosene diluent modified with 3 vol% tridecanol. 
* Mixed С, alkyls from oxo process. 

The hydroxides are dissolved in 3796 HCl 
at 80?C. After filtering off the undissolved 
material, 4796 NaOH is added, and thorium 
along with uranium almost completely precip- 
itates at pH 5.8. However, the alkaline filter 
cake must not be completely dried; otherwise, 
some Ce" is formed by contact with air, and 
this liberates chlorine from’ HCl. The rare 
earths are precipitated by further increasing 
the pH. Neutralization can be carried out with 
NaOH residues from the filtrate from alkaline 
digestion, provided concentrations of phos- 
phate are low enough as not to precipitate in- 
soluble RE phosphates. 

If thorium and uranium are to be separated 
from rare earths by solvent extraction, the fil- 
ter cake from alkaline digestion is preferably 
dissolved immediately in HNO 3. However, 
complete dissolution of thorium cannot al- 
ways be guaranteed, especially in the presence 
of titanium hydroxides, which bind large 
amounts of thonum. The good solubility of 
ThO, at 10 bar and 230 °C in HNO, was only 
discovered in 1986 [17], and has hitherto not 
yet been utilized on an industrial scale. 


42.4.2 Fine Purification by Solvent 
Extraction 


In recent decades, purification of chemi- 
cally similar substances by techniques involv- 
ing repeated transitions between solid and 
liquid phases has been replaced by technologi- 


cally simpler liquid—liquid extractions. At the 
same time, purity requirements for thorium 
and its compounds have become more strict. 
Especially in nuclear technology, concentra- 
tions of elements with a high parasitic neutron 
capture cross section must be low. (For exam- 
ple, the maximum permitted concentrations 
equivalent to 4 mg/kg boron are only 8 mg/kg 
Sm, 2 mg/kg Er, or 1 mg/kg Gd.) Thus, the 
process of multiple solution and precipitation 
or recrystallization to separate rare earths from 
each other or from thorium and uranium has 
been replaced by multistage countercurrent 
solvent extraction methods. However, to give 
suitable distribution coefficients between the 
aqueous and organic systems, the chemical 
bonding of the ions that take part in the ex- 
change must not be too different in the two 
systems. Thus, stable complexes of thorium 
and uranium that are soluble only in water, es- 
pecially those with sulfate and phosphate ions, 
are unsuitable. 


Hence, attempts to extract thorium and ura- 
nium directly from monazite sulfate solutions 
with TBP in organic solution were unsuccess- 
ful Only the use of extraction media with 
strongly cationic character enabled successful 
extraction from these solutions to be carried 
out. Whereas the anionic character of UO?" is 
strong enough for it to bond to quaternary ni- 
trogen (in amines dissolved in organic sol- 
vents), the: situation is less favorable in the 
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case of Th**. Some distribution coefficients 
are given in Table 42.5, which also shows the 
clear difference between thorium and ura- 
nium. This difference favors branched pri- 
mary amines. 


Amex Process. The use of a combination of 
different amines in three consecutive cycles 
(see Figure 42.11) is the basis of the prototype 
scale Amex process [18], which enables pure 
products (U, Th, RE) to be obtained directly 
from diluted solutions of monazite in sulfuric 
acid. However, in the absence of any large de- 
mand, this flow scheme has not yet been tested 
on a full scale. 


Solvent Extraction with TBP. In the absence 
of phosphate ions (e.g., in the case of oxidic 
and carbonate-containing thorium ores) or if 
phosphate ions have been previously removed 
in the alkaline treatment method, the U, Th, 
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and RE nitrato complexes can be separated 
and purified by extraction with TBP in an or- 
ganic solvent, preferably in kerosene. The 
overall process is simple and easily controlled. 
The effect of the molarity of nitric acid on the 
distribution coefficients of rare earths, ura- 
nium, and thorium is shown in Figure 42.12. 
With a mean acid concentration of 3 mol/L, 
the distribution coefficient’ (organic/aqueous) 
for rare earths is 0.02, for thorium 1, and for 
uranium 20, so that a multistage separation is 
possible [19]. Trivalent metallic ions such as 
Fe* can mask residues of phosphate. A suit- 
able flow scheme is shown in Figure 42.13. 
Solvent extraction, which is optional in the pu- 
rification of natural thorium compounds, is the 
only feasible method of separating thorium, 
23317, and fission products after irradiation in a 
reactor. 
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Figure 42.11: Separation of thorium, uranium, and rare earths from monazite by solvent extraction in Amex process. A) 
"Thorium separation: B) Uranium separation; C) Rare earth separation. 
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Canadian Blind River district), thorium is ex- 
tracted with di(2-ethylhexyl)phosphoric acid. 


42.5 Compounds 


42.5.1 Oxides [20] 


Two compounds, ThO and ThO,, exist in 
the oxygen-thorium system. The black com- 
pound ThO, which crystallizes with the so- 
dium chloride lattice, is known only from 
coatings on the metal. It is probably an inter- 
stitial compound with an electron deficit struc- 
ture. When ThO, is heated in an electric arc, 
ThO band structures appear in the spectrum. 

The compound ThO, is the stable, well- 
known oxide, being formed if either a salt that 
contains a volatile anion or the oxidaquate is 
strongly heated. It is obtained as a very fine 
powder by precipitating and then strongly 
heating thorium oxalate, according to 
Th(NO,), + 2H,C,0,°2H,O > 

Th(C,0,,2H,O + 4HNO, +2H,O (at 60°C) 


and 


Th(C,O,),-2H,O +0, —> 
ThO, + 4CO, + 2H,O (at 650 °С) 
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Figure 42.13: Thorium purification by solvent extraction with TBP — Aqueous phase; --- 40 vol% TBP in kerosene. 
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At pH 1 and with careful temperature con- 
trol, the reaction with oxalic acid leads to a 
crystalhne precipitate with good filtering 


properties. Precipitation can be carried out ѕе-: 


lectively also in the presence of trivalent met- 
als, uranium, and titanium. Several other 1,2- 
dicarboxylic acids have been tested as alterna- 
tives, but only tetrachlorophthalic acid gave 
significantly improved selectivity against the 
rare earths [21]. 

The structure, decomposition temperature 
used, and calcination temperature can affect 
the rate of reaction of ThO, in other reactions. 
For example, ThO, freshly prepared by low- 
temperature thermal decomposition of tho- 
rium oxalate (meta-ThO;) is catalytically ac- 
tive and fairly soluble in acids, whereas 
thorium oxide calcined at high temperature is 
very slowly attacked by acids. It can be dis- 
solved only in hot, concentrated H,SO, or in 
concentrated HNO; in the presence of Е ions. 
Physical properties of ThO, are listed below 


[22]: 

Color white 

Crystal system face-centered cubic 
Density (X ray, 25 °C) 10.00 g/cm? 


9 x 10? at 1000 °C 
20 x 10? at 2000 °C 


0.10 Wem K^! 


Linear expansion from 25 °C 


Thermal conductivity (100 °C) 


(600 °C) 0.04 
Melting point 3370 + 30 °C 
Entropy (25 °C) 65.3 JK! mor! 
Heat of formation from elements 

(25 °C) —1227.6 kJ/mol 


Free energy of formation from 
elements (25 °C) —1170.0 kJ/mol ` 


The vapor pressure (atm) between 2180 
and 2865 K can be calculated according to: 


logp = 8.00 ~ 3517/T 


(ThO, dissociates partially into ThO and О; at 
low oxygen pressure the vapor pressure is 
somewhat higher) The temperature depen- 
dence of the molar heat capacity (J/mol) be- 
tween 298 and 3000 K is 


C,769.3 + 9.71 x 10°T —9.19 x 10-57? 


Two crystal forms are known, i.e., a tetra- 
gonal modification similar to rutile that crys- 
tallizes from borate melts and a cubic form 
that crystallizes from phosphate melts. The 
lattice constants and densities are very similar 
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to those of the metal since the oxygen occu- 
pies interstitial locations. However, these den- 
sities are not reached by sintered oxides 
(maximum values: ca. 10.2 g/cm?). Thorium 
dioxide melts at 3370 °С and thus has the 
highest melting point of all ceramic materials. 
The tendency of meta- ThO, to form colloidal 
solutions (thorium oxidaquate) in the presence 
of nitrate ions is important, because these can 
be dried to form stable gels that can be sin- 
tered to give high-density ceramic bodies. An- 


other important property of ThO, is the - 


emission of long-wave red light on heating (a 
historical test of purity), and the shifting of the 
emitted wavelength further into the visible re- 
gion by the addition of rare earths, especially 
cerium, which is an essential feature of gas 
mantle technology (see Section 42.9.2 for fur- 
ther details). 


Coatings of ThO, on tungsten are used to 
promote the emission of electrons from incan- 
descent cathodes. These coatings must be thin 
and uniform; they are produced by a simple 
process of dipping the cathodes into suspen- 
sions of thorium oxidaquate and various finely 
dispersed thorium oxide slurries or by electro- 
phoretic deposition of the oxide from alco- 
holic suspensions. They must be “formed” by 
heating the cathodes to 2900—3000 °C. 


Thorium oxide forms mixed crystals with a 
number of oxides of the actinides (e.g., U, Np, 
and Pu), with no miscibility gap. No phase 
transformation occurs up to the melting point. 


When ThO, is used to form ceramics, for 
dimensional accuracy of the preformed bodies 
(crucibles, nuclear fuel pellets) the powders 
used must shrink by a small but definite 
amount during sintering/densification. 
Choice of the powder involves a compromise 
between less good sintering properties and 
minimized shrinkage. The meta-ThO, is pref- 
erably precalcined in an atmosphere of steam 
at 800—1000 °C before it is formed by press- 
ing or slip casting. The effect of precipitation 
temperature and calcination temperature on 
the specific surface area of the powder is 
shown in Figure 42.14 [23].. 
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Thorium 1665 
Table 42.6: Physical properties of thorium tetrahalides. 
Property ThF, ThCl, ThBr, ThI, 
Color white white white yellow 
Density at 25 °C, g/cm? 6.12 4.62 5.72 6.00 
Crystal system : 
Low-temperature form monoclinic tetragonal orthorhombic monoclinic 
High-temperature form orthorhombic tetragonal orthorhombic 
Transition temperature, °C (406) = 420 ? 
Melting temperature, °C 1110 770 679 570 
Normal boiling point, °С , 1782 942 905 853 
Vapor pressure, atm 
logp = A -BIT 
Solid, А 9.345 ` 9.426 9.498 —— 9.747 
В, К 17 089 10 630 10 151 9894 
Liquid, 4 6.395 5.229 5.260 5.714 
В, К 13 080 6346 6187 6425 
Heat capacity, : 
C,=A+ ECH 10°CT? 
Solid, А, Jmol? K” 112.0 120.4 127.7 129.8 
В, Jmor'K? 24.51 23.84 15.1 13.0 
C, Jmol!K? 7.56 6.15 6.15 6.15 
Liquid; Jmol K? : 152.8 167.5 171.7 175.9 
Heat of transition, J/mol 5.02 4.2 ? 
Heat of fusion, kJ/mol 44.0 61.5 (54.4) 48.1 
Heat of vaporization at normal boil- К 
ing point, kJ/mol 233.2 ? 111.0 115.1 
Heat of formation at 25 °C, kJ/mol ~2112.8 —1187.4 —966.3 —664.9 
Free energy of formation 
AG=A+BT 
Solid, A, kJ/mol -2102.5 * -1177.0 —1019.3 —783.1 
Solid, B, Jmol "K7 293.6 283.5 290.8 
Liquid, A, kJ/mol —2031.0 ~1093.3 942.9 716.0 
B, Jmot ' K^! 240.3 201.4 211.7 210.4 
60 42.5.2 Halides 
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Figure 42.14: Effect of temperature on the specific sur- 
face of thorium oxide from thermal decomposition of tho- 
tium oxalate: a) 40% Precipitation; b) 10% Precipitation; 
c) 100% Precipitation; d) 70% Precipitation. 


An overview of the properties of thorium 
halides is given in Table 42.6. 


42.5.2.1 Tetrafluoride 


Precipitation of thorium salt solutions with 
HF leads to the formation of gelatinous, white 
precipitates of ThF, hydrates with 8, 4, or 2 
molecules of water of crystallization, but these 
hydrolyze to form mixtures of ThO, and 
ThOF, even on careful drying. Anhydrous 
ThF, can be obtained only by fuming ThF , hy- 
drates many times with NH,F or by dehydra- 
tion in a stream of dry HF at 300—400 °С. 
Thorium tetrafluoride is therefore produced 
industrially by reaction of ThO, and HF in the 
gas phase: 

ThO, + 4HF  ThF, + 2H,0 
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Figure 42.15: Production of ThF, by calcination and fluorination: a) Thorium oxalate precipitation; b) Drum filter to fil- 
ter off Th(C,04)5; c) Band dryer; d) Calcination; €) Weighing; f) Calcination (650-675 °C); g) HF scrubber; h) Hydroflu- 
M (370 °C); i) Hydrofluorination (370 °C); j) Hydrofluorination (566 °C); k) Cooling trough; 1) ThF, collector, 
m) Weighing. 


Thorium 


At 566 °C the reaction is exothermic and at 
first proceeds rapidly, but thermodynamic 
equilibrium is attained very quickly, leaving 
an unreacted excess of HF. At lower tempera- 
ture, the reaction goes to completion but pro- 
ceeds much more slowly. A schematic of the 
production of thorium fluoride from the nitrate 
via the oxalate, as carried out by the National 
Lead Company (Fernald, Ohio), 1s shown in 
Figure 42.15 [11, p. 153]. The plant consists of 
four stainless steel tubular reactors arranged in 
series, each provided with exterior heating and 
interior screw conveyors made of Inconel. A 
countercurrent flow system with graded tem- 
perature increases utilizes HF to give com- 
plete conversion of ThO.. However, to obtain 
ThF, that does not contain oxide—fluonde, it 
was necessary to use excess anhydrous HF 
and produce and sell by-product aqueous HF 
(7096). New plants will probably be operated 
as fluidized-bed reactors following experience 
with uranium. 

Thorium tetrafluoride is formed as a solid 
residue when enriched UF; is stored. The 
2341] contained in uranium, which is also en- 
riched, decays to form “°ThF,. This remaips 
behind after steaming out the UF, container 
and must be scrupulously removed because of 
its high a-toxicity. 

In the electrolytic production of thonum 
from a fluoride melt, the double fluoride 
KThF, can be used as the starting material. 
The KThF, can be precipitated by adding KF 
to a solution of thorium nitrate according to 
Th(NO,),-4H,O + SKF-2H,O — KThF, + 4KNO, + 
SO 
and is dried at 120 ?C to give a product free of 
water of crystallization. 


42.5.2.2  Tetrachloride 


Depending on conditions, thorum tetra- 
chloride crystallizes from aqueous solution 
with 11, 9, 8,.7, 4, or 2 molecules of water of 
crystallization, but  oxide-chlorides are 
formed on drying. Anhydrous ThCl,, like an- 
hydrous ThF, can be produced only by reac- 
tion in the gas phase. All reactions that 
simultaneously reduce and chlorinate ThO, 
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are suitable (see overview in Table 42.7), for 
example, chlorination of a mixture of ThO, 
and C above 600 °C: 


ThO, + 2C + 2Cl, — ThCI, + 2CO 


Table 42.7: Reaction of chlorine and ThO, with reducing 
agents. 





agent ec h % 

TH(C,0,), cabon ` 700 2 99 
Së cc | 800 4 2 10 

у> 675°C sulfur 800 2 98 
C,Cl, 400 5 25 

ThO, NH,CI 45 4 0 
Th(C,O A. - carbon 600 2.5 99 
zonk Cl 300 55 92 
1398. sulfur 50 3 9 
m6 C,Cl, 400 4 92 
OUR NH,CI 500 15 99 


Because the ТЪСІ, formed contains carbon 
as an impurity, it must be distilled at 942 °C. 
This step 1s complex due to the very hygro- 
scopic and aggressive nature of the chloride. 
Distillation is not necessary if thorium oxalate 
is chlorinated with ССІ, with a small addition 
of chlorine as a catalyst according to 


Th(C,04), + CCl, — ThCl, + 2CO + 3CO, 


The reaction is carried out at temperatures 
up to 525 °C in several stages in a graphite re- 
actor. 


42.5.2.3 Tetraiodide 


Thorium. tetraiodide has an intense yellow 
color, an mp of 566 °C, and a bp of 837 °C, 
and can be produced by reaction of the ele- 
ments. Thorium tetraiodide reacts with excess 
thorium to give subiodides of trivalent and di- 
valent thorium, depending on the relative 
amounts of reactants and the temperatures and 
pressures used. Like the other halides, it can in 
principle be produced by reaction of intimate 
mixtures of carbon and ThO, with elementary 
iodine. In the production of pure metallic tho- 
rium, the main use of ThI, it is not isolated as 
a separate product but is used only as an inter- 
mediate for gas-phase matter transfer between 
crude and pure thorium in the van Arkel-de 
Boer process [24]. 
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42.5.3 Other Compounds 


Thorium Nitrate. The compound from which 
almost all other thonum compounds are pro- 
duced is thorium nitrate, Th(NO4),: 6H40, 
which is highly soluble in water at room tem- 
perature (6596). Evaporation of the aqueous 
solution yields the tetrahydrate (one of seven 
hydrates) in the form of a finely crystalline 
white powder [25]. 


Thorium Hydrides. The hydrides ThH, and 
ThH, are known. On reduction of ThO, with 
excess magnesium in the presence of H,, a 
somewhat substoichiometric, highly flamma- 
ble powder is formed, which is isomorphic 
with ZrH, and pseudoisomorphic with ZrC, 
and ThC.. The other compound, which is also 
substoichiometric, ThH, 7s, has a cubic crystal 
structure that does not resemble that of the 
metal. Both compounds can be used to pro- 
duce finely divided thonum metal since they 
release all their hydrogen at 900°C. Anhy- 
drous thorium halides can be obtained by reac- 
tion of the hydrides with hydrogen halides. 


Thorium hydroxide, Th(OH), is formed by 
precipitation from solutions of salts by adding 
alkali. This compound is not a true hydroxide, 
but an oxidaquate (ThO,xH.O), a stable col- 
loid that remains amorphous up to 340 °C. 


Thorium peroxide, Тһ,О,:4Н,0, is formed 
as a sparingly soluble precipitate when H,O, is 
added to thorium salt solutions. Only the ac- 
tinides react in this way. The reaction can be 
used to separate thorium from the rare earths. 


Thorium Nitrides. The compounds Th,N, 
and ThN are known. The first, Th;N,, is a hex- 
agonal, dark red compound, which is formed 
from the elements, and decomposes in the 
presence of water to form NH, and ThO.. 


ThN has the face-centered cubic structure 
like the nitrides of uranium, lanthanum, and 
cerium, in which nitrogen has a quasimetallic 
character similar to that of carbon. 


Thorium Phosphide and Borides. The corre- 
sponding phosphide ThP, is stable toward all 
the usual solvents. The two borides ThB, and 
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ThB, are also very stable, hard materials, the 
latter forming dark red crystals. 


Thorium Carbides. The mono- and dicarbide 
exist, although both compounds have a subs- 
toichiometric composition (ie. 0.97 and 
1.90). The monocarbide crystallizes with a 
face-centered cubic structure. The dicarbide 
is monoclinic up to 1410 °C and tetragonal 
above this temperature. The densities of ThC 
and ThC, are 9.6 and 8.76, respectively, and 
the melting points 2500 °C and 2640 °C. De- 
pending on the availability of carbon, the car- 
bides are formed readily from the elements or 
by reaction of an intimate mixture of graphite 
and thorium oxide at 1400 °C: 

ThO, + 4C > ThC, + 2CO 


ThC has a metallic appearance and a ther- 
mal conductivity comparable to that of tho- 
rium metal. The dicarbide is readily oxidized 
to ThC at high temperature in the presence of 
oxidic substances. Partial mutual substitution 
of О», N,, and carbon is possible, leading to 
relatively thermally stable compounds of the 
type Th(O, ve ,C,N,) when the sum of x and y 
is < 0.6. The formation of solutions of carbon 
in thorium is described in Section 42.8.1. 


Thorium sulfides are not readily formed from 
aqueous solution, but are formed by reaction 
of the elements. The compound ThS, which 
has a metallic appearance, is formed first and 
then converted in several stages to ThS, via 
the orthorhombic Th,S, and other intermedi- 
ates. 


Thorium sulfate is important mainly because 
it is formed when monazite is digested with 
H,SO,. Thorium sulfate forms five different 
hydrates, which contain up to nine molecules 
of water of crystallization. Also, sparingly sol- 
uble double salts are formed with alkali-metal 
sulfates. 


Thorium Carbonate. When thorium salt so- 
lutions react with alkali-metal carbonate, a 
poorly defined basic carbonate of the type 
ThOCO;-8H,O precipitates. It dissolves in an 
excess of alkali-metal carbonate (similarly to 
the corresponding uranium) to form relatively 
stable complex double carbonates of the type 


Thorium 


Na,Th(CO3); or (NH);Th(COS),-6H,O. Tho- 
rium hydroxide does not precipitate from solu- 
tions of these substances. 


42.6 Production of Pure 
Thorium Metal 


Because of thorium's strongly negative 
standard electrode potential, its compounds 
cannot be reduced to the metal with carbon or 
hydrogen. The route to thorium metal is there- 
fore reaction of the oxide or a halide with met- 
als, electrolysis in molten salts, or thermal 
decomposition of a halide. The principal reac- 
tions that have led to production processes are 
summarized below: 


e Electrolysis of fused salts: 
KThF, in NaCl 
ThF, in NaCl-KCl 
ThCl, in NaCI-KCI 


e Reduction with reactive metals: 
ThO, with Ca 
ThCl, with Mg 
TbF, with Ca А 


e Thermal dissociation of ТЫ, 


The results of the processes are listed in Ta- 
bles 42.8-42.11 (11, pp. 170-171]. 


The tolerable impurity level of intermediate 
products to be met when thorium metal is used 
in the nuclear industry are given in Table 
42.12. In the production of thorium metal, 
problems arose because of its highly reactive 
nature and sensitivity to both air and moisture, 
as well as its high melting point (1750 °C). 
The following four production methods have 
been tested on a full scale. 


Reduction of ThO, with calcium metal was 
first carried out in the United Kingdom at 
1200 °C on a pilot plant scale in a reactor lined 
with CaO. In the United States, the reaction 
was carried out in molten CaCl, in an argon at- 
mosphere to provide a more coarse-grained 
product, the heat of reaction being insufficient 
to melt the thorium. Both processes give tho- 
num sponge, which requires many further 
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processing stages. These production processes 
were abandoned because of the high tempera- 
tures required and the cost of the apparatus. 


Fused Salt Electrolysis. In fused salt electrol- 
ysis, KThF, is used as a 15-20% mixture with 
NaCl to give a eutectic. Thorium is produced 
in an argon atmosphere as a nonadherent 
finely crystalline powder deposited on molyb- 
denum cathodes in graphite cells at 900 ?C, 
using a current density of 20 A/dm”. In fused 
salt electrolysis, only Cl, is formed at the an- 
ode, and the buildup of thorium powder in the 
electrolysis vessel causes short circuits. Thus, 
batchwise operation must be used. A continu- 
ous method of operation is possible if ТАСІ, is 
used in a mixture of NaCl and KCI as electro- 
lyte at 800 °C with strict exclusion of mois- 
ture. A very pure, coarse-grained thorum 
metal is obtained. Plants of this type were op- 
erated briefly in the United Kingdom, the 
United States, and the Soviet Union. 


Table 42.8: Production of thorium metal by reduction of 
halides or double halides. 


Thorium halide Reducing agent Product 
Thc, Naor K Th powder 
KThCl, NaorKunderH, Th powder 
atmosphere 

NH. DCL, Al alloy 

ThCl, (70%) in Са powder 

ThOCI, (30%) 

ThCl, Mg powder 

ThCi, Na(Hg), Th-Hg alloy 

ThF, Ca with ZnCl, Zn-Th alloy bis- 
booster cuit (sponge) 


Table 42.9: Production of thorium metal by reduction of 
the oxide. 


Thorium source Reducing agent Product 
ThO, Mg impure alloy 
Tho, Al Th beads 
ThO, Ca Th powder 
Tho, Ca and CaCl, Th powder 


Table 42.10: Production of thorium metal by thermal de- 
composition of halides. 


Thorium source Reducing agent Product 
ты, hot-wiretechnique crystal bar of tho- 
heat 
Thi, > Th + 2L, 
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Table 42.11: Production of thorium metal by electrolytic methods. 





Thorium source Electrolyte Product 
Aqueous solution 
Th(OH), HBF, a 
Thorium salts HSO, NH, ? 


Organic solution 


Thorium salts C,H,OH, CH,OH, and other alcohols thorium organic compounds 
Complex Th salts organic acids ? 

Th(NO,), С.Н,О with 15-20% Me,CO, ThO, 

Fused salt solution 

ThCl, KCi-NaCl Th with ThO, and C 

KThF, NaCI-KCI Th powder 

KThF, NaCl Th powder 

ThCl, NaCl and KCL Mac Th powder 

ThF, NaCI-KCl Th powder or Th in liquid Zn cathode 


Table 42.12: Typical analyses of pure thorium products. 


Element — Th(NOj), ThO, ThF, 
Th, %" 40.3 86 75.4 
U, mg/kg? 8 2.5 16.3 
Traces, mg/kg? 

Al 13 <10 <10 

B 5.5 0.4 1.2 

Ва <20 <20 

Ве <1 «1 «1 

Bi <2 <2 <2 

Ca <200 < 200 

Са «02 «0.2 «0A 

Co «1 «1 

Cr «4 8.1 38 

Си 2 46 81 

Fe 26 46 161 

Mg 25 8 24 

Mn <1 2 6 

Mo «I «I 5 

Ni 3 15.6 338 

P <40 <40 <40 

Pb 2 27 24 

SiO, 109 207 33 

Sn «1 6 

у <10 <10 

Zn <10 <10 29 


* Chemical analysis. 
* Spectrochemical analysis. 


Thermal decomposition of ThI, yields an 
extremely pure, ductile thonum metal. Tho- 
num iodide is usually produced from impure 
metal pieces, which are first heated in a muffle 
furnace to > 500 °C for 24 hin a vacuum, and 
then reacted with iodine vapor, which is va- 
porized at 260 °C. Thorium iodide is formed 
between 450 and 480 °C, and purified by dis- 
tillation. Thorium metal is deposited from the 
iodide on incandescent filaments of tungsten 


or thonum at 900-1700 °C. The temperature 
range between 500 and 900°C must be 
avoided because the tetraiodide decomposes 
to form thorium and nonvolatile ТШ, at a little 
over 600 °C. The total reaction (formation of 
ThI, and decomposition) is carried out in long, 
stationary, heated tubes filled with iodine va- 
por. Concentric perforated sheet metal tubes 
retain unreacted pieces of crude thorium at the 
walls of the tube, and pure thorium is depos- 
ited on heated filaments at the center. The 
thickness of the thorium rod that forms in the 
center is limited only by the electric current 
used, which eventually reaches several hun- 
dred amperes. Both decomposition of the io- 
dide and electrolysis give very pure metal, but 
these processes do not give high throughputs 
or yields in the present state of the technology. 


Reduction of Halides. The larger quantities of 
thorium metal used in the nuclear industry are 
produced on an industrial scale mainly by the 
reduction of halides. The fluoride and chloride 
are not equivalent, as can be seen from the re- 
action enthalpies (Table 42.13). Thorium fluo- 
nde can be reduced only by calcium, whereas 
a choice of sodium, calcium, and magnesium 
exists for the reduction of the chloride. Two 
processes were developed in the United States 
almost sumultaneously: the reduction of ThCl, 
with sodium amalgam (Metallex process, Oak 
Ridge, 1954 [26]) and reduction with magne- 
sium in the Kroll process, which was favored 
because of the price of magnesium and its 
lower sensitivity to oxygen (1956). 








Thorium 1671 
Table 42.13: Free-energy change in reduction of thorium compounds to metallic thorium. 
Oxide ThF, ThCl, 
Reaction temperature 7, K 1223 2023 1150 
Free energy of formation from ele- The =998.4 ТЬЕ, -1545.7 ТЬСІ, —831.8 
ments at T, kJ/mol 2Na,0,, 87.7 4NaFy, -1303.0 Ans, —1219.7 
2MgO,, -9344 2МеР, -1472.1 2MgCbg —931.9 
2Ca0,, -1015.7 2СаР, -1774.5  2CaChg —1241.2 
Free-energy change in reaction, kJ/mol 
Th reduced with | 
4 mol Na +510.6 4243.4 -357.9 
2 mol Mg А а +64.0 +73.6 —70.1 
2 mol Ca -17.3 —255.5 -379.4 
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Figure 42.16: Schematic of Metallex process: a) Precipitator, b) Filter; c) Dryer; d) Chlorinator, e) Contractor; f) Elec- 
trolyzer, g) Scrubber, h) Hydraulic filter press; i) Retort; j) Pickler and washer; К) Extrusion. 


Metallex Process. The flow diagram of the 
Metallex process, which requires relatively 
simple equipment, is shown in Figure 42.16. 
Originally, ThCl, was dissolved in propylene- 
diamine and reacted with liquid sodium amal- 
gam. However, this step was then replaced for 
cost reasons by direct reaction of solid tho- 
rium chloride with the amalgam at 180- 


300 *C in a kneader mixer, a conversion of 
97% being obtained after 30 min. Excess so- 
dium and sodium chloride were removed by 
washing with dilute НСІ, and solid ThHg, was 
removed from excess Hg (in which thorium 
metal is soluble to « 0.196 at room tempera- 
ture) by means of a filter press. Thorium amal- 
gam was then decomposed in a steel retort at 
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1100 °C in vacuum, to remove mercury and · 


produce a sintered solid. Since mercury as a 
high parasitic neutron capture cross section 
and can also attack the aluminum cladding on 
thorium rods in the reactor, it must be rigor- 
ously excluded. The process is consequently 
not without risk. 






Figure 42.17: Furnace for ThCl, reduction (Kroll fur- 
nace): a) Vacuum connection; b) Thermocouple; c) Lift 
heater; d) Air-cooled condenser; e) ThCl4 container; f) 
Distance disks; g) Melting crucible containing magne- 
sium. В 

Kroll Process. The Kroll process, in which 
thorium chloride is reduced with magnesium 
[27], was developed at about the same time by 
the National Lead Company of Ohio. Al- 
though this process was originally expected to 
have a wide application for the treatment of all 
air-sensitive transition metals, it has in fact be- 
come widely used only for titanium, zirco- 
nium, hafnium, and thorum. In further 
development of the process by Ames Labora- 
tories, thorium chloride is completely reacted 
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at 850—950 °C in a furnace provided with ex- 
terior heating, by using twice the stoichiomet- 
ric quantity of magnesium to give a Th-Mg 
alloy (Figure 42.17). This alloy melts and 
forms a compact regulus. Magnesium chloride 
and excess magnesium are then distilled off at 
950°C im a high-vacuum furnace (Figure 
42.18) and collected in collection vessels. 


Figure 42.18: High-vacuum distillation furnace: a) Fur- 
nace; b) Distillation crucible; c) Heating element; d) Tho- 
rium sponge; e) Furnace vacuum connection; f) Inner wall 
of reactor; g) Collecting vessel; h) Cooling jacket; i) Re- 
actor vacuum connection. 

Reduction of ThF, with Calcium. Quantita- 
tively, the most important method for produc- 
ing thorium of nuclear purity in the United 
States was reduction of ThF, with calcium 
metal. The process developed by Ames Labo- 
ratories and Iowa State University [28] was 
analogous to the production of uranium metal. 
However, when calcium metal reacts with 


.ThF, the heat of. reaction is insufficient to 


melt the thorium metal. Additional heat is 
therefore generated by reacting ZnCl, with 
calcium metal. This also produces a lower- 


Thorium 


melting thorium-zinc alloy and a lower melt- 
ing point eutectic of CaF, and CaCl. The pro- 
cess requires careful preparation of the 
reactants since most of the metallic impurities 
in the reactants end up in thorium. Calcium 
metal must be sieved to remove fine-grained 
material after preliminary size.reduction be- 
cause this material contains most of the impu- 
rities. Zinc chloride must also be of high 
purity; it must be anhydrous and not toó fine 
grained, otherwise the reaction with calcium 
can take place prematurely. The reduction fur- 
nace is illustrated in Figure 42.19. The furnace 
pot (e), which 1s made of nonscaling steel, is 
placed inside the muffle (g). This is heated by 
three heating elements (d, f, h), outside which 
is a lining of calcined dolomite. The reaction 
mixture consists of 75.3 kg of ThF,, 27.22 kg 
of granulated calcium metal, and 7.26 kg of 
anhydrous ZnCl,. A layer of dolomite powder 
is placed above and below the reactants to pro- 
tect the walls. The furnace is heated to 660 °C, 
and when the contents reach 475 °C a strongly 
exothermic reaction begins, producing a Zn— 
Th alloy containing 18 mol% Zn. The furnace 
is operated behind safety walls because defld- 
grations occasionally occur. After cooling, the 
slag is removed, and 90% of the zinc can be 
distilled off in vacuum (< 27 Pa). The thorium 
sponge is cooled in a protective gas and then 
inductively melted in a BeO crucible in vac- 
uum. The remaining zinc evaporates, and the 
thorium is cast in graphite molds (yield 94— 
86%). 


42.7 Metalworking  [11pp. 
222tf; 29; 30] 


Most production processes lead to thorium 
powder or sponge. This must therefore be 
compacted by sintering or melting before it 
can be worked in a metal-forming process. In 
the literature, densification by powder metal- 
lurgy is described in less detail than melting 
and casting. 


Melting and Casting. To cast thonum metal, 
it is first melted at 1800 ?C by inductive heat- 
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ing in vacuum to avoid the danger of picking 
up О, апа N,. Also, zinc left behind from the 
production process (reduction of ThF, with 
Ca, see earlier) must be evaporated, and 
pickup of impurities from the crucible mate- 
rial must be as low as possible. For this, either 
zinc is removed first in graphite crucibles at a 
temperature at which thorium hardly picks up 
any carbon from graphite (1300 °C) and the 
actual melting is carried out later in BeO cru- 
cibles, or both processes are carried out to- 
gether in a stabilized ZrO, crucible. Thorium 
meta] has a very low heat of fusion and, when 
fused, attacks all known crucible materials, so 
that excessive heating must be avoided. Both 
the service life of the BeO crucible and the 
limitation of pickup of impurities by thorium 
are only moderately satisfactory. 
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Figure 42.19: Section view of reduction furnace pot: a) 
Cover lifting mechanism; b) Muffle hanger, c) Pot align- 
ment bar, d) Top element; e) Furnace pot (steel); f) Center 
element; g) Muffle; h) Bottom element; i) 2600 °C insula- 
tion brick; j) 1600 °C insulation brick. 


1674 


Handbook of Extractive Metallurgy 


Table 42.14: Average analyses of thorium ingots. 


Induction melted; 


Arc melted 





Charge: virgin metal Charge: virgin and scrap metal 


Type of analysis Impurity charge; 40% scrap. 
6096 virgin metal 
Chemical ThO,, ?6 2.8 
ZrO,, 96 0.14 
N, mg/kg 290 
C, mg/kg 465 
Spectrochemical Al, mg/kg 370 ` 
: B, mg/kg 3.9 
Fe, mg/kg 600 
Ni, mg/kg 520 
SiO, mg/kg 500 
Zn, mg/kg 10 
U, mg/kg 20 
Hardness, ВНМ№, 500-kg load 64 
Density, g/mL 11.52 


*BHN = Brinell hardness number. 


1.34 2.42 
142 211 
21 193 
20 13 
0.4 0.5 
243 441 
324 . 486 
34 30 
128 43 
10 6 
54 ` 56 
11.57 11.64 


Table 42.15: Effect of carbon content on mechanical properties of iodide-source thorium (cold rolled to 8596 reduction 


Elongation, % Reduction of area, % Hardness, VHN? 


and annealed 30 min at 650 °C). 
Yield strength (0.2% Tensile strength, 
Carbon content, % offset), MPa MPa 
0.015 52.4 124.1 
0.022 44.8 121.3 
0.047 113.1 179.3 
0.070 185.5 237.2 
0.130 242.0 302.7 
0.187 346.8 369.6 
0.22 346.8 418.5 


“VHN = Vickers hardness number. 


A two-stage electrode-consuming arc melt- 
ing process is a better alternative for produc- 
ing the cylindrical mgots generally used in 
nuclear technology. The molten thorium metal 
is subsequently solidified in water-cooled 
copper crucibles. The pieces of thorium 
sponge obtained from the first dezincification 
are sawed into strips in chambers filled with 
inert gas and then welded together to form 
electrodes. However, metal is lost in this labo- 
rious operation, and attempts have therefore 
been made to replace it by hot plastic forming 
of the sponge (casting or compaction). The 
properties of the ingots obtained by induction 
and arc melting are listed in Table 42.14. 

In subsequent metalworking, thorium re- 
sembles soft iron in its ductile behavior. Even 
the presence of several percent oxygen does 
not cause problems, because oxygen is virtu- 
ally insoluble in thorium and therefore only 
contained in inclusions of ThO,. To prevent 


27.0 60 40 
50.0 62 34 

43 60 
46.0 51 83 
41.0 46 109 
38.0 39 125 
30.0 39 140 


surface oxidation—especially of the small 
pieces used during hot working by, e.g., roll- 
ing, hammering, or extruding—the pieces are 
encased in soft copper or iron cladding, which 
is later dissolved in acid. Welding of thorium 
is possible only in an inert-gas atmosphere. 
Thorium can be soft-annealed after cold work- 
ing (e.g., rolling) by heating to 500—700 °C. 
No problems occur due to phase transition 
since these occur only above 1400 °C. Impuri- 
ties picked up during the various production 
processes affect workability. Small amounts 
of oxygen and beryllium have little effect, but 
carbon causes hardening. As with steel, con- 
siderable precipitation hardening occurs on 
quenching from the soft-annealed state at 
600—800 °C (see Table 42.15). Elements that 
form carbides (e.g., titanium, niobium, and 
tantalum) considerably counteract this effect. 
The dimensionally accurate tubes—re- 
quired for fuel elements used in breeder reac- 
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tors—were usually extruded at 600—700 ?C, 
using a protective coating of copper or soft 
iron. Both of these metals form reaction zones 
with thorium that must subsequently be ma- 
chined off. To prevent this, oxidic coatings on 
thorium were investigated. Alternatively tho- 
rium can also be preheated in a molten salt 
bath consisting of nitrites and cyanides of al- 
kali metals. The adherent salt film acts as a 
protective and lubricating film. The méthod 
eventually favored was to coextrude thorium 
with an inner and outer cladding of aluminum. 
Zirconium of similar plasticity obtained by 
preheating zirconium ingots was used as clad- 
ding at a later stage. Process details are un- 
known for reasons of military secrecy. 


42.8 Intermetallic 
Compounds 


Thorium has limited solubility in carbon 
and nitrogen, and can form compounds of me- 
tallic character with both elements. These are 
described below and in Section 42.5. 


r 


42.8.1 Thorium and Carbon 


Carbon is usually present as an impurity in 
thorium. Thorium produced by decomposition 
of thorium iodide contains 0.01-0.05% C, and 
from halide reduction 0.03-0.1296 C. As men- 
tioned in Section 42.7, carbon is one of the 
few elements that increases hardness and age 
hardening properties of thorium. Of all the ele- 
ments that improve steel properties, only chro- 
mium can by itself (and even more in 
combination with carbon) produce compara- 
ble effects in thorium. Only indium seems to 
be more effective but is excluded from nuclear 
applications due to its neutron absorption. The 
other metals investigated (Ti, V, Mo) have a 
minor hardening effect, probably due to the 
formation of carbides with the carbon in tho- 
rium. However, the effect is partially negated 
by the hardness reduction caused by removal 
of carbon. The Th-C constitutional diagram 
(Figure 42.20) shows the two compounds ThC 
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and ThC, (see Section 42.5). The effect of 
temperature on the solubility of carbon in tho- 
rium is given below: 


20°С 0.35% 
800 °C 0.43% 
1018 °С 0.57% 
1215 °C 0.91% 


42.8.2 Thorium and Nitrogen. 


The compounds ThN and Th;N, are de- 
scribed in Section 42.5. The solubility of ni- 
trogen in thorium increases linearly with 
temperature, being 0.05% at 850°C and 
0.35% at 1500 °C. In thorium formed by ha- 
lide reduction, nitrogen is usually present only 
at levels of 0.02%. The strength of thorium— 
nitrogen alloys increases moderately with in- 
creasing nitrogen content. Precipitation hard- 
ening (age hardening) of the alloy after 
annealing at 850 °C occurs only with quench- 
ing temperatures of < 300 °C. 


42.9 Uses 


42.9.1 Nuclear Technology [31] 


Production of ??U. Use of thorium in the nu- 
clear industry is based on its ability to behave 
as a breeder. It absorbs neutrons and forms 
2331] by successive release of two B-particles 
according to 
Th + no THs Ойра сэ ay 

The isotope ™”U is notable for the fact that 
the ratio of neutrons liberated on fission to 
those absorbed is more favorable than the cor- 
responding ratio of 2350 and ??Pu. This has 
aroused interest in this nuclide—which is 
complicated to produce—in both the military 
and the civil areas. The ??U formed from tho- 
rium can either be separated from the breeder 
material by chemical methods or undergo fis- 
sion in situ by absorption of further neutrons, 
thereby releasing energy. Both methods are 
subject to a number of limitations. 
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Figure 42.20: Phase diagram of the thorium—carbon system. 


Chemical Separation of *7U. In separating 
23317, it must be kept in mind that ??U can be 
formed in an n,2n reaction with neutrons with 
an energy of > 6.27 MeV from the 2330 al- 
ready formed, and mainly from ??Th via ??'Th 
and **!Pa by further neutron capture. To avoid 
this reaction, thorium must be allowed to in- 
teract only with low-energy thermal neutrons. 
The same isotope 2320 is also formed with a 
cross section 14 times as large by low-energy 
neutron capture by ~°Th. Although *°Th is 
present in thorium at a level of only a few 
parts per million, its concentration can be 
higher if thorium is a by-product of uranium 
production, in which case “°Th is present as 
an o-decay daughter of ?*U. 


10 12 14 


Whereas ZU is not itself harmful, a serious 
handling problem arises from the fact that it 
decays relatively rapidly to its daughter prod- 
uct 2ТІ, which emits penetrating y-radiation 
with an energy of 2.62 MeV. 

In practice, this means that thorium must 
not be used in a thermal neutron flux in molec- 
ular proximity to neutron sources (e.g., as a 
U-Th alloy, mixed oxide, or mixed carbide)— 
which would give optimum neutron capture— 
but should be kept separate from the neutron 
source ??U (or ??Pu) in breeder rods covered 
with a layer of moderator. 

To give an idea of quantities, if 1 t of tho- 
rium is irradiated for some weeks in the care- 
fully thermalized neutron flux and then cooled 
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for 150 d to enable the fission product iodine, 
which interferes with the separation process, 
to decay, this forms ca. 1 kg ??U containing 
ca. 8 mg/kg 227. This then remains in a han- 
dleable state for some weeks without compli- 
cated gamma shielding. Тһе overall 
complexity of this operation can be reduced 
by replacing the thorium metal rods with ce- 
ramic ThO, tablets, which are easier to pro- 
duce but more difficult to dissolve later since 
HF + HNO, must be used. Even under these 
conditions, with a handling concentration 
limit of 10-20 mg/kg 2320, an optimistic price 
estimate for 23307 is still twice that of highly 
enriched uranium [32]. According to pub- 
lished data, no more than 3 t U has been 
produced worldwide, of which < 800 kg in the 
United States. New fuel rods have been pro- 
duced from this in only one full-scale experi- 
ment (Kilorod Facility, Oak Ridge, Tennessee 
[33]. 

Attempts to irradiate thorium in the form of 
a fluid medium or of ThF , dissolved in fused 
salts [34] were finally not successful. 

"In Situ" Fission. In an alternative method, 
?33U is caused to undergo fission with genera- 
tion of heat at the place where it is formed. 
Here, fewer possibilities exist for controlling 
the nuclear reaction, and thorium is by no 
means completely consumed, but the system 
is technically easier to realize. Also, a particu- 
lar property of thorium can be utilized—i.e., 
its ability to form a series of solid solutions 
with other actinide oxides (UO,, PuO,)— 
thereby stabilizing them at high temperature. 
This is mainly a property of ThO,, to a lesser 
extent of the carbide, and to a small extent of 
the metal. Also, since the formation of 2320 
does not present a problem, the higher neutron 
flux (by at least an order of magnitude) of the 
fast breeder reactor is advantageous. 

Thorium oxide forms a series of mixed 
crystals with a cubic fluorite structure with 
both UO, and Du. so that fuel elements can 
be produced in which thorium is the main 
component and which are stable when heated 
in air to > 1200 °C. This facilitates both pro- 
duction and safety analysis. The mixed crys- 
tals show no phase transformation up to their 
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melting point of > 2600 °C. However, used 
fuel elements of this type can be dissolved 
only in mixtures of HNO, and HF, which at- 
tack most available containment materials. 
Except in India where much thorium but com- 
paratively little uranium is available, all fast 
breeder programs currently in operation are 
based on the uranium-plutonium cycle, and 
no thonum is used. 

Thorium could be used in thermal reactors 
to extend the use of ??Pu, which is produced 
as a fuel by transformation of 230. However, 
continuous hydrogenation of the cladding ma- 


` terial (Zircaloy) limits the burnup in water re- 


actors to ca. 50 000 MW -d/t, so that there is 
little advantage in using thorium, which is 
therefore limited to graphite-moderated tho- 
rium - high-temperature reactors (THTRs), 
which allow ten times the burnup. Here, the 
fuel elements consist of small particles of ura- 
nium and thorium oxide or uranium and tho- 
rium carbide, embedded in a graphite matrix 
[35]. 

Owing to parasitic neutron capture in the 
thorum cycle, Th-U fuel required highly en- 
riched uranium (93% 23517), and the possible 
consequent proliferation of weapons-grade 
material led to concern on the part of source 
countries (United States). Therefore, new fuel 
variations are no longer based on thorium. 
Slightly enriched uranium (10% 2357), which 
is not suitable for weapons, is used instead. 

So far, high-temperature reactors have not 
reached the threshold of economic viability 
achieved by other methods of generating elec- 
tricity. The safety advantage has not compen- 
sated for this disadvantage, and no power 
stations of this type are currently under con- 
struction or being operated. 

. Because of the wide variations in targeted 
burnups and the question of whether— and to 
what extent—thorium is recycled to the reac- 
tor, figures for thorium consumption fluctuate 
not only with reactor capacity but also accord- 
ing to the mode of operation. In using the min- 
imum consumption figures that correspond to 
maximum recycling, the THTR reactor re- 
quires 7.3 t/a thorium for each 1000-MWe ca- 
pacity, 340 kg ??U can be recovered from the 
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used fuel elements, and 6.8 t Th (containing 
isotopes that interfere with a second burnup) 
must be disposed of as nuclear waste. The ini- 


tial inventory of the reactor is ca. 60 t of tho-- 


num. 
42.9.2 Conventional Applications 


42.9.2.1] Dluminants 


The most important application of thorium 
followed the discovery by AUER von Weis: 
BACH in 1892 that some rare earth oxides and 
thorium oxide, when introduced in the form of 
woven yarn into a gas flame, considerably in- 
creased the luminous efficacy of the flame. 
This emission of light is excited by cathode 
rays, heat, and UV radiation. Although pure 
cerium oxide converts the UV fraction of an 
oxidizing gas flame into visible light more ef- 
ficiently than ThO,, it is not used in practice 
because so much light is emitted in the IR re- 
gion that "cooling" of the gas flame occurs. 
Excitation of cerium oxide gives a gas flame 
temperature of only 1500 °C, whereas thorium 
oxide gives 1930 °C. Maximum luminous ef- 
ficacy occurs with 1% cerium oxide in ThO, 
[36]. 

The requirements of maximum light-emit- 
ting surface area together with stability 1n a 
gas flame in which high flow rates occur at the 
zone of maximum temperature led to the de- 
velopment of the gas mantle, whose shape 
matches that of the combustion zone of the 
flame. Today, commercially available gas 
mantles are produced by soaking artificial silk 
(viscose or cellulose ester fibers) in a solution 
of thorium and cenum nitrates. The hydrox- 
ides are then formed by treatment with alkali 
and fixed to the fiber; the organic carrier mate- 
rial is burned off, and the remaining ash struc- 
ture is fixed with collodion lacquer. 

Modern gas mantles give a luminous effi- 
cacy of 3 Im/W with propane, which is even 
better than that produced by electric incandes- 
cent lamps. Gas mantles are expressly ex- 
cluded from the restrictions on radioactive 
substances, although the inhalation of ash 
from used gas mantles, which can easily occur 


Handbook of Extractive Metallurgy 


on careless handling, can lead to harmful de- 
posits in the lungs. 

Thorium oxide also had limited application 
as a light converter (UV into visible light) in 
fluorescent lamps before modern oxide mix- 
tures were developed. 


42.9.2.2 Electron Emitters | 


In the production of incandescent fila- 
ments, the rate of recrystallization of tungsten 
is considerably reduced by adding 1% ThO, to 
the tungsten sintering powder before drawing 
the filaments. 

A side effect of this addition was noticed: 
i.e., that a small addition of thorium oxide to 
the tungsten used in heated electrodes consid- 
erably reduces the work function of electrons 
(see Figure 42.4) [37]. This is probably due to 
the formation of a ThO dipole layer, which is 
constantly renewed from the interior of the 
electrode. Therefore, since 1922, thoriated 
tungsten wires have been used in electronic 
tubes and in the cathodes and anticathodes of 
X-ray tubes and rectifiers. Owing to the reac- 
tivity of thorium with O, and №, it also acts as 
a getter for impurities in the evacuated tubes. 

These applications decreased very much 
following the introduction of transistors in the 
1950s, but reduction of the electron work 
function is still a useful phenomenon, having a 
beneficial effect on the process of welding in 
an inert gas (argon, helium), for which thori- 
ated tungsten electrodes are used. 


42.9.2.3 Ceramics and Glass 


Thorium oxide crucibles represent the most 
refractory material known and can be used for 
melting pure, carbon-sensitive metals at 
2300 °C. The crucibles are produced by sinter- 
ing fused and ground thorium oxide—small 
additions of ZrO,, Р.О,, and cryolite being 
used as sintering aids. Although its application 
is very limited, ThO, is also used to increase 
the density of ZrO, crucibles. 

Like ZrO,, ThO, increases the hardness of 
dispersion-hardened alloys, e.g., in an Ni- 
16Cr-(3—5)A! alloy for gas turbine blades. 
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The addition of ThO, to glass leads to ex- 
tremely high refractive indices with low dis- 
persions and densities lower than those of lead 
glass. However, this application is also limited 
because rare-earth oxides have a similar effect 
and are not œ-emitters, 


42.9.2.4 Catalysts [38] 


The catalytic effect of ThO, seems to be 
due to an increase in the mobility of hydroxyl 
ions and hydrogen. Thus, a large number of 
hydroxylations, hydrogen additions, hydro- 
gen eliminations, oxidations, and reductions 
have been documented in which thorium cata- 
lysts are used. The earliest use of thorium as a 
reactant and catalyst at the same time was the 
reaction of aliphatic dicarboxylic acids to give 


ring ketones (civetone, synthetic musk) by dry ` 


distillation of thorium salts [39]. 

Thorium oxide was used as a fixed-bed cat- 
alyst with nickel and cobalt on a kieselguhr 
carrier, first in ammonia synthesis and then in 
oil refining and the Fischer—Tropsch process. 
It was also employed in dehydrogenation, 
isomerization, and a number of other reag- 
tions. 

An alloy of platinum with 10% thorium is a 
very good catalyst for the oxidation of ammo- 
nia to nitrogen oxides. However, a 5% rhod- 
ium alloy with platinum is. now preferred 
because of its superior mechanical properties 
and longer lifetime in the form of a gauze. 

In almost all cases, ThO, has been replaced 
by cheaper catalysts (e.g., based on rare 
earths) and is now hardly used. 


42.9.2.5 Medicine 


Thorium dioxide was used as a contrast me- 
dium (Thorotrast) when making X-ray photo- 
graphs of hollow organs but has been replaced 
by nonirradiating substances. 

75Ra has been used experimentally for 
therapeutic irradiation, as this is the only iso- 
tope of radium that does not have a gaseous 
decay product. It is obtained either as a short- 
lived daughter nuclide of ^PTh, which is the 
most stable daughter nuclide (half-life 7340 a) 
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in the ??U decay chain, or can be produced by 
neutron irradiation of 2а. 


42.9.2.6 The Demand for Thorium 


In the first phase of utilization from 1893 to 
1940, mostly for the production of gas man- 
tles, worldwide consumption was ca. 8000 t 
ThO,, of which 3300 t came from India, 4000 t 
from Brazil, 370 t from the United States, 100 
t from Indonesia, 60 t from Sri Lanka, and the 
rest from Norway, Australia, and a few other 
countries, together with a small amount of re- 
cycled material. 

India, which produced 280 figures since de- 
velopment of the nuclear application. Nonnu- 
clear use has in general decreased since 1950 
[40]. 

In Germany in the 1990s, thorium con- 
sumption decreased to ca. 1.5 t/a, having been 
3—5 t/a a few years before. Four companies 
produce thoriated tungsten electrodes, and one 
company produces electric discharge lamps. 
Gas mantles are mainly imported from France. 
Large quantities of thorium oxide, a coupled 
product from rare earth production, are stored 
in various parts of the former German Demo- 
cratic Republic. This material will probably 
not be utilized but will be deposited as radio- 
active waste in a waste disposal site. 


42.10 Product Quality and 
Analytical Methods 


Product Quality. Thorium is commonly mar- 
keted in the form of solid thorium nitrate. 
Here, the thorium content and the level of cer- 
tain impurities are important. Rare earths, 
magnesium, calcium, and heavy metals that 
can be precipitated by sulfide (mainly Fe) are 
determined. 

Thorium nitrate used in the production of 
gas mantles is highly purified by multiple re- 
crystallization or oxalate precipitation. Rare 
earths (except in concentrations < 1%) are un- 
desirable because they stimulate the emission 
of IR radiation, thereby reducing the emission 
of visible light Very small proportions 
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(> 0.02%) of SiO, lead to embrittlement of the 
gas mantle [41]. 

Sulfate in ThO, has a detrimental effect on 
crucible production and is removed by multi- 
ple dissolutions and precipitations of thorium 
as oxalate. 

The rare earths are also undesirable in nu- 
clear technology because some of them (e.g., 
erbium and gadolinium) are strong neutron ab- 
sorbers. Therefore, these elements must be re- 
moved. If thorium is used in metallic form, the 
oxy gen and carbon contents are important, the 
latter from the point of view of hardness prop- 
erties. When processing irradiated thorium, 
uranium and thorium must be separated. 

The determination of low concentrations 
of thorium is important in the quality control 
of alloys. Very low concentrations must be de- 
termined in geochemistry and environmental 
analysis, and when removing ?*^Th from ura- 
nium compounds. 


Analytical methods are based on the selective 
separation of thorium. The natural accompa- 
nying elements and compounds in thorium in- 
clude La and lanthanides, Y, Sc, Ti, Zr, Hf, U, 
Fe, Al, Ca, SiO,, and P,O.. Only a few reac- 
tions exist that are specific for thorium; more- 
over, it has a stable valence of four so redox 
separations are impossible. The most difficult 
precipitation separation is that of scandium, 
although large amounts of this element are ѕе]- 
dom associated with thorium. 

Precipitation processes usually start with 
solutions in relatively strong mineral acids. 
Precipitation of thorium as the oxalate, fluo- 
ride, peroxide, iodate, and hypophosphate 
gives the best selectivity, the last of these even 
against rare earths. Some organic dicarboxylic 
acids, especially tetrachlorophthalic acid, are 
more selective than oxalic acid. Dimethyl ox- 
alate, which slowly hydrolyzes in warm solu- 
tions of mineral acids, can also be used to give 
slow formation of a precipitate that 1s free of 
inclusions. 

Most of the compounds soluble in organic 
solvents that are used for liquid-liquid extrac- 
tions in nuclear technology have been tested 
for the selective separation of thorium, mainly 
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from solutions in nitric acid, for analytical 
purposes. They include 1-(2-thenoyl-3,3,3-tri- 
fluoroacetone (TTA), mesityl oxide, dibut- 
oxytetraethylene glycol (“penta ether"), long- 
chain amines (trilaurylamine), TBP [42], and a 
series of organic phosphonium compounds, 
especially bis(dialkylphosphinyl)methane 
[43]. The latter extractants, in particular, sepa- 
rate uranium and thorium selectively from the 
rare earths. Uranium is most effectively sepa- 
rated from thorium by means of the appropri- 
ate choice of ligands (branched or straight- 
chain) and of the concentrations of the acid 
and salt in aqueous stripping. Bis(dialkylphos- 
phinyl)methanes are more selective extract- 
ants than trialkylphosphine oxides. The 
branched-chain, sterically hindered phos- 
phine oxides extract U(VI) more effectively, 
whereas the straight-chain compounds extract 
thorium more effectively. 

Good selectivity against the rare earths and 
selectivity against uranium can also be ob- 
tained by extracting thorium with TBP from 
nitric acid solution if the TBP concentration is 
40% in the organic solution (instead of 10% 
as used with uranium). In contrast to uranium, 
stripping is best carried out by salting out with 
nitrates in the presence of moderately concen- 
trated HNO}. 

Few selective analytical reagents for tho- 
rum in solution are known. Their selectivity is 
generally considered to depend on the bond 
formed with inner electrons of thorium, as in 
the case of precipitation with dicarboxylic ac- 
ids. The compounds formed are generally 
more sparingly soluble than the corresponding 
rare earth compounds. 

Reagents include a series of weak organic 
acids with acid groups on adjacent carbon at- 
oms, and other compounds that can form che- 
late-like complexes. The pink coloration 
produced by the reaction of ammoniacal solu- 
tions of pyrogallol with Th** has been known 
for some time, although this is only moder- 
ately stable and selective. The formation of 
star-shaped groups of red needles with Orange 
II (p-(2hydroxy -1-naphthyl)azo]benzene- 
sulfonic acid), is used for microchemical de- 
tection. The most selective reaction known is 
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the formation of a red coloration with thorin, 
4-(2-arsonophenylazo)-3-hy droxy-2,7 -naph- 
thalenedisulfonic acid (in the absence of ox- 


alate and fluoride). This coloration is. 


measured at 54.5 nm in sulfuric acid solution, 
although a number of other compounds that 
react in a similar way (dibenzoylmethane, aur- 
intricarboxylic acid, alizarin S) also give color 
reactions or form color lakes. 

When impurities originating frorh próduc- 
tion and processing of thorium metal and its 
compounds are to be analyzed most of the tho- 
пиш must be separated first. The impurities 
can then be determined by the usual methods. 
This applies also to spectrographic analysis, 
for which most of the thorium should first be 
removed because of its complex line spec- 
trum. 


42.11 Toxicology 


Thorium, its natural decay products, and its 
compounds are toxic both as heavy metals and 
as radioactive substances. However, their 
heavy-metal toxicity is low because of their 
low solubility in body fluids and organs, and 
has been compared with that of aluminum. 


42.12 Industrial Safety 


In addition to toxicological risks, the spon- 
taneous flammability of thorium metal consti- 
tutes a handling hazard. 

Thorium has been extracted and processed 
on an industrial scale since 1893, mostly as the 
oxide. However, the incidence of harmful ef- 
fects associated with the handling of thorium 
is very low. In the absence of strong complex 
formers (e.g., citrates), water-soluble thorium 
compounds are immobilized close to the point 
of incorporation into the body in the form of 
insoluble hydroxides. Animal experiments 
first gave an LD4 of 1-2 g/kg. The low water 
solubility also prolongs the excretion process, 
mainly via the feces, and to a lesser extent the 
kidneys. Exposure to thorium occurs mainly 
by inhalation of dust into the tracheobronchial 
tract and the lungs. No toxic chemical effect 
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has thus far been observed in these areas, but 
radiation damage can occur in the lungs and 
from the small amounts of thorium transported 
to the bones. 

Thorium is often compared with uranium, 
which has been well investigated radiologi- 
cally. Thorium differs from uranium in the 
more rapid buildup of its daughter nuclides, 
which also have chemically different proper- 
ties (Figure 42.1). Important daughter nu- 
clides are ?5Ra, ?3Ac, 22ТЬ, 22*Ва, and 2°Rn. 
Other decay products are of little radiological 
importance. Ás shown in Figure 42.2, freshly 
separated thorium passes through two activity 
maxima, one after ca. 5 weeks and a second 
after ca. 60 a, with an intermediate activity de- 
crease after 3 a. In addition to the relatively 
low В- and y-radiation, a-radiation has a sig- 
nificant effect on the living organism due to 
the high ionization density that it produces. 
Dunng chemical isolation of thonum from 
ores or residues that have been stored for a 
long time, ??Ra and ?“Ка become concen- 
trated in the filtrate (to > 70% in oxalate pre- 
cipitation). These nuclides are precipitated 
with sulfate to concentrate them in sediment 
and prevent them from passing into receiving 
waters. Furthermore, phase transformations 
and chemical changes of thorium and its com- 
pounds cause the release of all the “°Rn 
formed in the solid up to that point, which can 
lead to the buildup of significant a-activity in 
poorly ventilated areas. Table 42.16 gives the 
maximum permissible concentrations of tho- 
rium and its decay products according to the 
USAEC Regulations of 1955 (still in curies). 
The German legal requirements for thorium 
according to the Strahlenschutzverordnung 
are listed in Table 42.17. The recommended 
annual limits for incorporation (ALT) in the In- 
ternational Commission on Radiological Pro- 
tection (ICRP) 30 Regulations are based on a 
metabolic inhalation model. This has been 
used to test the relationship between the up- 
take of-thorium and biological detection in a 
large group of workers in a monazite process- 
ing plant [44]. It showed that the analysis of 
urine and feces correlated only moderately 
well with the short-term uptake of thonum. 
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After inhalation of insoluble thorium com- 
pounds urine analyses showed a maximum 
thorium uptake fraction of 1.4 x 10°, up to 
129^ were found in feces, both at the second 
day after incorporation. Almost all measure- 
ments yielded higher figures than the ICRP 
recommendation, although there was no de- 
tectable damage to health. Cytogenetic studies 
in parallel with this showed no correlation be- 
tween the frequency of chromosomal aberra- 
tions and the duration of contact. Clearance 
from the lungs has a biological half-life of > 
500 d, and from bones ca. 200 a. 


The workplace should therefore be kept as 
dust free as possible. 


42.13 Environmental 
Protection 


Thorium occurs almost ubiquitously in na- 
ture in low concentrations.: Because of its poor 
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solubility in water, it occurs in extremely low 
concentrations in the biological cycle, and be- 


cause its use in industry is not increasing, spe- 


cial environmental protection measures are 
unnecessary. Only in a few locations where 
thorium was used or processed in the past are 
soil remediation operations occasionally re- 
quired. 


Table 42.16: Maximum permissible concentrations of 


thorium and the daughter products radium-228 and га- 


dium-224. 

Element RA limit, ior > plc 
?3*Th (soluble) 0.01 5x 107 3x10 
Th (insoluble) 0.002° 3x10” 
28Ra (soluble) 0.04 8x10? 1x10! 
*8Ra (insoluble) 0.002 2x10? 
Ra (soluble) 0.06 5x10° 8x10? 


Ra (insoluble) —0.003* 3x107? 


*MPC = maximum permissible concentration. 
^ Lung only. 


Table 42.17: Exposure and annual limits for inhalation and digestion of radon, radium, actinium, and thorium. 


Atomic no. Element Radionuclide 





86 radon “Rn 
220R та 
Rn? 
223 
зира 
?6Ra 
28а 
89 actinium Ac 


88 radium 


HAC 


90 thorium Th 


Іп equilibrium with decay products. 
* All, except nitrates. 
“Nitrates. 





E limit, B Annual limit 
sense ны Inhalation, Bq Ingestion, Bq 
5x 10° 3x 10° 
5х 10° 
5x 10° 2x 108 
4x 10$ 
5x10 9x10 1x 105 
5x 104 2x10! 2x10? 
5x10 9x 10? 4x 104 
5x10 2x10! 5x10! 
5x10 9° 4x10 
40* i 
100° 
5x10‘ 2x 1055" 6x10 
` 9x 105° 
5x 103 4x10: 2x 105 
6x10 ; 
5x10 200 1x 10° 
5x10? 100 9 x 10' 
400 
5x 104 30 2x10 
5x10 2 x 10° 3x10$ 
3x 10° 
5x 10' 50 3x 10° 
100 


Thorium 


42.14 Legal Aspects 


According to German atomic law (AtG), 
thorium that has not been irradiated is a “mis- 
cellaneous radioactive material” but is not a 
“nuclear fuel” so that according to § 3/§ 9 AtG 
it must be safely disposed of as a radioactive 
material. According to the nuclear nonprolif- 
eration treaty, thorium is classed as a con- 
trolled substance. Quantities of 20:1 (source 
material) must be checked at least once per 
year, as also prescribed for Europe by Eura- 
tom Regulation no. 3227/76. Persons con- 
structing and operating plants for the 
production, separation, utilization, and storage 
of thorium must report kilogram or higher 
quantities of thorium. 

Exceptions to this duty to report include gas 
mantles, to which the limits imposed by the ra- 
diation protection regulations do not apply, al- 
though the amount of freshly purified thorium 
in a gas mantle represents the maximum per- 
mitted intake of activity for 100 person-years. 
Aged thorium contained in gas mantles could 
represent ten times this amount. 
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43.1 Introduction 


The first isotope of plutonium (Pu) to be 
discovered was 2и, which was generated by 
SEABORG, McMirLAN, KENNEDY, and МАНІ in 
1940 by bombarding uranium with deuterons: 
38U(d, 2n)?5Np 5, 38pu 

The natural occurrence of plutonium was 
discovered later. In 1942, SEABORG, PEPPARD, 
GARNIER and Bonner isolated Pu from Cana- 
dian pitchblende and Colorado carnotite, in 
which traces of plutonium (U:Pu = 1:102) 
are formed continuously by neutron capture. 
Primordial 7“*Pu was isolated by HoFFMANN et 
al. from Precambrian bastnasite in 1971. In 
1991, Cowan and Economon discovered the 
double-beta decay of ^*U to give ?5Pu. 

Larger quantities (ca. 10 t) of anthropo- 
genic plutonium are distributed on earth as a 


43.3 Ргойисіор....................... 1688 
434 Compounds...................... 1689 
43.5 Toxicology ...................... 1691 
43.6 Кеїегепсеѕ....................... 1692 


2 


result of military activities (bomb tests, satel- 
lite accidents, bombers, rockets, etc.) and re- 
leases from nuclear facilities. Thus far, ca. 400 
t of plutonium has been produced in nuclear 
power stations outside centrally planned econ- 
omies De, excluding the former Eastern-bloc 
countries). The ??Pu stockpiled in weapons is 
estimated to exceed 1001 

Fifteen isotopes of plutonium have been 
synthesized; long-lived isotopes are listed in 
Table 43.1. They can be produced by multiple 
neutron capture by 237 and hence occur in 
spent nuclear fuel with varying abundances. 
Both ??Pu and Du are readily fissile with 
thermal’ neutrons, for which the absorption 
Cross sections are higher by about two orders 
of magnitude. Consequently they have lower 
critical masses in aqueous solution since water 
moderates the velocity of neutrons. For ??Pu 
the critical mass given for metal spheres refers 
to H,O reflectors only (Table 43.1). 


Table 43.1: Nuclear properties of long-lived plutonium isotopes. 


Mass А А Main a-radia- 
number Half-life, а Decay tion, MeV 
238 87.7 o 5.499 (70.9%) 

4.80x10!? st 5.457 (29.0%) 
239 241x105 a 5.155 (73.3%) 
5.50x105 sf 5.143 (15.196) 
240 656x10 a 5.168 (72.896) 
1.34x10" sf 5.123 (27.196) 
241 14.4 p» 9996 4.896 (83.2%) 
а= 2.41 х 107% 4.853 (21.1%) 
242 3.76x10 а 4.901 (74%) 
6.80 х 10° sf 4.857 (16%) 
244 826x10 a 4.589 (8196) 
6.60x10!? sf 4.546 (19%) 


*a = a-decay; В = B-decay; s.f. = spontaneous fission. 


Thermal cross section, bam 


m Critical mass, kg 
Capture Fission 

500 17 7.8 (metal sphere reflected 
by 10 cm iron) 

271 742 0.531 (in aqueous solution, 
fully Н,О reflected) 

290 <0.08 . 

370 1011 0.260 (in aqueous solution, 
fully H,O reflected) 

19 0.2 
1.7 
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Table 43.2: Structural data for plutonium (see also Figure 43.1). 


& 


Relative length ——» 


Phase 


> = = 
o e e 
N > an 
e о о 


Symmetry 


Simple monoclinic 


body-centered monoclinic 


face-centered orthorhombic 


face-centered cubic 


body-centered tetragonal 


body-centered cubic 


Unit cell dimensions, pm 


at ca 21 °C 
a=618.3+0.1 
b= 482.2+0.1 

с = 1096.3 + 0.1 

В =101.79+0.01° 


at ca. 190°C 

а = 928.4 + 0.3 

b = 1046.3 + 0.4 
c=785.9+0.3 

B = 93.13 + 0.03? 


at са. 235 °C 
а= 315.9+ 0.1 
ђ = 576.8 + 0.1 
с = 1016.2+0.2 


at са 320 °С 
а = 463.71 + 0.04 


аї са. 465 °С 
а= 334+ 1 
с= 444+ 4 


at ca. 490 °С 
а = 363.61 + 0.04 





Figure 43.1: Pressuretemperature-volume diagram of plutonium. 


1.260 


1.191 


1.125 
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X-ray density, g/cm? 


19.86 


17.70 


17.14: 


15.92 


16.00 


16.51 


Relative volume ——» 


Transformation tem- 
perature at STP, "C~ 


12224 


207 + 5 


31543 


457+2 


479 x4 


Plutonium 


43.2 Properties 


43.2.1 Physical Properties 


Plutonium is a silvery lustrous metal that 
exhibits five phase transitions (Table 43.2) be- 
tween ambient temperature and its melting 
point (640 + 2 °C). Under pressure an addi- 
tional phase occurs. T 

Because of the different densities of each 
phase, large changes in expansion are ob- 
served during phase transitions, which com- 
plicates the use of plutonium for military 
purposes and as a fuel in nuclear power sta- 
tions (Figure 43.1). Table 43.3 lists expansion 
coefficients, Figure 43.2 shows the heat ca- 
pacity, and Figure 43.3 the magnetic suscepti- 
bility of the different phases. For further 
properties, see [1]. 

Measurements of the thermal conductivity 
of the different plutonium phases are not in 
agreement. For a-Pu at ambient temperature it 
ranges from 0.084 to 0.041 Wem7?K7, 


Table 43.3: Linear thermal expansion of plutonium [1]. 


Phase Principal Temperature Mean coeffi-» 


coefficient range, °C cient, 10% c7! 
a Ki —186to-101 423 
o 21-104 60 ` 
Ct, = 0 75 
о; 29 
a, 54 
B a, 93-190 94 
а. = 06 14 
Ki 19 
Ki 42 
Y а, 210-310 -19721.0 
a 39.5 x 0.6 
а, 343216 
о, 34.6+0.7 
H а 320—440 —8.6+0.3 
5 o. 452-480 444.8 12.1 
Ki —1063.5 + 18.2 
o 65.6 + 10.1 
£ а 490—550 36.5 + 1.1 
Liquid o, 664—788 93 


43.2.2 Chemical Properties 


Plutonium metal readily reacts with oxygen 
and moisture at ambient temperature, espe- 
cially in bulk quantities due to self-heating. 
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The surface turns from grayish to dark blue 
and finally green oxide layers. In aqueous so- 
dium chloride solution, it is converted to 
Pu(O)H. Plutonium dissolves rapidly in hy- 
drochloric or hydrobromic acid but is only 
slowly attacked by hydrofluoric acid. It under- 
goes passivation in nitric acid but dissolves in 
the presence of fluoride ions. Sulfuric acid 
converts plutonium slowly to its sulfate. 





Heat capacity, JK mol" — 


400 600 800 1000 
Temperature, К ——» 


Figure 43.2: High-temperature heat capacity of pluto- 
nium metal. 9 = Selected values. 
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Figure 43.3: Magnetic susceptibility of plutonium as a 
function of temperature. 

The behavior of plutonium in aqueous solu- 
tion is unique. Five oxidation states exist: 
Pi?*, Ри, PuO3, PuO3*, and PuO? (Table 
43.4) of which up to four can be present simul- 
taneously in significant quantities. The ions 
possess characteristic absorption bands that 
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are used in spectrophotometric analysis (Table 
43.5). Standard. potential schemes for pluto- 
nium in 1 mol/L НСІ, neutral solution, and 1 
mol/L OH at 25 °C are shown below: 


1.024 V 
1.051 V 
0.912 V 1.190 V 0.970 V 
PuO? ә PuO; > Pu* > Pu” 
—2.03 d 
Ри? 


0.94 V 


0.77У LIY 
PuO(OH)4,, ээ PuO; — PuO,-yH,0,, 


0.63 V 
Ри?* 
са. 0.5 V 
0.26 V 0.76 V 
PuO (OH) ә РиО(ОН) — PuO,yH;O,, 
0.95 V 
Pu(OH); HA 


Table 43.4: Plutonium ions in aqueous solution. 


Bee Forn Color 

ш Pu* blue 

IV Pu“ tan 

IV `РиО, ·пН,О (polymer) bright green, dark 
green 

у PuO; red-violet or pink 

VI PuO;* tan, orange (green) . 

Vil Puo% blue 


Table 43.5: Predominant absorption bands of plutonium 
ions. 


Absorption Molal extinction coefficients 

bands.nM єє, ылу Zu Ерут) 
470 3.46 49.60 1.82 11.25 
569 34.30 5.60 17.10 1.75 
600 35.30 0.91 0.50 1.35 
603 35.40 0.96 0.60 1.20 
655 3.10 34.40 1.15 0.90 
700 0.75 10.88 0.44 0.25 
775 12.40 11.90 9.87 2.90 
833 5.25 15.50 4.00 550 
953 1.20 0.40 1.76 19.10 
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The plutonium cation Pu“ is initially hy- 
drolyzed to a monomer before a colloidal 
polymer forms, preferably in slightly acidic 
solution. Depolymerization is very slow and 
requires heating in strong acid or oxidation. 


The Du: cation disproportionates readily 
at low acidity (Figure 43.4). The Ри“ cation 
forms complexes with anions of inorganic ac- 
ids. The nitrate complexes Pu(NO4)-?* (with 
x = 1-4) are employed for the separation of 
plutonium by solvent extraction and anion ex- 
change. With organic compounds, various 
complexes have been observed. Ethylenedi- 
aminetetraacetic acid forms complexes with 
plutonium cations of all valences and is often 
used to decontaminate surfaces or to wash out 
ingested plutonium. 


Concentration, % ——»- 





Figure 43.4: Change in composition of 0.1 mol/L HNO, 
Pu(V) solution by disproportionation. 


43.3 Production 


Bulk quantities of plutonium are produced 
through neutron capture by 2380 in nuclear re- 
actors. Thus plutonium is a by-product of nu- 
clear energy generation. The ?*5Pu used as a 
heat source in nuclear batteries (for powering 
devices in space, pacemakers, etc.) is pro- 
duced by the reaction 


37Np(n, PNp >, зарц 


together with traces of ^?Pu, or by the reaction 


В mcm ©, "mg 


241 Am(n, y?" Am 
my 160h 163d 


together with "Pu (17%), formed by branch- 
ing decay of "Am. 
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2500 P 
/ 
A s rue 
parca 
000 ST d 
2 © Pu, | PuC;«C 
I 
Рис, I 
ee a a eege л 5 
1660° 
1500 2 
e 
n 
5 
D: 
& 1000 
Є 
a 
dë 
Ри,С;+С 
360 Рис Ш+РиС 
РиС+Ри;С+ 
0 
Pu 0.4 0.8 12 16 2.0 2.4 





Atomic ratio, C:Pu ——» 
Figure 43.5: Phase diagram of plutonium-carbon system [4]. 


Plutonium from spent nuclear fuel is recov- 
ered by the PUREX process (liquid-liquid ex- 
traction of Pu with tri-n-butyl phosphate. 
Nonaqueous recovery by electrorefining from 
molten alkali-metal and alkaline earth metal 
chlorides is an alternative for metallic fuels. 
Plutonium metal is prepared from its oxide by 
reduction with calcium in molten CaCl, or 


` СаС1,-СаЕ.. 


43.4 Compounds [2,3] 


Like the other actinides, plutonium forms 
hard, black, metallic hydrides of the type 
PuH,,, and PuH,. They are inert to cold water 
but react slowly at 90 °C. 


Four carbides of Pu exist: Pu,C,, PuC, — 
Pù C, and PuC, (Figure 43.5). They decom- 
pose at high temperature with peritectic reac- 
tions, are oxidized when heated, and dissolve 
in oxidizing acids with the formation of CO, 
and carboxylic acids (e.g., malonic acid). 


Several silicides have been observed: PuSi, 
Pu,Si,, PuSi,, PusSi, and Pu,Si,. They have а 
metallic appearance and are hard, brittle, and 
pyrophoric. They are oxidized in air and are 
attacked by water. 

Pnictides exists for the elements N, P, As, 
Sb, and Bi: PuN is black (mp 2570 + 30 °C, 
under 100 kPa NA reacts slowly with cold but 
readily with hot water, and dissolves in min- 
eral acids; PuP is a dark-gray compound that 
melts at 2600 °C under argon; PuAs has a gray 
metallic appearance; PuSb melts at 1980 + 
30 °C under 300 kPa Ar. 

Chalcogenides exist for the elements O, S, 
Se, and Te: PuO, is a constituent of nuclear fu- 
els. The plutonium oxygen phase diagram ex- 
hibits the existence of several oxides; their 
crystal data are listed in Table 43.6. The sto- 
ichiometric, metallically lustrous PuO, 5 melts 
at 2085 + 25 °C and PuO, at 2390 + 20 °C. Of 
technical relevance is the substoichiometric 
dioxide PuO, , (x = 1.61-1.98), which acts as 
an oxygen sink in nuclear fuels, absorbing ox- 


1690 


ygen liberated during the fission process (and 
not bound by fission products). It is an olive- 
green compound like the stoichiometric 
PuO,, which ranges in color from dull yellow 
to green and finally to black depending on the 
starting material that is converted to the oxide. 
Depending оп the Pu:O ratio, PuO, , has a 
melting point ranging from 2430 to 2510 ?C. 
Plutonium hydroxides and hydrated oxides 
are obtained by precipitation from aqueous so- 
lution. With excess alkali-metal hydroxides or 
NH,OH, Pu” precipitates as blue or pale pur- 
ple Pu(OH),:xH,O, Ри“ as olive-green 
Pu(OH),:xH,O, and PuO2* as 
PuO OE; Ho Addition of HO to solu- 
tions of Pu“ in dilute acid leads to the forma- 
tion of plutonium peroxide precipitates that 
contain about three peroxide groups per atom, 
together with varying amounts of anions (e.g., 
$027, NO3). 
Table 43.6: Crystal structure data for plutonium oxides. 
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Several plutonium sulfides exist, including 


Риз, Pu,S,, Pu,S,, PuS,, and various nonsto- 


ichiometric sulfides. All are black powders 
except PuS, which is brown. The following 
oxysulfides are known: PuOS, PujO,S, 
Ри,0,5, and Pu,O,S, Three selenides have 
been identified: PuSe (тр 2075 + 30 °C, 300 
kPa Аг); Ри,Ѕе; (n and ү phase); and PuSe,_,, 
which decomposes above 600 °C. 

In the Pu-Te system the following com- 
pounds have been observed: PuTe (mp 1870 + 
30 °С, 300 kPa Ar); PuTe,, which decomposes 
when heated to give PuTe, — and two modifi- 
cations of Pu,Te,. The compound PuTe, is ob- 
tained by reacting plutonium hydride with 
excess tellurium. 


The following halides and oxyhalides of 
plutonium are known: 


Compound Space group Unit cell dimensions, pm X-ray density, g/cm? mp, °C 
PuO, so РЗті а= 384.1 £ 0.6 11.47 2085 + 25 
€ = 595.8+ 0.5 
PuO, 5, Таз a=1104+2.0 10.20 
Pud, a fa3 or Fm3m a= 1095—1101 ога = 540.9 
PuO, Fmim а = 539.6 + 0.3 11.46 2390 + 20 
Table 43.7: Annual limit of platinum uptake. 
Exposure of operators Exposure of public 





Radionuclide Form? Annual limits of incor- Derived concentration lim- Annual limits of incor- Annual limits of in- 
poration ba inhalation, its in air for an ex Xposure of  poration byi inhalation, corporation byi in- 


10? Ci 2000 h/a, 10°* Ci/m? 10? Ci gestion, 10% Ch 
og Ww 54 0.54 
6 1.6 
Y : (a) 0.81 
(b) 8.1 
Py W 54 А 0.54 
| Ү 14 5.4 14 
(а) 0.54 
(b) 5.4 
нор w 5.4 22 0.54 
Y 14 5.4 1.4 
(a) 0.54 
(b) 5.4 
Pu W 270 110 27 
Y 540 270 54 
(a) 27 
(b) 270 
pu Ww 54 24 0.54 
Y 16 5.4 1.6 
(a) 0.81 
(b) 8.1 


*W - week; Y = year. 


^(a) = all compounds, except oxides and hydroxides; (b) = oxides and hydroxides. 


Plutonium 

PuF, violet-blue 
PuF, i pale brown 
PuF, nHO pink-white 
PuF,°2.5H,O pink 

PuF, reddish brown 
PuCl, emerald green 
PuCl,:6H.O blue 

PuBr, green 
PuBr;-6H,O blue 

Pul, bright green 
PuOF metallic 

РиОСІ blue-green А 
РиОВг ` dark green 
PuOI green 

РиО,Е, white 

PuO, Reif `6Н,О greenish yellow 


PuOF, chocolate brown 

The trifluoride and tetrafluoride hydrates 
are obtained by precipitation from aqueous so- 
lution. They undergo dehydration when 
heated in HF atmosphere to give Pub, and 
PuF, Like its homologues, PuF, is volatile 
(тр 52 °C, bp 62.15 °С). 





Figure 43.6: Glove box. 


43.5 Toxicology 


Because of its high radiotoxicity, plutonium 
is now handled exclusively in airtight glove 
boxes (Figure 43.6), which are under reduced 
pressure to prevent leakage of aerosols or vol- 
atile plutonium compounds in case of a con- 
tainment rupture. Only very small quantities 
(in the range of microcuries) can be handled 
outside glove boxes with precautions, since 
the limits for ingestion and inhalation of pluto- 
nium are,extremely low (Table 43.7). These 
limits [5] are based on the recommendations 
of the International Commission on Radiolog- 
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ical Protection. Compared to the radiological 
risks by incorporation, extracorporeal radia- 
tion by plutonium is relatively low. Here the 
same precautions are taken as for pure beta or 
gamma emitters. 


Control of the Risk by Incorporation. In 
laboratories where plutonium is handled, per- 
sonnel are protected against incorporation by 
e Continuous monitoring of air 
o Routine checks by body counters 
e Routine urine analysis 

For operations (e.g., bagging in and out of 
plutonium in glove boxes) where the risk of 
contamination exists, gas masks must be worn 
by the operator. Rooms housing glove boxes 
have reduced pressure and are vented through ` 
absolute filters. When leaving controlled labo- 
ratories, operators must check their clothing, 
hands, and feet for possible contamination. 


2 


Release of Plutonium to the Environment. 
In addition to stratospheric injection from nu- 
clear weapons testing, plutonium may be re- 
leased into the troposphere during routine or 
accidental release from nuclear reactor opera- 
tion or fuel reprocessing. Simulation tests un- 
der typical meteorological conditions have 
found that 99% of 0.3-um particles are re- 
moved from the atmosphere in 3-60 d, 
whereas larger particles deposit more quickly. 
For plutonium deposited in the terrestrial eco- 
system the transfer to humans via the food 
chain is reduced by a factor of at least 108 be- 
cause of metabolic discrimination [6]. 

Characteristic discrimination factors (DF) 
for plutonium movement in the food chain are 
as follows: 


Soil — plant and root uptake ОЕ ы 1071-107 
Crop plant 2 humans DFpumavpiani 107 


Forage plants — grazing animals DF 107 


enimaVplant 
Plant — grazing animal — human beings 
DF =107x 107% «103 
where, for example, DF planvsoil 18 the ratio of 
the plutonium concentration in the plant to the 
plutonium concentration in the soil. 
Discrimination against plutonium also oc- 
curs at each level of the food chain for the up- 
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take from aquatic systems. A discrimination 
factor of 104-10? was found between plank- 
ton and pelagic fish, depending on dietary 
habits. The ingestion of plutonium is different 
if it stems from the beginning of the food 
chain, such as alge. 
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44.1 Introduction 


The metallic elements known collectively 
as the rare earths (better: rare earth metals or 
rare earth elements, abbreviated to RE) are 
listed in Table 44.1. General reviews are given 
in [1-6]. Originally, the name was only used 
for the sesquioxides, RE;O,, which are ex- 
traordinarily similar to one other in their 
chemical and physical properties and are 
therefore difficult to separate. Within the rare 
earth group, the elements scandium, yttrium, 
and lanthanum differ in their atomic structure 
(Table 44.2) from the elements cerium to lute- 
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44.6.3.2 Separation Рғосеѕѕ.............. 1712 
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44.64.2 Ехїгастатїз.................... 1715 
44.6.4.3 Industrial Liquid-Liquid Extraction 1719 
44.7 Production of the Metals .......... 1722 
4471 Fused-Salt Electrolysis........... 1725 
44.72  Metallothermic Reduction........ 1726 
44.73 Ригіћсайоп.................... 1727 
44.8 Analysis..... NEP ETUR 1727 
44.9 Compounds.................... ..1728 
44.91 Нудпаеѕ...................... 1728 


44.92  Oxides, Hydroxides, Peroxides, Salts of 
Inorganic Oxoacids, Double Salts ..1728 


4493 Haides 1730 
449.4 Chalcogenides ................. 1731 
44.9.5 Mgdes 1731 
44.96 Carbides nn 1731 
44.97 Complexes; Organic Compounds. . .1732 
44.10 Uses. ......nnaeannana EE 1732 
44.11 Economic Aspects. ............... 1736 
44.12 Toxicology ...................... 1737 
44.13 Веѓегепсеѕ....................... 1737 


tium (the lanthanides, Ln). The term lantha- 
noids has been proposed by IUPAC to include 
lanthanum and the lanthanides [7], but this us- 
age is not yet universal. In the fields of miner- 
alogy and geochemistry, the term cerium 
earths is used for the elements La and Ce to 
Eu, and yttrium earths for Y and Gd to Lu. 
Scandium occupies a special position with re- 
spect to this classification and its other proper- 
ties, and therefore does not belong to either of 
these groups. The terms terbium earths for Eu, 
Gd, and Tb; erbium earths for Dy, Ho, Er, and 
Tm; and ytterbium earths for Yb and Lu are 
now hardly used. The rare earth elements al- 
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Ways occur in nature in association with each 
other. The isolation of groups of rare earth ele- 
ments or of individual elements requires 
costly separation and fractionation processes 
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owing to the great similarity of the chemical 


and physical properties of their compounds, 


which explains why the history of their dis- 
covery has extended over such a long period. 


Table 44.1: Atomic numbers, relative atomic masses, and natural nuclides of the rare earth elements. 





Element Symbol Atomic number M, Mass numbers of the nuclides (abundance in 96y 
Scandium Sc 21 44.9559 45 (100) 
Yttrium Y 39 88.9059 89 (100) 
Lanthanum 1а 57 138.9055 138 (0.089; EC, 1.1 х 10" а), 139 (99.91) 
Сегішп Се 58 140.12 ` 139 (0.139), 138 (0.250), 140 (88.48), 142 (11.07; В", 5 x 10" a) 
Praseodymium Pr 59 140.9077 141 (100) 
Neodymium Nd 60 144.24 142 (27.11), 143 (12.17), 144 (23.85; œ, 1 x 10" а), 145 (8.30), 
146 (17.22), 148 (5.73), 150 (5.62) 
Promethium Pm 61 (145) only radioactive isotopes 
Samarium Sm 62 150.4 144 (3.09), 147 (14.97; о. 1.06 x 10"! a), 148 (11.24; о, 1.2 x 10% 
" a), 149 (13.83; о, 4 x 10" а), 150 (7.44), 152 (76.72), 154 (2271) 
Europium Eu 63 151.96 151 (47.82), 153 (52.18) 
Gadolinium Gd 64 157.25 152 (0.20), 154 (2.15), 155 (14.73), 156 (20.47), 157 (15.68), 158 
(24.87), 160 (21.90) 
Terbium Tb 65 158.9254 159 (100) 
Dysprosium Dy 66 162.50 156 (0.052), 158 (0.090), 160 (2.29), 161 (18.88), 162 (25. 53), 
` 163 (24.97), 164 (28.18) 
Holmium Ho 67 164.9304 165 (100) 
Erbium Er 68 167.26 162 (0.136), 164 (1.56), 166 (33.41), 167 (22.94), 168 (27.07), 
170 (14.88) 
Thulium Tm 69 168.9342 169 (100) 
Ytterbium Yb 70 173.04 168 (0.135), 170 (3.03), 171 (14.31), 172 (21.82), 173 (16.13), 
| 174 (31.84), 176 (12.73) 
Lutetium Lu 71 174.97 175 (97.41), 176 (2.59; B7, 2.1 x 10? a) 


*For the radioactive nuclides, the decay mode (EC = 


electron capture) and half-life is given in brackets as well as the abundance. 


Table 44.2: Electronic configurations and spectroscopic terms of the gaseous rare earth elements in the ground state. 


Symbol RE? RE? REF 
Sc [Ar] 3d 49 Dy) [Ап за (Dj) [Ar] CSa) 
Y [Kr] 4d 55 (Dy) [Kr] 4d (Dy) [Kr] (So) 
La [Xe] 5d 69 (Dy) [Хг] 5d (Dy) [Xe] (Sj) 
Ce [Xe] 47 54 67 (G) [Xe] 4f CH) [Ne] Ai CFs) 
Pr [Xe] A 65 Chn) [Xe] 4? С.) [Xe] 4^ CH} 
Nd [Xe] 4f 6s CL) [Xe] 47 CL) [Ne] 4^ (С) 
Pm [Ne] 4f 6s (Hy) [Хе] 4? CHa) [Xe] 4^ CL) 
Sm [Xe] 4° 6s СЕ) [Ne] 4% CF) [Ne] 4^ (Hsn) 
Eu [Xe] 47 6:2 (S) [Xe] 47 (#5) [Xe] 46 СЕ) 
Gd Del 47 5d 62 (Dj [Xe] 4? 5d (Dj [Xe] 4^ ES) 
ТЬ? [Xe] Ai 62 (Hy) [Хе] 4? CH) [Xe] 4^ (FQ 
Dy [Xe] 47° 62 О) [Xe] 47° CL) Del 4^ (Н) 
Ho [Xe] 4 62 (Ly) [Xe] af! CDs) [Xe] 4° CL) 
Er [Xe] 47° 62 CHa) [Xe] 472 CH) [Xe] 41 Olai 
Tm [Xe] 473 6g (Е т) [Xe] 47° СЕ) [Xe] 47° CHA 
Yb [Xe] 4f* 652 (S) [Xe] 4/^ (CSa) [Xe] 472 CFn) 
Lu [Xe] 4 sd 62 CDa) [Xe] 4 6s (S,,) [Xe] 4/5 CS) 


*For TbO, possibly also 4f? 5d! 652. 
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Table 44.3: History of the discovery of the rare earth elements [6, 8]. 











Element Year Discoverer Notes 
Scandium 1879 NiLsoN from ytterbium earths (De ManiaNac, 1878) 
Yttrium 1843 MOSANDER from yttrium earths (Саром, 1794) 
Lanthanum 1839-1841 MosANDER from cerium earths (Кі лркотн, BERzELIUs, Hismcer, 1803) 
Cerium 
Praseodymium 1885 AUER v. WELSBACH from didymium (Mosanper, 1839-1841) 
Neodymium 
Samarium 1901 DEMARCAY from the samarium fraction (LEcoo DE Boispaupran, 1879) of 
Europium Я , didymium (Mosanper, 1839-1841) 
Gadolinium 1886 Lecog DE BotsBAUDRAN from didymium (Mosanper, 1839-1841), independeiitly of 
1880 DE MARIGNAC each other 
Terbium 1878 DE MARIGNAC from terbium earth (DEL ArFoNTAm, 1878), originally named 
$e DELAFONTAINE terbium earth (Mosanper, 1843) 
Dysprosium 1886 Lecog рЕ Boispaupran from the holmium fraction (CLEvE, 1879) of the erbium earth 
(DE Maricnac, 1878) 
Holmium 1879 CLEVE 
Erbium 1879 CLEVE from erbium earth (DE Maricnac, 1878) 
Thulium 1879 CLEVE from the holmium fraction (CLEvE, 1879) of erbium earth (DE 
Manricnac, 1878) 
Ytterbium 1878 DE MaRIGNAC from ytterbium earth (ре Maricnac, 1878) 
Lutetium 1907 URBAIN from ytterbium earth, independently of each other (DE 
AUER V. WELSBACH ManiGNac, 1878) 
JAMES 
44.2 Histo ry phic replacement, tendency to form 


The discovery of the rare earths is summá- 
rized in Table 44.3, with the exception of the 
radioactive element promethium. Further de- 
tails are given in [8]. The word “rare”, when 
used to describe this group of elements, origi- 
nates from the fact it was thought that the rare 
earth elements could only be isolated from 
very rare minerals. Considering the abundance 
of the rare earth elements in the Earth’s crust, 
the term rare is inappropnate. 


44.3 Mineralogy, 
Abundance, Occurrence 


The rare earth elements are lithophilic and 
are therefore concentrated in oxidic com- 
pounds such as carbonates, silicates, titanotan- 
taloniobates, and phosphates, or form 
minerals of these types on their own [6, 9] (see 
also [1, parts A4, A5]). The formation of the 
minerals is influenced by variations in ionic 
radii, crystallochemical factors such as coordi- 
nation number, basicity, potential for isomor- 


complexes, and differences in oxidation states 
[10], (see also [2, vol. 3, pp. 1-80]). These fac- 
tors lead to the division of the rare earth ele- 
ments into three groups, according to the 
mineralization process (REO denotes the rare 
earth sesquioxides): 


e Minerals that contain lanthanum to neody- 
mium, samarium, and europium, and in 
which cerium and, in some cases also lan- 
thanum or neodymium, are present as the 
main components (cerium earths, Ce...). 
Typical examples of this group include bast- 
n&site (Ce...)FCO, (max. 75% REO con- 
tent), monazite (Ce...)PO, (max. 6596 REO 
content), and allanite (Ca, Ce...) (Fe, Al), 
(510,)3(ОН) (max. 28% REO content). 


e Minerals with gadolinium to lutetium and 
yttrium as main components (yttrium earths, 
Y...). Typical examples of this group are xe- 
notime (Y...)PO, (max. 62% REO content) 
and gadolinite (Y...),FeBe,Si,0,) (max. 
48% REO content). Typical compositions 
of bastnzesite, monazite, and xenotime from 
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various mineral resources are given in Table 
44.4. | 


e Complex minerals in which both yttrium 
earths and cerium earths can be represented 
in the same mineral type, either of these 
groups of rare earths being the main one. 
Minerals of this type are oxidic ores con- 
taining titanium, niobium, tantalum, ura- 
nium, and thorium; for example: 

Euxenite (Y..., Ce...)(Nb, Ta, Ti),0, 

Samarskite (Ү..., Се...) (№, Ta, Ti),0, 

Fergusonite (Y...)(Nb, Ti, Ta)O, 

Betafite (0, Ca, Y..., Се...) (Nb. Ta, Ti),O,(OH) 

The minerals of the first two groups occur 
in pegmatites and metamorphic gneisses, as 
well as hydrothermal and pneumatolytic 
veins, and in skarns and carbonatites. The 
minerals of the third group are mainly found in 
pegmatites. 


Useful concentrations (up to 5%) of rare 
earth elements occur in apatite Ca.(F, Cl, 
OH)PO,), (see typical composition in Table 
44.4), and up to 10% in pyrochlor (Na, Ca, 
Ce...)(Nb, Ta, Ti),(O, OH, F),, and loparite 
(Na, Ca, Ce...),(Nb, Ta, Ті),О, in the Kola 
. Peninsula (CIS), and also in most uranium 
minerals as trace substituents. 
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Scandium occurs in trace amounts in most 
rare earth minerals along with the true rare 


earth elements (e.g., as a substituent ion of the" 


same valency). However, the amounts are very 
small. Thortveitite, Sc,Si,O,;  sterretite, 
ЅеРО,:2Н,0; and kolbeckite (Sc, Be, Са) 
(SiO, PO )-2H50 are genuine scandium min- 
erals. Apart from scandium, thortveitite also 
contains yttrium, ytterbium, and lutetium. 


In many minerals, scandium is present in a 
dispersed state. Wolframite and cassiterite can 
contain up to 1% scandium, so that scandium 
is a by-product of the production of tungsten 
and tin. Uranium minerals contain much 
smaller amounts of scandium, but, since ura- 
nium is produced in relatively large quantities, 
scandium is produced in appreciable quanti- 
ties also. 


The abundance of the rare earth elements 
taken together is quite considerable. Cerium, 
the most common rare earth, is more abundant 
than, e.g., Co. Yttrium is more abundant than, 
e.g., Pb, whereas genuinely rare REs such as 
Lu and Tm are as abundant as Sb, Hg, Bi, and 
Ag. Promethium in rare earth minerals is 
present only in amounts of « 10-19% as a result 
of nuclear reactions with cosmic rays or the 
spontaneous fission of 23807. 


Table 44.4: Rare earth content (% of total REO) in typical minerals. 





Monazite Bastnzsite Xenotime Apatite 

Australia China United States China Malaysia CIS 

Cerium earths 94.940 92.090 99.547 98.600 10.500 90.100 
Lac, 23.900 23.350 33.200 23.000 0.500 25.100 
CeO, | 46.030 45.690 49.100 50.000 5.000 45.000 
Dräi 5.050 4.160 4.340 6.200 0.700 3.900 
мао, 17.380 15.740 12.000 18.500 2.200 14.000 
Som, 2.530 3.050 0.789 0.800 1.900 1.600 
Eu,O, 0.050 0.100 0.118 0.200 0.200 0.500 
Yttrium earths 5.060 7.910 0.315 1.400 89.500 7.250 
Gd,O, 1.490 2.030 0.166 0.700 4.000 1.500 
Tb,O, 0.040 0.100 0.016 0.100 1.000 0.100 
”у,О; 0.690 1.020 0.031 0.100 8.700 1.000 
Ho,0, 0.050 0.100 0.005 trace 2.100 0.100 
Er;O, 0.210 0.510 0.004 trace 5.400 0.150 
Тт,О; 0.010 0.510 0.001 trace 0.900 0.020 
Yb,O, 0.120 0.510 0.001 trace 6.200 0.080 
LO, 0.040 0.100 trace trace 0.400 trace 
NO 2.410 3.030 0.091 0.500 60.800 4.300 
Total 100.000 100.000 99.862 100.000 100.000 97.350 
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2 $8 
PM e 0s 2 
e Placer deposits m Deposits in sedimentary rocks 
u Veins in metamorphic rocks 
a Deposits in carbonatites and alkaline rocks 





Figure 44.1: Important rare earth deposits [11]. 1) Malaysia; w) Singkep, Billit and Bangka, Indonesia: 3) Taiwan; 4) 
Korea; 5) Western Australia; 6) Mary Kathleen Mine, Australia; 7) Radium Hill, Australia; 8) New South Wales, Austra- 
lia; 9) Bear Valley, Idaho/Montana; 10) Mountain Pass, California; 11) Music Valley, California; 12) Mineral Hill/Lenhi 
Pass, Idaho/Montana; 13) Bald Mountain, Wyoming; 14) Powderhorn and Wet Mountains, Colorado; 15) Gallinas 
Mountains, New Mexico; 16) Blind River/Elliot Lake, Ontario; 17) Piedmont, Georgia; 18) Atlantic Coast placer depos- 
its; 19) Dover, New Jersey; 20) Oka, Québec; 21) Mineville. New York; 22) Llallagua, Bolivia; 23) Atlanida, Uruguay; 
24) Araxa, Brazil; 25) Morro do Ferro, Brazil; 26) Espirito Santo, Brazil; 27) Jos Plateau, Nigeria: 28) Steenkampskraal, 
South Africa; 29) Glenover, South Africa; 30) Shinkolobwe, Zaire; 31) Karonge. Burundi; 32) Panda Hill, Tanzania; 33) 
Kangakunde Hill, Malawi; 34) Nile Delta, Egypt: 35) Mrima, Kenya; 36) Kola Peninsula, CIS; 37) Madagascar; 38) 
Vishnevye Mountains, CIS; 39) Kerala, India; 40) Sri Lanka: 41) Bihar and Bengal; 42) Itremo, Madagascar; 43) Pilanes- 
berg, Bophuthatswana; 44) Wigu Hill, Tanzania; 45) Bon Nage Mauretania; 46) Monrovia, Liberia; 47) Fen, Norway; 
48) Kangasala, Finland; 49) Bayan Obo, Inner Mongolia; 50) Roxby Downs, Australia, 


The rare earth minerals of the three groups 
referred to above occur in distinct deposits 
(Figure 44.1) [11]. Perhaps the most important 
mined rare earth deposit is at the Mountain 
Pass Mine in California (carbonatite), where 
up to 40 000 t/a bastnasite ore concentrate 
(70% REO) is produced by ore beneficiation. 
Other important bastnzsite deposits are in Bu- 
rundi (carbonatite), Madagascar (alkali rock), 
and in Bayan Obo, near the town of Baotou in 
Inner Mongolia in China. The bastnzsite, with 
monazite, is associated with magnetite-hema- 
tite—fluorspar. 

Monazite mainly occurs in secondary de- 
posits in the heavy minerals of coastal sands. 
The extraction of monazite is closely linked 
with the extraction of rutile, ilmenite, and zir- 
con in Australia, Brazil, India, and the United 
States, and with the extraction of cassiterite in 


Indonesia, Malaysia, Thailand, Nigeria, and 
Zaire. However, this also means that the 
amount of monazite available depends on the 
demand for the main product. These mona- 
zites contain up to ca. 10% thonum. Xenotime 
is found in similar deposits, Malaysian mona- 
zite having particularly high xenotime con- 
tents. 

Primary monazite deposits with high tho- 
num contents are found in Brazil, and particu- 
larly in South Africa, though these are not 
extracted at present. Low-thorium monazites 
occur in primary carbonatitic deposits in 
Malawi and Burundi. 

The minerals of the third group are ex- 
tracted mainly for their Nb, Ta, and U con- 
tents. 

In 1990, world reserves of rare earth miner- 
als were estimated at ca. 84 x 10$ t REO. 
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China has estimated reserves of 43 x 10$ t 
REO (ca. 50% of the world reserves). The 
Baiyunebo deposit near Baotou in Inner Mon- 
golia is the largest source of rare earth miner- 
als in the world and accounts for over half of 
the Chinese production. The bastnasite de- 
posit at Mountain Pass, California, contains an 
estimated reserve of 4.3 x 10° t REO repre- 
senting approximately 5% of world reserves. 
. Total reserves within the United States cur- 
rently amount to 12.6 x 10°t REO. 

Reserves elsewhere have been estimated as 
follows: Australia: 5.1 x 105 t REO, India: 2.3 
x 105 t REO, Canada: 0.95 x 106 t REO, CIS: 
0.45 x 10° t REO, Brazil: 0.28 x 105 t REO, 
and others, excluding the United States and 
China, 19.63 x 10°t REO. 

The production of bastnzsite concentrate at 
the Mountain Pass Mine, California reached a 
peak in 1984 of 25 312 t REO. In 1990, pro- 
duction totalled 22 829 t REO, representing 
approximately 27% of world production [12]. 
Estimated monazite production expressed as 
rare earth oxide (REO) in 1990 was as fol- 
lows: Australia: 6500 t, Brazil: 1900 t, India: 
2030 t, Malaysia: 1740 t, South Africa: 1000 t, 
United States: 2000 t, and the CIS: 1500 t. 

Raw material prices in early 1990 for bast- 
nzsite from the United States with 70% REO 
was $1.3/1b, reflecting an increased use of ce- 
rium oxide in autocatalysts, glass additives, 
and polishing compounds. From 1988 to 199], 
the price of Australian monazite with > 5596 
REO was stable between A$800—900/t; Ma- 
laysian xenotime as 60% yttrium concentrate 
cost $32-33/kg. 


44.4 Properties 


44.4.1 Properties of the Nuclei 


Some naturally occurring nuclides of the 
rare earth elements are radioactive. Data on 
types of radioactive decay and half-lives are 
given in Table 44.1. Radioactive properties of 
artificial rare earth nuclides are given in [13]. 
Promethium, Pm, whose occurrence in nature 
was sought for a long time without success, 
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was first identified with certainty in 1945 by 


Mariwsky et al. as a radioactive fission prod- 


uct of uranium [14]. 

So far, 25 relatively short-lived isotopes of 
Pm are known (longest half life: 17.7 years for 
145m), ERAMETSA [15] isolated traces of "Pm 
from the rare earth concentrate of an apatite in 
1965, and.deduced that the abundance of Pm 
in nature is < 10794. The question whether 
this is produced by natural uranium fission or 
by the action of cosmic rays on '“°Nd is the 
subject of debate. 

The very high thermal neutron absorption 
cross section of several nuclides of Sm, Eu, 
and Gd is noteworthy. 


44.4.2 Properties of the Atoms and 
Tons . 


44.4.2.1 Electronic Configuration, 
Position in the Periodic Table 


The electronic configurations of neutral, 
isolated atoms of the rare earth elements in the 
ground state (Table 44.2) lead to the following 
position of the rare earth elements in the peri- 
odic table: the elements Sc, Y, and La are the 
first members of a series of transition elements 
(d-elements) with the valence electron config- 
uration ns? (n — 1)4\ (n = 4, 5, or 6). The 14 el- 
ements, Ce-Lu, constitute a series of inner 
transition elements (“felements”) which 
must be inserted between La and Hf. These are 
the lanthanides, with valence electron config- 
urations of the type Gel 5d! 47! or 6s? 4f". 
Thus, all the rare earth elements belong for- 
mally to Group 3 of the Periodic System. 

In the neutral atoms, the 5d and 4felectrons 
have similar energies. This fact explains the 
occurrence of the two typical electronic con- 
figurations referred to above within the lan- 
thanide series (Table 44.2), whereby the 
configurations 4f (half-filled orbital) and 4/5 
(completely filled orbital) are preferred owing 
to the high thermodynamic stability of such 
states. The irregularity of the configurations of 
the two elements immediately before the mid- 
dle and the end of the lanthanide series, Eu and 
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Yb, are characteristic of the neutral atoms and 
the mono- and divalent ions. However, in the 
case of the trivalent ions, the 4f orbital is filled 
in a completely regular manner. The energy of 
the 4f orbital decreases with increasing atomic 
number and increasing ionic charge, so that 
when the valency is 3+, which is characteristic 
of the rare earth elements, the 4felectrons rep- 
resent well-defined “inner electrons” that take 
virtually no part in chemical bonding due to 
their proximity to the nucleus and shielding by 
the 5s°pf octet. Therefore, the regular filling of 
the 4f orbital from Ce?* to Lu?* determines the 
chemical properties, as the resulting electronic 
configurations resemble those of the rare 
gases, and lead to the great similarity of the 
Ln?* compounds to each other, to the corre- 
sponding compounds of La**, Y?*, and, to a 
limited extent, to those of Sc?*. 


Table 44.5: Atomic radii and effective ionic radii of the 
rare earth elements (in nm). 


Symbol Atom? ВЕ”? ВЕ? REI? 


Sc 0.1654 0.0730 
Y 0.1824 0.0892 
La 0.1884 0.1061 
Ce 0.1825 0.1034 0.096 * 
Pr 0.1836 0.1013 0.095 
Nd 0.1829 0.0995 
Pm 0.1825 0.0979 
Sm 0.1814 0.1232 0.0964 
Eu 0.1984 0.1220 0.0950 
Gd 0.1817 0.0938 
Tb 0.1803 0.0923 0.088 
Dy 0.1796 0.0908 
Ho 0.1789 0.0894 
Er 0.1780 0.0881 
Tm 0.1769 0.1127 0.0869 
'oYb 0.1932 0.1115 0.0858 
Lu 0.1760 0.0848 


* Half the interatomic distance for the modification stable at room 
temperature, calculated from lattice constants [17, 18]. 

> For coordination number 8 in difluorides with Teo = 0.132 nm 
[20]. 

m coordination number 6 [19]. 

‘For coordination number 8 in dioxides with Tot 70.138 пт. 
*Estimated. 


The regular filling of the 4f orbital 1s ac- 
companied by a steady reduction in the Loi" 
ionic radii (Table 44.5, [17-20], and Figure 
44.2)—the so-called lanthanide contraction. 
This steady shrinkage of the inner electron 
shell is mainly caused by the incomplete mu- 
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tual shielding of the 4/'electrons against the in- 
creasing attraction of the nucleus. 


The peculiarities of the electronic structure 
of the rare earth elements described here lead 
to periodic changes in some physical and 
chemical properties of these elements and 
their compounds in the series La to Lu, while 
other properties show a steady or nonperiodic 
change. The typical similarity of the rare earth 
elements to each other, which is often émpha- 
sized, is in essence only exhibited for the non- 
periodic properties. Thus, the regular change 
in the RE* radii leads to largely nonperiodic 
changes in properties that depend on ion size, 
such as solubility, basicity, normal potential, 
and enthalpy of hydration. Periodic variation 
in properties can have various causes and can- 
not be interpreted with certainty in all cases. 
Typically, maxima or minima occur at Eu and 
Yb, because they are situated immediately be- 
fore the 4f shell is half filled (4/7) or com- 
pletely filled (4^) and attempt to achieve 
these stable configurations. Periodic varia- 
tions.are observed for atomic radii, molecular 
volumes, melting points, boiling points, and 
sublimation enthalpies of the elements. A sim- 
ilar periodicity is also observed in some disso- 
ciation enthalpies of gaseous molecules REX 
(X = chalcogenide) due to certain peculiarities 
in the electronic configurations [16]. Other 
types of pronounced periodicity occur, e.g., in 
magnetic moments and colors of the RE* 
ions. 


44.4.2.2 Oxidation States, Atomic 
and Ionic Radii 


The oxidation state 3+ is characteristic for 
all rare earth elements, both for solid com- 
pounds and for solvated ions in various sol- 
vents. The oxidation state 2+ can occur in pure 
solid compounds of Eu, and, to a slightly 
lesser extent, Yb, due to the higher stability of 
the configurations 47 and 4/4. It is also ob- 
served to a very limited extent with Sm and 
Tm. In aqueous solutions, Eu™ ions are meta- 
stable. All the other Lr?* ions react in acidic 
media as reducing agents: 
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2+ 1 
Ln aq) + H aa 2 Ln ogy + На 


The oxidation state 4+ can occur for Ce and 
Tb, which follow La and Gd respectively, and 
also to a very limited extent for Pr and Nd. 
Only the Ce^ ion is metastable in aqueous so- 
lution; The other Іп“ ions oxidize water as 
follows: 


Тл“ (aq) + Jane 9 Lë eet + H'ag + Оз 


The general preference for the oxidation 
state 3+ in aqueous solution is probably a con- 
sequence of the similarity between the hydra- 
tion enthalpy and ionization enthalpy of the 
ions. The standard electrode potentials listed 
in Table 44.6 [8] illustrate the behavior of the 
various' RE"* ions in aqueous solution, and 
show that the rare earths are a group of highly 
nonnoble elements. Figure 44.2 shows the 
atomic radii (in the metallic state) and ionic ra- 
dii for the various typical valencies. The peri- 
odicity of the atomic radii described above 
(maxima for Eu and Yb) shows that in the me- 
tallic state these elements contribute only two 
electrons to the bond, so that their atomic vol- 
umes are similar to those of the alkaline earth 
metals. The radii of the Lu" ions, plus the ra- 
dius of the Ba” ion, give a curve resembling 
the lanthanide contraction curve, and the term 
baride contraction has been suggested to de- 
scribe this [21]. The radii of Eu** and Sr* are 
similar, as are the radii of Yb?* and Ca, 
which explains the commonly observed iso- 
morphic replacement of alkaline earth ions by 
Ln” ions of similar size. 


The similarity of the chemical properties of 
Ln?* compounds to those of the corresponding 
compounds of La** and Ү* can be explained 
by the similarities between the sizes of these 
ions. Therefore, as expected, in the case of 
those properties that are mainly determined by 
1on size, La should be placed near Ce, and Y 
between Ho and Er. However, for scandium, 
which has a comparatively small radius (r_ 3, 
= 0.0730 nm), there is a greater similarity to 
the chemistry of aluminum (73 = 0.0530 
nm) than to that of lutetium (т ЕБ 0.0848 
nm). 
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Table 44.6: Standard electrode potentials Elo of the rare 
earth elements in volts [8] (much of the data is estimated). 


Element RERE” ny RE", УКЕ”, RE” RE", * 
Sc 2.077 
Y +2.372 
La +2.522 
Се +2.483 ~1.74 
Pr ' 42.462 са. —2.86 
Nd 2.431 
Pm 12.423 
Sm 42.414 +1.55 
Eu +2.407 +0.43 
Gd +2.397 
Tb +2.391 -1.28 
Dy +2.353 
Ho +2.319 
Er +2.296 
Tm +2.278 
Yb +2.267 +1.15 
Lu +2.255 

0.20 

0-0 jl RE 
0.18 N i m JN 


о 
0.16 | 
E 
z 0.12 Te RE? 
2 
3 s~s 
aa. 
m 
EN. | 
RE fg. SCH 
0.08 


Sc Y LaCe PrNdPmSmEuGd Tb Dy Ho Er Tm Yb Lu 


Figure 44.2: Atomic and ionic radii of the rare earth ele- 
ments. 


44.4.2.3 Magnetic and Spectral 
Properties 
The electronic configurations and spectro- 


scopic terms of ће Ln” ions are largely unaf- 
fected by the type of compound in which they 


. are situated, owing to the shielding of the 4f 
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electrons from the chemical environment by 
the 5s?p octet. For these ions, with the excep- 
tion of Sm?* and Eu?*, it is characteristic that 
the values of the total spins J applicable to the 
spectroscopic term of the ground state differ 
from each other fairly widely (difference at 
room temperature > ЁТ) so that in the ground 
state practically only one J value is occupied. 
This peculiarity has interesting consequences 
for the magnetic properties of these ‘ions. 
While Sc?*, Y”, La**, and Lu? are diamag- 
netic due to their closed shells, the remaining 
Ln* ions are paramagnetic (Figure 44.3). The 
double maximum in the curve of permanent 
magnetic moments can be explained theoreti- 
cally by the additive behaviour of the spin and 
orbital moments [3, vol. 1, pp. 310—350; 22]. 
These moments are in opposition for the ele- 
ments before gadolinium, but additive for the 
elements that follow it. The magnetic moment 
of Саз is due entirely to the electron spin. The 
magnetic moments of the Ln?* and Ln* ions 
mainly correspond to those of the isoelec- 
tronic Ln% ions. Also, there is a noticeable 
difference between the magnetic properties of 
the lanthanides and those of the 3d transition 
elements, which are characterized by para- 
magnetism mainly due to spin. 
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La Ce Pr Nd PmSmEu Gd Tb Dy Ho Er Tm YbLu 
Figure 44.3: Magnetic moments of the BET ions at 300 


The Ln* ions, with the exception of Ce?* 
and Yb**, have very sharp absorption bands in 
the visible region and partly in the ultraviolet 
(Table 44.7). These bands are caused by f — f 
transitions. Their sharpness is due to the 
above-mentioned shielding of the 47 inner 
shell, which greatly hinders splitting of the 
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spectroscopic terms by external fields. The 
colors of the Lu?" ions are given in Table 44.7 
[8]. The sequence of colors in the series La to 
Gd is almost exactly repeated in the opposite 
direction in the series Gd to Lu. The ions Ce?* 
and Yb?* do not absorb in the visible region 
because an f — f transition is not possible for 
the configurations 4f and 4/3. The broad ab- 
sorption bands of these ions in the ultraviolet 
region are due to configuration transitions of 
the type Am — 47"! 5d. 

In aqueous solution, Du" is pale yellow, 
Sm” is deep red, and Yb” is yellow. 
Table 44.7: Colors and main absorption bands of КЕ?” 
ions in the range 200—1000 mm [8]. 

Ion Wavelength, nm Color 


La* | colorless 

Ce" 210.5, 222.0, 238.0, 252.0 colorless 

Pr* 444.5, 469.0, 482.2, 588.5 yellow-green 

Nd* 354.0, 521.8, 574.5, 739.5, — red-violet 
742.0, 797.5, 803.0, 868.0 

Pm  548.5,568.0,702.5, 735.5 pink 

Sm* 362.5,374.5, 402.0 yellow 

Eu* 375.5,394.1 colorless 

Gd* 272.9, 273.3, 275.4, 275.6 colorless 

Tb* 284.4, 350.3, 367.7, 487.2 very pale pink 

Dei ` 350.4, 365.0, 910.0 pale yellow-green 

Ho% 287.0, 361.1, 416.1, 450.8, — yellow 








537.0, 641.0 
Er* 364.2, 379.2, 7487.0, 522.8, pink 

652.5 
Tm** 360.0, 682.5, 780.0 pale green 
Yb* 9750 ‘colorless 
Lui" colorless . 


44.4.2.4 Bonding, Coordination 
Numbers 


The physical, chemical, and above all 
structural properties of the rare earth com- 
pounds indicate that these elements exhibit 
mainly ionic bonding. 

In solution and in crystalline compounds, 
the BEST ions (except Sc?*) generally have co- 
ordination numbers > 6 [8]. For scandium 
compounds, which can also be regarded as ho- 
mologues of aluminum, coordination numbers 
> 6 do not occur. In general, the tendency of 
the lanthanides, including Y and La, to form 
complexes is smaller than for the d-transition 
elements, as the shielded 47 orbitals arc not 
available for forming the hybrid orbitals that 
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form covalent bonds. Also, the very large size 
of the Lut ions compared with other triply 
charged cations leads to smaller electrostatic 
forces of attraction. 


44.43 Other Chemical and 
Physical Properties [1, part B6; 23] 


Reactivity. Apart from Eu, which is very 
readily oxidized under all conditions, the met- 
als react at room temperature with oxygen or 
dry air relatively slowly, and in moist air rap- 
idly. At elevated temperatures, all rare earth 
metals ignite in air and react with most non- 
metallic elements. In dilute mineral acids, 
rapid dissolution takes place with formation of 
RE* ions. Like the alkaline earth metals, eu- 
ropium and ytterbium form deep blue, 
strongly reducing solutions in liquid ammo- 
nia. 


Crystal Structure. Most of the rare earth met- 
als are polymorphic. At room temperature, Sc, 
Y, Gd to Tm, and Lu crystallize in the hexago- 
nal close-packed system, and La, Pr, and Nd in 
the double hexagonal close-packed (La type) 
system. The metals Ce and Yb crystallize in 
the face-centered cubic system. Sm is rhom- 
bohedral, and Eu body-centered cubic. When- 
ever the body-centered cubic modification 
Occurs, it is always the stable high-tempera- 
ture form up to the melting point. 


Melting Point. The melting points are in the 
range 816 °C (Yb) to 1663 °C (Lu), and the 
boiling points lie between 1194 °C (Yb) and 
3512 °C (Pr). Eu and Yb have a certain resem- 
blance to the heavy alkaline earth metals in 
their melting points, boiling points, and molar 
volumes. Other physical data are listed in Ta- 
ble 44.8 [1, 2, 4]. 


44.4.4 Miscibility and Alloying 
Behavior 


If trivalent Eu and Yb and tetravalent Ce 


and Tb are excluded, the atomic radii from La’ 


to Lu differ by only 896 for coordination num- 
ber 12, so that in all alloy systems of adjacent 


Handbook of Extractive Metallurgy 


rare earth metals there is complete gap-free 
miscibility in the liquid state and also in a tem- 


perature region close to the solidus curve. The" 


liquidus curves are always continuous, corre- 
sponding to the behavior of almost ideal mix- 
tures [24—26]. 


The mutual effect of atomic radius and 
electronegativity on the formation of mixed 
crystals between the rare earth metals and 
other metals is shown in Figure 44.4 [27], in 
which La and Lu are given as examples. The 
nearby elements (within the inner ellipse), ex- 
hibit extensive miscibility in the solid state. At 
a greater distance (within the outer ellipse), 
they have limited miscibility with the rare 
earth elements. Elements outside the ellipses 
have such large differences that only slight 
solubility in the solid state can be expected. 
Thus, all transition elements of the adjacent 
groups 4-8 are soluble to a maximum extent 
of 1% in the solid state. 


In Figure 44.5 [2], the compositions of in- 
termetallic compounds between various ele- 
ments and the rare earth metals are shown. 
The vertical lines show the region in which in- 
termetallic phases exist, while the horizontal 
lines show the phases themselves. The most 
important of these are the phases REX,, REX, 
and REX,. The phase containing the highest 
proportion of rare earth metal is RE,X. There 
is no lower limit; for example, a compound 
REBg, is known (see also [28—31]). 


44.4.5 Mechanical Workability 


When casting rare earth metals in molds 
they must be melted in crucibles made of ma- 
terials with which they do not react. Depend- 
ing on the purity required, tantalum, 
molybdenum, clay/graphite, graphite, or bo- 
ron nitride, etc. can be used. Inert gas atmo- 
spheres, vacuum, or sometimes only a 
covering salt may also he required. The cast- 
ings are easily machined by turning, milling, 
drilling, or sawing, though care must be taken 
that the pyrophoric character of the metals 
does not lead to spontaneous ignition of the 
turnings or powdered material produced. 
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Table 44.8: Properties of the rare earth elements [2, 4]. 


Density, g/cm? 


Lattice constants, 
nm 


Crystal structure of stable phase at room 
temperature (high-temperature polymorphs)" 


Electron emission, eV 


Electrical resistivity, Q ст 


Grüneisen constant for temperature 
dependence of electrical resistivity 


Poisson's ratio 


Compression modulus, 10^ N m? 


Shear modulus, 10^ Nm? 


Modulus of elasticity, 10'° Nm? 


Vickers hardness 


Thermal conductivity, Wem K7 


Linear coefficient of 
expansion, 10% К^! 


Specific heat capacity 
at 25 °C, Jmol“ K"! 


bp, °C 


Heat of fusion, kJ/mol 


тр, °C 


Abundance in Earth’s crust, ppm 











0.33085 0.52683 2.989 
0.36482 0.57318 4.469 


a (d) 
a (d) 


3.5 


52 
60 


1.03 
1.00 


0.309 
0.265 


6.65 
4.15 
3.03 
2.00 
2.99 


3. 


2.88 


25.5 


2832 
3337 
3457 
3427 
3512 


1540 15.5 
1525 
920 


798 
931 


5-10 


Sc 


3.1 


2.55 


6.36 


0.172 38 


10.8 
4.9 
8.5 


26.5 


11.4 
6.2 
5.5 
6.9 


28—70 
1016 7.1 


5-18 


Y 


a 
3.84 
3.00 
3.52 


1.2159 6.145 


b (c, d) 0.3774 
c (b, d) 0.51610 


2.96 
b (d) 
b (d) 
b (d) 
2.7-2.8 (a, d) 0.3621 


61 


0.135 37 1.49 0.284 0.66 


26.2 


La 


Ce 


6.770 


0.36721 1.18326 6.773 


2.97 


77 


0.248 0.47 


1.20 
1.35 
1.45 
0.87 
1.26 


0.114 24° 


27.0 


20—46 


96 


2. 
3.0 


71 


0.305 0.49 


6.79 0.125 37° 


9.98 


27.0 


3.5-5.5 
12-24 
«10 
4.5-7 


Pr 


eir 


3067 


0.36582 1.17926 7.007 


0.365 


64 


0.306 0.74 


27 


3.79 
2.14 


0.165 35 
0.179 


27.5 


ca. 3000 24.3 


Nd 


7.26 


1.165 
2.625 


2.85 


(0.72) 54 


0.352 0.63 


1.32 
3.87 


1042 8 


Pm 


7.536 


94 
90 


3.41 


8.6 1791 29.6 104 0.133 45 
9.2 


1073 


Sm 
Eu 


5.243 


0.45824 


d 


3.20 


1.64 


0.259 0.52 


(0.139) 17° 
0.105 57 
0.111 


277 33.1 


1597 
3267 
3222 
2562 
2695 


0.14-1.1 822 


4.5-6.4 
0.7-1 


0.36360 0.57810 7.900 


а (d) 
a(d) 
a (d) 


a 


131 


3.78 
4.01 
4.11 


2.23 
2.28 
2.54 


5.62 


8.28 
10.3 


37.1 


10.1 


1312 
1357 
1409 
1470 
1522 
1545 
816 


Gd 


0.36055 0.56966 8.229 
0.35915 0.56501 8.550 


3.25 
15 
3.18 


124 
93 


0.261 0.83 


5.75 
6.31 
6. 


46 


28.9 
2 


10.8 
1 


Tb 


3. 


0.243 0.78 


0.107 42 


10.0 


0.8 8.2 


4.5-7.5 
0.7-1.2 


Dy 


Ho 


0.35778 0.56178 8.795 


94 
90 


2.67 401 0.255 0.89 
2.96 


71 


10.7 0.162 42 


12.3 


27.2 


12.2 


0.35592 0.55850 9.066 


a 


3.10 
2.59 


01 
1.08 


1. 
0.284 0.98 


0.238 


4.55 


7.33 


0.143 44 


28.1 


2862 
1927 
1194 
3397 


2.5-6.5 19.9 
0.2-1 


Er 


0.35375 0.55540 9.321 


0.54862 


a 


72 


13.3 0.169 48 


25.0 


27.0 


16.9 
7.7 


Тт 


6.965 


c (d) 


35 
a 


3. 


25 


0.70 1.30 


6.846 2.715 4.766 


1.78 


21° 


(0.4) 
0.164 77 


26.7 


2.7-8 


Yb 


Lu 


0.35052 0.55494 9.840 


59 


0.66 


12.5 


14.0 26.9 
hexagonal close packed (hcp); b 


"Rockwell hardness. 
*Heated to red heat. 


1663 


0.8-1.7 
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bady-centered cubic; г = rhombohedral. 


face-centered cubic; d 


double hexagonal close packed (dhcp); c = 


*a 
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Figure 44.5: Compositions of binary rare earth alloys [2, vol. 2, chap. 13, pp. 1-54]. 


Rare earth metals can easily be extruded at — 44.5 Digestion of Ores 
temperatures just below the melting point. The 


presence of impurities, especially oxygen, has 
a detrimental effect on cold and hot rolling 
properties. 


44.5.1 Wet Digestion; Fusion 


The most important rare earth minerals 
monazite, bastnesite, and xenotime are gener- 
.ally concentrated by physical processes such 
as heavy medium separation, flotation, and 
magnetic separation [1, part Bl, pp. 60-67]. 
They are ground to 50 um—] mm and then di- 
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gested with acids or alkalis. Treatment with al- 
kalies produces the hydroxides of the rare 
earth metals and thorium, which can then be 
dissolved in concentrated hydrochloric or ni- 
tric acid. Treatment of the ores with sulfuric or 
hydrochloric acid converts the rare earth met- 
als into soluble sulfates or chlondes [1, part 
ВІ, pp. 67-104]. 


44.5.1.1 Monazite 


Digestion by Alkalis. The reaction of rare 
earth phosphates with hot, concentrated alkali 
(50-75%) proceeds as follows: 


REPO, + 3NaOH = RE(OH), + Na,PO, 
Th,(PO,), + 12NaOH = 3Th(OH), + 4Na,PO, 


This can be carried out at high temperatures in 
autoclaves (60% alkali, mass ratio 1:1) [32], 
or with more concentrated alkali at lower tem- 
perature (120 °C) and normal pressures [33]. 

The hydroxides produced are treated with 
hot water. The trisodium phosphate goes into 
solution, and the hydroxides are filtered off. 
The trisodium phosphate, a saleable by-prod- 
uct, crystallizes out. The washed hydroxides 
are then dissolved in hydrochloric or nitric 
acid. If the acid concentration is held at pH 4, 
a partial separation results, impure thorium 
hydroxide remaining behind while the rare 
earth hydroxides dissolve. 


Sulfuric Acid Digestion. Monazite can be di- 
gested with 98% sulfuric acid at 200-230 °C. 
The rare earth sulfates formed are then dis- 
solved out of the crystalline, hygroscopic re- 
action product with cold water. The thorium 
sulfate either remains undissolved or also goes 
into solution, depending on the reaction condi- 
tions [34]. 

The dissolved thonum, which was at one 
time the most important product, was formerly 
precipitated as sulfate. However, the sharp- 
ness of separation from the rare earth elements 
was poor, The method now used is to dissolve 
all the sulfates and separate the thorium by one 
of the following more effective methods: 


e Precipitation of ThF,. 
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e Precipitation of thorium phosphate by in- 
creasing the pH or by dilution. 

e Precipitation of the sodium/cerium earth 
double sulfates, while the corresponding 
much more readily soluble salts of thorium 
and the yttrium earths remain in solution. 
The thorium is then precipitated by adding 
oxalic acid, the solubility of thorium oxalate 
being much lower than that of the oxalates 
of the yttrium earths. The sparingly Soluble 
double sulfates of the cerium earths are 
treated with boiling, concentrated alkali so- 
lution, forming the hydroxides, which are . 
then dissolved in acid for subsequent frac- 
tionation. 


44.5.1.2  Bastnzesite 


Digestion with Acids. Many processes have 
been described for digesting basinesite with 
sulfuric acid. In one of these, the mineral is 
calcined to decompose the carbonates and 
then treated with 6 N sulfuric acid to dissolve 
the rare earth elements as sulfates [35]. 

In another process, the mineral is slurried 
with concentrated sulfuric acid and heated to 
500 °C. The fluorine is driven off as hydrogen 
fluoride together with CO, and SO,, and the 
rare earth elements remain behind as their an- 
hydrous sulfates [36]. These can then be 
treated like the products from the treatment of 
monazite with sulfuric acid. | 

In another process, the mineral is calcined 
at > 600 °C, and then treated with 16 N nitric 
acid, which is considerably more effective 
than 12 N hydrochloric acid or 18 N sulfuric 
acid [37]. 

In the Molycorp process, the mineral is 
concentrated to 6094 by flotation and then cal- 
cined, converting the cerium to the tetravalent 
state. It is then treated with hydrochloric acid, 
which causes only the trivalent rare earth ele- 
ments to go into solution, leaving behind 65— 
80% СеО,, which can be converted directly to 
a glass-polishing material by further calcina- 
tion [38]. 

: In another process, the carbonates are de- 
composed by hydrochloric acid. A fluoride 
residue is obtained, which is treated with al- 
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kali. The rare earth hydroxides obtained in this 
way are used to neutralize the excess acid 
from the chlonde solution [39]. 


Digestion with Bases. Bastnesite can be 
treated with concentrated alkali at ca. 200 °C 
to form rare earth hydroxides, which are then 
dissolved in acid [40]. 


44.5.1.3 Other Ores 


Xenotime is more difficult to digest than ` 


monazite. It is usually treated with concen- 
trated alkali, like monazite, but under much 
more rigorous conditions. Rare earth silicate 
minerals are best digested with sulfuric acid at 
fairly high temperatures. Various methods 
have been descnbed for the extraction of the 
rare earth elements from apatites during wet 
production of phosphoric acid [41, 42]. A pro- 
cess for the direct treatment of apatite with 
NOCI/NO,/N,O, at high temperatures is pro- 
posed in [43]. 

In the field of uranium production, only 
Denison Mines (Ontario) have so far produced 
an yttrium concentrate by solvent extraction of 
a sulfate solution. 


44.5.2 Chlorination 


The direct chlorination of rare earth ores in 
a shaft furnace at 1000-1200 ?C produces two 
groups of chlorides, depending on the impuri- 
ties present. These are firstly the chlorides vol- 
atile at this temperature such as АІСІ,, FeCl,, 
POCI;, SiCl, ThCL, DCL, МОСІ,, NbCl,, 
and ТаС1„ and secondly the nonvolatile chlo- 
rides of the alkali and alkaline earth metals as 
well as the rare earth chlorides, which collect 
at the bottom of the chlorinating furnace and 
are tapped off. The anhydrous rare earth chlo- 
rides can be treated, without further drying, by 
molten salt electrolysis to produce cerium 
mischmetal or they can be dissolved for fur- 
ther wet chemical processing. 

The reaction of bastnesite or monazite pro- 
ceeds according to the following equations: 


3REFCO, + 3C + 3Cl, > 2RECI, + ВЕЕ, + ЗСО, +3CO 
REPO, + 3C +3Cl, > ВЕСІ, + POCI, +3CO 
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The rare earth ore, with a grain size of < 0.2 
mm, is pelletized with charcoal powder and a 


binder. It is then dried and fed into the chlori- "` 


nation furnace (Figure 44.6). This consists es- 
sentially of a vessel lined with refractory 
bricks, inside which is a carbon cylinder that is 
the actual reaction space. A perforated graph- 
ite tube located inside this carbon cylinder 
contains a bed of coke through which the chlo- 
rine gas is passed to ensure even distribution 
before it passes through the solid feed mate- 
rial. The reaction is energetically self-sustain- 
ing, and only requires sufficient resistance 
heating to compensate for radiation losses. 
The rare earth chlorides collect in the melt 
space and are tapped off from time to time. A 
total of ca. 400 t rare earth chlorides can be 
produced during the working life of the carbon 
cylinder. The cylinder can be replaced without 
difficulty while hot. The output of a chlorina- 
tion furnace of this type is ca. 100 t/month. 
The lining of the chlorination furnace has a 
lifetime corresponding to a.total output of 
1500 t rare earth chloride. 


The chlorination furnace operates at a 
slight underpressure. The waste gases are 
passed into a combustion chamber, oxidized, 
and washed with alkali to remove residual 
chlorine. In principle, it is possible to recover 
the volatile chlorides of valuable elements 
from the off-gas stream (e.g., POCI,, NbCl,, 
TiCl,, TaCl,, ThCl,, UCI). 


44.6 Separation 


The separation of the rare earth elements 
poses one of the most difficult problems in in- 
organic chemistry. Due to the great similarity 
of the chemical properties, the methods are 
generally not very selective. In a few cases, 
much better separation can be achieved by 
conversion to another oxidation state of ade- 
quate stability (Ce?* — Се“, Eu** > Eu”). 

A further difficulty is presented by the un- 
favorable distribution of concentrations of in- 
dividual rare earth metals in the common 
minerals. The method of separation must 
therefore be selected to suit the existing ratios. 
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The distribution of two rare earth elements 


groups of elements that resemble each other REA and REB between the two phases is 


very closely. 
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Figure 44.6: Diagram of a chlorination furnace [44, 45]: 
a) Electrical connection; b) Insulation and seal; c) Charg- 
ing tunnel; d) Furnace hood; e) Central electrode; f) Cen- 
tral hole for chlorine feed; g) Insert; h) Inner refractory 
lining; i) Outer refractory lining; j) Charge materials; k) 
Layer of coke; 1) Slag wool; m) Iron casing; n) Sieve 
plate; o) Sieve plate supports; p) Space for molten mate- 
rial; q) Exit holes in insert; r) Tapping hole. 
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44.6.1 Principles of Separation 


Two principal types of process are used for 
the extraction of rare earth elements: 


e Solid-liquid systems using fractional pre- 
cipitation or crystallization, or ion ex- 
change. Ion exchange processes are used in 
the production of small quantities of higher 
value heavy rare earth elements. 


e Liquid-liquid systems using solvent extrac- 
tion. This process is the most commonly 
used commercial process for the extraction 
of rare earth elements. 


given by the equilibrium constants k, and kp: 
_ REN _ [RES] 

[КЕ] [КВ] 
where [RE] and [RE] represent the concentra- 
tions in the aqueous and nonaqueous phase, 
respectively. The selectivity of this separation 
system is given by the separations factor 
ng /RE, ° where 


ka an B 


ORE,/RE, = А/К 


More correctly, activities should be used in- 
stead of concentrations. In practice, apparent 
equilibrium constants based on concentrations 
are adequate. In the following discussion, 
these apparent constants are used throughout. 

The processes of fractional crystallization 
or fractional precipitation are now mainly of 
historic interest only. The separation factor 
corresponds to the solubility ratio of the two 
rare earth elements in the aqueous phase. 

In the case of ion exchange or liquid—liquid 
extraction, the ratio of the distribution coeffi- 
cients is a measure of the different affinities of 
the rare earth metals for the two phases. 

For the trivalent ions of neighboring rare 
-earth elements, the separation factor is low for 
‘all methods. For precipitation or crystalliza- 
tion, œ = 1.1 to 5; for separation by ion ex- 
change with addition of complexing agents, a 
= 1.1 to 10; for liquid-liquid extraction, œ = 
1.1 to 5. 

For an effective separation, many repeti- 
tions of a single separation operation are nec- 
essary, which can be carried out batchwise or 
continuously. 

With ion exchange separation, although the 
establishment of equilibrium is continually re- 
peated, the overall process is discontinuous, 
since continuous feeding is not possible. How- 
ever, it has the advantage that several rare 
earth elements can be separated at the same 
time. 

A fully continuous liquid-liquid extraction 
process in countercurrent flow with partial re- 
cycle enables separation to be achieved into 
two groups or two individual rare earth ele- 
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ments of high purity. The production of three 
pure rare earth elements requires two batteries 
of separation equipment. This limitation is, 
however, compensated for by the advantage of 
continuous operation. 

A further characteristic of a separation pro- 
cess is the size of the apparatus required. This 
depends on the concentration of the rare earth 
elements in the two phases. Cationic ion ex- 
changers have a high capacity (ca. 150 g 
REO/L), but elution in the presence of com- 
plexing agents requires very dilute solutions 
(ca. 5-10 g REO/L). These separation plants 
are therefore very bulky. 

In the liquid-liquid extraction process, the 
capacity of the solvent can be very high (170- 
190 g ВЕОЛ.), and it is therefore often possi- 
bie to work with aqueous solutions with con- 
centrations of 100-140 g REO/L, ie, 
approaching saturation. The equipment is 
therefore compact. 


44.6.2 Separation by Classical 
Methods [1, part B2; 3, vol. 1, pp. 30—61; 6] 


44.6.2.1 Fractional Crystallization 


Fractional crystallization was the first pro- 
cess for separating the rare earth elements, 
both in the laboratory and on the industrial 
scale. It is no longer of importance. | 

The purification effect decreases with in- 
creasing purity of the crystals. The achievable 
purity is therefore limited. Also, many inter- 
mediate fractions are produced that must be 
reprocessed. 

In general, this process is more problemati- 
cal for the yttrium earths than the cerium 
earths. The cerium earths were therefore sepa- 
rated by fractional crystallization and the yt- 
trium earths by ion exchange. The cerium 
earths were converted to nitrates after oxida- 
tion of the cerium to the tetravalent state, and 
the double nitrates NH4NO,-RE(NO4),: 4H4O 
were crystallized. Pechiney Saint Gobain pro- 
duced 99.9% pure lanthanum in five crystalli- 
zation stages, this salt being the most soluble. 
The yttrium was first precipitated as the dou- 
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ble chromate and then purified by ion ex- 
change. 


44.6.2.2 Fractional Precipitation 


Fractional precipitation was only used for 
separating the rare earth elements into groups, 
due to filtration difficulties and the slow estab- 
lishment of equilibrium. 

The best known example is the precipita- 
tion of the hydroxides, which enables separa- 
tion into three groups: (1) yttrium, (2) 
praseodymium, neodymium, and samarium, 
and (3) a fraction enriched in lanthanum and 
cenum. 

Another process is the precipitation of dou- 
ble sulfates, Na,SO,-RE,(SO,)3, The greater 
solubility of the yttrium earths enables a crude 
separation from the cerium earths to be carried 
out. 


44.6.2.3 Separations Based on 
Oxidation State Changes 


Cenum(IV) or europium(II) can be eco- 
nomically separated from the other rare earth 
metals by precipitation, ion exchange, or liq- 
uid—liquid extraction. 

Cerium can be oxidized by oxidizing 
agents such as hypochlorite, H,O, atmo- 
spheric oxygen, or electrolytically at a suitable 
pH, precipitating it as cerium(IV) oxide hy- 
drate. By adding chlorine and sodium hydrox- 
ide solution to a solution of cerium earth 
chlorides, cerium(IV) oxide hydrate is precipi- 
tated. This can be converted to a 90% pure ce- 
rium oxide that is suitable for use as a 
polishing material. The separation of tetrava- 
lent cerium from the trivalent rare earth ele- 
ments by liquid-liquid extraction is described 
later. 

Divalent europium has properties similar to 
those of the alkaline earths, especially stron- 
tium (insoluble sulfate, soluble hydroxide, 
etc.). The rare earth metals are usually reduced 
in hydrochloric acid solution by zinc amalgam 
or sodium amalgam. The subsequent precipi- 
tation of europium sulfate from the very dilute 
solution can be improved by coprecipitation of 


v 
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strontium or barium sulfate. The europium can 
be further purified by precipitating trivalent 
elements as their hydroxides by using ammo- 
nia. Under these conditions, Eu?* remains in 
solution [46]. The separation of divalent eu- 
ropium from the trivalent rare earth elements 
by liquid—liquid extraction is described later. 


44.6.3 Separation by Ion 
Exchange 


D 


- This process is based on work carried out 
on the separation of rare earth elements pro- 
duced by uranium fission, and formed part of 
the Manhattan Project (1943—1947). The prin- 
ciples of separation by elution were developed 
by Boyp and coworkers in the Oak Ridge Na- 
tional Laboratory. The Ames Laboratory. Iowa 
State University, under the leadership of SPED- 
DING, investigated the production of rare earth 
metals on a large scale by displacement elu- 
tion. SPEDDING and Роме. have provided re- 
view of the developments up to 1950 [5, pp. 
55—73, 47]. Attempts to develop ion exchange 
column chromatography into a continuous 
process was realized with the development óf 
the continuous annular chromatograph by re- 
searchers at Oak Ridge Laboratory in the mid 
1970s. However, the process was designed for 
analytical requirements with low loading of) 
the columns and was therefore not commer- 
cialized [48-50]. A more recent development, 
known as continuous displacement chroma- 
tography [51], shows greater promise for sur- 
passing present industrial, batch, fixed- 
column displacement ion exchange processes. 


44.6.3.1 Jon Exchange with 
Chelating Agents 


Sulfonated polystyrene ion exchange res- 
ins, which possess high chemical stability, can 
combine with 0.5—0.8 mol of rare earth ele- 
ments per 1 mol resin. However, differences in 
the affinities of the rare earth elements tor the 
resin are very small, and the separation factor 
for two neighboring rare earth elements is 
only ca. 1.08 [52]. However, this can be con- 
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siderably improved by the addition of chelat- 
ing agents. 

The separation factor Fos, ap, fortworare 
earth elements RE, and RE, between an aque- 
ous solution and the cation exchanger (con- 
centrations marked with a bar) is 

[RE ]- [REX] 
F RE,/RE, 7 —— .  . 
[REZ]- [RER] 

On the addition of a chelating agent L, the 
equilibrium constants in solution are given by: 
[REAL] [RE&L] 

Ra me USERS Bom Sa ND 
[REAL] - [L] [REL] - [L] 

The constants depend on conditions in the 
medium, especial the pH of the aqueous 
phase. For large values of Къ and К, and an 
excess of chelating agent (the concentration of 
the unchelated rare earth metals then being 
negligible), a new separation factor FRE ep, 
can be defined: 

. К, 
Free, = P: x 

Separation can therefore be much improved 
by using a chelating agent whose equilibrium 
constants К, and Къ are very different from 
each other. 

Certain carboxylic acids form 1:1 chelates 
over a large pH range with K values that differ 
considerably for neighboring rare earth ele- 
ments and which are sufficiently soluble in 
water. Citric acid is only of historical interest; 
it was used in the Ames Laboratory to prepare 
rare earth oxides in kilogram quantities with a 
purity of 99.9% in 1947. 

Later, polycarboxylic acids were replaced 
by aminocarboxylic acids, which form che- 
lates with considerably improved stability, se- 
lectivity, and solubility. 

Figure 44.7 shows the K values as a func- 
tion of the atomic numbers of the rare earth el- 
ements. They vary between 10? and 107° The 
selectivity Ру also varies widely, and can have 
values of between 1 and 10 for neighboring el- 
ements. For ethylenediaminetetraacetic acid 
(EDTA) and 1,2-diaminocyclohexanetetraace- 
tic acid (ОСТА), the selectivity for the cerium 


1712 


earths is much higher than for the yttrium 
earths. The position of yttrium (dashed lines) 


varies with the chelating agent over a range 
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Figure 44.7: Stability constants К of selected rare earth 
chelates. ——— Position of yttrium. 

The disadvantage of using chelates is their 
lower solubility. The most soluble chelates 
such as those of N-(hydroxyethyl)ethylenedi- 


aminetriacetic acid (HEDTA) or diethylenetri- - 


aminepentaacetic acid (DTPA) reach 
concentrations of ca. (2-2.5) x 10° mol/L at 
25 *C. 


44.6.3.2 Separation Process 


The ion exchange resin is initially loaded 
with NH;. A solution of the salts of the rare 
earth elements to be separated is then passed 
through the column. The cations are absorbed 
by ion exchange onto the upper part of the col- 
umn. The column is developed with a solution 
of the chelating agent, e.g., the tiammonium 
salt of ethylenediaminetetraacetic acid. 

In partition elution, the rare earth elements 
that form the most stable chelates are eluted 
first. The zones of the various rare earth ele- 
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ments are clearly separated from one other, 
but the eluted solutions are very dilute. This 
process is therefore used only for analytical 
purposes. 

In displacement elution, a preliminary 
charge of a foreign ion (the so-called retarding 
ion) precedes the band of rare earth elements. 
This ion (denoted by R**) has a lower affinity 
for the exchange resin than the rare earth ele- 
ments. Displacement is now carried out using 
an ion that has a greater affinity for the resin 
than the rare earth elements, In some circum- 
stances this ion can be NH}. The sequence of 
affinities for the resin is then given by NH; > 
RE, > RE, > RI". NH; displaces the RE, ions 
almost quantitatively, while the RE, ions dis- 
place the RY* ions. A band of constant length 
containing the rare earth elements moves 
through the column, and the concentration of 
the rare earth elements in the band remains 
constant. Between the zone containing pure 
RE, and the zone containing pure RE; there is 
a narrow zone containing both RE, and RE,. 

By this method, more highly concentrated 
solutions of separated rare earth elements can 
be obtained than with partition elution. The 
same amount of resin can therefore be used to 
produce considerably larger quantities of rare 
earth elements. 

The theory of displacement elution is de- 
scribed in [53]. SPEbpm and coworkers [54] 
have shown that, if the separation factor F} is 
large enough, the band requires only a mini- 
mum movement 9 along the column to 
achieve a constant equilibrium state. This rela- 
tionship can be described as follows: 


1+8. +1) 
^J. K-1 


B 


where x; denotes the mole fraction of the rare 
earth element in the original mixture that has 
the lowest affinity for the resin and, therefore, 
the greatest chelating ability. If x; = 0.5 
(equimolar mixture of two rare earth ele- 
ments) and F, = 2, the band must be moved 
along the column only 1.5 times its length to 
achieve equilibrium. 

The cations in the equilibrium follow a log- 
arithmic law. The molar fraction x, of rare 
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earth element A is a function of the number of 
theoretical plates п required to establish equi- 
librium: 
LUE 

1+ Fin 





XA 


A refinement of the ion exchange model is 
given in [55, 56]. However, the equations 
given above are generally adequate for calcu- 
lating the separation of the rare earth elements. 

The main difficulty is the extrapolation 
from laboratory investigations to the industrial 
scale. The height equivalent to a theoretical 
plate (HETP) often becomes much greater. 


Selection of Retarding Ions. The chelating 
ability of the weak aminopolycarboxylic acids 
increases with increasing pH. The H* ions can 
function as retarding ions: 


REL + 4H* = HL * RE" 


where REL" denotes the dissolved ionic che- 
late of the rare earth metal. Owing to their low 
solubility, the acids tend to crystallize in the 
column. Only DTPA and HEDTA are suffi- 
ciently soluble at normal temperatures to en- 
able H* to be used as the retarding ion for the 
separation of rare earth elements. EDTA can 
be used at 95 °C [57]. 

Many cations, e.g., Pei", Cu”, Ni”, Zo”, 
and Pb?* have been investigated as possible re- 
tarding ions [58]. Of these, Cu?* has been most 
widely used. 


44.6.3.3 Industrial Processes 


Ion exchange was first used for separating 
rare earth elements on an industrial scale in the 
late 1950s. However, it was largely replaced 
by liquid-liquid extraction during the 1960s, 
and only used if no suitable liquid-liquid ex- 
traction process was known. An example was 
the production of yttrium oxide [59-62], 
which, with europium oxide, is important as a 
red phosphor for TV tubes. However, yttrium 
oxide is now produced more economically by 
liquid—liquid extraction. 

Since 1970, small amounts of rare earth el- 
ements have continued to be separated by ion 
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exchange [e.g., those required in high purity 
(> 99.9999%) for some electronic applica- 
tions] or for the production of rare earth com- 
pounds with a very small market and which 
are only occasionally needed. A new phenol- 
based ion exchange resin was introduced by 
Unitika Ltd. of Osaka in 1989. The resin re- 
portedly separates the elements to a purity ap- 
proaching 99.999999% and at a faster rate 
than previous resins. 


DTPA and HEDTA have proved to be the 
most suitable chelating agents for the produc- 
tion of high-purity rare earth compounds [63]. 
One process for producing small amounts of 
very pure rare earth compounds makes use of 
the temperature effect, which not only enables 
much more concentrated solutions of chelat- 
ing agents to be used, but also enables the sep- 
aration factor to be modified [64, 65]. 


44.6.3.4 Disadvantages of Ion 
Exchange 


Chelating agents are expensive and must be 
recovered after use, but recovery is difficult 
and requires a large number of batch opera- 
tions. Also, the low solubility leads to very di- 
lute solutions of the rare earth elements (2-10 
g REO/L), whereas with liquid—liquid extrac- 
tion 10—50 times more concentrated solutions 
may be used. These high dilutions lead to 
bulky equipment and handling losses. 


On the laboratory scale, theoretical plate 
heights of the order of millimeters are often 
possible. On conversion to the industrial scale, 
the HETP increases considerably, and can 
reach 10—20 cm in columns 230 cm high and 
63 cm in diameter. 


For reasons as yet unexplained, the purify- 
ing effect decreases with increasing punty. 
This effect is less significant if rare earth ele- 
ments are required with impurity contents of 
ca: 50 ppm, but it makes it almost impossible 
to reduce the impurity content to, e.g., 5 ppm. 
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44.6.4 Separation by Liquid— 
Liquid Extraction 


44.6.4.1 Theoretical Basis 


The liquid-liquid extraction process for 
the separation of the rare earth elements was 
discovered by Fiscuer et al. who showed that 
extraction of rare earth metal solutions in hy- 
drochloric acid with an alcohol, ether, or ke- 
tone gives separation factors of up to 1.5 [66]. 
The principles of this separation technique are 
described in [1, part B2; 67; 68]. 

In the liquid-liquid extraction process used 
today, the organic phase usually consists of 
two or more substances. The active extractant 
has chelating properties and is mainly respon- 
sible for the transfer of the dissolved rare earth 
elements from the aqueous to the organic 
phase. In some cases, active extractants can be 
used neat, but they are usually highly viscous 
or even solid and must be dissolved in a sol- 
vent to ensure good contact between the two 
phases. Suitable solvents are kerosene and ar- 
omatics. Usually, a modifying agent 1s added 
to the organic phase to improve the hydrody- 
namics and sometimes also alter the separa- 
tion factor. 


Distribution Coefficient and Separation 
Factor. The distribution coefficient is the fun- 
damental parameter in liquid-liquid extrac- 
tion. It is strongly dependent on concentration 
and is given by: 


2 [RE ] organic phase 2 [RE] 
[RE ]agqueous phase [RE] 


The separation factor for two rare earth ele- 


ments RE, and REg is thus 

КЕКЕ] 
AREE, = 7 —— VLL. 
ka [REg][RE,] 


Method of Operation. The flow diagram of a 
countercurrent extraction plant for the contin- 


Handbook of Extractive Metallurgy 


uous separation of two rare earth elements or 
two groups of rare earth elements is shown in 
Figure 44.8 [69]. The mixture of rare earthá 
that is to be separated is fed into an intermedi- 
ate stage of the liquid-liquid extraction plant 
operating in countercurrent flow. The extrac- 
tion medium becomes preferentially charged 
with the rare earth metals (extract) that form 
the more stable chelates, while the less stable 


rare earth chelates remain preferentially in the 


aqueous phase (raffinate). 


Feed 
RE,*REg 





Extractant 












Selective 
=| washing 






Re-extraction 


RE,, pure Washing REg, pure Solution 
(raffinate) solution (extract) 


Figure 44.8: Principle of countercurrent liquid-liquid ех-` 


traction. 


This phase flows countercurrent to the ex- 
tract, leading to further separation and prefer- 
ential concentration of the more stable rare 
earth chelates in the extract (selective wash- 
out). The rare earth metals are re-extracted for 
further treatment and the extraction medium is 
treated for re-use. At both ends of the plant, 
partial recycle takes place. If the recycle was 
total, separation into individual rare earth ele- 
ments would take place, but this method is not 
practical, as it can only be operated batchwise, 
and a very long time is necessary for the estab- 
lishment of equilibrium. The separation effect 
can be calculated by the McCabe-Thiele 
method in simple cases (Figure 44.9). 


General 
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Table 44.9: Separation factors with rare earth concentration, nitrate, media, with 50 vol% TBP in Shellsol A [70]. 

















Aqueous phase REO Separation factors—yttrium/rare earths 
concentration, g/L Ce/Y Nd/Y Sm/Y Gd/Y Dy/Y Ho/Y Er/Y Yb/Y 
460 0.39 0.88 `. 0.89 1.30 1.20 1.15 0.93 
430 0.50 1.14 1.37 1.31 0.85 
310 0.69 1.41 1.51 1.76 1.65 1.35 
220 0.60 1.30 2.02 1.99 2.15 1.91 1.48 0.83 
125 0.75 1.77 2.79 2.29 2.10 1.75 1.25 0.83 
60 4.08 5.71 4.44 3.96 3.03 2.13 
Separation factors—adjacent rare earth elements 
Sm/Nd Gd/Sm  Dy/Gd Ho/Dy Er/Ho Yb/Er 
460 2.26 1.01 1.45 0.92 0.96 0.81 
430 1.20 0.96 0.65 
310 2.04 1.07 1.17 0.94 0.82 
220 1.55 0.99 1.08 0.89 0.78 
125 1.58 0.82 0.92 0.83 0.72 
60 . 1.40 0.18 0.89 0.77 0.70 . 0.63 
1.0 Separation factors between various rare 
dE earths and between the rare earths and yttrium 
are listed in Table 44.9 [70]. 

А 0.8 Concentrated nitric acid improves the se- 
ud lectivity. However, the strong acid solutions 
5206 Washing out are difficult to handle, and the solubility of the 
sE rare earth nitrates in these is low. Furthermore, 
FEN hydrolysis of the solvent takes place. A similar 
= aoe effect to that obtained with nitric acid can be 
= 2 ` achieved by adding nitrates that are not ex- 
"Zo tracted by TBP, such as Al(NO,),, alkali metal 
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Figure 44.9: Mole fraction RE, in the aqueous phase. 


44.6.4.2 Extractants 


Neutral Extractants 


The most effective extractant tri-7-butyl 
phosphate (TBP), with which the nitrates of 
the rare earths are usually extracted by the fol- 
lowing generalized process: 

RE(NOj,:xH,O + 3TBP = 
RE(NO,), - ЗТВР +xH,O 


nitrates, or alkaline earth nitrates. 

Pure TBP can be loaded with rare earth ni- 
trates up to concentrations of 0.5 mol/L, corre- 
sponding to са. 170-190 g REOL. 
Temperature has a relatively small effect. The 
early development of mathematical models is 
described in [71]. A review of the many ex- 
traction processes with TBP is given in [72, 
73]. Other salts of rare earth clements, e.g., 
perchlorates, chlorides, and thiocyanates have 
poor distribution coefficients or the selectivi- 
ties are inadequate. The effect of low tempera- 
tures is described in [74]. 

Sulfoxides, RR'SO, behave analogously to 
TBP (Figure 44.10) [75]. Alcohols and ethers, 
which were used in the early days, are no 
longer of importance. 


Acidic Extractants 


Organophosphoric acids are the second 
most important extraction media after TBP. 
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They react with the rare earth elements in what 
is considered to be a cation-exchange extrac- 
tion process, e.g., as follows: 


RE” + 3HL = REL, +3H* 


3 
z amm a A E 
Ne kW 
0—0 
1 РА о-0^ ES Sy, 
5 O^ 


Distribution coefficient ` Kee 
based on Ay=1——» 


La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm YbLu 


Figure 44.10: Distribution coefficients in the extraction 
of rare earth nitrates (480 g REO/L): a) TBP with 50% 
kerosene [75]; b) Di-n-heptyl sulfoxide (1 mol/L) in 1,2- 
dichlorobenzene. 

The most fully investigated and most 
readily available is di-(2-ethylhexyl)phospho- 
ric acid (DEHPA). In the hydrocarbons that 
are used as diluents, the acid is dimeric. In the 
case of the rare earth elements, it has been 
found that the exchange reaction depends on 
the diluent [76]. In aromatic diluents, the reac- 
tion 1s 


RE” + 3H,L, ^ RE(HL;), +3H* 


In aliphatic diluents it is 





ВЕ + 2.5H;L, = REL(HL;), +3Н° 


The dimeric phosphoric acid is represented 
by Ну... The distribution coefficient depends 
on the diluent, decreasing in the following or- 
der: kerosene > cyclohexane > ССІ, > xylene 
> benzene. In accordance with the above equa- 
tions, it is strongly affected by the strength, 
being inversely proportional to the third power 
of the concentration of H* ions for low con- 
centrations of the rare earth elements. This ef- 
fect, which is very important in nitric or 
hydrochloric acid solution, leads to a mini- 
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mum value of the distribution coefficient at an 
acid concentration of 5—6 N [77]. 


The distribution coefficient increases with 


increasing atomic number of the rare earth ele- 
ment. Yttrium comes between Ho and Er, in 
accordance with its ionic radius. DEHPA is a 
very selective extraction medium, with a sepa- 
ration factor of ca. 2.4 for neighboring ele- 
ments. The values in HC1O, medium are listed 
in Table 44.10 [79]. 


Figure 44.11 shows the distribution coeffi- 
cients as a function of atomic number. The 
high selectivity of DEHPA is clearly shown. 
Also, the “tetrad effect” can be seen, shown by 
a discontinuity after every fourth element. 
This effect also occurs in other properties of 
the rare earth elements and is associated with 
their electronic structure. 


w А 


-3 
10 / 
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Figure 44.11: Distribution coefficients kp, (relative to ky 
= 1) in the system DEHPA/perchloric acid [78]. 
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Figure 44.17: Molycorp process for production of pure yttrium oxide [101]. 


The rare earth metals are produced, both on 
the laboratory and industrial scale, by molten 
salt electrolysis and metallothermic reduction 
[l, part B2; 2, vol 1, chap. 2, 173-232; 5; 6; 
103]. 


44.7.1  Fused-Salt Electrolysis 


La, Ce, Pr, Nd, and the mixture of Nd and 
Pr known as didymium can be produced, like 
cerium mischmetal, by molten salt electrolysis 
of a mixture of anhydrous rare earth chlorides 
and fluorides with alkali and alkaline earth 
chlorides and fluorides [104]. 

This process is made possible by the lower 
melting points of the cerium earth metals, 
whereas the yttrium earth metals have higher 
melting points and therefore do not melt dur- 
ing the electrolysis process. 

A lower melting point can be achieved by 
using a cathode (e.g., Cd, Zn) that forms a 
low-melting alloy with the rare earth metal. 
This alloy can also have a lower density than 
the fused salt (e.g., Mg), so that it rises to the 
surface and can be removed from the fused 


salt [105]. The alloying element can then be 
removed by distillation. 


By using molten Cd or Zn as cathode, Sm, 
Eu, and Yb can also be produced. Under the 
conditions used for cerium mischmetal, these 
elements are only reduced to the divalent state. 


The production of rare earth metals and 
their alloys with 3d metals by molten salt elec- 
trolysis of the oxides dissolved in a fluoride 
melt has been described. The cerium earth 
metals are particularly suitable due to their 
low melting points [106]. 


The reactivity of the rare earth metals 
causes problems in the choice of construction 
materials of the electrolysis furnace. High-pu- 
rity metals can be produced by using molyb- 
denum, tungsten, or tantalum as the crucible 
and cathode materials. For industrial manufac- 
ture, iron crucibles with ceramic or graphite 
linings are used. If halogens are liberated dur- 
ing the electrolysis, carbon is used as the an- 
ode material. Molybdenum is also used in the 
electrolytic decomposition of the oxides in a 
fluoride melt. 
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44.7.2 Metallothermic Reduction 


Metallothermic reduction of the rare earth 
oxides and anhydrous rare earth chlorides and 
fluorides can be used to produce high-purity 
rare earth metals, especially Gd to Lu, includ- 
ing Y. Metallothermic reduction is also used to 
produce rare earth mixtures with precisely 
controlled compositions that cannot be ob- 
tained by molten salt electrolysis. Alloys can 
also be produced by this process. 


Alkali metals, alkaline earth metals, and 
aluminum are suitable reducing agents, as are 
alloys of these elements with each other. Lith- 
ium, which forms low-melting LiF, is of spe- 
cial importance, as is calcium. The use of Mg 
or Zn has the additional advantage of produc- 
ing a low-melting alloy with the rare earth 
metal. The alloying elements can be removed 
by distillation, yielding the pure rare earth 
metal. 


For the production of La, Ce, Pr, and Nd, 
the metallothermic reduction of the anhydrous 
rare earth chlorides is preferred. The reaction 
is carried out in crucibles lined with MgO at 
temperatures up to 1100 °C. At higher temper- 
atures, reaction takes place between the rare 
earth metal and the MgO, and the rare earth 
chlorides vaporize. The process is not suitable 
for the production of Sm, Eu and Yb, whuch 
are merely reduced to the divalent state. 


Gd to Lu and Sc, which have higher melt- 
ing points, are obtained by reduction of the 
fluorides with Ca at 1500-1600 °C. The re- 
duction is carried out in tantalum crucibles un- 
der a protective gas or in vacuum. The 
reaction temperature can be reduced by adding 
a “booster” such as iodine, which gives a slag 
with good flow properties that separates 
cleanly from the metal. Praseodymium is pro- 
duced by reduction of the fluoride with lith- 
ium. 


The Carlson-Schmidt apparatus is shown 
in Figure 44.18 [107]. This was used between 
1957 and 1959 to produce high-punty yttrium 
metal in 50 kg batches. 
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Figure 44.18: Reduction apparatus for the production of 
yttrium [107]: a) Sight glass; b) Vacuum connection and 
helium inlet; c) Charging tunnel; d) Charging shut-off 
mechanism; e) Steel reaction chamber; f) Titanium reac- 
tion crucible; g) Graphite insulation; h) Titanium or steel 
supporting crucible; i) Water cooling. 

Sm, Eu, and Yb can be produced by reduc- 
tion of the oxides with La or the cheaper ce- 
rium mischmetal at 1000—1300 °C. The rare 
earth oxides and the reducing metal are used in 
the form of pellets, prepared from chippings or 
thin disks. Sm, Eu, and Yb are volatile at the 
reaction temperature under vacuum (< 10 
bar), and can be distilled from the reaction 
space during the reaction and condensed on 
coolers. Thus, these metals can be separated 
from rare earth metals that are not volatile un- 
der these conditions and obtained in a pure 
state. Hence, the starting materials can consist 
of rare earth oxides in which Sm, Eu, and Yb 
have merely been concentrated. The principle 
of the reduction distillation apparatus is illus- 
trated in Figure 44.19 [108]. Further purifica- 
tion can be carried out by a second distillation. 

The calciothermic reduction of the rare 
earth oxides can be carried out such that a 
metal powder with a defined grain size distri- 
bution 15 produced. In this way, it is possible to 
produce alloys of rare earth metals with 3d 
metals that can be used to manufacture perma- 
nent magnets. 

Methods of producing such alloys include, 
e.g., the coreduction process carried out under 
vacuum at 1000 °C for 3 h [109]: 
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Figure 44.19: Reduction-distillation apparatus for the 
production of samarium, europium, and ytterbium [108]: 
a) Furnace; b) Heating element; c) Stainless steel con- 
tainer; d) Water cooling; e) Vacuum; f) Baffle; g) RE 
metal; h) Molybdenum condenser; i) Heat shield; j) Mo- 
lybdenum crucible; k) Pelletized reactants. 


RE,O, + nCo4O, + (10 —3л)Со + (4n + 3)Ca > 

2RECo, + (4n — 3)CaO 
where n = 0-!9/, or the reduction diffusion 
process carried out at 850-1150 °C for 5 h 
[110]: 
RE,O, + 10Co + 3CaH, — 2RECo,  3CaO + 3H, 


The CaO formed can be removed without 
affecting the properties of the metal powder. 

If C and Si are used as reducing agents, rare 
earth carbides or silicides are formed. Preal* 
loys or inoculation alloys containing rare earth 
metals are produced by reducing rare earth ox- 
ide mixtures or rare earth ore concentrates 
with CaSi or FeSi in an electric arc furnace. 


44.7.3 Purification 


Production of the pure rare earth metals ne- 
cessitates the removal of products of the reac- 
tion of the metals with the atmosphere, 
crucible materials, and coreactants. Suitable 
methods include melting under a protective 
gas or in a vacuum. 

The high-boiling rare earth metals can also 
be purified by distillation. Tungsten powder is 
added to bind interstitial impurities (mainly C, 
N, O) as involatile compounds. Table 44.12 
lists the temperatures at which the rare earth 
metals have vapor pressures of 1.3 x 10? to 
1.3 x 10? bar [111]. 

Alloying elements and impurities such as 
Mg, Cd, Zn, and Ca are distilled off under vac- 
uum: The remaining rare earth metal is then in 
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the form of a sponge, which can be consoli- 
dated by fusion in an electric arc furnace. 
Zone melting, melt extraction, and melt fil- 
tration, e.g., through tungsten powder, degas- 
sing in a high vacuum, etc., are other 
recommended purification methods. 
Table 44.12: Vapor pressure and distillation rate of the 
rare earth metals [111]. 


Temperature, °C Distillation rate 





RE ele 55109 13x107 at 1.3.x 107 bar, 
ment tel 
bar bar Som | 
Sc 1397 1773 33 
Y 1637 2082 43 
La 1754 2217 53 
Ce 1744 2174 53 
Pr 1523 1968 56 
Nd 1341 1759 60 
Sm 722 964 83 
Eu 613 837 90 
Gd 1583 2022 59 
Tb 1524 1939 60 
Dy 1121 1439 71 
Ho 1179 1526 69 
Er 1271 1609 68 
Tm 850 1095 83 
Yb 471 651 108 
Lu 1657 2098 61 


44.8 Analysis 


Analytical methods for the determination 
of the rare earth elements are reviewed in [5, 
pp. 570-593; 112]. Modern analytical meth- 
ods are reported in [2, vol. 4; 113, 114]. 

Analysis may be divided into determination 
of individual rare earth elements, and group 
determination, in which the rare earth ele- 
ments are coprecipitated as oxalates, hydrox- 
ides, or carbonates, and are then determined 
quantitatively after calcination to give the ox- 
ides. Complexometric titrations are also used 
for group analysis. 

The ready conversion of cerium to the tet- 
ravalent state and of europium to the divalent 
state offer simple methods of titration for the 
single elements. 

The determination of individual colored 


rare earth ions is normally carried out by spec- 


trophotometry, emission spectroscopy, and 
spectroscopy in flames. Emission, absorption, 
or fluorescence methods are used. The tech- 
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nique and application of laser source mass 
spectrometry is discussed in (115]. 

X-ray fluorescence analysis can be used to 
determine concentrations in the range between 
90% and ppm quantities with moderate sensi- 
tivity. It is useful to concentrate the rare earth 
elements (sometimes with the aid of a trace 
collector), and to determine the individual rare 
earth metals in the separated oxide, since a di- 
rect determination on the matrix can lead to er- 
roneous results due to the presence of foreign 
elements or to the physical or chemical condi- 
tion of the sample. For the determination of yt- 
trium, the K lines are preferably used, 
although the L lines are preferred for the other 
rare earths due to the disturbance of the K 
lines by bremsstrahlung spectra. Inner stan- 
dards such as strontium or zirconium with yt- 
trium are used, or standard samples that 
should be as similar as possible to the sample 
being tested. The spectra can then be used for 
quantitative determinations. The samples are 
prepared by compressing the material for anal- 
ysis with borax. 


44.9 Compounds 


44.9.4 Hydrides Q2. vol. 3, chap. 26, 
pp. 299-336] 


All the rare earth metals react with molecu- 
lar hydrogen to form the dihydrides, REH). 
Most rare earth metals will alsó react with hy- 
drogen to produce the trihydrides, REH,. The 
rate of reaction depends on temperature, hy- 
drogen pressure, and the surface condition of 
the metal. Both forms of the hydride are non- 
stoichiometric, showing wide ranges of homo- 
geneity. The dihydrides of La, Ce, Pr, and Nd 
have ranges of homogeneity with a composi- 
tion approaching RED, The dihydrides of 
Sm, Gd to Tm, Lu, and Y have narrower 
ranges of existence and form a trihydride 
phase that is also nonstoichiometric. ScH,, 
EuH, and YbH, are almost stoichiometric, 
but YbH, takes up additional hydrogen at very 
high pressures, up to the composition YbH, 55- 
With the exception of EuH, and YbH,, which 
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form orthorhombic crystal structures similar 
to the alkaline earth hydrides, the dihydrides 
are cubic (fluorite structure). The trihydrides 
crystallize with a hexagonal structure. 


Rare earth hydrides are brittle compounds, 
sometimes with a metallic luster. Similar to 
the transition metal hydrides, the rare earth di- 
hydrides (except for YH, and EH») are metal- 
lic conductors. In particular, hydrogen- 
deficient dihydrides are better electronic con- 
ductors than their parent metals. In general, as 
the trihydride composition is approached the 
materials begin to show semiconducting prop- 
erties. 


Hydrides formed by the hydrogenation of 
binary rare earth solid solution alloys are usu- 
ally considered to be solid solutions of the two 
parent rare earth hydrides, and as such their 
properties can be predicted with reasonable 
confidence from those of the constituent hy- 
drides. In the case of binary alloys REM, 
where M is a non-rare-earth metal, the proper- 
ties of the intermetallic hydride formed by hy- 
drogenation of the alloy bear no relationship 
to those of the parent hydrides. They are there- 
fore generally viewed as pseudobinary metal 
hydrides. Some of these materials can revers- 
ibly and efficiently absorb and desorb consid- 
erable amounts of hydrogen, and are therefore 
of commercial interest as a means of storing 
hydrogen. A review of hydrogen absorption in 
intermetallic compounds is provided in [116]. 


44.9.2 Oxides, Hydroxides, 
Peroxides, Salts of Inorganic 
Oxoacids, Double Salts 


Aspects of the transformation and defect 
structures in rare earth sesquioxides is pro- 
vided in detail in [117]. The sesquioxides, 
RE.O,, of the rare earth elements, with the ex- 
ception of Ce, Pr, and Tb, are obtained by oxi- 
dation of the metals with oxygen at elevated 
temperatures or by thermal or pyrohydrolytic 
decomposition of the hydroxides, halides, and 
certain oxosalts. In the case of Ce, Pr, and Tb, 
similar conditions yield the compounds CeO,, 
Pr,O,,, and Ть,О,, which can be reduced to 
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the sesquioxides by hydrogen at elevated tem- 
perature. The sesquioxides melt at very high 
temperatures (in the range of 2200—2400 °C) 
and have very high enthalpies of formation 
[- 1907.9 kJ/mol (Sc,0,) to —1661 kJ/mol 
(Eu,0;)]. 

They crystallize in the hexagonal system 
(type A), monoclinic system (type B) or cubic 
system (type C), depending on the tempera- 
ture and the radius of the cation. At tempera- 
tures near the melting point, high-temperature 
modifications, types H and X, are also formed. 
Most sesquioxides are polymorphic, not in- 
cluding the two high-temperature forms. 
Га,О; forms type A crystals; Се,О, to Nd,O; 
form types A and C; Sm,O; to Ho,0, form 
types C and B; and Ег.О, to Lu,O, Y.O,, and 
5с.О; form only type C crystals. Whether the 
observed modifications are thermodynami- 
cally stable or metastable has so far been es- 
tablished in only a few cases. 

Cubic crystals (fluorite type) are formed 
both by the dioxides of Ce, Pr, and Tb and by 
their intermediate oxides, in which cations in 
the two oxidation states 3+ and 4+ are present 
together. With the exception of CeO,, which 
can be produced by air oxidation, the dioxides 
can only be obtained under strongly oxidizing 
conditions (e.g., oxygen at high pressure). The 
nonstoichiometric intermediate oxides have 
been extensively investigated in the system 
Pr-O [118]. Here, phases exist that are mem- 
bers of a series with the general composition 
Pr,O,, » (1 = 7, 9, 10, 11, 12). 

The compound EuO 15 fairly easy to obtain 
by reduction of Eu;O, e.g., with EuH, or 
Eu. With this exception, the condensed mon- 
oxides of the rare earth elements have only 
been observed as metastable compounds or as 
compounds stable under extreme conditions 
such as high pressure. For example, gaseous 
monoxides of all the rare earth elements have 
been observed at very high temperatures. EuO 
is a violet-black, cubic (NaCl type), ferromag- 
netic substance (Те = 70 К). Eu also forms the 
oxide Eu,O,, in which both Eu?* and Eu” ions 
are present. 

The hydroxides, RE(OH),, are obtained as 
hydrates by the precipitation of RE* ions with 
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ammonia or other bases. The hydroxides and 
oxide hydroxides, REOOH, can be prepared in 
crystalline form by hydrothermal synthesis. 
The hydroxides are sparingly soluble in water. 
Their basicity and solubility decrease with in- 
creasing atomic number.. This progressive 
change in properties is important both for the 
separation of the rare earth elements from one 
other (see Section 44.6) and for chemical anal- 
ysis. The hydroxides react with carbon diox- 
ide to form basic carbonates, the rate of 
reaction depending on their basicity. 

So far, very little is known of the existence 
of.peroxides of the rare earth elements. Ce- 
num peroxide forms as a deep brown, hy- 
drated compound when Ce% ions аге 
precipitated with ammonia and hydrogen per- 
oxide. This intense colour can be used for the 
detection of Ce in the presence of other rare 
earth elements. 

Of the group of compounds of rare earths 
with inorganic oxoacids, the carbonates, sul- 
fates, nitrates, and certain double salts are of 
importance for analytical and preparative 
chemistry. Precipitation of RE* ions by solu- 
tions of alkali, metal carbonates yields the 
sparingly soluble hydrated or basic carbon- 
ates. These are readily decomposed by acids 
or on heating, liberating CO,. Apart from lan- 
thanum sulfate, which forms a nonahydrate, 
the sulfates crystallize from aqueous solution 
as octahydrates. The hydrated sulfates can be 
thermally decomposed to the anhydrous form. 
They are fairly soluble, having a negative tem- 
perature coefficient of solubility, and are of in- 
dustrial importance since sulfuric acid is used 
for digesting certain rare earth ores. Double 
sulfates, e.g., salts of the type RE4(SO4),: 
М№Ма,80,:пН,О are important in the separation 
ofthe cerium earths from the yttrium earths. 

The rare earth nitrates crystallize from so- 
lution in dilute nitric acid in the form of hy- 
drates, RE(NO,)3°7H,O (и < 6). These salts 
are very soluble in water and moderately solu- 
ble in various organic solvents (alcohols, ke- 
tones, esters) and are important in the: 
separation of the rare earth elements from 
each other by liquid-liquid extraction. Certain 
double nitrates, e.g., of the type 2RE(NO,);- 
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3Mg(NO4),:24H,O were at one time impor- 
tant in the separation of the rare earth elements 
by fractional crystallization. A comprehensive 
review of inorganic complex compounds is 
provided in [119, 120]. 


44.9.3 Halides 


The rare earth elements, except for eu- 
ropium, form trihalides, REX, where X = Е, 
Cl, Br, I. The trifluorides are sparingly soluble 
and are obtained from aqueous solution by 
precipitation with hydrogen fluoride. If these 
precipitates are dried at elevated temperatures, 
partial hydrolysis takes place, particularly of 
the more weakly basic elements This can be 
effectively prevented by adding an excess of 
NEF or HF, during the dehydration process 
With the exception of ScF3, the trifluorides 
crystallize in the hexagonal LaF, structure 
(“tysonite structure”) or the orthorhombic YF, 
structure, depending on the radius of the cat- 
ion and the temperature range ScF; crystal- 
lizes in the cubic system (REO, type) When 
dimorphism occurs, the YF, type is the low- 
temperature, and the LaF, type, the high-tem- 
perature modification. The trifluorides are 
high-melting compounds [1140 °С (HoF;) to 
1552 °C (ScF,)]. EuF, and, to a very limited 
extent, YbF;, tend to liberate fluorine at high 
temperatures. A review of the rare earth fluo- 
rides is given in [117]. 

The trichlorides can be obtained as their 
hexa- or heptahydrates by careful evaporation 
of their solutions in hydrochloric acid. The de- 
hydration of the hydrates must be carried out 
in a stream of HC] and/or in the presence of an 
excess of NHL Cl to prevent hydrolysis. On an 
industrial scale, the anhydrous trichlorides are 
obtained by reacting oxidic ores with chlorine 
and carbon. They crystallize in the hexagonal 
UCI, type structure (LaCl, to GdCl,) or the 
monoclinic YCl, type structure (DyCl, to 
LuCl, ҮСІ,, ScCl,). They are very soluble in 
water and in certain organic solvents such as 
ethanol and pyridine. Their melting points are 
in the range 588 (TbCl,) to 892 °C (LuCl,). 
With the exceptions. of EuCl, and YbCl, 
which decompose on heating with liberation 
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of chlorine, all the other rare earth chlorides 
vaporize without decomposition or sublime 
(ScCl,). Y 

The tribromides and triiodides are obtained 
in the same way as the trichlorides. The tribro- 
mides, and more so the triiodides of Eu, Yb, 
and Sm, have a marked tendency to lose halo- 
gen on heating, since the 2+ oxidation state of 
the cation becomes more stable with increas- 
ing size of the anion. The melting points of the 
tribromides are in the range 664 (SmBr;) to 
960 °C (LuBr,), and those of the triiodides in 
the range 738 (Prl,) to 1045 °С (Lul,). The tri- 
halides react with the sesquioxides to form ox- 
ide halides of various compositions. 

The existence of tetrahalides is limited to 
the tetrafluorides of Ce, Pr, and Tb. CeF, and 
TbF, are obtained by the reaction of the ele- 
ments or the trifluorides with fluorine. PrF, 
can only be obtained by the extractive removal 
of NaF from the readily prepared Na;PrF, by 
treating it with liquid hydrogen fluoride in a 
fluorine atmosphere. The tetrafluorides are 
white solids which crystallize in the mono- 
clinic system (UF, or ThF, type). They are 
slightly soluble in water but decompose to the 
trifluorides and are thermally unstable. Ce- 
rium tetrafluoride is appreciably more stable 
than the tetrafluorides of praseodymium and 
terbium. 

The dihalides may be divided into two 
groups: the mainly salt-like compounds, in 
which the cation has a valency of 2+, and 
those compounds whose properties (e.g., elec- 
trical conductivity) indicate that the bond has 
some metallic character, and can be repre- 
sented, in a much simplified way, by the gen- 
eral formula Ln**(e)X,. Important methods of 
preparation include reduction of the trihalides 
by hydrogen at elevated temperatures (dichlo- 
rides, dibromides, and diiodides of Eu, Yb, 
and Sm, as well as EuF.), or by solid or gas- 
eous rare earth metals. 

Thermodynamically stable difluorides are 
known only for Eu, Sm, and Yb. However, the 
difluorides of almost all the other rare earth el- 
ements can be prepared as metastable com- 
pounds which crystallize in the cubic system 
(fluorite type). EuF,, YbF., and SmF, can take 


General 


up considerable quantities of the correspond- 
ing trifluorides in solid solution. Other diha- 
lides of many rare earth elements can be 
prepared, but it is difficult to give definite 
trends for the occurrence of salt-like or metal- 
lic properties. However, it can be stated that 
all the dihalides of Sm, Eu, and Yb are.of a 
mainly salt-like nature. 


44.9.4 Chalcogenides 


The rare earth elements form chalcogenides 
with: the general formula REZ, RE4Z,, BEZ. 
(RE.Z,), and RE,Z, (where Z = S or Se) [3, 
vol. 3, pp. 149-248; 121]. With Te, com- 
pounds are known with the formule RETe, 
RE,Te,, RE;Te,, RE,Te,, RETe,, КЕ,Те,, and 
RETe,, of which some must be regarded as in- 
termetallic compounds. The rare earth chalco- 
genides exhibit a wide range of structural, 
electrical, and magnetic properties. Most of 
them are very sensitive to hydrolysis and can 
therefore only be prepared and handled if 
moisture is excluded. 

The monochalcogenides are mainly pre- 
pared by direct synthesis from the elements, 
but may also be prepared in some cases (YbS, 
YbSe, SmS, SmSe [20, 122]) by the reduction 
of higher chalcogenides with the correspond- 
ing gaseous rare earth metal. EuS and EuSe 
are also obtained by the reaction of Eu,O, with 
H,S/H, or H,Se/H, at ca 1100 °C. All the rare 
earth monochalcogenides crystallize in the cu- 
bic system (NaCl type) and have high melting 
and boiling points. Thus, for example, the 
compound CeS has been recommended as a 
sulfide ceramic material for coating vessels 
due to its inertness to many metals [123]. It 
begins to liquefy above 2100 °C, and melts at 
2450 °C. Despite the 1:1 stoichiometry, only 
the monochalcogenides of Eu, Yb, and Sm can 
(within limits) be regarded as compounds of 
ВЕ?" The other compounds have properties 
that show the simultaneous presence of ionic 
and metallic bonding. 

The sesquichalcogenides, RE,Z, (Z = S, Se, 
or Te), can also be prepared by direct synthesis 
from the elements (the only practical method 
for the tellurides), or by reaction of the sesqui- 
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oxides or trihalides with the hydrogen chalco- 
genides at high temperatures. When the oxides 
are used, very stable oxide chalcogenides such 
as RE,O.Z сап be produced as intermediate 
products. The sesquichalcogenides can exist 
in several modifications. The cubic modifica- 
tion 1s nonstoichiometric, with the approxi- 
mate composition RE,Z, (Т.Р, type). 

Rare earth polychalcogenides include the 
polysulfides RE,S,. With the exceptions of the 
polysulfides of Tm and Lu, they are obtained 
by heating the sesquisulfides with an excess of 
sulfur. They are interesting in that they are not 
ВЕ“ compounds, but contain two S^ ions and 
one S, group per formula unit. 

The crystal chemistry and phase equilibria 
of rare earth ternary systems with chalcogen 
elements is dealt with in [124]. 


44.9.5 Nitrides 


The rare earth elements react with nitrogen 
to give nitrides of the type REN [125], and 
with the elements P, As, Sb, and Bi to give 
compounds with other stoichiometric compo- 
sitions. The nitrides are formed in slow reac- 
tions of nitrogen with the metals or hydrides in 
very finely divided form at ca 1000 °C, or 
more readily by reaction with ammonia at ca. 
700 °C. The nitrides are cubic (NaCl type) and 
have very high melting points and decomposi- 
tion temperatures. They have a metallic ap- 
pearance when in a compact form, and are 
ionic compounds with metallic conductivity 
or semiconductors. Apart from ScN, all the 
rare earth nitrides are very sensitive to hydrol- 
ysis, and can therefore only be handled when 
moisture is excluded. 


44.9.6 Carbides 


Of the rare earth compounds with elements 
of group 14, only the carbides are described 
here. Compounds with the formulae REC,, 
КЕ,С,, RE,C, and REC,_, are known. Of 
these, the carbides REC, represent the largest 
group [3, vol. 3, pp. 284—342]. The carbides 
can be synthesized directly from the elements. 
The high-melting dicarbides are highly invol- 
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atile, crystallize in the tetragonal system 
(CaC, type), and are metallic conductors with 
approximately one conducting electron per С, 
group. Hydrolysis of the carbides under neu- 
tral or weakly acidic conditions leads to com- 
plex mixtures of unsaturated and saturated 
hydrocarbons, most of which are С, hydrocar- 
bons due to the presence of C, groups in the 
crystal structure. ' 


44.9.7 Complexes; Organic 
Compounds 


From the point of view of complex-forming 
properties, the rare earth elements resemble 
the elements of group 2 more closely than 
those of the 3d transition elements, owing to 
the peculiarities described earlier. Only very 
strong ligands, with strong chelate-forming 
properties, are able to form thermodynami- 
cally stable, isolable rare earth complexes. 

Many rare earth chelates are very difficult 
to isolate from aqueous solution, as water is an 
extremely strong ligand for rare earth ions. 
' Also, ligand exchange reactions take place 
very rapidly in solution, which makes it im- 
possible to isolate definite isomers. Of the rare 
earth chelate compounds so far prepared (e.g., 
[3, vol. 3, pp. 61-128; 126]), those useful for 
liquid-liquid extraction and separation of rare 
earth elements are of particular interest. The 
technically important chelating agents in- 
clude certain ketones, but, above all, tri--bu- 
tylphosphate (TBP) [3, vol. 1, рр. 89-109]. 
The chelates of the rare earth elements with 
2,4-pentanedione (acetylacetone) and its de- 
rivatives are also important, these being char- 
acterized by great stability and sometimes 
considerable volatility [127]. 

When considering organic compounds [1, 
part D1-D3; 128], a distinction should be 
made between true organometallic com- 
pounds and salts of organic acids or coordina- 
tion compounds with organic ligands. The 
relatively small number of true organic com- 
pounds (e.g., the tris(cyclopentadienyl) deriv- 
atives [129] and the triphenylene and anionic 
tetraphenyl complexes [130, 131]) are mostly 
very reactive, sensitive substances. Of the 
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large group of salts of organic acids, the ox- 
alates deserve mention. These are formed as 
sparingly soluble precipitates from solutions 
in moderately concentrated hydrochloric acid 
and are important for the purification of the 
rare earth elements, and also for their quantita- 
tive determination. Organometallic com- 
pounds of the rare earth elements are 
discussed in [132]. 


44.10 Uses 
vol. 2, pp. 190-297] 


[3, vol. 1, pp. 416—500; 


The rare earth metals and their compounds 
are used in numerous areas of industry for a 
wide range of purposes. The most important of 
these include metallurgy, catalysts in the 
chemical industry, coloring of glass and ce- 
ramics, the production of magnets, and phos- 
phors. 


Metallurgy. The importance of the rare earth 
metals in metallurgy is highlighted in [133, 
134]. In 1990, ca. 22% by volume of rare earth 
consumption in the United States was devoted 
to metallurgical end use. The equivalent vol- 
ume usage in Japan by contrast was ca. 10%. 
One of the most important areas of applica- 
tion, is based on their reactivity with water, 
hydrogen, nitrogen, sulfur, and the so-called 
tramp elements such as arsenic, antimony, and 
bismuth. Sulfur reacts to form rare earth sul- 
fides or oxysulfides in spheroidal form which 
are not deformed under rolling conditions, and 
which form solid particles at the temperature 
of molten steel, thus improving the hot form- 
ability and flexibility of microalloyed steels, 
and reducing anisotropy in the notched tough- 
ness test. Rare earths are used in the form of 
mischmetal containing principally Ce, La, and 
Nd. 

The addition of rare earth metals such as yt- 
trium and cerium, or cerium mischmetal im- 
parts improved oxidation resistance to heating 
element alloys, to substrate alloys for cata- 
lysts, and to superalloys. Rare earth metals im- 
prove the precipitation of spheroidal graphite 
in SG iron casting. Although for economic 
reasons cerium mischmetal is more often used 








General 


in these applications than the pure rare earth 
metals, the pure metals can give better results 
when used separately. 


Addition of rare earths to copper and alumi- 
num alloys, used as electrical conductors, im- 
proves the mechanical properties. In China, an 
yttrium magnesium aluminum alloy has been 
developed for transmission cabling. Yttrium 
improves tensile strength, heat resistance, vi- 
bration resistance and can raise electrical con- 
ductivity by 50%. Creep resistance and tensile 
strength at high temperatures are improved by 
addition of rare earth metal (mainly neody- 
mium, praseodymium, and yttrium) to magne- 
sium alloys for pressure casting and aircraft 
construction. Recent investigations ` have 
shown significant improvements to high 
strength AL Me and Al-Li alloys by the addi- 
tion of scandium. Similar effects can be 
achieved with titanium and titanium alloys, 
and with alloys of niobium, tantalum, and va- 
nadium. 


The rare earth metals react readily with gas- 
eous elements, and are therefore. used as get- 
ters. Their pyrophoric properties are utilized 
in friction igniters ("flints") and in military 
projectiles. 

Alloys of the type Гами, are capable of ab- 
sorbing hydrogen, even from mixtures with 
other gases, forming rare earth hydrides. 
These are used to store hydrogen reversibly. In 
these alloys La can be partially replaced by 
Ce, Pr, and Nd, and Ni by Co, Cr, Cu, Fe, or 
Mn. They can also be used to separate D, from 
Н, [135-138]. 
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Rare earth alloys with 3d transition ele- 
ments have magnetic properties [2, vols. 14, 
16; 139, 140]. These alloys are of the type 
REA, or RE,A,,, in which the rare earth met- 
als can be cerium earths, especially Sm, and 
the 3d transition metals can be pure Co, or Co 
partially replaced by Fe, Mn, Cr, or Cu. These 
alloys give extremely stable magnets, having 
energy products, high remanence, and high 
coercive field strengths [141—143]. Some typi- 
cal properties are given in Table 44.13. These 
high-power magnets are used in small motors, 
printers, quartz watches, headphones, loud- 
speakers, magnetic storage, traveling-wave 
tubes, etc., mainly in miniaturized equipment. 


Rare earth alloys also exhibit very large 
magnetostriction at cryogenic temperatures. 
REFe, Laves phase’ compounds show very 
large magnetostriction but possess intrinsic 
magneto-crystalline anisotropy [2, vol 2, chap 
15, pp 231—258]. For many applications, high 
strain is required at low magnetic fields, and 
therefore anisotropy must be minimized. The 
most important material.to emerge from re- 
search activity so far is the ternary alloy 
Tb, sa 73K е» which shows promise for high 
power actuators, transducers, and sensors. 


Catalysts [117, vol 5, chap 43, 217-320]. A 
further important use for rare earth elements 
(as their chlorides or nitrates) is in zeolite 
cracker catalysts for the improvement of gaso- 
line yields and reductions in the formation of 
coke and light hydrocarbons. These catalyst 
compositions can correspond either to the nat- 
ural composition of the cerium earths or can 
be based mainly on cerium [144]. 


Table 44.13: Characteristic properties of selected rare earth permanent magnetic materials. 


Material Energy product 





(ВН) pax: Кт? 
SmCo, 160 
(Sm, Рг)Со, 200 
(Smp.2Mos)Cos 120 
Sm(Co, Cu, Fe), 110 
Sm(Co, Cu, Fe, Zr); 240 
Sm(Co, Cu, Fe, Zr); s 210 
NdFeB 300 


NdDyFeB 250 





Remanence B, mT 


Coercivity before po- Coercivity after po- 
larisation H. kA/m ` larisation H, KA/m 


920 2500 680 
1050 1200 720 
800 f 1000 580 
770 300 290 
1130 580 540 

. 1080 800 780 
1300 1000 700 


1100 2000 880 
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Rare earth elements are also.used as cata- 
lysts for alkylation, isomerization, hydrogena- 
tion, dehydrogenation, dehydration, reforming 
of hydrocarbons, polymerization, oxidation 
of CO and hydrocarbons [145, 146], and re- 
duction of the concentration of nitrogen ox- 
ides in automobile exhaust gases [147]. The 
formation of hydrides enables them to be used 
as methanation catalysts [148]. Cerium stabi- 
lizes y-Al,O, as a carrier for noble metal cata- 
lysts (149, 150]. Rare earth chelates with 
diketones can replace lead compounds as anti- 
knock agents [151]. 


Energy Production. Rare earth elements 
have a possible future use in energy produc- 
поп REN, [152], LaO}, VD, and CeO,, 
with Ni, Co, Cr, or Zn [153], can be used as 
electrodes in fuel cells, while the solid electro- 
lyte can be ZrO, stabilized with Y,0,, ZrO;- 
Y4O4-T25,0,, or ZrO,-CeO,-Y,O, [154, 155]. 

Water, in. the form of a photooxidizable 
compound with Eu”, is reduced in the first 
stage, and in the second stage the Eu** formed 
is reduced by a light-sensitive transition metal 
complex [156]. Water can be oxidized by Ce** 
in the presence of the redox catalyst PtO, or 
IrO,, and the Ce** produced reconverted pho- 
tochemically to Ce“*, with liberation of Н, 
[157]. The low Cune point (20 °C) of Gd can 
be utilizéd to produce a heat pump [158]. 

In magnetohydrodynamic generators, 
LaCrO, [159] and LaCoO, [160] are used as 
electrodes, and LaB, [161] as an electron 
emitter. 


Glass and Ceramics. Another important use 
of rare earth elements is in the glass and ce- 
ramic industries [162]. Rare earth oxides in 
their naturally-occurring composition or with 
an increased CeO, content (or рше CeO.) are 
used as polishing agents in the glass industry. 
Other uses of Ce include the chemical decol- 
orization of glass (Fe** — Fe" [163], reduc- 
tion of UV transparency of glass containers 
for foodstuffs and medicines, and the preven- 
tion decolorization of television screens by X 
rays and y rays. 

Nd (blue to wine red), Pr (green), Er (pink), 
and Ho (blue) can be used both for coloring 
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glass and for color neutralization. Combina- 
tions of these with each other and with other 
elements such as Ti(* Ce: yellow), Se(+ Nd: 
violet), and Ni(+ Nd: reddish) give further ef- 
fects. 

In optical glasses for lenses, La improves 
the refractive index and dispersion. La and Gd 
also improve chemical and mechanical prop- 
erties, and enable these types of glass to be 
used under the demanding conditions of mag- 
neto-optical and electro-optical systems [120, 
chap. 58, pp. 1—90]. 

In very pure types of glass, Eu?* and Ce} 
give a phototropic effect in sunlight. 

In the ceramic industry, rare earth oxides 
are used as yellow pigments (Pr) [164], as 


opacifiers in glazes and enamels (Ce) [165], ` 


for radiation-shielding ceramics (Sm, Eu, Gd, 
Dy) [166], to improve the light fastness of lead 
chromate and titanium dioxide pigments, to 
impart "natural" fluorescence to artificial 
teeth (Eu, Sm, Ce) [167—169], and especially 
as stabilizers for cubic ZrO, [170]. An inter- 
esting application is in so-called lambda 
probes, in which Y,O,-stabilized ZrO, is the 
solid electrolyte in a measurement/control 
system that optimizes oxidation and reduces 
the content of harmful gases in automobile ex- 
hausts [171]. In a similar application, it is used 
for determining the О, content of liquid steel 
[172]. 

CeS and YO, can be used for the manufac- 
ture of crucibles and as temperature-resistant 
materials for gas turbines [173]. The mechani- 
cal properties of Si4N, are improved by the ad- 
dition of rare earths to promote sintering 
[174]. 


Electronics. Compounds of the type Pb, La 
(Zr, DAD: (PLZT) are used as electro-opti- 
cal ceramics in displays [175], as electrome- 
chanical transducers [176], and for their 
piezoelectrical properties [177]. Lanthanum 
doped BaTiO, is used as a dielectric in capaci- 
tors [178], and in thermistors [179]. 
Compounds of the garnet type such as 
Y3A1.0,. (YAG), Y,Fe,O,, (YIG), and yt- 
trium orthoaluminate YAIO, (YALO), doped 
with neodymium, are used as solid state lasers 
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[2, vol. 4, pp. 275-315]. Solid state NI-YAG 
lasers, operating at 1064 nm wavelength, are 
most popular for cutting, welding and metal 
heat treatment. In Japan production is growing 
at ca. 10%/a. Recently, Ho-YAG and Er-YAG 
lasers, emitting at 2000 nm and 2900 nm, re- 
spectively, have been developed to partly re- 
place CO, lasers for use in microsurgery. In 
1986 Sumitomo Metal Mining Comipany pro- 
duced single crystals of gadolinium-alumin- 
ium-scandium garnet (GASG). These laser 
materials doped with nickel and chromium are 
expected to capture some of the tunable and 
high-power laser markets. Y,Fe,;O,, (YIG) is 
also used in frequency control applications 
[180, 181]. Са,Са,О,, (GGG) crystal contains 
53.7% gadolinium oxide and is used for bub- 
ble type magnetic information storage [182] as 
well as in the doped form (са. 3 atom% Nd) 
for high-power pulsed lasers. Rare earths used 
in laser technology are of very high purity (7 
99.999%) and therefore have high added 
value. 


Rare earth-transition metal alloys depos- 
ited onto glass or polycarbonate provide an 
excellent magneto-optical medium for high 
density data storage and retrieval. Films are 
generally deposited by sputtering, and the tar- 
gets used in the process usually contain ter- 
bium, gadolinium, dysprosium, or 
neodymium together with cobalt and iron and 
other minor elements. Rare earth halides of Eu 
and Yb have semiconductor properties [183]. 


Phosphors [2, vol. 4, pp. 237—274]. Stimula- 
tion by UV, X rays, or electron beams causes 
certain rare earth elements to emit light of a 
definite wavelength. The energy is transferred 
from the host lattice to an activator. The fol- 
lowing can act as host lattices: oxide sulfides 
and vanadates of Y, La, Gd, and Lu (favorable 
4f electron configurations), and borates, alu- 
minates, phosphates, silicates, tungstates, flu- 
orides, compounds of the ruby type, etc. 
Phosphors containing rare earth oxides are 
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used in color cathode ray tubes, X-ray intensi- 
fying screens, and fluorescent lamps. The fol- 
lowing are used as red emitting phosphors in 
cathode ray tubes for TV and VDU screens: 
YVO,:Eu* (4.5%), Y,0,:Eu* (3.5%), and 
Y,0.S:Eu** (3.65%). Examples of green- 
emitting phosphors are La,O,S:Tb**, CaS: 
Ce**, and SrGa,S,:Eu?*. Blue phosphors in- 
clude Sr,Cl(PO,),:Eu** and ZnS: Tm"? Other 
rare earth activators аге Ce" (UV, blue), Dr" 
(red, green, blue, UV), Nd** (IR, lasers), Sm?* 
(orange), Eu?* (blue, green), Tb?* (green), Dy 
(yellow, white), Er (green, lasers), Ho (green, 
yellow, lasers), Tm (blue), and Yb (green). 
Other areas of use include high-sensitivity X- 
ray films, optical scanning devices, photo- 
copying equipment, and scintillation crystals 
[184]. Rare earth fluorides and oxides are still 
added to the carbon of classical carbon arc 
lamps, e.g., for cinemas, to improve light 
emission [185]. In 1991, 7396 by volume of 
the rare earths used in phosphors was associ- 
ated with yttrium, 596 with europium, 496 
with terbium, and 1896 with other rare earth 
elements. 


Reactor Technology. Sm, Eu, Gd, and Dy 
have high thermal neutron capture cross sec- 
tions. Eu and Dy can take up five neutrons in 
succession. Therefore, they have a low rate of 
burn off when used in control rods or in ce- 
ramics for radiation protection (166]. Table 
44.14 lists the thermal neutron capture cross 
sections of these elements. 


Other Applications. Rare earth compounds 
are used in the paint industry as dryers [186]. 
They are also used in the textile industry [187] 
and as oxidizing agents for self-cleaning ov- 
ens [188, 189]. 

Europium complexes are used as shift re- 
agents in NMR spectroscopy [190]. 


' Rare earth elements can be used in the third 
stage of wastewater purification for the pre- 
cipitation of phosphates [191]. 
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Table 44.14: Thermal neutron capture cross sections of some rare earth elements in n, y reactions. 


Rare earth Numberofab- Relative atomic Abundance in Thermal neutron capture cross section, 1075 m? 
element — sorbing isotopes mass nature, % For natural isotope mixture For single isotopes 
Sm 1 149 13.8 5600 66 000. 
Eu 5 151 47.8 4300 9 000 
152 5000 
153 52.2 420 
154 1500 
155 13 000 
Gd 2 155 14.9 46 000 70 000 
157 15.7 180 000 
Dy 5 160 2.3 950 130 
161 18.9 680 
162 25.5 240 
163 24.9 220 
164 28.2 2 780 





44.11 Economic Aspects [192] 


World production of rare earth minerals to- 
talled ca. 96 500 t (57 000 t REO) in 1990, 
compared with an estimated output of ca 
107 500 t (64 000 t REO) in 1989. The de- 
crease in mineral output over these two years 
has been associated with a decrease in Austra- 
lian and Chinese production. In particular, up 
to 1988 production and pricing policy of raw 
materials and separated rare earth elements 
were essentially stable. Chinese production 
and export of these products increased dramat- 
ically between 1988 and 1990 without a paral- 
lel increase in market demand, thus causing 
some destabilization of world pricing policies. 
Prices of rare earth materials during this pe- 
riod dropped by between 20 and 7096, de- 
pending on the rare earth element China's 
export revenues also suffered a 4096 decrease. 
Some stability has returried to the world mar- 
ket with China reducing output of rare earth 
minerals from 43 000 t (25 250 t REO) in 
1989 to 27 500 t (16 500 t REO) in 1990. Ex- 
ports of raw materials also dropped by 5096 in 
1990 and by 46% in 1991. 


World rare earth consumption grew by less 
than 3% annually between 1980 and 1990 
against a predicted growth of 6%. In 1980 the 
demand for rare earths expressed as oxide 
(REO) was ca 27 000 t. Rare earth consump- 
tion in 1990 is estimated at 35 000 t with a 


market value of ca $400 x 10. Ores, concen- 
trates and mixed rare earth compounds ac- 
count for ca 75% of the tonnage consumption 
but only 2596 of the total market value. 


Rare earths in the form of metals and sepa- 
rated high-purity oxide for use in applications 
such as phosphors, magnets and superconduc- 
tors, demand much higher added value and ac- 
count for nearly 75% of the market. This latter 
market sector is currently showing a reason- 
able growth rate of ca. 15%/a. 


Current estimates of world rare earth con- 
sumption by end use for 1990 and predicted 
values for 1996 are shown in Table 44.15. 
However, as is shown in Table 44.16, the bal- 
ance of consumption for end use applications 
varies significantly between the major user 
countries. This can reflect differences in tech- 
nological status, future commercial strategies, 
and the availability of rare earth stock. 


` Table 44.15: World markets for rare earth consumption 


by end use [192]. 
U 1990 Predicted for 1996 
Ke "EE ——— 
%vol 96byvalue — Oé vol % by value 
Phosphors . 3 37 4 40 
Magnets 7 20 15 23 
Catalyst 40 16 35 11 
Glass 18 12 .17 10 
Metallurgy 26 4 22 2 
Ceramics 2 6 2 8 
Other 4 5 5 6 
Total 100 100 100 100 
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Table 44.16: Rare earth consumption by end use application [192]. 
Ык United States 1989 Japan 1990 China 1990 
Application — - 
% vol tonnes REO % vol tonnes REO % vol tonnes REO 
Glass and ceramics 43 7 524 67 3639 
Catalysis 42 7 350 30 2200 
Metallurgy 14 2 450 4 217 56.5 4100 
Permanent magnets 18 978 3 216 
Agriculture 6.5 480 
Phosphors 5.5 299 
Other u 175 , 5.5» 299° 4 260 
29 
Total 100 17 500 100 5432 100 7256 
1 Includes permanent magnets, phosphors, and electronics. 
? Includes catalysis. 
New developments based on the lesscom- 44,12 Toxicology 


mon rare earth elements or requiring only a 
single rare earth element can affect the sup- 
ply/demand situation. A favorable cost/price 
situation will only exist if there is a good mar- 
ket for all the principal rare earth elements that 
occur in nature, since rates of production of 
the elements by the rare earth industry are in- 
terdependent. 


Prices of rare earths can vary significantly 


depending upon the abundance of the rare. 


earth element in the ore, the source of the 
product, the purity of.the element or com- 
pound required, and the quantity of material 
purchased. 


Approximate prices of rare earth oxides are 
given in Table 44.17. Reviews of the rare earth 
industry are given in [14, 192—194]. 


Table 44.17: Approximate prices of rare earth oxides in 
1990 [192]. 


Rareearth — Rhóne-Poulenc Molycorp 
oxide ` Purity 96  S/kg Purity dé, S/kg 

Ce 99.50 25.75 99.0 19.25 

Dy 95.00 132.00 96.00 132.00 

Er 96.00 190.00 98.00 143.00 

Eu 99.99 1960.00 99.99 1639.00 

Gd 99.99 136.50 99.99 132.00 

Ho 99.90 510.00 

La 99.99 23.00 99.99 19.25 

Lu 99.99 7000.00 ; 

Nd 95.00 20.00 99.90 88.00 

Pr 96.00 38.85 96.00 37.00 

Sm 96.00 175.00 96.00 143.00 

Tb 99.90 880.00 99.90 825.00 

Tm 99.90 3600.00 

Yb 99.00 230.00 

Y 99.99 115.50 99.99 115.50 


The pure rare earth metals and their com- 
pounds are regarded as having low toxicities 
with respect to the Hodge Sterner classifica- 
tion system [195]. Harey describes the rare 
earth elements as only slightly toxic [2, vol 4, 
pp 553—585; 196]; see also [1, part B2]. A fur- 
ther extensive review on this subject is pro- 
vided by ArvELA [197]. 

Several authors investigations into the in- 
halation of rare earth oxides by humans 
(smoke from carbon arc lamps in cinemas) 
have been carried out [198—200]. Chest X rays 
show changes to the lungs caused by dust de- 
posits, although these harmful effects are not 
caused by the rare earth elements, but by ra- 
dioactive impurities, 1.е., products of the ra- 
dioactive decay of thorium and uranium. 
Modern methods of rare earth separation to- 
gether with an increased use of bastnzsite 
have led to rare earth products that are virtu- 
ally free from Th and U. 

Experiments on animals showed that intra- 
venous injection of rare earths caused impair- 
ment of liver function. . 
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45.1 Introduction 


Cerium is the most abundant rare-earth ele- 
ment and exceeds in abundance such well- 
known elements as tin, cobalt, and lead. The 
following article treats pure cerium and rare- 
earth mixtures in which cerium content either 
exceeds the naturally occurring composition 
or determines the overall properties or eco- 
nomics. The term cerium group, or light rare- 
earth elements, includes lanthanum through 
europium inclusively. 

The presence of the rare-earth elements 
lanthanum to lutetium at the position of lan- 
thanum (atomic number 57) in the periodic ta- 
ble is due to the fact that, starting with cerium 
([Xe] Ad 5а! 6s*), 14 electrons are able to en- 


ter the inner 4f orbital. Lanthanum, which has 


an empty 4f level (47), represents the stable 
electronic configuration. This configuration is 
also attained by tetrapositive cerium, which 
explains why cerium has not only the normal 
rare-earth 3+ oxidation state, but also a 4+ 
state. This exceptional oxidation state simpli- 
fies separation of cerium from the other rare- 
earth elements. 

Cerium was discovered in 1814 by BERZE- 
LIUS and named after the asteroid Ceres, which 
had been discovered in 1800-1801. 


45.2 Cerium Mischmetal 


Cerium mischmetal or more simply misch- 
metal is a mixture of rare-earth metals of the 
cerium group with cerium as the major con- 
stituent. Mischmetal is the lowest priced rare- 
earth metal because no expensive chemical 
separation is needed to produce it. It is pro- 
duced predominantly by fused-salt electroly- 
sis of rare-earth chlorides. Pure rare-earth 
metals of the cerium group are produced by 
fused-salt electrolysis of a mixture of chlo- 
rides and fluorides. The electrolytic reduction 
of rare-earth oxides of the cerium group dis- 
solved in a fluoride electrolyte has been put 
into production recently. Metallothermic re- 
duction of rare-earth chlorides of fluorides is 
also employed. 

Mischmetal was first produced industrially 
in 1908 by Auer von WeLsBaAcH, who suc- 
ceeded in finding an outlet for surplus rare 
earth in the production of lighter flints. At that 
time, monazite was used exclusively as the 
source of thorium needed for the manufacture 
of incandescent mantles. 


1744 


45.2.1 Preparation of the Raw 
Materials 


Rare-earth minerals in which cerium pre- 
dominates over lanthanum, praseodymium, 
and neodymium (the other elements in the ce- 
rium group) are monazite, (RE, Th)PO, from 
beach placers of India, Southeast Asia, Aus- 
tralia, South Africa, and Brazil, associated 
with cassiterite, rutile, ilmenite, and zircon 
and bastnesite, REFCO,, from the carbon- 
atitic deposit of the Mountain Pass mine in 
California and from the iron ore deposit of 
Bayan Obo in Inner Mongolia (China). 

Monazite and bastnzsite are generally con- 
centrated by physical methods such as gravity 
concentration, flotation, and magnetic separa- 
tion [1, ВІ, рр. 60-67]. The rare-earth concen- 
trates are converted into rare-earth chloride 
hydrates by wet chemical methods or into an- 
hydrous rare-earth chlorides by high-tempera- 
ture chlorination. 


45.2.1.1 Wet Chemical Attack 


After being ground (50 pm-1 mm), the 
concentrates are attacked by acids or caustic 
soda [1, ВІ, рр. 67—104]. 


Monazite. At temperatures between 140 and 
170 °C, concentrated sodium hydroxide solu- 
tion (50-70%) reacts with the phosphates: 


REPO, +3NaOH = RE(OH), + Na,PO, 
Th,(PO,)q¢) + 12NaOH = 3Th(OH),,, + 4Na,PO, 


The attack is carried out in an autoclave 
[13]. More concentrated sodium hydroxide so- 
lutions (> 70%) react at lower temperature 
[14]. The rare-earth hydroxides are dissolved 
in hydrochloric acid. The thorium does not 
dissolve if the pH is kept close to 4. Trisodium 
phosphate is a saleable by-product after re- 
crystallization. 


Bastnzsite. The carbonates are attacked by 
hydrochloric acid. The residue of rare-earth 
fluorides is converted by alkaline treatment 
into rare-earth hydroxides, which can be used 
to neutralize the acid solution resulting from 
the hydrochloric acid attack [15]. Concen- 
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trated sodium hydroxide solution attacks bast- 
nesite to form rare-earth hydroxides, which 
are dissolved in hydrochloric acid [16]. 


ЗКЕЕСО, „у + 6HCI — 2RECI, + REF yy + ЗСО, +3H,0 
REF, + 3NaOH = ВЕ(ОН), + 3NaF 


КЕЕСО, у +3NaOH = RE(OH),,, + NaF +Na,CO, 
КЕ(ОН), + ЗНСІ — RECI, + 3H,O 


The rare-earth chloride solution obtained 
by these various processes is evaporated to 
form the hexahydrates (mp 120-130 °C), 
which solidify on cooling. The rare-earth 
chloride hexahydrates must be dehydrated for 
fused-salt electrolysis. Dehydration is carried 
out under conditions that avoid excessive for- 
mation of rare-earth oxide chlorides by hy- 
drolysis: 


RECI,-6H,O = REOCI +2HCI + 5H,O 


The dehydration is carried out either in vacuo 
or by adding salts like CaCl,, NaCl, or NH,CI 
that reduce hydrolysis. 

Oxide chlondes increase the viscosity of 
the electrolyte and cause reoxidation of the 
rare-earth metals that are formed. However, 
rare-earth oxide chloride content near 5% is 
not detrimental, perhaps even desirable, for 
one special type of electrolytic cell, the ce- 
ramic cell. Dehydration can then be carried 
out in metal ovens or on heated rotating steel 
plates, at temperatures between 170 and 
600 °C, depending on the process. In modern 
plants, spray drying and fluidized-bed drying 
are employed for the dehydration process. 
Special materials like titanium and Hastelloy 
can be used to avoid corrosion by the hydro- 
chloric acid generated in the off-gas during 


drying. 


45.2.1.2 Chlorination 


The chlorination of rare-earth ores [17] ina 
shaft furnace at 900—1100 °C produces anhy- 
drous rare-earth chlondes that can be used di- 
rectly for fused-salt electrolysis. The reaction 
proceeds as follows: 
3REFCO, + 6C + 3Cl, — 2RECI, + REF, + 9CO 


REPO, + 3C + 3СІ, э RECI, + POCI, +3CO 
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Table 45.1: Typical analyses of rare-earth chlorides from various sources. 
Element, RECI,-6H,O from wet chemical treatment, %* pci dar ad 

sid * 

oes Brazil China France India ^ Malaysia United States Germany 

REO, 458 45.8 47 46 46.1 46 65-67 

REF, 6-10 

CeO,/TREO® 47.2 50.0 49 46 50.3 50 48-50 

NaO I 0.66 : «02 

MgO 1 02 «0.3 

CaO 0.63 0.5 I 0.59 0.4 «2 

BaO ; с <0.1 <3 , 

Fe,0, 0.03 0.005 0.02 <0.1 

PbO 100 ppm  22ppm 230ppm ` Lü ppm 15 ррт <50 ppm 

P,O; trace trace 0.02 0.01 <0.2 

SO; 0.1 0.06 0.14 0.05 «0.1 

SiO, 0.05 «0.1 





*Unless otherwise stated. 


b The cerium(IV) oxide content divided by the total rare-earth oxide content. 


Bastnesite yields a mixture of rare-earth 
chlorides and fluorides; monazite yields the 
chlorides. In the case of monazite, the radioac- 
tivity, caused mainly by radium, a disintegra- 
tion product of thorium, remains with the rare- 
earth chlorides. In addition, ТҺС1„ must be re- 
covered from the off-gas to avoid environ- 
mental pollution. Therefore, thonum-free 
monazite should be used if available. The re- 
covery of POCI, is an economic necessity. " 

Typical analyses of rare-earth chlorides 
from various sources are listed in Table 45.1. 


45.2.2 Fused-Salt Electrolysis 


For proprietary reasons, there are no mod- 
em detailed publications on the process tech- 
nology for production of mischmetal by fused- 
salt electrolysis. The know-how of the produc- 
ers covers optimization of electrolytic cell 
construction for continuous operations, spe- 
cial refractories resistant to the aggressive salt 
and metal melt, and maximization of current 
efficiency by the choice of the composition of 
the electrolyte, with a view to the viscosity, 
temperature, oxygen content, and solubility of 
deposited metal in the melt. 

The kind of electrolytic-cell refractory 
characterizes the two main processes for the 
production of mischmetal: (1) iron/graphite 
and (2) ceramic [18, 19]. 

Independent of the type of cell, the amper- 
age, voltage, electrode distance, and current 


density are chosen to reach the reduction po- . 
tentials of the rare-earth metals and to avoid an 
excessive electrolyte temperature, which may 
cause vaporization of the electrolyte, attack of 
the refractory lining by the electrolyte and 
metal, and formation of metal fogs. 

Cerium deposits at a lower voltage than 
praseodymium, neodymium, and especially 
lanthanum. Samarium and europium are re- 
duced at the cathode only to the 2+ oxidation 
state. Stirring by the chlorine liberated at the 
anode or diffusion allows both elements to mi- 
grate to the anode, where they are reoxidized 
[20]. Metal fogs reduce current efficiency sim- 
ilarly. 

Added rare-earth fluorides and alkali and 
alkaline-earth chlorides and fluorides having 
decomposition voltages higher than those of 
the rare-earth chlondes lower viscosity, in- 
crease the conductivity, and improve the metal 
yield. 


45.2.2.1 Iron and Graphite Cells 


The iron or graphite crucible or pot serves 
directly as the cathode. Iron crucibles made of 
spheroidal cast iron are directly connected as 
the cathode, whereas graphite crucibles, 
which are protected by an iron housing against 
air oxidation, are connected via this iron hous- 
ing. 

Graphite-lined iron pots are connected di- 
rectly. Crucibles up to an electrolyte volume 
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of 50 L are round; larger crucibles are rectan- 
gular. The schematic design of a rectangular 
graphite-lined iron cell is shown in Figure 


45.1. The anodes consist of graphite or special 


carbon and can be moved vertically to adjust 
the amperage and current density. 


ВЕ 


рот сс 
Ессе 






h^. 
Figure 45.1: Schematic design of a rectangular graphite- 
lined iron cell (Th. Goldschmidt AG): a) Graphite anodes: 
b) Insulated housing; c) Graphite lining (cathode); d) Iron 
crucible; e) Hood; f) Seal; g) Feeding chute and chlorine 
suction; h) Bottom tap; i) Electrolyte melt; ј) Mischmetal 
deposit. 

The electrolysis is started via short-circuit 
heating by melting rare-earth chlorides and 
mischmetal down until a sufficient amount of 
melt is obtained for electrolysis. Already mol- 
ten chloride, for example, from the chlorina- 
tion process, also may be used. Fresh rare- 
earth chlorides are fed as solids. 

As a result of the higher heat losses by the 
iron and graphite cathode, the so-called cooled 
cathode, the mischmetal is electrodeposited in 
the form of dendritic sponge or droplets, to- 
gether with solidified electrolyte, at the bot- 
tom of the cell. The deposition of solid 
mischmetal diminishes the damage to the re- 
fractory lining. 

Toward the end of the electrolysis, the 
metal is melted by increasing voltage and am- 
perage or by external heating via gas or resis- 
tance heating. Before tapping, the temperature 
of the metal must be 850—950 °C. The temper- 
ature of the electrolyte at the surface may be 
100 °C higher. Addition of iron scrap lowers 
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the melting point, making the melt easier to 


handle. The total content of the cell is cast into ` 
molds by tipping or bottom pouring; reoxida- 


tion of the molten metal is prevented by the re- 
sidual electrolyte. The mischmetal settles to 
the bottom of the mold and is covered by the 
electrolyte, which can be removed after solidi- 
fication with an air chisel. The separation of 
the residual electrolyte from the liquid metal 
can be accomplished via a mold that acts as 
part of a siphon: the metal collects at the bot- 
tom, while the electrolyte overflows. Misch- 
metal may be recast more cleanly. 


Immediately after tapping, the electrolysis 
is restarted by feeding fresh rare-earth chlo- 
rides, which melt instantly in the hot cell. 


The residual electrolyte, in which europium 
and samarium are enriched, especially when 
rare-earth fluorides are involved, may be recy- 
cled for further enrichment and later used for 
winning those two elements [21]. 


The cells are covered with a hood. The 
chlorine formed at the anode is removed from 
the exhaust gases by alkaline scrubbing: the 
resulting hypochlorite is either reduced to 
chloride or sold. Recovery of the chlorine it- 
self is normally uneconomical because of dilu- 
tion by air. 


In modern plants, direct current is supplied 
by thyristor-controlled silicon rectifiers; in 
older plants, it is supplied by transformer-con- 
trolled selenium rectifiers. The rectifiers are 
connected in parallel, series, or individually to 
the cells. Cell voltage ranges between 6 and 15 
V, depending on the radiative loss of heat. The 
amperage may be as high as 50 kA. The cur- 
rent density depends on the cell design: in 
large rectangular cells it is € 2 A/cm’, in 
smaller ones it is much higher. The current ef- 
ficiency can reach 7596. 


From 2 to 2.5 kg of rare-earth chlorides are 
consumed to produce | kg of mischmetal. The 
metal yield is between 85 and 95%, depending 
on the extent the residues are recycled. For a 
50-kA cell, the daily production is nearly 1 t. 
The d.c. power consumption per kilogram of 
mischmetal produced is 10—15 kWh. 
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45.2.2[.2 Ceramic Cells 


Figure 45.2 shows the construction of a ce- 
ramic cell [19]. Electrolysis takes place in a 
ceramic crucible. The crucibles of small, sim- 
ple cells have a diameter of ca. 30 cm and a 
height of ca. 50 cm. Further development re- 


-sulted in the bigger ceramic cells now in oper- 


ation. 
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Figure 45.2: Ceramic cell [19]: a) Graphite anode; b) In- 
sulation; c) Ceramic crucible: d) Iron housing; e) Current 
supply for cathode; f) Cathode: g) Mischmetal; h) Electro- 
lyte melt; i) Rare-earth oxide chloride diaphragm. 

A block of graphite or iron at the bottom of 
the crucible serves as the cathode. If iron cath- 
odes are used, contamination of mischmetal 
with iron cannot he avoided. Mischmetal at 
the electrolysis temperature of ca. 900 ?C at- 
tacks most of the construction materials in the 
electrolytic cell. The working life of the ce- 
ramic cells is limited to a maximum of 1 year. 

The current density and voltage are con- 
trolled by raising or lowering an anode of 
amorphous carbon. Service life of the anode is 
between 30 and 50 d. 

The electrolytic process in ceramic cells is 
started by short-circuit heating. The cells are 
filled with anhydrous rare-earth chlorides and 
short-circuited with an iron or carbon rod. If 
molten electrolyte from other cells is avail- 
able, mischmetal lumps are placed in the melt- 
ing pots and covered with melt. Electrolysis 
can be started immediately. The ceramic cells 
operate continuously. Anhydrous rare-earth 
chlorides are added as required. 

Between metal at the bottom of the cell and 
the electrolyte is built up a diaphragm of rare- 
earth oxide chlorides, which operates as an 
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electrical resistance, generating the heat that 
keeps the deposited metal in liquid form. 

One or two times a day, molten mischmetal 
is.tapped, sucked, or ladled from the bottom of 
the crucible. i 

During the process the anode is consumed 
by oxidation. For this reason, the electrode 
must be adjusted from time to time. Oxidation 
results from contact with atmospheric oxygen 
or the chlorine produced or from reaction with 
oxide chlorides in the electrolyte. Therefore, a 
high oxide chloride content in the rare-earth 
chlorides causes considerable anode con- 
sumption. 

The amount of molten electrolyte increases 
during operation. Enrichment of europium and 
samarium takes place. To maintain a constant 
level of electrolyte, a part, the so-called slag, 
is ladled out at regular intervals. This slag can 
be treated chemically to recover Eu,0, and 
Sm;O,. A typical composition of slag is pre- 
sented in Table 45.2. 

Table 45.2: Analyses of mischmetal slag, Treibacher 
Chemische Werke AG, Austria. 


Element, as oxide Relative content, 96 


Lac 26.6 
CeO, 31.9 
. PrOn 4.1 
NGO, 19.8 
5т.О; 14.3 
Eu, 0.4 
Total 97.1 


Total rare-earth oxide content is 41.9%. 


* The element oxide content divided by total rare-earth oxide con- 
tent. 


45.2.2.3 Oxide Process 


On the basis of a process developed hy the 
U.S. Bureau of Mines [22, 23] and further im- 
proved by Santoku Metal Industries, Japan, 
Santoku now produces mischmetal from rare- 
earth oxides. The process is similar to alumi- 
num electrolysis (Hall-Héroult process). It 
avoids emission of chlorine and the conse- 
quent expensive purification of off-gas. 

Rare-earth oxides are dissolved in an elec- 
trolyte consisting of alkali fluorides (to im- 
prove conductivity), alkaline-earth fluorides 
(to reduce melting point), and rare-earth fluo- 
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rides (to improve the solubility of rare-earth 
oxides) and are reduced electrolytically to the 
rare-earth metals. The electrolysis cell (Fig- 
ure 45.3) consists of a graphite crucible with 
graphite anode and molybdenum cathode, 
working under an inert-gas atmosphere to pre- 
vent oxidation of the construction materials. 
The electrolyte is initially melted by resistance 
heating. Electrolyte and electrodeposited rare- 
earth metals are kept liquid by the joule heat. 
A cell produces ca. 500 kg of metal per day. If 
bastnzsite is a raw material, it must be spe- 
cially purified prior to electrolysis. 


45.2.3 Properties 


Table 45.3 shows typical analyses of 
mischmetal from various producers. 


The physical and chemical properties of 
mischmetal are determined by the properties 
of its four main constituents—cerium, lantha- 
num, neodymium, and praseodymium [1, 24]. 
There can be no exact values for mischmetal 
because the composition depends on the type 
of raw material and treatment. However, the 
values correspond most closely to those of the 
main constituent, cerium. Table 45.4 lists sev- 
eral properties for the four main rare-earth 
metals. 


Mischmetal is ductile. The freshly cut sur- 
face has a metallic gray appearance. In air, the 


Handbook of Extractive Metallurgy 


surface oxidizes to form yellow to greenish- 


gray rare-earth hydroxide carbonates or oxide | 


hydrates. Some types of oil may protect the 
surface against corrosion, but only for a lim- 
ited period of time. Alloying with 1-2% of 
Magnesium increases corrosion resistance. 
Massive metal burns above 150 °C in pure ox- 
ygen; however, chips, turnings, and powder 
bum at this temperature even in air. Misch- 
metal dissolves in dilute mineral acids with 
evolution of hydrogen. 


a 











Figure 45.3: Electrolysis cell for the production of misch- 
metal from oxides [23]: a) Graphite anodes; b) Molybde- 
num cathode; c) Graphite crucible; d) Liquid electrolyte; 
e) Molybdenum crucible; f) Tapping pipe; g) Molten 
mischmetal. 


Table 45.3: Typical analyses of mischmetal from various producers, weight percent unless otherwise specified. 





Producer 
Metal Treibacher Ronson Santoku Corona Fluminense Former ` Minmetals 
(Austria) (United States) (Japan) (Brazil) (Brazil) USSR (China) 
Total rare-earth metals 99.5 295 97.8 97.4 96.0 97 98.6 
Relative content" 18-28 
La 23 50—55 22.9 17.5 17.9 25.1 19.6 
Се 49.8 4—6 51.9 54.2 55.3 53.2 54.9 
Pr 5.6 12-18 5.4 5.6 7.3 5.2 6.1 
ма 18.6 <0.1 16.2 16.0 17.4 14.0 17.1 
Sm 0.2 «2 0.4 
Others 2.8 3.6 6.7 4.8 2.8 1.9 
Al 0.05 0.14 0.05 0.1 
Pb І 50 ррт 343 ррт 90 ppm 227ppm 4600 ppm 
Fe 0.05 <5 1 2.0 2.3 1.7 0.28 
Si 0.20 0.1 0.54 0.1 0.05 
Mg 0.03 <0.5 0.20 0.20 0.2 0.033 0.35 
Ca <0.1 0.02 0.1 0.013 


* The content of rare-earth metal divided by total rare-earth metals. 








Cerium 
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Table 45.4: Properties of lanthanum, cerium, praseodymium, and neodymium [1, 2, 4]. 





Property Unit 

Atomic number z 
AtomicmassA, . 
Crystal structure at 293 K 

Oe nm 

Co nm 
Density p g/cm? 
Melting point mp 9c 
Heat of fusion AH kJ/mol 
Boiling point bp (9C 
Temperature at a vapor pressure of °C 

133 Pa 

0.133 Pa 
Specific heat at 25 °C Jmol K” 


Coefficient of linear thermal expansion at 25 °C 106 K^! 
Thermal conductivity at 27 °C 
Electrical resistivity at 0 °C Lu cm 





*Double hexagonal closest packed in the direction of the c axis. 


The ingots may be easily machined. How- 
ever, the pyrophoric character of mischmetal 
may cause autoignition of the turnings. Misch- 
metal may be easily extruded at temperatures 
just below its melting point. Rollability is ad- 
versely effected by oxygen content. Nearly all 
of the alloying elements cause brittleness. 


45.2.4 Uses | * 


The most important uses of mischmetal or 
cerium are metallurgical. The metallurgical 
importance of rare-earth metals is based on re- 
actions to form solids with oxygen, hydrogen, 
nitrogen, sulfur, arsenic, bismuth, and anti- 
mony, reducing the, effects of these elements 
on the properties of the metals [25]. To avoid 
the formation of harmful rare-earth oxide in- 
clusions by secondary reactions of the misch- 
metal with refractories, slag, and atmospheric 
oxygen, the mischmetal is plunged into the 
molten metal or added under an inert-gas at- 
mosphere. Metallurgical mischmetal can also 
be clad with aluminum or steel. Mischmetal is 
added as lumps, rods, doughnuts, or wire [26]. 


Iron and Steel [27]. Rare-earth sulfides and 
oxide sulfides are formed in liquid steel and 
precipitate as globular particles uniformly dis- 
persed, which, unlike manganese sulfides, are 
not deformable during rolling and do not form 
stringers. This is called sulfide shape control 
and is used in microalloyed or HSLA (high- 


Js!cm K^! 


La Ce Pr Nd 
57 58 59 60 
138.9055 140.115 140.90765 144.24 
dhep? fcc dhcp* dhep” 
0.3774 0.51612 0.36725 0.36579 
1.2159 1.18354 1.17992 
6.146 6.770 6.773 7.008 
918 798 931 1021 
6.2 5.5 6.9 7.1 
3464 3433 3520 3074, 
2208 2174 1968 1741 
1581 1581 1360 1197 
26.2 27.0 27.0 27.5 
26.2 27.0 27.0 27.5 
0.135 0.114 0.125 0.165 
61 77 71 64 


strength low-alloy) steels to reduce anisotropy 
in toughness, notch toughness, and bend form- 
ability. This 1s especially important for pipe- 
line steels used at subzero temperature in the 
Arctic. 

Mischmetal may entrap hydrogen and di- 
minish hydrogen-induced cracking. 

Hot shortness in stainless steels can be re- 
duced by removal of tramp elements (As, Bi, 
Sb) together with deoxidation and sulfide 
shape control. Heat and oxidation resistance 
can be increased by mischmetal, which forms 
protective surface layers of rare-earth oxides 
together with oxides of the steel components, 
for example, Cr O}, that are resistant to scal- 
ing. 

Mischmetal or cerium-containing master 
alloys are added to cast iron to improve ductil- 
ity, toughness, and the microstructure. Ce- 
rium allows graphite to form nodules, causing 
nucleation in spheroidal and vermicular cast 


. iron, and neutralizes the harmful effect of the 


tramp elements [28]. 

The addition rate depends on the applica- 
tion and preparation of the steel or iron melt. 
For sulfide shape control and nodulanzation 
of graphite, up to 1 kg of mischmetal is added 
per tonne. Other effects require even larger ad- 
ditions, up to 8 kg per tonne. 


Nonferrous Metals [29]. Addition of misch- 
metal to copper alloys improves tensile 
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strength and deep-drawing properties. The 
heat resistance and ductility of aluminum con- 
ductor cables are improved without any signif- 
icant decrease in electrical conductivity. 
Titanium alloys show a higher grade of grain 
refinement, better mechanical properties, and 
improved corrosion resistance as a result of 
mischmetal additions. 

The need for improved galvanizing compo- 
sitions (increased corrosion resistance, fluid- 
ity, wettability, and freedom from 
intergranular corrosion) without affecting 
formability, weldability, and paintability led to 
the development of Galfan, which is the clas- 
sical zinc-aluminum eutectic alloy (95% Zn, 
5% Al) with 0.05% mischmetal [30]. 

In nickel- and cobalt-based superalloys for 
turbine engines, cerium (yttrium is even bet- 
ter) increases oxidation and sulfidation resis- 
tance at high temperature. Similar effects are 
achieved in chromium-based alloys, and by 
removing gases cerium prevents embrittle- 
ment of niobium- and tantalum-based alloys. 


Other Uses. Cerium and mischmetal are used 
as getters to absorb traces of gases in evacu- 
ated devices. 

Mischmetal is said to increase the effi- 
ciency of fuel consumption and to decrease 
CO and NOX contents in the exhaust of inter- 
nal combustion engines if steam is passed 
through mischmetal spirals before injection 
into the carburetor [31]. 

In some of these uses, mischmetal ( MM) 
can be replaced by CeSi, MMSi, or MMFeSi 
alloys produced directly from bastnesite by 
reduction in an arc furnace. 

The pyrophoric character of mischmetal al- 
loyed with iron and magnesium is used for 
flints and pyrotechnics. 


45.3 Alloys 


The atomic radi of lanthanum, cerium, 
praseodymium, and neodymium differ only 
slightly so that miscibility is complete in the 
liquid state and close to the solidus curve. The 
liquidus curves correspond to those of ideal 
mixtures. 
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In the molten state the main constituents of 
mischmetal are completely miscible with 
nearly all non-rare-earth metals. Their large 
atomic radii and their low electronegativities 
are the reasons why there are only a few cases 
of their solid solubility in other metals. One 
such case, however, is the limited solid solu- 
bility of mischmetal in magnesium [32]. As 
solids they do not dissolve other metals; in- 
stead, they form intermetallic phases. With el- 
ements of the groups 4, 5, and 6 they do not 
form intermetallic phases [32, 33]. 

The intermetallic phases, with a degree of 
heteropolar bonding, may be brittle. There- 
fore, rare-earth metals and alloys are unsuit- 
able as construction materials. Cerium phase 
diagrams are generally used in place of misch- 
metal phase diagrams [32, 34, 35]. 

Depending on the purity desired, alloying is 
done in crucibles made of tantalum, molybde- 
num, boron nitride, graphite, or clay graphite. 
An inert-gas atmosphere, vacuum, or inert 
slag cover are necessary. 


45.3.1 Flint Alloy 


Table 45.5: Analyses of lighter flints of different produc- 
ers, 96. 


Producer 
Trei- : Electro Ronson 
Meal easter joes Centre ` (United 
(Austria) Р (France) States) 
Total RE 
metals 76.2 78.3 76.7 77.0 
Relative 
content? 
Ce 51 52.3 53.3 51.5 
La 22.7 24.7 19.2 23.1 
Nd 16.6 14.3 16.5 16.5 
Pr 5.4 5.0 6.4 5.8 
Sm 0.3 0.4 0.4 0.3 
Fe 20.6 19.3 20.4 20.0 
Mg 2.2 1.8 . 21 1.5 
Al 0.09 0.28 0.04 0.05 
Cu 0.02 0.03 
Si 0.22 0.29 0.22 0.2 
Zn 0.54 0.03 0.34 0.5 
C 0.02 0.08 0.06 0.01 


* The content of rare-earth metal divided by total rare-earth metals. 


Pyrophoric Properties. None of the numer- 
ous developments of cerium-free pyrophoric 
alloys of the last decades has been able to re- 
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place the cerium-iron alloy invented and pat- 
ented by AUER vou WELSBACH in 1903. Lighter 
flint alloy consists basically of mischmetal 
and iron. Some other metals are added in small 
amounts to modify the pyrophoric properties 
and to improve processing. Typical analyses 
of lighter flint alloys are shown in Table 45.5. 


The frictional pyrophoric properties of ce- 
rium-iron are based on a combination of .mi- 
crostructure and mechanical and chemical 
properties of the alloy. The typical crystal 
structure of commercial alloy consists of 
tough, brittle primary crystals of Ce,Fe,, en- 
closed by a peritectic layer of CeFe, embed- 


. ded ina soft matrix of CeFe, and Ce. 


Mechanical friction generates primary 
cracks in the intermetallic compound, initially 
leading small particles with adherent matrix to 
break away. Residual frictional and deforma- 
tion heat in the small particles heats them adia- 
batically to ignition temperature. On ignition, 
these particles burn totally. Heat is emitted 
predominantly by radiation, particle tempera- 
ture reaching ca. 2000 °C. The size of these 
particles, which depends on the hardness of, 
the lighter flint, influences the ignition behav- 
jor. Smalier particles ignite rapidly, resulting 
in quick adiabatic heating, whereas larger par- 
ticles emit a higher local output of reaction 
heat. 


Magnesium and cerium form an intermetal- 
lic compound that ensures a high heat of com- 
bustion. The temperature of the spark is also 
increased by alloying with aluminum, which 
in addition produces a spiky spark. Zinc and 
copper improve fluidity during extrusion. 


Manufacture of Lighter Flints. Lighter flint 
alloy is produced by melting mischmetal, iron, 
and the other metals in clay graphite or other 
suitable crucibles heated in induction furnaces 
at 1000—1200 °C under a protective salt layer 
(CaCL, BaCl,). After removal of the salt layer, 
the alloy is cast into preheated molds. 


For better shape control of the CeFe, crys- 
tallites, the melt is cooled slowly. The as-cast 
products are billets of 3—6 cm diameter. Aver- 
age yield of alloy, based on raw material input, 
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is 95-98%. Losses arise from air oxidation 
and reaction with the crucible material. . 

After preheating at 400—500 °C, the flint 
billets are extruded to rods on horizontal or 
vertical extrusion presses at pressures between 
20 and 50 MPa. Alloying with aluminum, 
magnesium, zirconium, titanium, and copper 
lowers the amount of pressure required. Extru- 
sion pressure is also affected by impurities in 
the mischmetal, the rare-earth distribution, 
and the iron content of the alloy. During extru- 
sion, the eutectic matrix liquefies. After extru- 
sion, the rods are cooled rapidly in air or 
cooling oil. The diameter of the rods usually 
ranges between 2 and 6 mm. 

These rods are cut on horizontal or vertical 
dies to the length of the lighter flint, usually 
between 4 and 12 mm. A subsequent heat 
treatment between 350 and 450 °C improves 
the pyrophoric properties considerably [36] by 
conversion of Ce-Fe mixed crystals, formed 
through rapid solidification during extrusion, 
into CeFe, and Ce. 

The lighter flints are sized on sorting ma- 
chines, generally with sorting sieves. These 
mechanically presorted flints are checked 
carefully by mechanical and optical sorting 
machines. Some producers make a final in- 
spection by eye: flints are moved over a con- 
veyor belt and imperfect flints are picked out 
by hand. Flints are checked for length, diame- 
ter, and straightness, as well as to see if the 
area of cut is circular as desired and if cavities 
or burrs are absent from the cut surface. 

Durability of lighter flints is limited to 4—5 
years normally. Humid air and a warm cli- 
mate, such as prevails in the tropics, cause 
quick decomposition of the flint, visible as a 
dusting at the beginning of the decomposition 
process. For protection of the flint surface 
against corrosion, flints are normally coated 
and colored with lacquer. 

Generally, there is a distinction between the 
normal lighter flints (most commonly 2.4 mm 
in diameter and 4 mm in length) and the 
lighter flints for disposable lighters. Flints for 
disposable lighters: are manufactured in a 
length from 7 to 12 mm and a diameter from 
2.3 to 2.5 mm, depending on the amount of 


1732 


gas filling in the lighter. Such flints should ig- 
nite at least 1000 times before 50% of the flint 
is used up. 

Accuracy of size is important for flints for 
disposable lighters because filling is carried 
out by machines and each faulty flint stops 
production. Maximum tolerances of + 0.1 mm 
in length and in diameter are acceptable. One 
kilogram of lighter flints contains пош 3000 
to 10 000 flints. 


45.3.2 Permanent Magnets 


The classic RECo, permanent magnet al- 
loys are based on samarium, which gives the 
best hard magnetic properties. Replacement of 
samarium, an expensive rare-earth metal, by 
cerium or even by inexpensive mischmetal re- 
duces the hard magnetic properties, especially 
because of the lower crystal anisotropy field 
[37]. However, adding small amounts of sa- 
marium to the mischmetal and/or changing the 
composition of the mischmetal [38] or partial 
replacement of cobait [39, 40] makes magnets 
with sufficient coercivity and energy product 
for less sophisticated uses and increases the 
range of uses because of the lower costs. 

These alloys are manufactured by melting 
the metals or by calcinothermic reduction of 
oxide and metal-powder mixtures [41]. 

These magnets are used for electronic 
watches, microwave amplifier tubes, loud- 
speakers, headphones and microphones, mag- 


netic coupling, bearings, sensors, clamp - 


systems, switches, d.c. motors, servomotors, 
and step motors, mainly to achieve miniatur- 
ization. 

Some magnetic properties are listed in Ta- 
ble 45.6. 


45.3.3 Hydrogen Storage 


LaNi, has a high storage capacity for hy- 
drogen gas [42], up to the formula Гамі.Н,;. 
To decrease costs, lanthanum can be replaced 
by mischmetal [43]. However, to lower the 
higher hydrogen equilibrium pressure and 
form hydrides up to the formula MMNi,H,,, 
the nickel must be partially replaced [44] by 
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aluminum [45], calcium [46], cobalt [47]; 
chromium [48], copper [49], iron [50], or 
manganese [51]. Pressure composition iso- 
therms are shown in Figure 45.4. Alloys of the 
type CeMg,,M (M = Ni, Cu, Zn) also absorb 
hydrogen [52]. 


These systems may be used for hydrogen 
transportation and storage; vehicular and sta- 
tionary fuel supply, an ideal fuel from the eco- 
logical point of view; air conditioning: 
refrigeration; heat pumps; storing and regain- 
ing waste beat; and hydrogen-storage elec- 
trodes in alkaline batteries. These systems 
may also be used for purification [53] and iso- 
lation [54] of hydrogen and HD, separation. 


Table 45.6: Intrinsic magnetic properties of RECo5 com- 
pounds at room temperature [40]. 

Property SmCo, CeCo, MMCo,? 
Saturation magnetization B, 1.07 0.77 0.89 
T 


Anisotropy constant K, 105 9.6 5.6 6.6 
Jm? 


Anisotropy field H,, MA/m 20 15.1 14.7 
Curie temperature To, °C 724 347 520 
Theoretical energy product 228 118 158 
B2/4, kJ/m* 


* The values for MMCoS are only approximate, for composition 
varies. 


/ 
MMNi, «Mn, 


Dissociation pressure, MPa 





0 1 2 3 4 5 6 
H/MMNis H. molar ratio ——» 


Figure 45.4: Pressure~composition isotherms for desorp- 
tion in the LaNi,-H, MMNi,-H, and modified MMNi, . 
M,-H systems at 293 К [44]. MM represents mischmetal, 
and M represents a metal (here Al, Co, Cr, or Mn). 
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45.4 Compounds 


Cerium is the most abundant rare-earth ele- 


ment. Nearly 50% of the available rare-earth’ 


raw material consists of cerium oxide. Cerium 
is also the only rare-earth element that can be 
easily separated from a mixture of rare-earth 
elements by simple chemical methods, for ce- 
rium has a tetravalent state. 


45.41 Production 


Cerium is separated from other rare-earth 
elements by oxidation of solutions resulting 
from attack of bastnesite or monazite. The ox- 
idizing agent can be Н„О„, hypochlorite, or at- 
mospheric oxygen, or anodic oxidation can be 


used. Cerium precipitates as cerium(IV) ox-. 


ide hydrate. 

For example, cerium(III) rare-earth oxide 
hydrate is dried and oxidized by air to ce- 
rium(IV) rare-earth oxide hydrate. The oxi- 
dized hydrate is dissolved in nitric acid, and 
the solutions are neutralized slowly. Ce- 
rium(IV) oxide hydrate is collected by filtra- 
tion. Initially, of the total rare-earth oxides 45- 
50% is Ce, This is increased to 95% in the 
product. 

In a process of Molycorp [55], oat bast- 
nesite ore concentrates are roasted, and ce- 
гішп is oxidized with atmospheric oxygen. 
Roasted material is treated with hydrochloric 
acid to dissolve “lanthanum, neodymium, 
praseodymium, etc. The pH is adjusted to 4, 
and a cerium-rich residue (= 90% CeO.) is 
collected by filtration. This residue has high 
fluoride content and poor solubility. To get 
soluble cerium salts out of this material a sub- 
sequent digestion with sulfuric acid or caustic 
soda is necessary. 


Cerium salts are produced today by liquid— 
liquid extraction from rare-earth cerium-con- 
taining solutions. Cerium can be extracted out 
of cerium nitrate—nitric acid solutions in a few 
steps in the form of a cerium(IV) nitrate com- 
plex in tributyl phosphate and therefore sepa- 
rated from the accompanying trivalent rare- 
earth elements, which form less stable nitrate 
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complexes. Purities of 99.99% and better can 
be achieved easily. 


45.4.2 Uses 


The principal uses for cerium compounds 
are as polishing agents and as a component in 
glass. 


Cerium Oxide Polishing Compounds, Ce- 
rium(IV) oxide, CeO,, has now replaced other 
polishing oxides like iron oxide (red rouge), 
silica (white rouge), and zirconium dioxide al- 
most completely. The special merits of cerium 
oxide are its 100% faster polishing speed and 
its cleanliness. 

Cerium oxide is used for polishing glass 
mirrors, plate glass, television tubes, oph- 
thalmic lenses, and precision optics. However, 
the advent of the Pilkington float process in 
the early 1970s significantly reduced the use 
of cerium oxide in the manufacture of plate 
glass. 

Cerium oxide polishing powder is pro- 
duced by calcining oxidic cerium mineral con- 
centrates in rotary kilns or other furnaces at 
temperatures of ca. 1000 °C. Calcined concen- 
trates are milled and cleaned by sieving or sift- 
ing afterwards. The impurities (CaO, SrO, 
non-rare-earth elements) must not exceed a 
certain level in the raw material; otherwise, 
cerium oxide will agglomerate during calcin- 
ing and lose polishing capacity. 

Polishing powders production can also start 
from cerium salt solutions. Cerium carbonates 
or hydroxides are precipitated and then cal- 
cined in rotary kilns or muffle furnaces to ox- 
ide at temperatures of ca. 1000°C. The 
calcined oxides are milled and screened or 
sifted to get the desired grain size distribution 
and to remove scratching impurities. 

Polishing powders made from mineral con- 
centrates polish more slowly and less cleanly 
than precipitated products. The former are 
cheaper but are not used for high-performance 
polishing processes (precision optics). 

Additives improve suspension properties of 
polishing powders in aqueous solutions and 
increase polishing rate, for instance, prevent- 
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ing foaming (antifoaming) and settling of ce- 
rium oxide (anticaking) in tanks and pipes. 

Pure cerium oxide is yellowish white. 
Small amounts of Pr,O,, in combination with 
other rare-earth oxides give a brown oxide. 
The color does not appear to affect the polish- 
ing properties for fixed CeO, content. Cur- 
rently, standard concentrations are 50, 70, 90, 
and 100%. The polishing rate increases with 
CeO, content. The average grain size of pol- 
ishing powders is normally 0.5-5 pm. A nar- 
row grain size distribution is advantageous. 

There are many theories about the mecha- 
nism of the polishing process [56]. According 
to these theories, both a chemical and a physi- 
cal component, among others, are effective 
during polishing [57]. The glass surface is hy- 
drolyzed by reaction with water (chemical the- 
ory) and the silica gel layer formed is removed 
mechanically by the polishing compound. An- 
other theory states that glass is removed me- 
chanically (wear theory) and to some extent 
by chemical reaction [58]. 


Cerium Oxide as a Glass Constituent. Ce- 
rium oxide can be used to decolorize soda lime 
glasses for bottles, jars, etc. [59]. The Се“ ox- 
idizes Fe™ impurities, which are always 
present in the raw materials and therefore in 
glasses, to Fe?*. A change from the blue-green 
color of Fe?* to the 10 times weaker yellow 
Pei? takes place. Arsenic, zinc selenite, or 
manganese are used for the same purpose. The 
combination of these materials with cerium re- 
duces costs. Presently, cerium oxide has been 
replaced by less expensive decolorizers. 

Cerium protects glass against solarization 
and browning, a discoloration caused by irra- 
diation. It is therefore a constituent of glass for 
the faceplates of television screens, which are 
under constant bombardment by an electron 
beam [60]. Radiation-shielding windows for 
nuclear and radiochemical uses consist of lead 
glass stabilized by CeO,. Since maximum 
transmission is necessary for these thick win- 
dows, only 99.99% cerium oxide (15 ppm Fe 
max.) can be used. 

For phototropic glasses, as in phototropic 
eye glasses, windshields, and window glasses 
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that darken in the sunlight and lighten in the 
shade, cerium is a sensitizer. 


Other Uses. Cerium rare-earth fluorides im- 


prove the brightness of carbon arcs. Cerium 
fluoride oxide mixtures are mixed with carbon 
for electrodes. These electrodes are used on 
movie sets and as military searchlights to in- 
crease brightness as much as tenfold [61]. Ce- 
rium oxide (99.9%) is used as white pigment 
in enamels for tiles. 

Basic oil-soluble cerium salts of organic ac- 
ids, such as cerium alkyl sulfonates, alkyl sul- 
fates, and alkyl phosphates, as well as cerium 
octoates, serve as driers in paints and var- 
nishes. Cerium compounds that are soluble in 
organic liquids find use as combustion addi- 
tives in fuels [62]. Particle emission in exhaust 
gases is reduced by 60%. Diesel oil savings in 
the range 2—396 are achieved. Cenum com- 
pounds added to silicones increase the thermal 
stability. 

Cerium oxide is used in self-cleaning ovens 
as a catalyst [63]. 

In zeolitic cracking catalysts, cerium is a 
thermal and hydrothermal stabilizer to extend 
the life and increase the activity of the cata- 
lysts [64]. The following uses of cerium in 
noncracking catalysts are listed by PETERS and 
Km [65]: 

e Ammonia synthesis 

e Hydrogenation 

e Dehydrogenation 

e Polymerization 

e Isomerization 

e Oxidation 

e Automobile emissions control 


45.5 Analysis 


Mischmetal and cerium oxide can be ana- 
lyzed for total rare-earth content and for indi- 
vidual rare-earth elements [6, 66]. 

The determination of the total rare-earth 
content 1s carried out by dissolving the rare- 
earth-containing material with acids or by al- 
kaline fusion. The rare-earth elements are pre- 
cipitated as hydroxides by adding NH, 
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dissolved in HC] or HNO,, and reprecipitated 
as oxalates, which are ignited to the oxides, 
RE;O, with the exception of cerium, which 
forms CeO,. 

The individual rare-earth elements are de- 
termined by X-ray fiuorescence (La), atomic 
absorption spectrometry (Y), and spectropho- 
tometry (Nd, Pr, Sm). Analysis by means o~ 
optical plasma emission spectroscopy is a 
new, efficient method. Cerium can be ‘deter- 
mined by titration because it can be oxidized 
to the tetrapositive state. 


45.6 Economic Aspects 


Total rare-earth production in the Western 
world is 20 000-25 000 t of rare-earth oxides 
per year, of which 45-50% is cerium. Raw 
material prices have stabilized for bastnesite 
at $1 per pound total rare-earth oxide FAS Los 
Angeles, for monazite at A$450 per tonne 
FOB Australia, and rare-earth chlorides 
(RECI,-6H,O) at ca. $0.70 per pound deliv- 
ered. ` 

The growing production of rare-earth raw 
material and products from China should only 
stabilize the market and not sensationally af- 
fect prices. 

Rhóne-Poulenc (France, compounds) and 
Molycorp-Union Oil (United States, bast- 
nesite and compounds) are the leading pro- 
ducers; other producers are Treibacher 
(Austria, metals; alloys, and compounds), 


' Santoku (Japan, metals, alloys, and com- 


pounds), Ronson and Reactive Metals (United 
States, metals and alloys), Indian Rare Earths 
(India, compounds), and Corona and Flumin- 
ense (Brazil, metals and alloys). In Germany, 
Goldschmidt specializes in magnet alloys. 
Further magnet alloy producers are Hitachi 
and Research Chemicals (United States) and 
Sumitomo and Shin-Etsu (Japan). 

Important producers of lighter flints in the 
Western world are Treibacher, Electro Centre 
(France), Santoku, and Ronson. Total world 
market for lighter flints is estimated at ca. 700 
t/a. The share of flints for disposable lighters 
is more than 60%. 
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Modern steel technology has decreased de- 
mand for mischmetal substantially. The metal- 
lurgical uses of rare-earth metals consume less 
than 15% of the total rare-earth production. 
The production capacity for mischmetal is 
4000-5000 t/a, but less than 50% is in opera- 
tion. Mischmetal is sold at $45 per pound, de- 
pending on quantity, shape, and size. 

Total world demand for cerium-based pol- 
ishing powders, the biggest consumer of ce- 
rium oxide at present, is estimated to be 3000- - 
4000 t/a. The price for cerium polishing com- 
pounds depends on the cerium content and 
ranges between $2 per pound for 50% CeO, 
and $5 per pound for 99.9% СеО). 


The market for more sophisticated uses— 

electronics, magnets, etc.—is expected to 
prow. 
The production of rare earths is profitable 
only if the market for all the rare-earth ele- 
ments, which are produced in the relative 
amounts occurring in their minerals, is reason- 
ably balanced. 


45.7 Toxicology and 
Occupational Health 


The rare-earth elements and compounds are 
considered to be only slightly toxic. No toxic 
effects during production or use have been re- 
ported in the rare-earth industry. 


Progressive lung retention was observed af- 
ter inhalation of dust containing rare-earth ox- 
ides and fluorides from carbon arc electrodes. 
The damage to the lung that was assessed by X 
ray did not seem to be attributable to the rare 
earths, but to thonum and its disintegration 
products. Continual progress in rare-earth pro- 
cessing has reduced the radioactive impurities 
in rare-earth products substantially, so they are 
practically free of radioactivity today. Intrave- 
nous injections of rare-earth salts damage the 
liver, oral administration has no pathological 
effect on animals [1, B2, pp. 282—283; 67]. 
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Preface 





Extractive metallurgy is that branch of met- 
allurgy that deals with ores as raw material and 
metals as finished products. It is an ancient art 
that has been transformed into a modern sci- 
ence as a result of developments in chemistry 
and chemical engineering. The present volume 
is a collective work of a number of authors in 
which metals, their history, properties, extrac- 
tion technology, and most important inorganic 
compounds and toxicology are systematically 
described. 

Metals are neither arranged by alphabetical 
order as in an encyclopedia, nor according to 
the Periodic Table as in chemistry textbooks. 
The system used here is according to an eco- 
nomic classification which reflects mainly the 
uses, the occurrence, and the economic value of 
metals. First, the ferrous metals, і.е., the pro- 
duction of iron, steel, and ferroalloys are out- 
lined. Then. nonferrous metals are subdivided 
into primary, secondary, light, precious, refrac- 
tory, scattered, radioactive, rare earths, ferroal- 
loy metals, the alkali, and the alkaline earth 
metals. 

Although the general tendency today in 
teaching extractive metallurgy is based on the 
fundamental aspects rather than on a system- 
atic description of metal extraction processes, 
it has been found by experience that the two 
approaches are complementary. The student 
must have a basic knowledge of metal extrac- 
tion processes: hydro-, pyro-, and electromet- 
allurgy, and at the same time he must have at 
his disposal a description of how a particular 
metal is extracted industrially from different 
raw materials and know what are its important 


compounds. It is for this reason, that this . 


Handbook has been conceived. 

The Handbook is the first of its type for ex- 
tractive metallurgy. Chemical engineers have 
already had their Perry's Chemical Engineers’ 


Handbook for over fifty years, and physical . 


metallurgists have an impressive 18-volume 
ASM Metals Handbook. 1 is hoped that the 


present four volumes will fill the gap for mod- 
em extractive metallurgy. 

The Handbook is an updated collection of 
more than a hundred entries in Ullmann 5 En- 
cyclopedia of Industrial Chemistry written by 
over 200 specialists. Some articles were writ- 
ten specifically for the Handbook. Some prob- 
lems are certainly faced when preparing such 
a vast amount of material. The following may 
be mentioned: 


e Although arsenic, antimony, bismuth, bo- 
ron, germanium, silicon, selenium, and tel- 
lurium are metalloids because they have 
covalent and not metallic bonds, they are in- 
cluded here because most of them are pro- 
duced in metallurgical plants, either in the 
elemental form or as ferroalloys. 


e Each chapter contains the articles on the 
metal in question and its most important inor- 
ganic compounds. However, there are certain 
compounds that are conveniently described 
together and not under the metals in question 
for a variety of reasons. These are: the hy- 
drides, carbides, nitrides, cyano compounds, 
peroxo compounds, nitrates, nitrites, silicates, 
fluorine compounds, bromides, iodides, 
sulfites, thiosulfates, dithionites, and phos- 
phates. These are collected together in a spe- 

cial supplement entitled Special Topics, under 
preparation. ` 

© Because of limitation of space, it was not pos- 

, sible to include the alloys of metals in the 
present work. Another supplement entitled 
Alloys 1s under preparation. 


e Since the largest amount of coke is con- 
sumed in iron production as compared to 
other metals, the articles “Coal” and “Coal 
: Pyrolysis” are included in the chapter deal- 
ing with iron. 

, lam grateful to the editors at VCH Verlags- 
gesellschaft for their excellent cooperation, in 
particular Mrs. Karin Sora who followed the 
project since its conception in 1994, and to 


vi 


Jean-Frangois Morin at Laval University for 
his expertise in word processing. 

The present work should be useful as a refer- 
ence work for the practising engineers and the 
students of metallurgy, chemistry, chemical en- 
gineering, geology, mining, and mineral benefi- 
ciation. Extractive metallurgy and the chemical 
industry are closely related; this Handbook will 
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therefore be useful to industrial chemists as well. 
It can also be useful to engineers and scientists 
from other disciplines, but it is an essential aid 
for the extractive metallurgist. 


Fathi Habashi 
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46.1 History [1-5] 


Chromium was discovered by VAUQUELIN, 
in the mineral crocoite, PbCrO,, in 1797. In 
1798 he isolated chromium metal by reducing 
the oxide with carbon. Soon after the discov- 
ery of chromium, the commercial process for 
manufacturing chromates by roasting 
chromite with soda ash was developed. 
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During the 19th century, ferrochromium 
and chromium were produced by a variety of 
techniques. However, a commercial process 
was not developed until 1893, when Moissan 
produced ferrochromium in an electric fur- 
nace by the reaction of chromium oxide 
(Cr;O4) and carbon. In 1898, GOLDSCHMIDT 
produced chromium by the aluminothermic 
reduction of Cr,O,. Other advances have in- 
cluded the application of silicothermics to the 
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production of low-carbon ferrochromium and 
chromium, production of chromium by aque- 
ous electrolysis, and production of low-carbon 
ferrochromium and refining of electrolytic 
chromium by high-temperature vacuum pro- 
cessing. 

Although chromium is found in many min- 
erals, chromite 1s the only commercial source 
of chromium. Most of the mineral came from 
the Ural Mountains up to 1827, when deposits 
were discovered in the United States. These 
supplied a limited market up to about 1860, 
when large deposits were found in Turkey. 
Since that time chromite has been mined pri- 
marily in the eastern hemisphere. 

Chromium was electrolyzed from a solu- 
tion of chromium chloride by Bunsen in 1854. 
However, large-scale commercial production 
of electrolytic chromium did not begin until 
1954. . 


46.2 Properties [6-8] 


At room temperature chromium is resistant 
to ordinary corrosive agents, which explains 
its use as an electroplated, protective coating. 
Jt dissolves in nonoxidizing mineral acids, 
such as hydrochloric and sulfuric acids, but 
not in cold aqua regia or nitric acid, which pas- 
sivate the metal. At elevated temperature it re- 
acts with halogens, silicon, boron, nitrogen, 
oxy gen, and carbon. 

Chromium and chromium-rich alloys are 
brittle at room temperature and this has lim- 
ited their application [9]. Selected physical 
properties of chromium are as follows: - 


A, 51.9961 

Atomic number 24 

mp 1857 °C 

bp 2672 °C 

Density p at 20 °C 7.19 g/cm? 

Crystal structure cubic, body centered 
Specific heat at 25 °C 23.25 Jmol `K” 
Molar entropy S’ 23.64 Jmol” K! 
Heat of fusion 16.93 kJ/mol 


Latent heat of vaporization at bp 344.3 kJ/mol 


Linear coefficient of 
thermal expansion at 20 °C 6.2 x 10° 


Resistivity at 20 °C 12.9 x 10* Qm 
Thermal conductivity at 20 ^C 67 Wn! Kk 
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46.3 Resources and Raw . 
Materials [4] 


Chromite is a spinel FeO-Cr,0,, In nature 
it is a mixture described by the formula (Fe?*, 
Mg)O-(Cr, Al, Feu, Chromite ore rarely 
contains more than 50% Cr,O,; other minerals 
such as SiO, can also be present. 


Chromite is found in stratiform and podi- 
form deposits. Stratiform deposits occur in 
layers up to a meter thick. The Bushweld Igne- 
ous Complex (Transvaal, Republic of South 
Africa), the Great Dyke (Zimbabwe) and the 


Stillwater Complex (Montana, United States) . 


are examples. Podiform deposits range in size 
but a typical commercial deposit will be over 
100 000 t. Deposits occur in the Ural Moun- 
tains, Albania, Zimbabwe, and the Philip- 
pines. 


Table 46.1: Chromite production and reserves, 1983 [4]. 


Produc- Reserves", Reserve 
tion’, 10't — 105t — base", 106t 








North America 

Canada 0 — 4 
South America 

Brazil 82 8 9 

Cuba 8 3 3 
Europe 

Albania 271 6 20 

Finland 56 17 29 

Greece 15 1 1 

Former USSR 855 129 129 
Africa 

Madagascar 13 7 7 

Rep. South Africa 688 828 5715 

Sudan 8 2 2 

Zimbabwe 147 17 75 
Asia 

India 112 14 60 

Iran 16 1 1 

Pakistan — 1 1 

Philippines 75 14 29 

Turkey 103 5 73 

Vietnam 5 1 1 
Oceania 

New Caledonia 30 2 2 

Australia — — 2 
"Estimated. 


Shipping grade ore is deposit quantity and grade normalized to 
45% Сг,О, for high-Cr and high-Fe chromite, and 35% Cr,O, for 
high-alumina chromite. 

* Reserve base includes deposits currently economic (reserves), 
marginally economic, and some currently subeconomic. 
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The 1983 production and reserves of 
chromite are shown in Table 1. Generally, 
richer lumpy Cr bearing ores have been pre- 
ferred for smelting, whereas those with CrO; 
content less than 4096 have been used in re- 
fractories. 


46.4 Ores [27-39] | 


The distribution of chromium in terrestrial 
rocks is closely linked to magmatic intrusions 
and their crystallization. The average content 
in the ten-mile crust of the earth is 100 ppm of 
chromium [33]. Table 46.2 contains a world- 
wide estimate of chromium ore resources. 


The most important applications of chro- 
mium ores are in the manufacture of stainless 
steel, grey cast iron, iron-free high-tempera- 
ture alloys, and chromium plating for surface 
protection. In the nonmetallic mineral indus- 
try, chromite is processed in conjunction with 
magnesite (sintered magnesia, calcined mag- 
nesia) and binders (clay, lime, gypsum, baux- 
ite, corundum). The products are intended to 
have good resistance to pressure, fire, and 
temperature change, as well as good insulating 
properties between basic and acidic masonry. 
The chemical industry uses chromium ores in 
the production of chromjum compounds. Ta- 
ble 46.3 shows quality requirements of chro- 


mium ores for different areas of application. _ 


Table 46.2: Estimated reserves of chromium ore [93].: 
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Minerals. Of the many minerals that contain 
chromium only the chromium spinels are of 
economic importance. The formula for the se- 
ries of isomorphous mixtures of chromium 
spinels that form geological deposits is 


(Fe, Mg)O-(Cr, AL Fe™),0, 


The proportion of Cr,O, in the chromium 
spinels varies widely, causing the Сг: Ее ratio 
(also known as the Cr—Fe factor) to vary as 
well; this can have a profound effect on the 
evaluation of a deposit. In an ideal chromium 
spinel (FeO-Cr,0,; 67.8% CrO, 32.296 
FeO) the chromium: iron ratio is 2. As a result 
of the isomorphous inclusion of MgO, the 
Cr:Fe ratio may rise to between 2.5 and 5. 
Figure 46.1 shows the region of isomorphism 
with varying composition of the spinels. Natu- 
ral chromium spinels usually contain 33-55% 
Cr;O,, 0-30% Fe, 0-30% А1,0,, 6-18% 
FeO, and 10-32% MgO. Table 46.4 lists some 
physical properties of chromium spinels. 

Chromium also occurs in all groups of sili- 
cates where chromium replaces Al**, Fe?*, and 
Mg”. Sulfidic chromium ores do not occur on 
earth. Chromates and chromium iodates are 
described, which originate from the weather- - 
ing zone of sulfidic lead deposits (e.g., croco- 
ite, PbCrO,). 


Reserves, 10°t 





Total Metallurgical’, Chemical", Refractory?, 
1 24596 CO, > 4096 Cr,0, > 20% Al,O, 

South Africa 2000 ~ .  100(596) 1900 (9596) — 
Zimbabwe 600 300 (5096) 300 (5096) — 
Turkey 10 9 (9096) — 1 (10%) 
Philippines = 45 1.5 (20%) = 6 (80%) 
United States 8 0.4 (596) 7.4 (92.5%) 0.2 (2.594) 
Canada 5 — 5 (10096) pem éi 
Finland 7.5 а ee 7.5 (100%) m 
Others 11.35 8.175 (72%) 0.2 (294) 2.975 (26%) 
Total 2649.35 419.075(1696) 2220.1 (84%) 10.175 (0.4%) 
USSR and other Eastern bloc countries | 51.5 ' 26.5 (51%) 15 (29%) 10 (20%) 
Total worldwide (rounded off) 2701 446 (17%) 2235 (83%) 20 (1%) 





* Graded according to Сг,О, or AlO; contents. 
* Ores containing 30-50% Cr,O;. 
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Table 46.3: Quality requirements (mass fractions in 96) 
for chromium ores (according to U.S. Bureau of Mines). 
Metallurgi- Refractory Chemical 
cal(high-Cr (Һірһ-А! (high-Fe 
chromite) chromite) chromite) 
Cr: Fe ratio 3:1 or higher — 


CrO, >48 >31 >44 
Сг,О, + ALO, — 258 — 
Fe — «12 — 
SiO, «8 «6 <5 
S « 0.08 — — 
P < 0.04 — — 
CaO aos <1 SE 





Magnesiochromite 





MI Magnesio - 

Spinel ferrite 
MgO- Fe 
MgO- ALE qued 
Hercynite Chromite Magnetite 
FeO-Al,0, FeO-Cr,0, FeQ-Fe,0, 


Figure 46.1: Ternary spinel system showing main iso- 

morphous region. 

Table 46.4: Physical properties of chromium spinels. 
Properties Notes 


Specific density: 3.8—4.8 increases as Fe and Cr con- 
tents increase 

Mohs Hardness: 4,5-8 increases with increase in the 
ferrochromite component, 


very high for Al spinels 
Melting point: 1545— inclusion of Mg raises melting 
1730 *C point, inclusion of Fe” re- 
duces it 
Color: dark brown to reddish with high Cr,O, con- 
black tent 


Streak on porcelain plate; important feature for differen- _ 


hammer striking mark: — tiating from serpentine 
brown 





46.4.1 Ore Deposits 


Chromium ore deposits can be divided into 
two genetically different types: 


e Seam-like deposits, also called stratiform or 
anorogenic deposits. Main representatives 
are Bushveld, Great Dyke, and Stillwater. 


e Deposits which are shaped like sacks or 
tubes; they are called podiform or orogenic 
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deposits. Main representatives are Selukwe, 

Guleman, and Tiebaghi. 

Various intermediate types such as adjacent 
"seam" pockets, striated chromite slabs, mot- 
tled ores, and vein-like deposits also occur. 
"Placer" deposits, ie., enrichment due to 


chromite lumps and grains on or near primary. 


deposits, are now achieving economic impor- 
tance. | 

The seam-like deposits reveal layers or 
strata of chromite enrichment, with thick- 
nesses ranging from centimeters to decime- 
ters; the layers are regularly interlaminated 
with banded series of olivine-rich or pyrox- 
ene-rich rocks. The Main Seam of the Western 
Bushveld is, for example, 1.10—1.30 m thick 
and can be traced for over 65 km without any 
significant change in the mineral composition 
or thickness. 

The demarcation between the chromite en- 
richment and the underlying bed is usually ra- 
zor-sharp; in the direction of the overlying 
layer, disintegration into layers or mottled ores 
as a result of increased silicate content is ob- 
served. 

The chromite bodies that are sack-like to 
tube-like in appearance are usually aligned 
with the direction of the magmatic stratifica- 
tion, Le, the lowest sections are massive 
chromite ores; in the direction of the overlying 
layer, these merge into striated slabs or mot- 
tled ores. 

The internal texture of the chromite ore 
bodies varies widely. The closest chromite 
crystal packing results in the formation of 
massive ores containing 75-85 vol% of 
chromite. Sphere or leopard ores, which con- 
sist of round chromite crystal aggregates 0.5— 
2 cm in diameter in a silicate matrix (olivine, 
pyroxene, serpentine), are also characteristic. 
Banded ores are closely related to the massive 
ores, but they are frequently richer in silicate 
and then form a link with the mottled ores 
(chromite single crystals in silicate matrix). 

During transformation (serpentinization), 
the silicate content within the chromite ore: 
bodies has resulted in the formation of friable 
and pulverizable masses (friable ore) which 
are encountered not only near the surface but 
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also at depths of several hundred meters below 
the present-day land surface. 


Chromite transformation in the course of 
more recent tectonic superficial modification 
under pneumatolytic or hydrothermal condi- 
tions has resulted in the striking colors of re- 
cent uvarovite, smaragdite, and kammererite 
formations which act as pathfinders in pros- 
pecting and exploring for chromite deposits. 
Table 46.5 shows some analyses of selected 
chromium ores. 


Former Soviet Union. The former Soviet 
Union is one of the most important producers 
of chromium ore in the world. All the deposits 
are distributed in ultrabasite massifs in the 
Central and Southern Urals. 


The deposits that are most important at 
present were found in the late 1930s in the 
Akhtiubinsk region (North Kazakhstan). The 
Donskoye deposit, which is associated with 
the mining settlement of Khrom Tau, contains 
high-grade chromium ores for ferrochromium 
production and low-grade ores for chemical 
purposes. Mining is carried on in numerous 
open-pit mines, which implies that the ore 
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bodies are small. A new open-cast mine was 
put into production near Donskoye, as is a pro- 
cessing plant with a throughput of 10° t/a. 
Strong prospection effort for new occurrences 
is being made in the Northern Urals, but be- 
cause of the rough climate no mine has been 
opened up to 1986. | 


Bushveld. In the Bushveld (South Africa) 
mining began in the 1920s in two districts: the 
Lydenburg district (Eastern Bushveld) and the 
Rustenburg district (Western Bushveld). 


From a geological and petrological point of 
view this is a large intrusion of 500 x 250 km 
with a thickness of over 5 km. The chromite 
"seams" are located in the pyroxenite-norite 
zone of the basal section of the intrusion, al- 
ways below the platinum-bearing Merensky 
Reef. In the case of Rustenburg there are up to 
25 chromite seams on top of each other. The 
thickness of the individual seams varies from 
a few centimeters to 1.80 m. The seams are 
workable from 0.35 m upward, especially if 
they can be combined into mining units 
(Cr,O, content in the crude ore 30-40%; 
Cr:Fe ratio = 1.6-2.3). 


Table 46.5: Chemical analyses (mass fractions in %) of some chrómium ores (crude ores, concentrates). 


Country Cr,0, FeO 810, MgO ALO, „CaO VO,  Cr:Fe ratio 
1 D 

South Africa nde 

Rustenberg (с)? = 44.5 26.4 3.5 10.6 14.1 0.4 1.7:1 

Lydenburg (c) 44.3 24.6 23 11.2 16.1 1.8:1 
Zimbabwe , 

Great Dyke (m) 48.5 18.3 5.6 13.4 11.5 0.8 2.6:1 

Great Dyke (r) 50.7 16.4 43 13.2 13.0 0.8 3.1:1 

Selukwe (m) 47.0 12.0 5.7 15.5 12.6 1.8 3.9:1 

Selukwe (r) | 0^ 420 15.7 8.6 15.8 13.8 0.3 27:1 
Turkey eos 

(m) 48.3 14.1 5.1 16.8 13.0 0.9 3.4:1 

(г) 37.0 152. 43 177 243 0.2 24:1 
Philippines : | 

(Masinloc) (г) 33.3 132 4.6 196 282 0.4 2.5:1 
Finland (Kemi) ~ — 

Crude ore 26.5 15.0 18.5 19.5 9.5 n.d. 0.04-0.1 1.8:1 

Concentrate 45.7 33.8 0.4 2.9 13.6 0.1 1.4:1 
Albania ‘ 

(m, r) 43.0 16.2 9.8 , 222 7.9 0.1. 2.6:1 
USSR | 

(m) 53.9 12.6 5.8 13.3 9.6 1.1 43:1 

(r) 39.1 14.0 9.4 16.1 17.4 0.7 2.8:1 


*(m) = metallurgical, (r) = refractory, (c) = chemical. 
* n.d. = not determined. 
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In the Lydenburg district, which is geneti- 
cally very similar to the Rustenburg district, 
only two seams are being mined; the Cr,0, 
content is 44% and the chromium: iron ratio 
1.6-1.7. The iron content is frequently high, 
which may cause difficulties in the case of 
metallurgical ores; however, these ores are 
highly valued as chemical ores. 


Great Dyke. The Great Dyke (Zimbabwe) is 
an intrusion which is 610 km long and 6-9 km 
thick — a remarkable length: thickness ratio 
which is unique in the world. The internal 
structure is similar to that of the Bushveld. 
From north to south, the individual complexes 
are Musengezi, Hartley, Selukwe, and Wedza. 
Selukwe consists of sack-like deposits con- 
taining 48% Cr,O4 and even more, with a 
chromium ‘iron ratio greater than 2.8 (a highly 
valued metallurgical ore). In the Hartley re- 
gion, on the other hand, numerous bands and 
seams 2—75 cm thick are being mined; these 
are separated by serpentinized peridotite lay- 
ers, some of which are very thick and make 
mining very difficult. However, ће Cr,O, 
content varies between 48 and 57%, and the 
chromium: iron ratio is over 2.8 (Table 46.6). 
According to conservative estimates, 1 km? 
of the Great Dyke contains around 1.4 x 106 t 
of crude ore, which corresponds to assured re- 
serves of 600 x 106 t (geologically 4.6 x 10? t 
are possible). 
Table 46.6: Analysis of chromium ores from Zimbabwe. 


Cr,O, con- А .. Proportion, 
tent % Cr:Fe ratio o; 
Metallurgical over 48 over 2.8 80 
Chemical 45-48 2.2-2.5 17 
Refractory 42-46 1.8-2.0 3 


Madagascar. On the island of Madagascar, 
chromium ores are being mined since 1967 
with an annual production of around 60 000 t 
of metallurgical grade ore. Total output is cal- 
culated to be almost 2 x 10$ t since the begin- 
ning of the operation (50-52% Cr,O4). The 
reserves are said to be around 5.5 x 10$ t. 


Turkey. Turkey still is the traditional country 
for chromite deposits of metallurgical quality, 
but because of falling prices on the world mar- 
ket and exhaustion of reserves, many mines 
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have been forced to close. The most important 
regions belong essentially to the alpidic era, 
e.g., Bursa, Mugla district, and Elazig, includ- 
ing the Guleman chrome ore field. Open-pit 
mining, and in some places underground min- 
ing at shallow depths, are employed. 


Iran. Chromite deposits are described in two 
regions of Iran: northwest of Sabzawar near 
Mashad and 200 km northeast of the Gulf port 
of Bandar Abbas. These deposits are pocket- 
like, sometimes containing only 500 t of ore. 
Extraction is by open-pit mining and by primi- 
tive underground mining. Only hard lump ore 
for metallurgical applications is sometimes 
exported. 


Philippines. On the Philippine island of Lu- 
zon the most important chromite deposits are 
to be found in the Coto region (near Masinloc, 
province of Zambales) These are chromite 
seams and pockets within layered dunites and 
harzburgites. They are classical metallurgical 
and refractory ores. More recently a new type 
of chrome ore has been put into production: 
chromite from lateritic soils. The concentrates 
are suited for the chemical industry. 


Finland. In 1959 a fairly large deposit of 
chromite was discovered near Kemi, which 
has been developed into a productive mine. 
Chromium ore occurs in a serpentinite-an- 
orthosite massif 12 km long and 1—2 km wide; 
the ore zone, however, is only 15 100 m thick 
and dips at an angle of 60? toward the north. 
The Сг.О; content of the crude ore of the vari- 
ous ore bodies varies between 17.5 and 21.9% 
(locally even up to 30.5% Cr,O4; the 
chromium : iron ratio is low (0.81—1.87). - 


Yugoslavia. The deposits of chromite in Yu- 
goslavia are restricted to the RaduSa massif 
near Skopje, but the mining of metallurgical 
ores there has fallen considerably. Native ores 
are being processed in a new plant, whereas 
ores imported from Albania are being pro- 
cessed in the old one. The chromium ores are 
always associated with serpentinized ultraba- 
sites. The striated slab type predominates, but 
massive chrome ores are encountered in some 
places. 
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Albania. Since 1960, Albania has become the 
third largest producer in the world. All actual 
data are based on estimates because the Alba- 
nian government withholds production and 
export figures. Albanian deposits belong to 
the podiform type and normal grades are re- 
ported to be 43% Cr,0, with a Cr: Fe ratio of 
3:1. The largest chrome ore mines are 
Bulquize and Matanesh with concentration 
plants of 300 000 t/a each. 


46.42 Ore Beneficiation 


The simplest method of concentrating 
chromite is by hand picking; this is still em- 
ployed today at many pits, including those in 
Turkey, Brazil, Iran, and the Philippines. Be- 
cause the mining of richer ores continues to 
decline, concentrating procedures, chiefly us- 
ing the gravity method, have been developed 
to separate the serpentine from the chromite. 
For example, in South Africa or Brazil the 
chromite ores are enriched by crushing, mill- 
ing, screening, and sophisticated gravity pro- 
cedures. In South Africa, spirals and diamond 
pans are standard equipment. À combination 
of Reichert cones and Reichert spirals has also 
been employed. Although the costs are higher, 
the use of hydrocyclones for separating the 
fine chromite grains from waste is of great im- 
portance in the recycling of tailing dumps. 
Some chromium ores contain magnetite which 
can be removed by means of magnetic separa- 
tion. However, if the magnetite is present as an 
individual phase within.the chromite grains or 
as a fringe around the grains, this method is 
only suitable if Cr,O, is further enriched. Flo- 
tation and electrostatic processes have so far 
enjoyed little success in the concentration of 
chromium ores. If the Cr,O, content or the 
chromium :iron ratio is sufficient, fine-grained 
chromite concentrates can be briquetted or 
pelleted with the aid of binders. 


The yield (65-85% of the chromite actually 
contained in the crude ore) depends on many 
factors including the nature of the chromite- 
serpentine intergrowth, grain size, and Сг,О; 
content of the ore or individual grain. 
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At the chromite concentration plant at 
Kemi in Finland a fraction of the crude ore 
(70%) is crushed to below 10 mm in a primary 
crusher plant at the open-pit mine. After fur- . 
ther grinding (rod and ball mill) and removal 
of sludge, the intermediate product is dried in 
a rotary kiln. The magnetic separation (a com- 
bination of weak and strong fields) produces 
two concentrates: concentrate | containing 
45.9% Cr,O,, which is sold or used as mold- 
ing sand, and concentrate 2 containing 42.096 
Cr5O, for the production of ferrochromium. 


46.5 Production! 


Extraction. Chromium is extracted from its 
ores by alkaline or acidic dissolution. In alkali 
dissolution, finely ground chrome ore is 
roasted with Na,CO, under oxidizing condi- 
tions at ca. 1100 *C. The sodium chromate is 
leached from the calcine; most of the gangue 
is insoluble. The solution containing hexava- 
lent chromium can be reduced with SO, and 
used for electrowinning, or Na,Cr,O, can be 
crystallized from it. The Na;Cr,O; can be con- 
verted to CrO, for use in electrolysis or to 
Cr;O, for use in metallothermics. 


Chrome ore can be dissolved in acid if an 
oxidizing agent is present. However, Fe, Al, 
and Mg also dissolve and must be removed. : 
The preferred acidic dissolution technique is 
to reduce tlie ore with carbon, forming ferro- 
chromium, which is ground and dissolved in 
sulfuric acid. The only significant impurity - 
carried over 1s Fe, which is removed by crys- 
tallization as iron(II) ammonium sulfate. The 
chromium in the solution is in the +3 valence 
State and with additional purification is used to 
produce electrolytic chromium. 


Production of Chromium Metal. Chromium 
metal is produced by the reduction of Cr,O , or 
the electrolysis of Сг(1П) solutions. The metal 
can also be obtained from Cr(VI) solutions by 
electrolysis, but the process is less efficient 
and is used primarily for plating. 


! For Ferrochromium, see Section 7.5. 
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Aluminothermic Reduction. Aluminum is the 
most important reducing agent for producing 
chromium from Сг,О,. Closely sized high-pu- 
гіу Al powder and CrjO, are blended and 
charged into a vessel lined with refractory, 
which is usually Al,O,. The charge is ignited 
either with a KCIO,-Al powder “wick” or 
electrically. The exothermic reaction results in 
a temperature greater than 2000 ?C, which 
leads to a clean separation of slag from metal. 
The purity of the chromium metal depends on 
the purity of the reactants, particularly the 
Cr,0 3. Originally this oxide was made by re- 
duction of sodium chromate with sulfur, re- 
sulting in Cr,O, of high sulfur content. 
Proprietary processes have been developed to 
produce Cr4O, of higher purity. Analysis of 
aluminothermically reduced chromium is 
given in Table 46.7. 

Chromium is also produced by carbon re- 
duction. Chromium oxide and carbon are care- 
fully weighed, mixed, briquetted, and heated 
in a furnace at 1400 ?C at a minimum pressure 
of 40 Pa. The heating cycle is 100 h. The C + 
O content is € 1.596 (Table 46.7). 

Solutions suitable for electrolytic produc- 
tion of chromium can be derived from ore by 
oxidative roasting in alkali, or by direct solu- 
tion of chromite in sulfuric acid; however, a 
commercial process was not achieved until the 
electrolyte was made by dissolving ferrochro- 
mium in H,SO, and reduced anolyte. Figure 
46.2 [10] shows the essential aspects of the 
process for electrolytic production of chro- 
mium metal. | 

Milled FeCr is leached with hot reduced re- 
cycled anolyte, chrome alum mother liquor, 
and makeup H,SO,. The iron precipitates on 
cooling as iron(II) ammonium sulfate 
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[Fe(NH,).(SO,).], which is recrystallized to 
recover the coprecipitated chromium. 

The chromium is further purified by precip- 
itation of chrome alum. Transformation of the 
COD to an insoluble salt requires aging at 
30 °C. After filtration the mother liquor is re- 
circulated to the leach tank. The chrome alum 
crystals are redissolved to make the cathode 
feed. The overflow anolyte contains Cr(VI), 
which is reduced by SO,, thereby generating 
additional H,SO,. The reduced anolyte is also 
cycled to the leach tank. The stripped 
catholyte 1s recycled. Dissolved chrome alum 
crystals are used to bring the chromium con- 
centration in the catholyte feed up to the de- 
sired level. 


The details of the cell reactions are shown 
in Figuré 46.3 [11]. A diaphragm is necessary 
Ло prevent migration of Cr(VI) into the cath- 
ode compartment where its reduction by Cr(II) 
would lead to loss of current efficiency. Flow 
is maintained into the anode compartment 
from the cathode compartment by a higher 
level of solution in the latter. The pH of the 
catholyte must be controlled. At too low a 
value, Н, evolution increases; at too high a 
value, precipitation of Cr(OH), occurs. This 
can be seen by an examination of the pH-po- 
tential diagram [12]. The pH is controlled by 
chromium concentration, current density, tem- 
perature, and differential height of solution be- 
tween cathode and anode compartments. 
Water is fed to the anode to control the con- 
centration of H,SO,. | 

Chromium is plated onto stainless steel 
cathodes until it attains a thickness of ca. 3 
mm. The plate is stripped from the cathode 
and degassed by heating at 420 °C. The analy- 
sis of the flake is shown in Table 46.7. 


Table 46.7: Analysis of various grades of chromium metal (in %). 





Cr C 

Aluminothermic? 99.4 0.05 
Electrolytic? 99.1 0.02 
Electrolytic" 99.5 0.05 
Carbon reduced? 98 1.54 

*Shieldalloy Corp. 

t Elkem Metals Co. 

* Vacuum treated. 

1040. 


о Si S P N Al 


0.10 0.10 0.010 0.010 0.02 0.10 
0.5 0.01 0.03 0.01 0.05 0.01 
0.02 0.05 0.04 0.01 0.002 0.0158 


— 0.1 0.02 0.001 0.1 
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Figure 46.2: Flow sheet for producing electrolytic chromium from ferrochromium [10]. 


For many applications the oxygen content 
of the electrolytic chromium is too high. 
Deoxidation is carried out on a commercial 
scale by two techniques [13]. In the first either 
flake or briquettes of powdered flake are con- 
tacted with H, at elevated temperature. The 
procedure is less effective on chromium pro- 


duced from chrome alum solutions than on 
chromium from hexavalent solutions [14]. 
The second technique involves heating bri- 
quettes of ground electrolytic flake and care- 
fully controlled trace amounts of C in a 
vacuum furnace to form CO. The heating cy- 
cle is 90 h, the maximum temperature is 
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1400 °C, and the pressure is 13 Pa. The prod-- 


uct 1s cooled in helium to prevent contamina- 
tion. Analysis of the vacuum-treated product 
is shown in Table 46.7. 


There are several other techniques for puri- 
fying chromium. These include iodide refin- 
ing [9, 14], zone melting [9, 14], and treating 
chromium with a flux containing an alkaline 
earth metal [15]. Chromium prepared by these 
methods is purer but more expensive, and 
therefore is used only in, electronic applica- 
tions. 


46.6 Uses [4] 


Chromium is used in ferrous and nonfer- 
Tous alloys, in refractories, and in chemicals. 





Cathode . 
21 Diaphragm 
Cell feed Direction of _ solution flow 
Catholyte 
makeup 
Catholyte 
bleed 


Gring" Cr? 
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Chromium enhances an alloy's hardenability, 
creep and impact strength, and resistance to 
corrosion, oxidation, and wear. Ferrous alloys, 
mainly stainless steels, account for most of the 


consumption. These steels have a wide range. 


of mechanical properties as well as being cor- 
rosion and oxidation resistant. Cast irons may 
contain from 0.596 to 3096 Cr, which provides 
hardenability, toughness, hardness, and corro- 
sion and wear resistance. Chromium is widely 
used in nonferrous alloys, including those 
based on nickel, iron-nickel, cobalt, alumi- 
num, titanium, and copper. In Ni, FeNi, and 
Co, Cr is used for oxidation and corrosion re- 
sistance. In Al, Ti, and Cu it controls the mi- 
crostructure. 


Anode 

+ 
HD 
Relative 
density 
control 


Anolyfe 
bleed 


207%- + 4 e7 Dél 


Сг3* 3e Cré 


28 32e H 


502- 


Dir 3 coh — s ce Сге" + 3 ch 4 Сга" 


Figure 46.3: Idealized electrolytic cell reactions. 
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Chromium chemicals are used in a variety 
of applications. The largest amount is con- 
sumed to manufacture pigments for use in 
paints and inks. Other applications include 
leather tanning, metal corrosion inhibition, 
drilling muds, textile dyes, catalysts, and 
wood and water treatment. 

Chromite is used in the refractory industry 
to make bricks, mortar, and ramming and gun- 


ning mixes. Chromite enhances thermal shock _ 


and slag resistance, -volume stability, and 


strength. 


46.7 Economic Aspects 


The world production of chromium fluctu- 
ated between 1973 and 1983; however, growth 
is expected to the end of the century. Data for 
worldwide production are as follows [4]: 


Year Production, 1031 Year Production, 10? t 


1973 1999 1979 2936 
1974 2207 1980 2973 
1975 2540 1981 2786 
1976 2669 1982 2489 
1977 2883 1983 2490 
1978 2820 2000 5625 * 


*Probable projected demand. 


46.8 Alloys 


In the manufacture of steel, chromium is 
added usually in the form of ferrochrome. 
Pure chromium metal, produced by electro- 
lytic or aluminothermic processes, is used for 
alloying nonferrous engineering materials. 
The most common materials are nickel-based 
and cobalt-based alloys, most of which are 
used at high temperature. 


The only true chromium-based alloys that 
have been developed and used commercially 
are a few chromium-nickel alloys developed 
by the International Nickel Co. (INCO). These 
materials contain 50-60% chromium; the re- 
maining percentage is nickel, with either nio- 
bium (columbium) or titanium specifed as 
carbon and nitrogen scavengers. These alloys, 
as well as materials cited in [16, 17], often re- 
ferred to as superalloys, are used in construct- 
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ing high-temperature exposed components in 
chemical and petrochemical industries. 

Chromium-based alloys have found a 
unique application in power stations as sup- 
ports for heat exchanger pipes. The balance of 
cobalt- and nickel-based high-chromium al- 
loys are used mainly in components for gas 
turbine engines and for parts requiring resis- 
tance to elevated temperature, oxidation, and 
hot corrosion. i 

Chromium metal in powder form is used in 
the manufacture of cermets [18]. The cermets 
of commercial importance are as follows: 
Cermet LT-1: 7796 Cr, 2396 ALO, 

Cermet LT-1B: 59% Cr, 1996 А1,0,, 20% Mo, 2% TiO; 
Cermet LT-2: 25% Cr, 1596 AL,O,, 696 W 

These particular cermets have very good 
thermal stability and corrosion resistance. 

Chromium metal from electrolytic or alu- 
minothermic processes is used in a briquetted 
aluminum powder compact to provide the al- 
loying addition to both cast and wrought alu- 
minum products [19]. Two grades of smelted 
binary aluminothermic chromium-aluminum 
alloys (10% chromium and 20% chromium) 
are also used. 

Other binary aluminothermic chromium al- 
loys available for special alloying require- 
ments are chromium-moly bdenum (3096 Mo) 
and niobium-chromium (3096 Nb). Chro- 
mium-tungsten binary alloys were once used 
but are now redundant [20, 21]. 

Metallic -chromium powders are used in 
both coated and cored welding electrodes. 
Small quantities of pure chromium are used 
for anodes in X-ray tubes and also for vacuum 
vaporization or sputtering. 

Chromium powder, as well as ferrochro- 
inium powder, has been used in considerable 
quantities to produce chromium coatings. 

The so-called pack chrome coating [21, 22] 
is applied to cast and wrought steel parts by 
immersing the article in a mixture of chro- 
mium powder; an inert material, e.g., kaolin, 
alumina, or magnesia; and mixtures of various 
salts, such as ammonium, iodide, or chloride. 
The packed part is then heated in an inert at- 
mosphere at 900-1300 °C (heating time is de- 
pendent on part size). 
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Table 46.8: Uses of chromium compounds. 
Branch of industry Product 


Building industry chromium(IiI) oxide 
Chemical industry dichromates, chromium(VI) oxide 


chromium(III) oxide 
dichromates 

chromium(VI) oxide 

Petroleum industry chromates( V1) 

Paints and lacquers chromates, chromium(III) oxide 
Refractory industry chromium(III) oxide 
Electroplating chromium(VI) oxide 


Printing industry 


Wood industry chromates, chromium(VI) oxide 
Leather industry basic chromium(III) sulfates 
Metal industry chromium boride, chromium carbide 


chromium(III) oxide 
Metallurgy chromium(III) oxide 
Textile industry dichromates 
basic chromium(III) acetates and 
chromium(III) fluorides 
Recording industry chromium(VI) oxide 
Pyrotechnics industry dichromates 


Another procedure is the so-called gas 
chromium coating [22]. Steel parts and the 
chrome coating mixture are placed in a vessel 
at 1050-1250 °C. Volatile chrome compounds 
react with the steel components. The coating 
mixture consists mostly of chromium powder 

(both chromium metal and ferrochromium 
have been used [23]); inert materials (similar 
to those used in the pack chromium coating); 
and a relatively high concentration of a salt 
(fluoride, ammonia, or cryolite). 

The gas chromium coating has been used to 
produce a so-called tin-free steel and to treat 
sheet steel on a continuous line. 

Although chrome plating is used to produce 
a shiny as well as a hard satin finish, the 
source is from chromium salts rather than 
from aluminothermic or electrolytic chro- 
mium. 


46.9 Compounds 


Chrome iron ore (chromite) was discovered 
in 1798. A few decades later this ore was be- 
ing subjected to oxidative roasting in the pres- 
ence of soda and lime in manually operated 
furnaces to produce water-soluble sodium 
dichromate. This was processed further to 
yield yellow, red, and green chromium pig- 
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Use 


pigment for coloring building materials 

oxidation of organic compounds, bleaching of montan 
waxes, manufacture of chromium complex dyes 
catalysts 

photomechanical reproduction processes 

chromium plating of printing cylinders 

corrosion protection 

pigments 

additive for increasing slag resistance 

bright and hard chromium plating 

in mixtures of salts for protecting wood against fungi and 
insects 

tanning of smoothed skins 

flame sprays 

polishing agents > 
aluminothermic extraction of pure chromium metal 
dyeing with chrome dyes 

mordanting of textiles 


magnetic information storage 
additive to igniting mixtures 


ments which were used among other things, 
for dyeing wallpaper; they replaced the toxic 
arsenic dyes that had been used until then. 
Chromium salts soon found their way into the 
textile industry as mordants for the dyeing of 
wool. ` 

The importance of dichromates increased 
considerably in the period following 1870 
when the rising coal tar dye industry needed 
large quantities for the oxidation of chemical 
intermediates. With the advent of the 20th 
century, chrome tanning was introduced in 
leather factories and in many areas replaced 
vegetable tanning. 

The manufacture of chromium compounds 
received a further boost after 1930, when me- 
tallic chromium was successfully precipitated 
from chromic acid solutions by special addi- 
tives. Since then this possibility has been used 
extensively in electroplating for bright and 
hard chromium plating. 

Chromium compounds are used in numer- 
ous fields. In addition to the applications men- 
tioned, chromates have long been used in 
printing as an aid in photomechanical repro- 
duction. For some time, chromium dioxide has 
been a component of magnetic tapes for infor- 
mation storage. Table 46.8 lists important ap- 
plications of chromium chemicals. 

















Chromium 





1773 


Plane of 
cross section 


Figure 46.4: Annular hearth furnace: a) Mixture silo; b) Scales; c) Feed screw; d) Furnace; e) Annular hearth; f) Water- 
cooled ribbon screw: g) Wet tube mill; h) Stirred vessel; i) Pump for filtering system; j) Waste heat boiler; k) Electrostatic 
gas purification; D Exhaust gas fan; m) Dust drag chain; n) Bin filter, o) Rotation axis. 


46.91 Sodium Dichromate 


Directly or via several intermediate stages, 
sodium dichromate, №а,Стг,О,:2Н,0, is the 
starting material for the production of all chro- 
mium compounds and pure chromium metal. 
Sodium dichromate is made in a three-step 


process: (1) alkaline roast of chromite under 
oxidizing conditions (Equation 1), (2) leach- 
ing, and (3) conversion of sodium monochro- 
mate to sodium dichromate by means of an 


acid (Equation 2). 
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ca. 1000 °С 
4FeO- Cr,O, + 8Na,CO, + 70, : 
8Na,CrO, + 2Ее„О, + 8CO, (1) 
2Na,CrO, + 2H* — Na,Cr,O, + H,O + 2Na* (2) 


46.9.1.1 Alkaline Roasting 


Soda ash (sodium carbonate) is generally 
used as the alkali component but sodium hy- 
droxide may also be employed [40-42]. The 
degree of solubilization of chromites by the 
roasting process depends on their composi- 
tion. For optimum results, the process is con- 
trolled by adding so-called carrier materials. 
These ensure sufficient porosity of the mate- 
nial so that oxygen can diffuse into the roast. 
Porosity is maintained by means of such mate- 
rials as iron oxide, bauxite, or dried leach resi- 
due; CO,-emitting additives include lime 
and/or dolomite. The inert additives dilute the 
sodium carbonate and sodium chromate, 
which both melt at the reaction temperature. In 
the low-lime process the carbonates evolve 
CO,, decrease the reaction temperature to be- 
low 1000 ?C, and raise the melting point of the 
reaction products; the amount of lime added 
must be controlled so that the compound 
5Na,CrO,:CaCrO, [43] is produced in the 
roast. Temperatures above 1150 °С must be 
avoided because they result in the subsidiary 
components of the ore being attacked. At still 
higher temperatures the degree of conversion 
is markedly decreased. The optimum tempera- 
ture range is very narrow and depends 
strongly on the type of ore used and the com- 
position of the mixture. | 


Process Description. А typical roast mixture 
contains 100 parts of ore, 60—75 parts of so- 
dium carbonate, 0—100 parts of lime or dolo- 
mite, and 50—200 parts of inert materials. The 
components are first finely ground, then 
mixed, and fed into the furnace. Annular 
hearth furnaces or rotary kilns are commonly 
used in large plants today. 

The annular hearth furnace (Figure 46.4) is 
made from steel with a refractory lining (inner 
diameter ca. 20 m; outer diameter ca. 30 m); it 
is driven by a gear wheel underneath and has 
rails running on rollers. The rotating hearth is 
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sealed from the stationary parts of the furnace 
by sheets of metal dipping into annular water 
troughs. The furnace is heated by several 
burners from the side or from the top with gas, 
coal dust, or oil. The exhaust gas can be uti- 
lized to preheat the burner air or to generate 
steam. The mixture is fed to the outer edge of 
the annular hearth by a feed screw. A water- 
cooled ribbon screw transports the mixture in- 
ward, each time the annular hearth revolves, 
and finally removes it in the middle. 

In the annular hearth furnace, the mixture is 
unifonnly heated to the reaction temperature 
and made to travel toward the center of the 
hearth with a well-defined layer thickness. 
The furnace process is fairly independent of 
the sintering of the roast; it allows the produc- 
tion of melts that contain 40% of water-solu- 
ble sodium chromate. The yield is 80-95%, 
based on the chromite feed. The roast takes 2— 
6 h, depending on the composition of the mix. 

Most of the kiln tube of the rotary kiln (Fig- 
ure 46,5) between the feed point and the reac- 
tion zone is used to heat the mixture. Shortly 
before the mix reaches the actual reaction 
zone, the soda melts and calcines. At this point 
the mixture bakes, and pellets or wreath- 
shaped cakes may be formed. If the furnace is 
operated inexpertly (temperature too high) or 
the composition of the mixture is wrong (too 
little carrier material) the kiln tube may get 
substantially clogged. In such cases, the con- 
striction can be cleared by using an industrial 


The roast from the rotary kiln contains up 
to 30% of water-soluble sodium chromate. 
The yield is 75-90%, based on the chromite 
feed. The roast takes 3—8 h, depending on the 
composition of the mixture. The hot exhaust 
gas from the rotary kiln can be used to preheat 
the burner air. 

Gas Purification. Exhaust gas purification 
systems able to achieve a high degree of sepa- 
ration are reduired for dust collection. They 
essentially consist of two components: (1) an 
exhaust gas cooling system, with optional en- 
ergy recovery, for example, steam generation; 


.and (2) the exhaust gas purification system, 


usually an electrostatic separator. 
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Figure 46.5: Rotary kiln for roasting chromium ores: a) Mixture silo; b) Scales; c) Elevator; d) Drag chain; e) Inlet tube; 
f) Rotary kiln; g) Combustion chamber; h) Burner; i) Crusher, j) Wet tube mill; k) Stirred vessel; 1) Pump for filtering sys- 
tem; m) Kiln inlet; n) Waste heat boiler; o) Electrostatic gas purification; p) Exhaust gas fan; q) Dust drag chain; r) Bin 


filter; s) Air inlet. 


The size and the design of the purification 
system depend on the type of furnace. In the 
rotary kiln, ca. 10% of the feed mixture is car- 
ried off by the exhaust gas, whereas in the an- 
nular hearth furnace, less than 196 is carried 
off. However, operation of the annular hearth 
furnace necessitates a considerable expendi- 
ture on gas cooling. 


Other Processes. In the literature, other pro- 
cesses are proposed but so far these have not 
achieved any industrial significance. Thus, at- 
tempts have been made to roast chromium ore 
in a shaft furnace [44] or in a fluidized-bed re- 
actor [45]. A fundamentally different process 
involves the reaction of.the chromium ore and 
soda in a molten salt mixture with oxygen- 
containing gases being injected [46]. 


46.9.1.2 Leaching of the Roast 


After the oxidative process, the roast is a 
mixture of soluble salts and insoluble compo- 
nents. It contains sodium chromate, sodium 
aluminate, magnesium oxide, sodium vana- 
date(V), iron(III) oxide, unused alkali, un- 
changed chromite, and small amounts of 
sodium chloride originating from the soda. 

When the roast is extracted with hot water, 


a pH of 10.5—11.2 results. The pH is controlled. 


by adding acids or carbonates so that all chro- 
mate dissolves, whereas the alkali-soluble im- 
purities hydrolyze and form a readily filterable 
precipitate along with the iron hydroxide and 
the unchanged ore components. 
The roast is first cooled on a Fuller grate or 
in a cooling drum. Then it is either ground in a 
wet tube mill after addition of water or wash 
solution (see below) with carbonates or acids 
added, or it is dissolved in a stirred vessel. The 
insoluble residue is separated from the sodium 
chromate solution and thoroughly washed 
with a countercurrent of water. Nowadays 
continuous multistage Dorr plants or rotary 
filters are used; after separation, the insoluble 
residue is extracted two to three more times in 
counterflow. Dorr plants only exhibit satisfac- 
tory separation of residue and solution if the 
sodium chromate concentration is not too 
high. Rotary filter plants can be employed 
without difficulty for nearly saturated hot so- 
dium chromate solutions; such filters are fre- 
quently preferred because the higher water 
consumption of the Dorr plant results in un- 
necessary steam costs in the subsequent evap- 
oration process: 
‚ After removal of residual aluminum hy- 
droxide and other undissolved components in 
a final purification process (e.g., thickener), 
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the concentrated sodium chromate solution is 
acidified (Section 46.9.1.3). 

Some of the filter residue is dried and 
added to the roasting mix. The remainder is 
subjected to reducing treatment to convert the 
residual chromate content into an ecologically 
harmless form. To do this, the residue 1s sus- 
pended in water and treated with sulfuric acid 
and sodium hydrogen sulfite or iron(II) sul- 
fate; chromate residues are converted into 
chromium(IlT) compounds in this way. Subse- 
quent addition of alkali precipitates trivalent 
chromium (and iron(II), if present) as hy- 
droxide. The suspension is then filtered and 
the cake (optionally after further removal of 
water) is dumped. 


46.9.1.3 Acidification 


The sodium chromate solution is converted 
into sodium dichromate solution by acidifica- 
tion with sulfuric acid (Equation 3) or carbon 
dioxide (Equation 4). The sequence of indi- 
vidual steps depends on the acid. 
2Na,CrO, + HSC, э №а,Ст,О, + Na,SO,-H,O- (3) 
2Na,CrO, + 2CO, + H,O = Na,Cr,0,+2NaHCO, (4) 


Sulfuric Acid Acidification. Sulfuric acid is 
added to the concentrated sodium monochro- 
mate solution in an agitated vessel until the pH 
is about 4. The sodium dichromate solution is 
then concentrated in a continuous evaporation 
plant. Each liter of sodium dichromate solu- 
tion yields 400-500 g of anhydrous crystalline 
sodium sulfate. The sulfate is removed by cen- 
trifugation. The clear, dark-red sodium dichro- 
mate solution contains 900-1200 g of 
Na;Cr40;-2H50 per liter and additional small 
amounts of sodium sulfate; it is dispatched in 
tanks, e.g., of steel. The solution is either used 
directly as an oxidizing agent or processed to 
yield dichromate crystals. 


Carbon Dioxide Acidification. After filtra- 
tion the sodium monochromate solution from 
the first filtration stage is concentrated to ca. 
850 g of Na;CrO, per liter. The saturated so- 
dium chromate solution is then acidified with 
a countercurrent of carbon dioxide at 0.5—1:5 
MPa (510 bar) to yield sodium dichromate and 
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sodium hydrogen carbonate. A series of 
stirred autoclaves 1s preferred for this reaction. 
They must be cooled to remove the heat of 
neutralization; the slurry leaves the last reactor 
at room temperature. The degree of conver- 
sion is about 80-90%. 

The sodium hydrogen carbonate is re- 
moved by centrifugation or filtration, prefera- 
bly under pressure to prevent reaction (4) from 
being reversed. After it has been washed, wa- 
ter can be removed in a pusher centrifuge. Still 
moist, the sodium hydrogen carbonate is then 
transferred to a calcining furnace. The carbon 
dioxide produced in the furnace may be fed 
back to the acidification autoclaves [25]; the 
sodium carbonate obtained is recycled for al- 
kaline ore roasting [47]. 

To obtain commercial sodium dichromate 
solution, further evaporation to a concentra- 
tion of 1000 g of sodium dichromate per liter 
is required. This is then followed by a second 
acidification with carbon dioxide or sulfuric 
acid. 

Production of soda is the main advantage of 
carbon dioxide acidification. However, this is 
offset by a number of difficulties, particularly 
the formation of deposits on the evaporator 
during the concentration of the sodium mono- 
chromate solution. Other problems include 
mastering the pressure technology and cool- 
ing, separation of the sodium hydrogen car- 


‘bonate, yield loss due to reverse reaction, and - 


clogging of the calcination furnace. 


46.9.1.4 Crystallization 


For the purpose of crystallization the so- 
dium dichromate solution (950-1200 g/L) is 
further concentrated and may, if necessary, be 
filtered while hot to remove additional sodium 
sulfate or sodium chromate. It is then slowly 
cooled to 30-35 °C with constant stirring to 
obtain orange-red crystals of Na,Cr,0,- 2H,0. 

Today continuous vacuum crystallization is 
carried out to an increasing extent. The initial 
difficulties of this process, particularly in ob- 
taining coarse, dust-free crystals, have largely 
been overcome. The crystalline slurry is con- 
tinuously separated from the mother liquor 
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and dried. Precise control of the drying tem- 
perature is important because hydrated so- 
dium dichromate is converted into anhydrous 
sodium dichromate above 84.6 °C and, there- 
fore, cakes if overheated. 

For reasons of occupational health, care 
should be taken to ensure that workplaces and 
production plants are dust free when sodium 
dichromate, especially the dried product, is 


being handled. In such locations, extensive 


ventilation and dust removal systems (wet 
scrubbers, electrostatic separators) are neces- 


sary. 


46.9.2 Chromium Oxides 


46.9.2.1  Chromium(IIT) Oxide and 
Chromium Hydroxide 


Chromium(III) oxide, Cr,O,, р 5.2 g/cm’, is ` 


green in finely dispersed form, whereas fairly 
large crystals have a blackish green hue and a 
metallic luster. The crystals have a hexagonal 
rhombohedral structure of the corundum type. 
The compound melts at 2435 ?C, but begins to 
evaporate at 2000 °C to form clouds of green 
smoke; the boiling point is estimated to be 
3000—4000 °C. The enthalpy of formation is 
—1141 kJ/mol. Macrocrystalline chro- 
mium(III) oxide has a hardness of 9 on the 
Mohs scale. An amorphous form of the oxide 
is also known; this crystallizes on heating. 
Chromium(IIT) oxide does not dissolve in 
water, acid, alkali, or alcohols. It is converted 
by a molten bath of sodium peroxide into solu- 
ble sodium  monochromate(VI) Chro- 
mium(IT) oxide and chromates(IIT) are used 
in organic chemistry as catalysts, e.g., in the 
hydrogenation of esters or aldehydes to form 
alcohols and in the cyclization of hydrocar- 
bons. They also catalyze the formation of am- 
monia from hydrogen and nitrogen. 
Production. The industrial production of 
chromium(IIT) oxide involves the reduction of 
solid sodium dichromate, generally ‘with sul- 
fur. The finely divided components are thor- 
oughly mixed, fed into a brick-lined furnace, 
and brought to dark-red heat. The reaction 
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proceeds exothermically. After the reaction 
mass has cooled, it is broken up and the so- 
dium sulfate produced is leached out with wa- 
ter. The remaining solid is separated, rinsed, 
dried, and ground. To obtain 100 kg of chro- 
mium(IIT) oxide, 200 kg of sodium dichro- 
mate must react with at least 22 kg of sulfur; 
usually an excess of sulfur is used. Additives 
such as ammonium chloride or starch in the 
crude mixture affect the pigment properties. 
When sodium dichromate is replaced by the 
corresponding potassium salt, the hue of the 
pigment becomes more bluish. 

The compound can also be prepared by a 
wet route involving reduction of sodium chro- 
mate by sulfur [48] with sodium thiosulfate 
being produced as a coproduct. The hydrate 
initially obtained is washed by decanting, fil- 
tered, and calcined to form the oxide. 

Chromium(TIT) oxide destined for alumino- 
thermic production of pure chromium metal 
must be heated additionally at 1000 °C to in- 
crease its grain size. If products particularly 
low in sulfur are to be produced for this pur- 
pose, charcoal can be used for the reduction 
instead of sulfur. High-purity oxides can also 
be obtained by thermal decomposition of 
chromium(VI) oxide or ammonium dichro- 
mate(VI), the latter yielding a material of very 
low density. 

Chromium(lII) oxide pigments contain 
99.1-99.5% Cr,O,. The aluminum oxide and 
silicon dioxide impurities each amount to ca. 
0.1%; the annealing loss at 1000 °C is about 
0.396. The individual particles are spherical, 
with a diameter of 0.3 рт predominating. 
Chromium(III) oxide finds widespread appli- 
cation as a green pigment resistant to atmo- 
spheric conditions and heat. In addition, it is 
used as a colorant in glass products and print- 
ing inks, as a vitrifiable pigment in the ceram- 
ics industry, and as a polishing agent because 
of its considerable hardness. 


Chromium(III) Aquoxides. Pure chro- 


.mium(III) hydroxide, Cr(OH);, can only be 


prepared with difficulty because the hydrates 
initially obtained by precipitation are subject 
to aging. 
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After drying in air, specimens prepared by 
precipitation with alkali in the cold from violet 
chromium(III) salt solutions have a composi- 
tion corresponding to Cr,O4:9H,O, and are 
usually formulated as Cr(H,0),(OH)5. They 
are bright bluish green powders with limited 
life. All three hydroxyl groups react immedi- 
ately with acids. Upon careful heating, dehy- 
dration occurs in steps and compounds 
containing 8, 5, 3, and 1 mol of water are 
formed. The density increases as the water 
content falls. Above 50 °С, conversion to a 
gelatinous green aging product occurs, and the 
solubility and chemical reactivity decrease; 
oxygen bridges are formed through the elimi- 
nation. of water, and polynuclear complexes 
are produced. The composition approaches 
that of chromium(II) oxide hydroxide, 
CrO(OH). Aging is accelerated by the pres- 
ence of hydroxide ions. 

In freshly precipitated hydroxides a cry stal- 
line phase isomorphic with bayerite [Al(OH),] 
is observed, whereas aged compounds are X- 
ray amorphous. The chromium(IIT) hydroxide 
hydrates are amphoteric compounds. With ac- 
ids they form Cr* salts, whereas they dissolve 
in strong hydroxide solution to form chro- 
mates(IIT), e.g., the deep green sodium chro- 
mate(IID, Na,Cr,0, (previously known as 


sodium chromite). When ammonium hydrox- : 


ide is added, red solutions are formed. Oxidiz- 
ing agents in the presence of alkali produce 
chromates(VT). With halogens this takes place 
immediately on gentle heating, but with oxy- 
gen several hours are required at a pressure of 
4 MPa (40 bar) at 175 °С. 

Chromium(IIT) hydroxide forms a stable 
colloid solution, whose isoelectric point is at 
pH 5. At higher pH the sol becomes negatively 
charged and adsorbs cations, whereas below 
pH 5 the charge is positive and anions are ad- 
sorbed. The adsorption capacity of chro- 
mium(IIT) hydroxide sols is higher than that of 
aluminum or iron(III) hydroxide sols. Sols 
containing 127 g of Cr4O, per liter have been 
obtained from concentrated chromium(III) 
chloride solution by addition of ammonium 
carbonate and dialysis while the solution is hot 
[49]. 
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Production. In industry chromium(III) hy- 
droxide hydrates are usually produced from 
solutions of chromium(III) sulfate or chro- 
mium alum by precipitation with soda, sodium 
hydroxide solution, or ammonium hydroxide. 
Production by reduction of sodium chromate 
with sodium sulfide [50] has also been pro- 
posed. 

For production from potassium chromium 
alum 54 kg of soda is dissolved in 300 L of 
water and a solution of 180 kg of alum in 900 
L of water is added slowly. After the evolution 
of carbon dioxide has subsided, about 220 kg 
of moist chromium hydroxide containing 12% 
CrO; is obtained by filtration. Chromium(IIT) 
hydroxide hydrates are used for the production 
of chromium(III) salts by reaction with the 
corresponding acids. 

Hydrated chromium(III) oxide, CrO; 
xH4O, is a brilliant emerald-green pigment 
known as Guignet’s green that consists of very 
finely divided chromium(III) oxide to which 
water is bonded by adsorption. It is produced 
by heating a ground mixture of one part by 
weight of potassium dichromate and three 
parts by weight of boric acid in a muffle fur- 
nace to a faint red heat, which results in the 
formation of chromium(III) and potassium tet- 
raborates. The molten mass still contains 6— 
7% water and, after cooling, already has a 
deep green color When this mass is boiled 
with water, it decomposes into chromium(III) 
oxide hydrate and boric acid. The product is 
coarse-grained and difficult to grind. Use of 
sodium dichromate as raw material results in a 
more yellowish color, whereas addition of 
thiourea or polysulfide to the reaction mixture 
produces a pigment with a bluish hue. The 
composition of the commercial products var- 
les; typical values are: Сг,О; 79.3-82.5%, 
H,O 16.0-18.0%, B4O, 1.5—2.7 96. 

Hydrated chromium oxide green is a pig- 
ment with properties similar to those of Gui- 
gnet’s green but with a somewhat less 
intensive coloration. This pigment is prepared 
by reducing sodium chromate or sodium 
dichromate in aqueous solution with sulfur or 
sodium formate in a stirred autoclave or pres- 
sure tube [51]. The temperature required is 
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250—270 °C. The solid is separated by filtra- 
tion, washed, dried, and ground. The finished 
pigment consists of fine needles, with a parti- 
cle size of 0.02 x 0.1 um predominating. The 
product contains 79-80% Cr;O;, the anneal- 
ing loss is about 19%, and the density 3.7 
g/cm?. The coloration changes at elevated 
temperature. Because of its high reflecting 
power at infrared wavelengths the product had 
at times been of special importance in camou- 
flage paints. 


46.9.2. Chromium(IV) Oxide 
(Chromium Dioxide) 


Wouter discovered ferromagnetic chro- 
mium dioxide in 1859 when he decomposed 
chromyl chloride [52]. About 100 years later, 
Du Pont produced it in pure form by decompo- 
sition of chromic acid under hydrothermal 
conditions [53, 54]. Industrial exploitation be- 
gan after the morphological and magnetic 
properties had been modified by doping chro- 
mium dioxide with heavy metals [55, 56] in 
order to meet the requirements for a magnetic 
pigment [57]. The marketing of chromium'di- 
oxide at the beginning of the seventies initi- 
ated the development of cobalt-doped iron 
oxides which are nowadays used as an alterna- 
tive to chromium dioxide for information stor- 
age. Е 


Physical and Chemical Properties [58]. 
Chromium dioxide, CrO,, crystallizes in black 
tetragonal needles. The lattice is of the rutile 
type and belongs to (espace group 4/mmm. 
The dimensions of the unit cell are a = b = 
44.2] nm and c = 29.16 nm. The X-ray density 
is 4.89 g/cm?, and the phase width is between 
CrO} зо and CrO, œ [59]. The enthalpy of for- 
mation is —590 kJ/mol [60]. The temperature 
coefficient for the c-axis is negative [61]. At 
100 ?C, agglomerated blocks have a linear co- 
efficient of expansion of —6 x 106 K7 [62]. 
At room temperature chromium dioxide is 
ferromagnetic, the magnetic moment being 2 
Bohr magnetons. The Curie temperature is 
120 °C and increases to 155 °C as a result of 
doping with iron [63]. Finely crystalline nee- 
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dle-shaped chromium dioxide has a specific 
magnetic saturation M/p of 77-92 Am?/kg, 
whereas in single crystals M/p rises to 100 
Am?/kg [55]. The magnetocrystalline anisot- 
ropy constant is 22 x 10? J/m? [64]. The coer- 
civity H, depends on the size of the crystals 
and on their shape and magnetocrystalline 
anisotropies. The coercivity is affected to dif- 
fering extents by various' heavy metals [65]. 
Iron, antimony, and tellurium іпсгеаѕе Н, from 
35 kA/m to 60 kA/m, whereas iridium in- 
creases it to 220 kA/m [66]. 

Chromium dioxide behaves as a metallic 
conductor [58, 67], with a specific electrical 
resistivity between 2.5 x 10“ and 4 x 10? 
Lem [61, 68]. 

At room temperature and normal pressure 
chromium dioxide is metastable; when heated 
to temperatures above 350 ?C, it decomposes 
into chromium(III) oxide and oxygen. Chro- 
mium dioxide has an oxidizing action on reac- 
tive organic compounds [69]; the reactivity is 
considerably decreased by enveloping it with 
iron(IIT) and chromium(III) oxides [70—72]. 
Chromium dioxide is insoluble in water. Reac- 
tion with water occurs at the crystal surface, 
with disproportionation to chromate and Cr^* 
ions. The aqueous suspension has a pH of 3. 
However, chromium dioxide is soluble in con- 
centrated sulfuric acid or concentrated alkali 
solution. 


Production [73]. Chromium dioxide is made 
by decomposition of chromyl chloride, chro- 
mic acid anhydride [73], and. chromium(III) 
chromate [74], or by oxidation of chro- 
mium(IIT) compounds with oxygen, hydrogen 
peroxide, chromic acid anhydride [75], or am- 
monium perchlorate [66]. 

Industrial production employs a process 
onginally carried out under licence from Du 
Pont [65], which involves hydrothermal oxi- 
dation of chromium(III) oxide with excess 
chromic acid: 

Cr.O, + 3CrO, э 5CrO, +0, 


Iron(IIT) oxide: and antimony(III) oxide are 
used as a dopant. Finely divided chro- 
mium(III) oxide is obtained either by thermal 
decomposition of ammonium dichromate or 
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by dehydration of chromium(III) hydroxide 
[75]. 

A highly viscous paste (50-100 Pa:s) is 
produced by intensively homogenizing the 
starting materials. This paste is heated at 
300 °C and 35 MPa (350 bar) to form a hard 
agglomerate of fine chromium dioxide nee- 
dles which must be drilled out of the reactor 
trays, broken, and carefully ground. If the re- 
sidual moisture exceeds 5%, the product is re- 
heated in a rotary kiln. The chromium dioxide 
is deagglomerated in an aqueous sodium 
sulfite suspension, and the crystal surface is si- 
multaneously reduced; this forms a chro- 
mium(IIT) oxide hydroxide layer about 1 nm 
thick. To do this, the suspension is circulated 
through a mill which generates intense shear 
fields and the fine component is removed by 
using a hydrocyclone. After filtration and 
washing, drying is carried out in a spray tower. 
The chromium dioxide obtained has a bulk 
density of 0.8 g/cm?. 


Production is carried out to a large extent in 
closed equipment, Less than 2 mg of dust is 
emitted per 1 m? of exhaust air (STP). The 
chromium-containing wastewater from the 
production is worked up by reduction. 


Use and Economic Importance. Chromium 
dioxide is used as a magnetic pigment. So far 
no other uses have achieved any significance 
[56]. 

In the audio field, chromium dioxide is 
used in mono- and multilayer tapes, the layers 
in the latter containing chromium dioxide of 
different coercivity. In video tapes, it is em- 
ployed either on its own or mixed with cobalt- 
doped iron oxides. Because of its low Curie 
point, chromium dioxide allows high-speed 
thermomagnetic copying of prerecorded audio 
and video tapes [76]. Chromium dioxide has 
been used in digital data storage since 1985. 
Since the magnetostriction of chromium diox- 
ide is low, repeated playing results in virtually 
no level losses [77]. Table 46.9 contains data 
on chromium dioxide powder intended for 
various applications. 
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In 1984 the demand for magnetic pigments 
was about 50 000 t, about 1096 of this being 
chromium dioxide. The most important manu- 
facturers are Du Pont (United States) and 
BASF (Germany). In addition, there is a chro- 
mium dioxide plant in the former Soviet 
Union. 


46.9.2.3 Chromium(VI) Oxide 


Chromium trioxide, chromic acid anhy- 
dride, chromic acid, CrO,, p 2.7 g/cm?, forms 
dark red crystals which deliquesce in air. The 
enthalpy of formation is —594.5 kJ/mol. The 
oxide melts at 198 °C and starts to decompose, 
giving off oxygen and brownish red vapors 
with a pungent smell. The rate of decomposi- 
tion reaches a maximum at 290°C, chro- 
mium(III) oxide, Cr,03, being produced as the 
final product via various intermediate stages. 
Chromium(VI) oxide dissolves іп water to 
form chromic acids; the solubility depends 
only slightly on temperature. A saturated solu- 
tion contains 166 g of CrO, at 20 °C and 199 g 
of CrO, at 90 °С per 100 mL of water. The 
compound also dissolves in sulfuric acid and 
nitric acid. Chromium(VI) oxide is a powerful 
oxidizing agent, particularly in the presence of 
acids. Reactions with alkali metals and numer- 
ous organic compounds, e.g., low-boiling hy- 
drocarbons, acetone, or benzene and its 
derivatives, proceed explosively with consid- 
erable heat being produced. Esters of chromic 
acid are also known, e.g., with such cyclic ter- 
tiary alcohols as methylfenchol and methyl- 
borneol. | 


Chromium(VI) oxide is made by the reac- 
tion of sodium dichromate with sulfuric acid. 
The reaction can be carried out with solid so- 
dium dichromate or with solutions or suspen- 
sions. Both methods are in use industrially. 


The reaction proceeds rapidly and com- 
pletely after the components have been mixed, 
with heat being evolved. Isolation of chro- 
mium(VI) oxide from the reaction mixture or 
purification of the crude product obtained 
from the aqueous solution is difficult. 
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Table 46.9: Powder data for typical chromium dioxide pigments. 








cu Particle geometry Magnetic data* 

Application "cy mg Eu ld — VilUum H kéin Мр, Атка ` An, Amkg 
Audio 28 0.29 9 2.5 41 35 77 
Video 35 0.29 п 1.5 49 34 74 
Data storage 24 0.32 8 3.5 39 35.5 79 


3 Measured with a vibration magnetometer, H. = 800 КА/т. . 


* Specific surface area (SSA) determined by N, adsorption using the BET method (1-point measurement). 
<Меап length ] determined by electron microscope photography with a magnification of 20 000 times. 


4Djameter d and volume V calculated from SSA and 7. 


Quantitative separation of sodium hydro- 
gen sulfate is possible only if the chro- 


mium(VI) oxide is melted, but at this 


temperature the product begins to decompose. 
The melting process must therefore be con- 
trolled very precisely. 


Dry Process. Even today the old discontinu- 
ous process is in use to some extent. The reac- 
tion vessels are made from carbon steel or 
stainless steel. The conical containers are 
equipped with stirrer, exhaust facilities, and 
external heating. Sulfuric acid and sodium 
dichromate are added simultaneously with 
stirring. The paste heats up to 80 °C during 
mixing and is heated further to evaporate wa- 
ter. At 170 °C sodium hydrogen sulfate melts, 
followed by chromium(VI) oxide at 198 °C. 
As soon as the reaction products are liquid, the 
heating and the stirrer are turned off After a 
few minutes the heavier chromium(VI) oxide 
(p 2.2 g/cm?) settles at the bottom, and is cov- 
ered by a layer of the lighter sodium hydrogen 
sulfate (p 2.0 g/cm?). Liquid chromium(VI) 
oxide is drawn off the bottom and conveyed to 
a cooling drum where it solidifies to form 
scales. Sodium hydrogen sulfate is subse- 
quently drained. The yield of chromium(VI) 
oxide is about 85%; 175 kg of sodium dichro- 
mate and 140 kg of 969^ sulfuric acid are re- 
quired to obtain 100 kg of chromium(VI) 
oxide. About 150 kg of sodium hydrogen sul- 
fate is obtained as by-product. 

Figure 46.6 shows a continuous dry process 
[78]. The raw materials are fed to a mixing 
screw for intimate mixing. A viscous paste of 
chromium(VI) oxide, sodium hydrogen sul- 
fate, and water forms which is fed into a 
heated rotary kiln of stainless steel where it is 
melted. The heating must be controlled very 


carefully. The melt flows into a separator, 
where the heavier chromium(VI) oxide col- 
lects at the bottom of the trough, is removed 
by means of a rising pipe, and is converted 
into scales on cooling drums. The upper so- 
dium hydrogen sulfate layer leaves the sepa- 
rating cell via an overflow and is also cooled 
on drums. Exhaust air from the various pieces 
of equipment is purified in a wash tower. The 
yield of this process is over 9096. 


Sulfuric Sodium 
acid dichromate 





E спотот) oxide МЕХ | 


Figure 46.6: Continuous production of chromium(VI) ox- 
ide: a) Metering device; b) Wash tower; c) Mixer; d) Ro- 
tary kiln; е) Separation cell; f) Cooling drum for 
chromium(VT) oxide; р) Cooling drum for sodium hydro- 
gen sulfate. 

`. Ifa highly concentrated solution is used in- 
stead of dichromate crystals, the kiln can be 
heated directly [79]. 


Wet Process. A hot saturated solution of so- 
dium dichromate, which may still contain 
dichromate crystals, reacts with sulfuric acid 
[80]. In the course of 30-60 min the chro- 
niium(VI) oxide precipitates from the hot so- 
lution. On filtration a crude product is 
obtained, with a yield of about 80%. Sodium 
hydrogen sulfate must be removed from the 
crude product by fusion. The filtrate can be re- 
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cycled for converting sodium monochromate 
into dichromate, it can also be used in a fresh 
reaction mixture [81] 1f sodium hydrogen sul- 
fate is first crystallized and removed at 20— 
25 °С. The crude chromium(VT) oxide is puri- 
fied by continuous successive fusion and de- 
canting [82]. 

As an alternative to production by reaction 
with sulfuric acid, Diamond-Shamrock devel- 
oped an electrochemical process [83-85] in 
which chromic acid is produced from sodium 
dichromate in a two- or three-compartment 
cell. 


Chromium trioxide is usually sold in the 
form of flakes, but the coarsely or finely 
ground product is also marketed. Good com- 
mercial products contain 99.5-99.7% CrO; 
and a maximum of 0.1% of sulfate. In the 
form of flakes, the product has a bulk density 
of 1.1 kg/L whereas that of the ground product 
is 1.4 kg/L. Steel drums must be used as con- 
tainers and they must be tightly sealed because 
the product absorbs moisture from the air. 


Chromium trioxide is classified as a dan- 
gerous substance in the EEC list and must be 
marked as fire-promoting and corrosive. In the 
IMDG code chromic acid has been put in class 
5.1., UN No. 1463. The MAK of CrO; is 0.1 
mg/m’. 

' Electroplating is the most important field of 

application of chromium(VI) oxide. Numer- 
ous mixtures containing chromium trioxide 
are on the market; these “compounds” often 
contain hexafluorosilicates which improve the 
properties of the chromium coatings. Chromic 
acid solutions are also used for passivating 
zinc, aluminum, cadmium, and brass. Propri- 
etary mixtures predominantly contain addi- 
tions of fluoride, nitrate, and phosphate ions. 
Other uses for chromic acid are in the produc- 
tion of chromium dioxide and in wood preser- 
vation. 
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46.9.3 Chromium(III) Salts 


46.9.3.1 General Properties 


Water Content. In contrast.to many other in- 
organic salts, chromium(III) salts occur in a 
variety of forms that depend on water content 
and on the particular conditions under which 
they are formed. Anhydrous compounds do 
not dissolve in pure water. 

However, some of them, eg, chro- 
mium(III) chloride or chromium(III) sulfate, 
dissolve in the presence of chromium(II) ions. 
In this process, one dissolved divalent ion 
transfers an electron via an anion bridge to a 
trivalent chromium ion in the solid crystal. 
Having become divalent, this ion detaches it- 
self, acts in a similar manner on another chro- 
mum) ion in the crystal array, and reverts 
again to the trivalent state. 


Complex Formation. Dissolved  chro- 
mium(II]) ions are always coordinated by var- 
ious ligands. In the simplest case of the 
hexaaquochromium(III) ion, [Cr(H,O),]**, 
six water molecules surround the central chro- 
mium ion in an octahedral arrangement as 
ligands. In addition to the aquo complexes, 
numerous coordination compounds with 
other molecules are known, and research on 
them, particularly studies of the ammine com- 
plexes (NH, as ligand), has played an impor- 
tant part in the development of coordination 
compound chemistry [86]. 

When negatively charged ligands enter the 
chromium complex, the charge is decreased 
appropriately. If the sum of the negative 
charges is four or more, the complex becomes 
anionic, an example of this being the diaquo- 
disulfatochromium(III) ion [Cr(SO,). 
(LO. In this case, each sulfate radical with 
a double negative charge occupies the position 
of two ligands. 

The tendency of negatively charged ligands 
to form complex compounds with chromium 
increases in the following order: 


CF < SOF < CH,COO” «HCOO'«OH* 


Nitrato complexes are unknown. 
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Hydrate Isomerism. Chromium(lII) com- 
plexes exhibit hydrate isomerism due to the 
positioning of anions and water molecules. 


Thus chromium(III) chloride hexahydrate E ` 


is known in three different forms: 
e Hexaaquochromium(III) chloride, [Сг 
(H,0),]Cl3, bluish grey 
e Pentaaquochlorochromium(II]) chloride hy- 
drate [Cr(H,O),C1]C1,-H,0, bright green 
e Tetraaquodichlorochromium(IIT) chloride 
dihydrate [Cr(H,O),C1,]Cl-2H,O, dark 
green 
The anions that are directly bound to the 
central atom do not dissociate in water and 
consequently do not react with the common 
precipitating agents; therefore, in the two 
green chlorides, only one-half and one-third of 
the chloride ions, respectively, are precipitated 
by silver nitrate. 


Basic Salts. Hydroxide ions form coordinate 
bonds, with central ion of the hexaaquochro- 
mium complex being hydrolyzed. In this pro- 
cess, the pentaaquohydroxochromium(IIT) ion 


` with a double positive charge is first formed: 


m 
[Cr(H,0),]* SC [Cr(H,0),0Hf^* + Н" 


When more alkali is added, chromium hy- 
droxides are precipitated immediately. Finally, 
with a strong hydroxide’ solution, a soluble 
deep green hydroxo salt is produced: 


Cr(OH); + 3NaOH — Na,[Cr(OH),] 


Pentaaquohy droxochromium(IT]) com- 
plexes are very weak bases. Their salts hydro- 
lyze and the pH of aqueous solutions usually is 
2. The basicity of these salts is defined as the 
ratio of hydroxyl groups (in percent) bound to 
chromium to the number of hydroxyl groups 
in chromium(III) hydroxide, that could theo- 
retically be bound to chromium. Pentaaquohy- 
droxochromium(IIT) complexes therefore 
have a basicity of 3396. When a second hy- 
droxyl group enters the complex the basicity 
increases to 67%. However, from a basicity of 
60% onward, chromium(III) hydroxide pre- 
cipitates and these compounds are not used in 
practice. 
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46.9.3.2  ChromiumY(IIT) Sulfates 
and Chrome Tanning Agents 


Chromium(lII) Sulfate. Anhydrous chro- 
mium sulfate, Cr(SO,)3, p 3.0 g/cm’, is a vio- 
let powder which is insoluble in water but 
dissolves to form complexes when reducing 
agents are added. For its preparation, chro- 
mium metal or chromite is heated over 250 °C 
with sulfuric acid. ' 

The octadecahydrate, [Cr(H,O),|(SO,)3° 
6Н,0, p 1.86 g/cm?, forms cubic crystals. The 
violet compound gives off water on heating 
and above 70 ?C it is converted, with further 
loss of water, into a dark-green crystalline 
pentadecahydrate. As the water content di- 
minishes, the solubility decreases. 


Solutions of chromium(III) sulfates can be 
made by treating chromite with sulfuric acid 
in the presence of chromium(VI) compounds 
[87]. Since other components of the ore are 
solubilized at the same time, the solutions are 
strongly contaminated; separation of magne- 
sium, aluminum, and iron presents such great 
difficulties that this process has not yet gone 
beyond the experimental scale. Chromium(II) 
sulfate solutions are also obtained by dissolv- 
ing ferrochromium in sulfuric acid, a process 
in which iron(II) sulfate is obtained as а co- 
product. So far, the economical preparation of 
a pure product has been only partially success- 
ful. i : 

Large quantities of chromium(III) sulfate 
solution are produced in the oxidation of or- 
ganic substances with chromic acid or sodium 
dichromate in sulfuric acid solution. Examples 
of this are the preparation of anthraquinone 
from anthracene, the preparation of benzo- 
quinone from aniline, or the bleaching of mon- 
tan wax. These solutions are used to produce 
other chromium products; an electrolytic re- 
generation to dichromate is also possible. 


Tanning Agents: Basic chromium(III) sul- 
fates are used on a large scale as tanning 
agents for leather. Industrially, two processes 
are available for the reduction of sodium 
dichromate: (1) reaction with organic com- 
pounds (molasses, sugar) in the presence of 
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sulfuric acid and (2) reduction with sulfur di- 
oxide. 

Reduction with molasses is carried out in: 
aqueous solution; about 30 kg of molasses or 
15 kg of cane sugar is required for 100 kg of 
sodium dichromate dihydrate. The amount of 
sulfuric acid required depends on the desired 
basicity. To adjust the basicity to 33%, about 
103 kg of 96% acid is needed. The reaction is 
strongly exothermic; water evaporates in 
abundance and must be continuously replen- 
ished. Lead-lined vats have proved successful 
as reaction vessels. The exhaust gases have an 
unpleasant smell, but this can be eliminated by 
scrubbing with water in a wash tower or by 
heating them after condensing the water va- 
por. 

The properties of the final product are, to a 
certain extent, dependent on how the reaction 
is performed. If sulfuric acid is added first to 
the dichromate solution and the reducing 
agent is then added slowly, relatively few or- 
ganic acids are produced as result of side reac- 
tions. The proportion of these acids becomes 
considerably larger if the dichromate solution 
is mixed first with the reducing agent and the 
sulfuric acid is added last. The organic acids 
form chromium complexes and mask the tan- 
ning agent. This masking delays the tanning 
process. 

In the reduction with sulfur dioxide sulfuric 
acid is generated in such proportions that the 
tanning agent produced has a basicity of 33%. 
For the reduction of 100 kg of sodium dichro- 
mate dihydrate, 65 kg of SO, is theoretically 
required. 

The reaction is carried out in lead-lined or 
brick-lined absorption towers containing ce- 
ramic packing material. Sulfur dioxide is pro- 
duced by combustion of liquid sulfur which 
yields a gas containing 8-18% 50,; 50,-соп- 
taining gases from other manufacturing pro- 
cesses are also suitable for the reaction. 

For the production of chrome tanning 
agents, chromium(III) sulfate solutions which 
are generated in the manufacture of organic in- 
termediates may also be used. Impurities must 
be removed from such solutions, and the solu- 
tions are then converted to the correct basicity 
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by acidification or neutralization. They must 
also be concentrated by evaporation. 

To manufacture solid tanning agents, the 
concentrated solutions are dried in spray driers 
made of stainless steel. With a basicity of 
3396, the amorphous green powder obtained 
generally contains 24-26% Cr,O,, 25-27% 
SO, 22-25% Na,SO,, and 22-25% water. In 
air, the powder absorbs moisture and the parti- 
cles stick together. Under the microscope, the 
individual particles, which are often hollow 
spheres or fragments of such spheres, have a 
glassy appearance. 

The product obtained by spray drying is 
sold under numerous trade names, e.g, 
Chrometan (British Chrome and Chemicals, 
UK); Chromitan (BASF, Germany); Chromo- 
sal (Bayer, Germany); Salcromo (Stoppani, It- 
aly); Tanolin (Hamblett & Hayes Co., Mass., 
USA). 

Paper or jute sacks with watertight poly 
ethylene liners or wrappings, or plastic sacks 
are used for packing. 

Solutions of basic chromium(II]) sulfate 
containing 12-1896 Сг„О» are also available 
commercially. Solutions of higher concentra- 
tion must be kept warm because sodium sul- 
fate precipitates at room temperature. The 
solutions are transported in rubber-lined rail or 
road tankers; lead-lined tankers are also suit- 
able. 

Besides the standard 33% basic type, a 
large number of products of higher basicity are 
available. To improve their stability toward al- 
kali, these contain various quantities of or- 
ganic acids. The market importance of chrome 
tanning agents containing 3096 chromium ox- 
ide and having a basicity of 5096 has in- 
creased. 

In addition to the standard products, mix- 
tures of chrome tanning agents have estab- 
lished themselves on the market These 
contain basifying agents which react slowly 
and eliminate the need for the tedious basify- 
ing process. Mixed products containing spe- 
cial organic masking agents and having a high 
total basicity have recently been developed. 
These are used in combination with conven- 
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tional chrome tanning agents and afford a high 
degree of chromium exhaustion in the liquors. 


Potassium chromium(IlI) sulfate, potassium 
chrome alum, KCr(SO,),-12H,0, р 1.813 
g/cm?, crystallizes in the cubic system form- 
ing violet regular octahedra which decay in air 
and melt at 89 °C, the color changing to green; 
the enthalpy of formation is —5788 kJ/mol. 
The solubility in water at 25 °C is 11.1%. The 
solution is violet when cold, but becomes 
green above 50 °C, this change being accom- 
panied by a decrease in the molar conduc- 
tance. For 0.125 M solution at 50°C, the 
molar conductance is 221 X2! cm?mol"! for the 
violet form and 202 Q'cm?mol” for the green 
form. This change is reversible and its rate is 
increased by acids. The green form always oc- 
curs as an amorphous solid and crystals are 
unknown. 


In addition to the alum containing 12 mole- 
cules of water of crystallization, potassium 
chromium(III) sulfates containing one, two, 
and six molecules of water are known. 


For the preparation of potassium chromium 
alum, a saturated potassium dichromate solu- 
tion is reduced with sulfur dioxide in the pres- 
ence of sulfuric acid. 


During the reaction, the temperature must 
be kept below 40 °C by cooling to prevent the 
green modification being produced. Apart 
from sulfur dioxide, such organic compounds 
as formaldehyde, methanol, or starch are suit- 
able as reducing agents. Crystallization starts 
after sulfuric acid has been added and the tem- 
perature is kept further below 40 °C. If the so- 
lution is allowed to settle in vats, large crystals 
are produced, whereas fine ones result if the 
solution is stirred. The industrial product con- 
tains 15% Cr,O, and 0.01-0.03% Fe. The 
mother liquor may be reused in the production 
of the alum solution, but after several cycles it 
is so enriched in magnesium and sodium sul- 
fate that crystallization of the alum is retarded. 
The trivalent chromium is then precipitated 
from the solution with alkali and may be recy- 
cled. Lead-lined equipment is used for the pro- 
duction. | 
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The alum can also be prepared from ferro- 
chromium. The reaction with sulfuric acid 
first results in a solution of chromium(III) and 
iron(II) sulfates. The majority of the iron(II) 
sulfate can be removed by crystallization. 
With potassium sulfate added, the filtrate 
yields the alum which is contaminated with 
0.1-0.2% Fe. 

Potassium chrome alum was formerly used 
on a large scale as a tanning agent in the 
leather industry, but its importance in this field 
has receded with the introduction of the basic 
chromium sulfates. Other fields of application 
are the textile industry and the film and photo- 
graphic industry. 


Ammonium chromium(IH) sulfate, ammo- 
nium chrome alum, NH,Cr(SO,),-12H,O, p 
1.72 g/cm}, crystallizes in the cubic system 
forming bluish violet octahedra which appear 
ruby red when held against the light and 
slowly decay in air. When heated to 70 °С 
they turn green, and at 94 °C the compound 
melts in its water of crystallization. Ammo- 
nium chrome alum is obtained from chro- 
mium(III) sulfate solutions by addition of a ` 
stoichiometric amount of ammonium sulfate. 
Ammonium chrome alum crystallizes much 
more easily than potassium chrome alum. The 
preparation of ammonium chrome alum from 
carbon-rich ferrochromium has assumed rela- 
tively great importance in the electrochemical ` 
production of pure chromium metal [88]. | 


46.9.3.3 Other Chromium(I) 
Salts . 


Chromium(III) fluoride, CrF,, p 3.8 g/cm’. 
The anhydrous compound forms highly re- 
fractive rhombohedral crystals. It melts above 
1000 °C and is distinctly volatile between 
1100 and 1200 °C. Chromium(II}) fluoride is 
insoluble in water if no divalent chromium is 
present. Double compounds are formed with 
other metal fluorides, e.g., green CrF,-2KF- 
HO 

. Hydrates are known which contain three to 
nine molecules of water. The violet hexaaquo- 
chromium(III) fluoride, [Cr(H,0),]F and its 
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trihydrate, [CrELO)JF,:3H,O, can be ob- 
tained from hexaaquochromium(IIT) salt solu- 
tions and alkali fluorides. Products containing 
less water are green. The composition of the 
industrial product corresponds approximately 
to CrF4-3.5H,O and the product contains 
about 30% chromium. 

For the production of chromium(III) fluo- 
ride hydrate, chromium(III) oxide hydrate is 
dissolved in hot aqueous hydrofluoric acid and 
the green salt crystallizes. Chromium(IIT) flu- 
oride is used in the textile industry for mor- 
danting wool, for chromating dyestuffs, and in 
vigoureux printing. Recently, chromium(IIT) 
fluorides have also found application in rust- 
prevention paints as corrosion inhibitors. 


Chromium(HI) Chloride. Anhydrous chro- 
mium(II]) chloride, CrCl,, forms hexagonal 
reddish violet flakes which sublime at 950 °C 
yielding a vapor that dissociates above 1300 
°C. The enthalpy of formation is —554.8 
kJ/mol. Chromium(IIT) chloride is insoluble in 
water if no reducing agent is present. On roast- 
ing in air, chromium(III) oxide is produced. 

Anhydrous chromium(lIT) chloride is ob- 
tained along with 1гоп(П) chloride by chlori- 
nating roasting of chromite in the presence of 
carbon at 900-1050 °C [89]. Oxygen is added 
to the chlorine to prevent nonvolatile residues, 
in particular minor constituents of the ore, 
from sintering together. Fractionating conden- 
sation between 400 and 640 °C has been sug- 
gested for separating the chloride vapors [90]. 
The compound can also be obtained by chlori- 
nating chromium(III) oxide in the presence of 
reducing agents or by treating ferrochromium 
with chlorine [91]. 

Chromium(III) chloride can be prepared 
readily from chromyl chloride by reaction 
with carbon monoxide and chlorine. The reac- 
tion proceeds rapidly in the gas phase at 750— 
850°C [92]. Since chromium(III) chloride 
evaporates only at a higher temperature, a con- 
siderable portion of the product, which varies 
as a function of the partial pressure, is pro- 
duced in the form of fine crystals. As the 
smoke cools down, these act as crystallization 
nuclei for any gaseous chromium(III) chloride 
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still present. This procedure prevents the dep- 
osition of solid on the cooling surfaces. 
Anhydrous chromium(III) chloride has 


been suggested for chromizing steel parts by · 


surface diffusion; it can be used for the pro- 
duction of high-purity ductile chromium metal 
by reduction with magnesium and for the syn- 
thesis of organic chromium compounds. 

Chromium(III) chloride hexahydrate is ob- 
tained in pure form by introducing hydrogen 
chlonde and methanol into an aqueous solu- 
tion of chromic acid. The reaction proceeds 
exothermally, and adequate cooling must be 
provided. Of the three isomeric hydrates the 
dihydrate of the  tetraaquodichlorochro- 
mium(II]) chloride crystallizes in the cold. 
This is used as an intermediate in the produc- 
tion of chromium complex dyes and other 
chromium salis, e.g., chromium  stearates, 
which are of interest as impregnating agents 
for textiles or paper. The solution is also used 
as a mordant in the textile industry. 


Chromium (D Acetate. The bluish violet 
hexaaquo salt, [Cr(H,0),](CH,COO),, forms 
needle-shaped crystals. Basic chromium(III) 
acetates are green. For their preparation chro- 
mium(III) hydroxide hydrate is dissolved in 
dilute acetic acid, and the solid is obtained by 
drying on drums or in a spray drier. Basic 
chromium acetates are used as mordants in 
calico printing and worsted top printing, and 
also for fixing vigoureux dyes. Combinations 
of basic chromium(IIT) acetate and basic chro- 
mium(llI) formate also find application in the 
textile industry as mordants. In addition, chro- 
mium(IIT) acetate is used as a starting com- 
pound in the Ge of organic chromium 
dyes. 


Chromium(HI) Nitrate. Normally, chro- 
mium(III) nitrate crystallizes with nine mole- 
cules of water, [Cr(H,0),](NO,),-3H,O, р 
1.8 g/cm?. The dark violet rhombic prisms be- 
come green above 36 °C and melt at 66°C. 
The nitrate group is not bound to the trivalent 
chromium in a coordination compound. The 
salt is readily soluble in water, acid, alkali, and 
alcohol. To prepare chromium(III) nitrate, 
chromium(III) oxide hydrate is dissolved in 
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nitric acid and the nitrate is allowed to crystal- 
lize. The compound is also produced by reduc- 
tion of chromic acid with methanol in the 
presence of nitric acid. During the exothermal 
reaction, the temperature is kept between 55 
and 65 °C by cooling. Chromium(IIT) nitrate is 
used to a limited extent as a mordant in cotton 
printing, usually together with basic chro- 


. mium acetates. In addition, the salt is suitable 


for producing alkali-free catalysts. 


ChromiunxII) Phosphate. Anhydrous chro- 
mium(1II) phosphate, CrPO,, p 2.99 g/cm, is 
a black powder which belongs to the ortho- 
rhombic crystal system. It 1s insoluble in wa- 
ter, hydrochloric acid, and aqua regia but is 
attacked by boiling sulfuric acid. It is obtained 
by calcining its hydrates. The violet hexahy- 
drate, [Cr(H,0),JPO,, р 2.12 g/cm’, precipi- 
tates from chromium(III) salt solutions upon 
addition of phosphoric acid and disodium hy- 
drogen phosphate. The crystals are triclinic 
and only sparingly soluble in water. Green 
chromium(III) phosphates precipitated hot 
contain two to three molecules of water after 
drying. A salt containing four molecules of 
water is also known. The green products are 
virtually insoluble in water. They are used to a 
small extent as pigments-and have corrosion- 
inhibiting properties. 


Chromium lignosulfonates are prepared by 
reaction of sulfite waste liquor from the pulp 
industry with sodium di¢hromate solution, the 
hexavalent chromium being reduced by the or- 
ganic material to trivalent chromium. After 
filtration, the pH is adjusted by means of alkali 
and the product is dried in spray driers. It is a 
free-flowing, water-soluble powder and nor- 
mally contains cations in the following quanti- 
ties: ammonium 1.5-2.5%, chromium 2.5— 
4.2%, iron 0-5%, and sodium 1.5-2.5%. 
These saltlike compounds are used to a large 
extent in the petroleum industry as additives 
for lowering the viscosity of drilling muds and 
decreasing liquid loss [93]. 


1787 


nN Ka e 


Density, g/cm? 


zt 
ce 
c 


10 20 30 40 50 .60 70 


o 
Wero, Co —— а 


Figure 46.7: Density of aqueous chromic acid solutions at 
15.6 °С. 


46.9.4 Chromic Acids and 
Chromates(VI) 


46.9.4.1 Chromic Acids 


Chromic acids are not known in the free 
state. Depending on the method of prepara- 
tion, mono-, di-, tri-, or tetrachromic acids are 
formed in aqueous solution. In alkaline or di- 
lute solution, formation of the yellow mono- 
chromate ion is favored, but in acid solution or 
at high concentrations, the orange-red dichro- 
mate ion is formed preferentially. Aqueous so- 
lutions of chromic acids are, therefore, yellow 
or red depending on their concentrations. Fig- 
ure 46.7 shows the density as a function of 
concentration. 

Dissociation constants (at 25 °C) are as fol- 
lows: 


H,CrO,# Н+ НСО; K,-121 
HCrO; = Н+ CrOF- K,=3.7x107 
H2Cr,0, He Det: Ку=1 
НСт,0; = Н'+С,02 K,-085 
CLO? + Н,0 *2H' +2Сг02 К,=3х1075 
спо! +Н,0 = 2HCrO; K,-0.023 
The standard redox potential for the reaction 
со? +14Н? + бе = 2Cr* + 7Н,О 
is 1.36 V. 
; Chromic acid solutions are strong oxidizing 


agents with a strongly acidic character, they 
form salts with metals and bases. The mono- 
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chromates(VI), M,CrO,, which are derived 
from chromic acid, hydrolyze in aqueous solu- 
tion: 


CrO;z +H,O = HCrO; + ОН 


The easiest method of preparing chromic 
acid solutions is to dissolve chromium( VI) ox- 
ide in water. In industry, chromic acid 1s often 
produced from sodium dichromate(VI) and 
sulfuric acid. 


Chromic acid solutions can also be pre- 
pared by anodic oxidation of chromium(III) 
sulfate solutions [94]; lead-lined cells with a 
diaphragm and lead electrodes are employed. 
To keep the concentration of sulfuric acid con- 
stant, the chromium(III) sulfate solution is in- 
troduced first into the cathode space, where it 
becomes depleted of sulfuric acid, and then 
into the anode space. Here, oxidation to chro- 
mic acid takes place and the concentration of 
sulfuric acid is restored to its original value. 


In practice, several electrolytic cells are 
combined to form a unit. At a current density 
of 3 A/dm? the voltage is 3.5 V. Current effi- 
ciency is 8096. Lost chromium is periodically 
replenished by adding chromium(III) oxide. 
The electrolytic preparation of chromic acid 
can also start from chromium hydroxide hy- 
drate with chromic acid as electrolyte [95]. 


Aqueous chromic acid solutions are used as 
pickling and chromium-plating baths іп the 
metal processing and plastics processing in- 
dustries. 


46.9.4.2 Alkali Chromates and 
Dichromates 


Sodium chromate, Na,CrO,, mp 792°C, p 
2.723 g/cm, AH9,, 1329 kJ/mol, crystallizes 
in the orthorhombic system in small yellow 
needles or columns; transformation to the hex- 
agonal form takes place at 413 °C. The bulk 
density of the powder is 0.7 g/cm?; that of the 
crystals is 1.67 g/cm?. For solubility, see Table 
46.10. The compound is hygroscopic and 
forms several hydrates: below 19.5°C the 
decahydrate; between 19.5 and 25.9 °C, the 
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hexahydrate; and between 25.9 and 62.8 °C, 
the tetrahydrate which undergoes transforma- 


tion into anhydrous sodium chromate above ~ 


62.8 °C. 


To prepare the salt, sodium dichromate so- 
lution is usually mixed with a stoichiometric 
amount of sodium hydroxide, and the salt so- 
lution is then crystallized or spray dried. The 
96.5-98.5% product (0.4% NaCl, 2% 
Na,SO,) is stored and dispatched in watertight 
steel drums. 


Sodium chromate is used as a corrosion in- 
hibitor in the petroleum industry and as a dye- 
ing auxiliary in the textile industry. 


Sodium Dichromate. The dihydrate, 
М№а,Сг,О,:2Н,0, p 2.348 g/cm?, A – 2194 
kJ/mol, forms orange-red, monoclinic, trans- 
lucent needles which are converted into the 
anhydrous salt above 84.6 °C. The bulk den- 
sity is 1.2 g/cm. For solubility, see Table 
46.10. The heat of solution is -118 kJ/kg. The 
compound is very hygroscopic and deli- 
quesces in air; in acid solution, it is a strong 
oxidizing agent. 

Sodium dichromate is the most important of 
the industrial chromium chemicals and is used 
as the starting compound for almost all chro- 
mium compounds. Large quantities are used in 
numerous industrial fields. In the textile indus- 
try (wool, cotton, silk, and synthetics), sodium 


dichromate is used in mordanting and in after- ` 


treatment baths. The leather industry virtually 
no longer uses sodium dichromate. Sodium 
dichromate has a variety of uses in the surface 
treatment of metals, e.g., in the pickling of 
steel, aluminum, magnesium, and other metals 
and their alloys. The ability of the chromates 
to convert gelatin or protein into an insoluble 
form on exposure to light is exploited on a 
large scale in printing technology (lithogra- 
phy). A further field of application for the 
dichromates is in corrosion protection; they 
are added to crude oil in pipelines and to water 
in closed cooling systems as direct corrosion 
inhibitors. Sodium dichromate is also used for 
the manufacture of wood preservatives. 
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Table 46.10: Solubility (in %) of various chromates in water. 
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20 25 

Sodium chromate 44.3 

Sodium dichromate dihydrate 70.6 73.18 
Potassium chromate 39.96 
Potassium dichromate . 4.3 11.7 
Ammonium chromate 19.78 27.02 
Ammonium dichromate 15.16 26.67 

Silver chromate 0.0025 





In the chemical industry, sodium dichro- 
mate is used as a strong oxidizing agent in nu- 
merous cases; the most important include 
oxidation of anthracene to anthraquinone 
(dyes), of aniline to quinone (hydroquinone 
for the photographic industry), of camphene to 
camphor, and of contaminants in oils, fats, tal- 
low, and waxes (soap industry, wax bleach- 
ing). 

To these classical applications, the wide 
field of catalysts and catalyst carriers contain- 
ing chromium(III) oxide or chromates has 
been added over the past thirty years. These 
are important in a variety of oxidation and car- 
bonizing processes. 

Anhydrous sodium dichromate, Na,Cr.0,, 
mp 356.7.°С, р 2.52 р/ст?, bulk density 1 
g/cm, heat of solution ca. —33.5 kJ/kg, forms 
light-brown to orange-red plates which are 
strongly hygroscopic. They decompose above 
400 °C with the formation of sodium mono- 
chromate(VI), chromium(III) oxide, and oxy- 
gen. 

Anhydrous sodium dichromate can be pre- 
pared by melting down sodium dichromate di- 
hydrate, by crystallizing aqueous dichromate 
solutions above 86 °C, or by drying sodium 
dichromate solutions in spray driers. 

Anhydrous sodium dichromate is required 
for cases in which the water content of the di- 
hydrate has an interfering action. Thus, for ex- 
ample, the energy liberated in the oxidation 
with anhydrous sodium dichromate is greater 
than that liberated in the case of sodium 
dichromate dihydrate. Anhydrous ‘sodium 
dichromate is, therefore, used in the prepara- 
tion of chromium(III) oxide by the dry pro- 
cess, in pyrotechnics, and in ‘anhydrous 
oxidation processes where it replaces the more 





Temperature, °C 
40 50 60 75 80 100 

48.8 53.5 55.8 56.1 
77.09- 82.04 88.39 91.43 

e 45.0 
20.9 ` 31.3 42.0 50.2 

34.4 41.2 

36.99 46.14 54.10 60.89 


0.0053 0.0041 


expensive potassium dichromate. Compared 
with sodium dichromate dihydrate, anhydrous 
sodium dichromate has the advantage that it 
can first absorb two molecules of water (1396) 
instead of deliquescing immediately when 
moisture is admitted. 


Potassium chromate, K,CrO,, mp 968.3 °C, 
р 2.73 g/cm?, AH 1383 kJ/mol, occurs as 
the stable B-modification. The lemon-yellow, . 
nonhygroscopic prisms are isostructural with 
K,SO,. At 666 °C they are converted into hex- 
agonal a-potassium chromate. For solubility, 
see Table 46.10. The heat of solution is —71.3 
kJ/kg. The salt crystallizes from aqueous solu- 
tion in anhydrous form and is thermally stable. 

Potassium chromate is obtained by reacting 
potash with potassium dichromate. The potas- 
sium salt has been supplanted nearly com- 
pletely by the cheaper sodium chromate and is 
used only for very specific purposes such as in 
the photographic industry. 


Potassium - dichromate, К,Сг,О,, mp 
397.5 °C, occurs in two modifications. a- 
K5Cr;O;, tabular or prismatic, bright orange- 
red triclinic crystals, p 2.676 g/cm’, has a bulk 
density of about 1.3—1.6 g/cm?; at 241.6 °C a- 
K,Cr,0, transforms to В-К,Сг,О,. For solu- 
bility, see Table 46.10. The heat of solution is 
— 258.3 kJ/kg. The thermodynamic data are as 
follows: c, 219.7 Jmol K”, Ae —2033 
kJ/mol, 5 291.2 Jmol? K~, heat of fusion 
36.7 kJ/mol. The substance is not hygroscopic 
and, above the melting point, decomposes into 
potassium chromate, chromium oxides, and 
oxy gen. 

. Today potassium dichromate is obtained 
primarily by conversion of sodium dichromate 
with potassium chloride. Potassium dichro- 
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mate has largely been supplanted by the 
cheaper sodium dichromate but is still used 
whenever its advantage of being nonhygro- 
scopic is important, for example, in the match, 
firework, film, and photographic industries. 
Potassium dichromate is of interest in the 
preparation of yellow and green zinc pig- 
ments. 


Ammonium chromate, (NH4),CrO,, smells 
of ammonia and forms golden yellow needles, 
р 1.886 g/cm?, AH 1152 kJ/mol, S24, 656 
Jmol"K-!. For solubility, see Table 46.10. In 
air, it decomposes into ammonia, water, and 
ammonium dichromate. On heating it ignites 
and decomposes into chromium(III) oxide, 
ammonia, and nitrogen. Ammonium chromate 
is prepared from ammonium dichromate with 
the addition of ammonia. 


Ammonium dichromate, (NH,).Cr,0,, 
forms large, bright orange-red crystals, р 
2.155 g/cm?, bulk density ca. 1.0—1.3 р/с”. 
For solubility, see Table 46.10. The heat of so- 
lution is -230.9 kJ/mol. Ammonium dichro- 
mate crystallzes in anhydrous form from 
aqueous solution and is not hygroscopic. De- 
composition, which is not preceded by melt- 
ing, sets in on heating to 180 ?C; this becomes 
self-maintaining at 225 °C and above. Decom- 
position proceeds with displays of fire and 
heat, and large amounts of gas are developed. 
The products of decomposition are chro- 
mium(II) oxide, nitrogen, and water vapor. 
Ammonium dichromate reacts very violently 
with organic solvents. 

Ammonium dichromate is prepared by re- 
action of sodium dichromate with ammonium 
chloride or, less frequently, ammonium sul- 
fate. Ammonium dichromate 1s used as the 
starting material for preparing very finely di- 
vided chromium(III) oxide and, in addition, 
finds application primarily in pyrotechnics, 
wood preservation, and photography (lithog- 
raphy) for the preparation of light-sensitive 
solutions of gelatin or proteins. Ammonium 
dichromate is also used to prepare catalysts for 
organic syntheses. A ‘further field of applica- 
tion is the production of magnetic chro- 
mium(IV) oxide. Because of its self-ignition 
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properties and explosiveness, ammonium 
dichromate is subject to the German Explo- 


sives Law and the IMDG code, class 5.1, UN ^ 


No. 1439. It is also distributed moist. 


46.9.4.3 Other Chromates 


Barium chromate, BaCrO,, mp 1400 °C (de- 
comp.), р 4.498 g/cm,, АН, —1156 kJ/mol, 
crystallizes as light-yellow transparent rhom- 
bic crystals which are isomorphous with bar- 
ium sulfate. Barium chromate is only 
sparingly soluble in water but dissolves 
readily in acids. 

In the presence of excess alkali chromate or 
dichromate, barium chromate has a tendency 
to form double salts, among which special 
mention may be made of potassium barium 
chromate, K,CrO,-BaCrO,, and ammonium 
barium chromate, (NH,);CrO 4: BaCrO,, both 
of which are light yellow. 

These barium chromate double salts can be 
prepared by reaction of soluble barium salts or 
barium hydroxide with alkali chromate(VT) or 
dichromate(VT). In weakly acid solutions, as is 
the case, for example, if dichromates(VT) are 
used, the precipitation is incomplete. Quanti- 
tative precipitation is achieved by adding so- 
dium acetate. 

Yellow barum chromate and its double 
salts can be used for the production of chrome 
pigments for paints; the double salts, in partic- 
ular, are excellent corrosion protection paints 
for all metals. They form sparingly soluble 
metal chromates, which prevent attack by 
moisture (condensation, seawater) even more 
readily than zinc chromate. 


Calcium chromate, CaCrO,, mp 1020°C 
(decomp.), р 3.12 g/cm}, is a yellow powder 
which is sparingly soluble in water (4.3% at 
0 °C, 0.42% at 100 °С). The compound has 
acquired no industrial importance, but its 
preparation directly from chromium ores is 
described in several patents [96, 97]. 


Calcium dichromate, СаСг,О,, AH, 1821 
kJ/mol, is thought not to constitute a uniform 
crystalline phase but to be a mixture of phases 
consisting of calcium monochromate and 
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chromium(VI) oxide. The compound forms a 
series of readily soluble hydrates. Thus, below 
10 °C, the hexahydrate СаСг,О;:6Н,0 exists; 


"between 20 and 40 °C, the pentahydrate; be- 


tween 50 and 60°C, the tetrahydrate; and 
above 70°C, the monohydrate. A red deli- 
quescent calcium dichromate trihydrate has 
also been prepared from the tetrahydrate. 


Calcium dichromate can be made industn- 


ally by oxidative roasting of chromium-con- 
taining ores with calcium carbonate or 


calcium oxide and subsequent leaching of the: 


cake with an acid e.g., chromic or sulfuric acid 
[97]. 


Copper Chromates. Neutral copper chro- 
mate, CuCrO, is produced as a yellowish 
brown, water-containing compound by precip- 
itation from a copper sulfate solution with so- 
dium or potassium  dichromate. The 
compound is used as the starting material for 
“chrome black" which is prepared by calcin- 
ing the neutral salt under oxidizing conditions 
and subsequently leaching with hydrochloric 
acid. r 


The double salt copper ammonium chro- 
mate (cupric ammonium chromate) is required 
in dyeworks along with logwood and fustic 
extracts to obtain olive green wool or cotton 
dyes. Copper chromate isused as such or in re- 
duced form as a catalyst in a number of petro- 
chemical reactions. 


Iron Chromates. No anhydrous iron(II) chro- 
mate is known. On the óther hand, the water- 
soluble double salts, KFe'(CrO,),:2H,O and 
NH,Fe™(CrO,).°2H,O do exist, and potas- 
sium iron(II) chromate is a corrosion inhibi- 
tor. A similar corrosion-inhibiting compound 
is also thought to be formed on steel surfaces 
that are treated with chromate solutions. In- 
dustrially, the compound is produced by the 
reaction of iron(III) chloride solution with po- 
tassium dichromate in an autoclave at 130— 
160 °C. The precipitate is filtered and dried. 


Lead ‘chromate, PbCrO,, mp 844°C (with 
evolution of oxygen), p 6.123 g/cm?, АН, 
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—910 kJ/mol, is a yellowish orange powder 
which occurs in three modifications: 


707 °C 783 °C 
monoclinic — orthorhombic -> tetragonal 
yellowish orange yellow red 


The solubility product in water is 1.5 x 
10-14 at 18°C. Lead chromate forms mixed 
crystals with lead(IT) oxide, lead sulfate, and 
lead molybdate. All these salts are virtüally in- 
soluble in water, the molybdenum-containing 
compound is particularly well-known as mo- 
lybdenum red. Lead chromate is prepared in a 
manner similar to that used for barium chro- 
mate. The composition, color, and quality of 
lead chromates depend on the conditions of 
precipitation; they are used widely as yellow 
to red pigments in the lacquer and paint indus- 


try. 


Silver Chromate and Silver Dichromate. 
Ag,CrO, p 5.625 g/cm?, АН? = —111.7 
kJ/mol, S55, 216 Jrnol "К", c, 142. 3 Jmol 
K^, and "Ag, Cro » Р 4. 770° g/cm’, АН?,„ 
— 1218 KJ/mol, form dark red crystals and are 
soluble in acids, ammonia, and potassium cya- 
nide solutions but not in water. The salts can 
be precipitated from a silver salt solution with 
chromate or dichromate solution and are used 
in the photographic industry. 


Zinc chromate, ZnCrO,, is sparingly soluble 
in water but dissolves readily in acids. A series 
of zinc chromate hydrates exists having the 
composition nZnO+mCrO,-xH,0. In industry 
zinc chromate is known as zinc yellow. Its 
color may be controlled by the mode of prepa- 
ration. It is made by the reaction of either a 
suspension of finely ground zinc white (ZnO) 
in concentrated sulfuric acid or water-soluble 
zinc salts (ZnCl,, ZnSO,) with potassium or 
ammonium dichromate. The zinc chromates 
prepared in this manner always incorporate 
potassium or ammonium ions into their lattice. 
Zinc chromate is used in lacquer primers as a 


corrosion inhibitor instead of minium (red 


lead) because of its ability to form insoluble 
iron(III) chromates with iron or to passivate 
metal surfaces by oxidation. 
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46.9.5 Other Chromium 
Compounds 


Chromyl chloride, CrO;CL, mp —96.5 °C, bp 
116.7 °С, р 1.912 g/cm, is a blood red oily 
liquid with a pungent smell, с, 545 Jkg"K !, 
AH og ~567.8 kJ/mol, S9, 510 Jkg !K 1, heat 
of fusion 268 kJ/kg. In the temperature range 
178—390 K the vapor pressure obeys the equa- 
tion 
` logp = 33407 —9.08logT + 35.06 


where p is in hPa (mbar) and T in K. The liq- 
uid is electrically conducting. 

Chromyl chloride is easily hydrolyzed; it is 
an extremely powerful oxidizing and chlori- 
nating agent and, therefore, reacts with or- 
ganic solvents, often violently. It decomposes 
in daylight within a week via CrO, and Cl, to 
form a senes of chromium oxides and chlo- 
rides with a low degree of oxidation. 

Industrially chromyl chloride is produced 
from chromium(VI) oxide and hydrogen chlo- 
ride gas, with concentrated sulfuric acid (> 
68%) being used primarily to bind the water 
of reaction. The higher density chromyl chlo- 
nde is drained, distilled, and collected in 
cooled receptacles. 

Chromyl chloride can also be prepared by 
using mixtures or molten baths of sodium 
chloride and alkali chromates or dichromates 
with fuming sulfuric acid. An elegant route in- 
volves the reaction of chromium(VI) oxide 
with liquid thionyl chloride; these reactants 
are converted quantitatively into chromy] 
chloride by elimination of SO,. 


Hexacarbonylehromium, chromium hexa- 
carbonyl, Cr(CO),, p 1.77 g/cm, forms color- 
less, highly refractive crystals which belong to 
the orthorhombic system. The compound sub- 


limes slowly even at room temperature; when 


heated in a sealed tube it melts at 149—150 ?C. 
The boiling point has been calculated to be 
147 °C. At 210 °C, explosive decomposition 
occurs. The enthalpy of formation is —1077 
kJ/mol. Hexacarbonylchromium is somewhat 
soluble in chloroform and carbon tetrachloride 
but insoluble in benzene, ether, alcohol, and 
acetic acid. It is resistant to water and dilute 
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acids at room temperature; there is no sign of 
attack even by concentrated hydrochloric acid 


or sulfuric acid in the cold, but concentrated ^ 


nitric acid causes decomposition. No reaction 
with alkali occurs, but derivatives are pro- 
duced with ammonia, pyridine, cyclopentadi- 
ene, and other organic ligands. 

Attempts to synthesize hexacarbonylchro- 
mium directly from chromium and carbon 
monoxide have been unsuccessful. The action 
of carbon monoxide and a solution of phenyl- 
magnesium bromide in ether on anhydrous 
chromium(III) chloride suspended in a mix- 
ture of benzene and ether produces intermedi- 
ates that lead to hexacarbonylchromium upon 
addition of acid and distilling the ether in 
vacuo. Finely divided sodium can also be used 
for reduction instead of phenylmagnesium 
bromide. Yields of up to 80% are reported 
when very finely divided sodium reacts with 
anhydrous chromium(III) chloride below 
0 °С with carbon monoxide at a pressure of 
about 6 MPa (60 bar); the reaction proceeds in 
the presence of diethylene glycol dimethyl 
ether; the mixture is subsequently hydrolyzed 
while the carbon monoxide pressure is main- 
tained [98]. 

Applications quoted for hexacarbonylchro- 
mium include the tempering and hardening of 
metal surfaces by chromizing, use as a fuel ad- 
ditive, an intermediate in the preparation of or- 
ganic chromium compounds, and a catalyst 
for oxo-syntheses. 


Chromium(II) Compounds. Їп general, 
compounds of divalent chromium are ex- 
tremely unstable in air and, therefore, are of 
only minor importance in industry. Gaseous 
chromium(II) halides (for preparation, see 
[99]) are used to produce chromium diffusion 
layers on iron and nickel parts. Air stable so- 
dium fluorochromate(IT) is said to be suitable 
for the precipitation of metals in electroplating 
operations and for corrosion-protection coat- 
ings [100]. 


46.9.6 Analysis 


Compounds that are insoluble in water and 
acids, for example, chromium ore, are solubi- 
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lized by roasting with sodium peroxide [101] 
in the presence of soda. Chrome-tanned leath- 
ers are incinerated before being treated with 
sodium peroxide. Under these conditions, 
chromium is completely converted into water- 
soluble chromate(VI) The roasted mass is 
leached with hot water and after cooling sulfu- 
ric acid is added. Compounds of lower oxida- 
tion state that are soluble in water or acids are 
oxidized with ammonium persulfate to chro- 
mate(VI) in dilute boiling sulfuric acid in the 
presence of silver ions as catalysts [102]. 
Chloride ions must be removed beforehand. 
Traces of chloride ions are precipitated by 
adding a few drops of silver nitrate solution. 
The chromate(VI) solutions obtained in this 
way or solutions of chromium (VI) com- 
pounds that are soluble in water or sulfuric 
acid, are then titrated with iron(II) sulfate so- 
lution after phosphoric acid is added [103]. 
The end point of this titration can be deter- 
mined potentiometrically or by means of a re- 
dox indicator, e.g., sodium diphenylamine-4- 
sulfonate [103]. Iodometric titration of chro- 


mate VI) is also possible [104]: For very low ` 


concentrations, e.g., in the analysis of water, 
atomic absorption spectrometry (AAS) and, in 
recent years, inductively coupled plasma 


atomic emission spectrometry (ICP-AES) ` 


have proved successful [106]. Trace amounts 
of chromium are also detected photometn- 
cally at 540 nm after oxidation to chro- 
mate(VI) and addition of diphenylcarbazide 
(formation of a reddish violet complex) [105]. 


46.9.7 Transportation, Storage, 
and Handling 


The toxicity and the effects on the environ- 
ment of chromium compounds are largely de- 
ternined by the valency in which the 
chromium 1s present. Only tri- and hexavalent 
chromium compounds, and chromium(IV) ox- 
ide, CrO,, are of economic importance. Only 
chromium(VI) compounds are classified as 
dangerous in regulations relating to chemicals 
and transportation [107]. According to the 
IMDG code, the following classifications are 
applicable for transportation [108]: 
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Na,Cr,0,, K,Cr,0,: hazard class 6.1, UN 
No. 2811; (NH4J,Cr,O;: hazard class 5.1, UN 
No. 1439; CrO, (solid chromic acid): hazard 
class 5.1, UN No. 1463; chromic acid, solu- 
tion: hazard class 8, UN No. 1755. 

During handling and storage, chromates, 
dichromates, and chromic acid must not be 
brought into contact with readily oxidizable 
substances. The possible hazard to water sup- 
plies from chromium(VI) chemicals should 
also be borne in mind [109]. 

Throughout the world, the limit of 50 Hei. 
of chromium recommended by the WHO has 
been adopted in drinking water regulations. 
This figure was estimated by the U.S. Public 
Health Service from the toxicity data, the ^No 
Observable Adverse Effect Level" (NOAEL), 
and the calculated "average daily intake" 
(ADI) for KCrO; [110]. 


46.9.8 Environmental Protection 


. The following limits are specified in some 
regulations in Germany [111] and in Japan for 
the introduction of wastewater into sewage 
treatment plants: total chromium 2 mg/L max., 
chromium(VI) 0.5 mg/L max. 

In Germany, the emission of such carcino- 
genic chromates as calcium chromate, stron- 
tium chromate, chromium(III) chromate, and 
zinc chromate is limited to 1 mg/m? max. . 
(specified as. chromium) [112]; the emission 
of the other chromium compounds is limited 
to 5 mg/m? (specified as Cr). 

5 Within the European Community, refuse 
that contains chromium(VI) compounds is 
considered hazardous [113]. In Germany, sew- 
age sludge containing up to 1200 mg per kilo- 
gram of chromium may be applied to soil used 
for agricultural purposes provided the chro- 
mium content of the soil does not exceed 100 
mg/kg before the application [114]. According 
to the U.S. Environmental Protection Agency, 
the chromium content of the soil should not be 
regarded as a limiting factor for the applica- 
tion of sewage sludge [115]. According to re- 
cent studies no harmful effect is to be expected 
from chromium ions when sewage sludge con- 
taining chromium hydroxide is applied to the 
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soil even if the level presently permitted is ex- 
ceeded by a factor of 1000 [116]. 


46.9.9 Ecotoxicology 


Insoluble inert chromium(III) oxide, Cr,0,, 
is the stable mineral end product into which 
chromium compounds are converted in the en- 
vironment as a result of natural processes. 


Inland Waters. The mean concentration of 
chromium in surface waters is < 1-10 pg/L 
[117-119]. If trivalent chromium gets into an 
inland body of water it precipitates as chro- 
mium hydroxide in neutral regions. This ages 


Table 46.11: Ecotoxicology of chromium compounds. 


Species or medium 





Chromium(III) compounds 
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and becomes increasingly insoluble, with only 
a small proportion remaining in solution. If 
chromium(VI) compounds get into inland wa- 
ters, they are reduced to chromium(III) com- 
pounds by the natural content of organic 
substances. | 


Table 46.11 summarizes toxicity data for 
chromium(III) and chromium(VI) com- 
pounds in relation to fish, bacteria, alge, 
daphnia, and plants. 

The "water quality criteria documents" in 
the U.S. Federal Register [133], for example, 


specify limits for metals in freshwater (Table 
46.12). 


EE compounds 





Freshwater fish CrCHh: 


Е р 
LC, (48 h) minnows, static, 400 mg/L 


К,Сг,0, 
14 day nó po effect level (NOEL) for 


LC,, (48 h) trout, static, > 1000 mg/L [120] zebra fish (Brachydanio rerio) at 50 mg/L [127] 


LC, (48 h) ides, static, 300 mg/L 
Bacteria KCr(SO,),°12H,0: 


or 80 mg/L [128] 
Na,Cr,0,-2H,0: 


100 mg/L proved not to be poisonous for bacte- toxic limiting concentration for Pseudomonas 


: ria of the genus Escherichia [121] 
Alge KCr(SO,),°12H,0O: 


putida 0.78 mg/L [129] 
К,Сг,О, (Scenedesmus subspicatus): 


incipient injurious effect at 4—6 mg/L (Scenedes- EC,, (96 h) 0.5 mg/L [127]; 0.3-1.3 mg/L [130]; 


mus) [121] 
Daphnia KCr(SO,),:12H,O: 


marked injurious effect at 42 mg/L [121] 


Mammals (oral, rat) Cr(NQ,),: 
LD,, 3250 mg/kg [122] 
Soil mobility 
logically available [123] 


1.8 mg/L [128] 

ЕС» (96 h) 1.4 mg/L [127]; 1.64.7 mg/L [130] 
К,Сг,О, (21-day test): 

concentrations of > 0.1 mg/L markedly de- 
creased the production of offspring [128]; swim- 
ming ability of Daphnia magna: EC, =0.3 
mg/L; EC, = 0.9 mg/L; EC pq = 2.2 mg/L [131] 
Na,Cr,0,-2H,O: 

LD50 150 mg/kg [132] 


low, only certain complex compounds are bio- K,Cr,O, 


low since chromate is strongly adsorbed on the 
spodosol type of soil [128, 130] and is also re- 
duced by Shine soil constituents 


Bioaccumulation plants, particularly the parts above ground, do К,Сг,О, 


not absorb much chromium; accumulation of Cr carp (Cyprinus carpio): no bioaccumulation de- 
is prevented at the very beginning ofthe food tected [128] 


chain [124, 125] 


Higher plants CrCl,-6H,O: KCr,0;: 
ЕС (14 d) Avena sativa (oat) 560 mg of Cr/kg of soil [126] oat: 27 mg/kg [127]; 32 mg/kg [128]; 96 mg/kg 
Brassica rapa (turnip) 230 mg of Cr/kg of soil [130] 
[126] turnip: 23 mg/kg [127]; 22 mg/kg [128]; 24 
mg/kg [130] 
Earthworm not known К,Сг,О,: 
LC; (28 d) > 2000 mg/kg of soil [127] 





no lethal effects at 1000 mg/kg [130] 


"ЕС = effective concentration; at EC, growth is retarded by 50% compared with control. 














` Chromium 


Table 46.12: Limits for chromium and copper (for com- 
parison) in freshwater, рел. [133]. 








mn Water hardness, CaCO,, mg/L 
Oxidation state 50 100 200 
CD 2200 4700 9900 
Сг(УТ) i 21 
COD 12 22 43 





Soil. The chromium content of soil varies very 
widely depending on the geological, condi- 
tions. The range is from 5 to 1500 mg/kg, and 
the average level is about 50 mg/kg [134]. 
Chromium is found every where in the soil of 
Germany [135], and levels of over 1100 
mg/kg may be reached. Such levels are caused 
solely by geological conditions. 


Plants. Chromium occurs in soil in the form 
of chromium(IIT) compounds which are avail- 
able to plants only to a small extent; conse- 
quently, chromium is not enriched in the food 
chain [124, 125, 136-138]. 


Animals. Grazing animals are not subjected 


unduly to chromium since only small amounts · 


get into the parts of plants above the ground 
[131]. Less than 1% of the chromium con- 
tained in plants is available to animal and hu- 
man organisms. To cover essential needs, the 
chromium must be in a special, biologically 
suitable form [139]. 


46.9.10 Economic Aspects [140- 
143] 


The output of chromium ore is subject to 
considerable variations. Rich ores which are 
obtained easily by handpicking have de- 
clined. This shrinkage in output has to be 
counterbalanced by exploiting low-grade ores 
and upgrading them to saleable concentrates. 
The statistical documents are incomplete and 
contradictory. 


Even the most pessimistic estimates of the 
worldwide reserves and the extraction possi- 
bilities in individual countries do not predict a 
chromium shortage before the end of this cen- 
tury. In addition, the huge lean-ore deposits in 
South Africa, Southeast Asia, and the United 
States, which are still completely untouched, 
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afford a replacement for the rich ores being 
mined at present. 


In Table 46.13 the consumption of chro- 
mium ore is broken down according to prod- 
ucts. The refractory brick share is declining 
because Siemens-Martin steel is being in- 
creasingly supplanted by oxygen-blown steel 
produced in converters with a basic lining. 


Table 46.14 shows the share of individual 
applications in the consumption of chromium 
chemicals. 

The starting material for virtually all chro- 
mium chemicals is sodium dichromate pre- 
pared from chromium ore. 


Table 46.13: Estimated consumption of chromium ore in 
terms of products in 1984 [141, 144]. 


Product World Ges 
Ferrochromium, FeSi chromium, chro- 
mium metal, and foundry sands 72% 60% 
Refractory bricks 12% 20% 
Chemicals 17% 20% 


Table 46.14: Estimated share (in %) of individual applica- 
tions in the consumption of chromium chemicals, 1985 
(excluding countries with state trading organizations). 


ee Worldwide 

Pigments 2 1 
Metal processing 15 24 
Tanning 12 32 
Wood preservation 26 11 
Corrosion protection 5 
Petroleum industry 5" 2 
Textile dyes 2 1 
Catalysts 2 1 
Video tapes 2 2 

9 5 


.Remainder 





46.9.11 Toxicology and 
Occupational Health 


: Only the hexavalent chromium compounds 
are biologically active. Metallic chromium 
and the trivalent compounds, including those 
in chromium ores, are neither irritating, mu- 
tagenic, nor carcinogenic [145]. Sporadic inci- 
dences of skin sensitization supposedly 
caused by chromium(III) were probably 
caused by traces of chromium(VI) present. 
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Human Nutrition. Chromium is an essential 
trace element. The antidiabetogenic factor, a 
chromium-containing protein compound, is an 
example of a cofactor for the effect of insulin 
[146]. Some metabolic processes in animals 
and humans cannot proceed normally in the 
event of a chromium deficiency [147—149]. 


Most foodstuffs in the United States and 
Germany contain less than 0.1 mg of chro- 
mium per kilogram of fresh weight. Excessive 
levels of chromium in vegetable and animal 
food are unknown. On the contrary, the supply 
of chromium as an essential trace element 
tends to be too low rather than too high in 
Western industrial countries [150, 151]. The 
U.S. Food Nutrition Board recommends a 
daily intake of 50—500 ро for adults [152]. 

For chromium the gap between essential 
and toxic concentrations is particularly large. 
Mammals can tolerate 100 to 200 times the 
normal chromium content of their bodies 
without injury [153]. 


Chromium Dioxide. In a single administra- 
tion, chromium dioxide is resorptively non- 
toxic; the lethal dose is greater than 17 000 
mg/kg (rats, oral). In rabbits, chromium diox- 
ide causes slight primary irritation of skin and 
mucous membranes. 


Since any chromium dioxide in the normal 
atmosphere always contains traces of hexava- 
lent chromium, care is taken during produc- 
tion and further processing to ensure that the 
concentration of chromium dioxide at the 
workplace does not exceed 0.08 m g/m?, which 
is approximately equivalent to the MAK of 
CrO, of 0.1 mg/m?. At higher concentrations 
breathing masks should be worn, for example, 
grade 2b (DIN 3180). 


Employees of chromium dioxide plants are 
examined annually for chromium contamina- 
tion. So far no indications have been found of 
any disease caused by chromium in chromium 
dioxide production plants. 


Hexavalent Chromium Compounds. Partic- 
ularly chromic acid and the alkali chromates 
corrode and irritate the skin and mucous mem- 
branes. 
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Acute Effects. Effects of longer exposure to 
hexavalent chromium compounds vary from 
irritation of the nasal mucous membrane to the 
formation of ulcers and perforations of the na- 
sal septum [154]. 

Higher concentrations irritate the bronchial 
mucous membrane, thereby leading to bron- 
chitis. Penetration of hexavalent chromium 
particles into small skin defects — not unin- 
jured skin — causes ulcers which heal badly. 
Uptake by the digestive system (mostly in sui- 
cidal cases) causes serious intestinal inflam- 
mation, sometimes with loss of blood. 
Damage to the renal tubules occurs mainly af- 
ter dermal absorption. This can lead to kidney 
failure if the spontaneous reduction capacity 
of plasma of about 2 ppm (20 minutes) is not 
sufficient to reduce chromium(VI) to the non- 
toxic chromium(III). The administration of 
high doses of ascorbic acid facilitates this re- 
duction, and chromium(III) is then excreted in 
the urine without causing kidney damage 
[155]. 

Chronic Effects. Chronic irritation of the 
nasal mucous membrane can lead to its atro- 
phy. Chronic bronchitis has been reported fol- 
lowing long-term exposure to hexavalent 
chromium compounds, but this does not occur 
normally under today’s manufacturing condi- 
tions [145]. Impairment of breathing has not 
been observed. 

Hexavalent chromium compounds are ca- 
pable of sensitizing the skin strongly, which 
may lead to chronic eczemas, particularly 
when the source is cement dust containing 
chromium(VI). In contrast, no sensitization of 
the respiratory tract occurs. 

Mutagenicity. All hexavalent chromium 
compounds are mutagenic, but trivalent chro- 
mium compounds do not have any mutagenic 
potential. In some cases, the hexavalent com- 
pounds must first be solubilized to show a mu- 
tagenic effect. This effect is counteracted by 
the reduction of chromium(VI) to chro- 
mmm, for example, by adding body fluids 
or organ homogenates [156, 157]. 

Carcinogenicity. Many animal experi- 
ments have been carried out to test the carci- 
nogenicity of chromium compounds. These 











Chromium 


include subcutaneous injection, inhalation, in- 
tratracheal instillation, and introduction of 
pellets into the bronchial tree [158—161 ]. 

According to these experiments the 
hexavalent compounds of chromium with cal- 
cium, strontium, zinc, and chromium(III) 
(chromic chromate) must be categorized as 
carcinogenic. Sodium dichromate showed a 
weak carcinogenic effect only upon intratra- 
cheal instillation of doses near to the toxic lim- 
its [162]. Lead chromate, chromic acid, and 
alkali chromates and dichromates are not car- 
cinogenic. Generally, the easily water-soluble 
as well as the insoluble hexavalent chromium 
compounds are considered noncarcinogenic, 
whereas the slightly soluble compounds are 
carcinogenic [161]. 


Epidemiology. Trivalent chromium com- 
pounds have proved to be noncarcinogenic 
[163]. 

Earliest indications of increased incidences 
of lung cancer among workers in the chromate 
manufacturing industry were observed in the 
1930s. More evidence in support of this obser- 
vation came from a large number of epidemio- 
logical studies done after 1948 [164, 165]. 
Studies carried out between 1948 and 1956 
showed a 25- to 29-fold increase in the inci- 
dence of lung cancer. In contrast, investiga- 
tions carried out since 1979 reflect the effects 
of improved hygienic working conditions and 
production processes, for example, by avoid- 
ing the use of lime in the oxidative roast of 
chromium ores (low-lime process) These 
measures have led to a convergence between 
the observed and the expected incidences of 
lung cancer [154, [166—169]. 

An increased incidence of lung cancer was 
observed among persons employed in the 
chromate pigment industry only after expo- 
sure to zinc chromate. Lead chromate, on the 
other hand, showed no carcinogenic effect 
[170—172]. Results of epidemiological studies 
carried out during the handling of chromic 
acid, particularly during chromium plating, 
are blurred by confounding factors; a statisti- 
cally significant increase in the rate of lung 
cancer was not observed [158, 173]. An in- 
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creased risk of lung cancer has also not been 
clearly established in the manufacture of fer- 
rochromium [174, 175]. Occupational health 
care has been provided in the chromate-pro- 
ducing industry for several decades. 


Classification. Germany: MAK list, appendix 
III, class Al: zinc chromate; class A2: calcium 
chromate, chromium(I) chromate, strontium 
chromate; class B: alkali chromates, chro- 
mium trioxide. The ТЕК value of ‘calcium, 
chromium), strontium, and zinc chromate 
is 0.1 mg/m? (as CrO; in total dust). For chro- 
mium trioxide, the MAK of 0.1 mg/m? (as 
CrO,) has been established. 

United States: According to NIOSH [161], 
the following chromates are classified as non- 
carcinogenic: mono- and dichromates of hy- 
drogen, lithium, potassium, sodium, rubidium, 
cesium, and ammonium, as well as chromic 
acid anhydride. All other hexavalent chro- 
mium compounds are classified as carcino- 
genic. 

The threshold limit value (TLV) is as fol- 
lows: chromium(VI) compounds 50 pg/m? 
(TWA; as chromium); chromium (metal), 
chromium(ID, and chromium(IID Соорон 
500 pg/m’? (TWA; as chromium). 


Biological Monitoring. In addition to the 
classical assay for chromium in blood or urine, 
the degree of previous exposure to chromium . 
can be estimated by determining the extent of 
bound chromium in erythrocytes [176]. 


46.10 Pigments 


4610.1 Chromium Oxide 
‘Pigments 


. Chromium oxide pigments, also called 
chromium oxide green pigments, consist of 
chromium(III) oxide, Сг,О,. Chromium oxide 
green is one of the few single-component pig- 
ments with green coloration. Chrome green is 
a blend of chrome yellow and iron blue pig- 
ments; phthalochrome green is a blend of 
‘chrome yellow and blue phthalocyanine pig- 


“ments. 
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Natural, minable deposits of chromium ox- 
ide are not known. In addition to pigment 
grade, chromium oxide producers usually 
also offer a technical grade for applications 
based on properties other than coloration. 
These include: 


e Metallurgy: aluminothermic production of 
chromium metal 


e Refractory industry: production of ther- 
mally and chemically resistant bricks and 
lining materials 

e Ceramic industry: coloring of porcelain 
enamels, ceramic frits, and glazes 


o Pigment industry: raw material for the pro- 
duction of chromium-containing stains and 
pigments based on mixed metal oxide 
phases 

e Gnnding and polishing agent  chro- 
mium(IIT) oxide is used in brake linings and 
polishing agents due to its high hardness 

Chromium oxide hydroxide and hydrated 
chromium oxide pigments (Grignets Green) 
have a very attractive blue-green color. They 
are of low opacity, but provide excellent light- 
fastness and good chemical resistance. Loss of 
water on heating limits the application temper- 
ature. These pigments are no longer of indus- 

trial importance [177]. 


46.10.1.1 Properties 


Chromium(IIl) oxide crystallizes in the 
rhombohedral structure of the corundum type; 
space group D$. -R3c, p 5.2 g/cm?. Because of 
its high hardness (ca. 9 on the Mohs scale) the 
abrasive properties of the pigment must be 
taken into account in certain applications 
[178]. It melts at 2435 °C but starts to evapo- 
rate at 2000 °C. Depending on the manufac- 
turing conditions, the particle sizes of 
chromium oxide pigments are in the range 
0.1-3 um with mean values of 0.3-0.6 цш. 
Most of the particles are isometric. Coarser 
chromium oxides are produced for special ap- 
plications, e.g., for applications in the refrac- 
tory area. 

Chromium oxide has a refractive index of 
ca. 2.5. Chromium oxide green pigments have 


Handbook of Extractive Metallurgy 


an olive green tint. Lighter greens with yel- 
lowish hues are obtained with finely divided 
pigments, and darker, bluish tints with larger 
particle diameters; the darker pigments are 
weaker colorants. The maximum of the reflec- 
tance curve lies in the green region of the 
spectrum at ca. 535 nm (Figure 46.8, curve a). 
A weaker maximum in the violet region (ca. 
410 nm) is caused by Cr—Cr interactions in the 
crystal lattice. Chromium oxide green pig- 
ments are used in IR-reflecting camouflage 
coatings because of their relatively high re- 
flectance in the near infrared (Figure 46.8, 
curve b). 

Since chromium(III) oxide is virtually in- 
ert, chromium oxide green pigments are re- 
markably stable. They are insoluble in water, 
acid, and alkali and are thus extremely stable 
to sulfur dioxide and in concrete. They are 
light-, weather-, and temperature-resistant. A 
change of the tint only occurs above 1000 °C 
due to particle growth. 


e 
to 






e 
е 


нн. 
e et aan 


e 
T 


e 
M 


Reflectance factor ——» 


© 


350 &50 550 650 750 850 950 1050 1150 
Wavelength, nm ——= 


Figure 46.8: Dependence of the reflectance of chromium 
oxide on the wavelength: a) Regular pigment; b) Special 
product with larger particle size and high IR reflectance. 


46.10.1.2 Production 


Alkali dichromates are used as starting ma- 
terials for the production, of chromium(III) ox- 
ide pigments. They are available as bulk 
industrial products in the required purity. High 
impurity levels have an unfavorable effect on 
the hue. 


Reduction of Alkali Dichromates. In indus- 


trial processes, solid alkali dichromates are re- 
acted with reducing agents such as sulfur or 
carbon compounds. The reaction is strongly 
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exothermic, and with sulfur proceeds as fol- 
lows: 

Na,Cr,0; + S 2 Cr,0; + Na,SO, 

Sodium sulfate can then easily be separated by 
washing, because it is water soluble. The use 
of sulfur was first described in 1820 [179]. 
Rom described the use of K,Cr,0, in 1927 
[180]. If charcoal is used in place of sulfur, 
Na,CO, is formed as by-product [181]. 

Finely divided sodium dichromate (dihy- 
drate or anhydrous) is mixed homogeneously 
with sulfur. This mixture is then reacted in a 
furnace lined with refractory bricks at 750— 
900 °C. An excess of sulfur is used to ensure 
completion of the reaction. The reaction mass 
is leached with water to remove water-soluble 
components such as sodium sulfate. The solid 
residue is then separated, dried, and ground. 

If potassium dichromate is used instead of 
sodium dichromate, a green pigment with a 
more bluish hue is obtained. 

If it is to be used as a pigment in paints and 
lacquers, chromium oxide green can be sub- 
jected to jet milling (micronization) to obtain 
the required properties (e.g., gloss). 


Reduction of Ammonium  Dichromate. 
Chromium(IIT) oxide can be obtained by ther- 
mal decomposition of ammonium dichromate. 
Above ca. 200 °C, a highly voluminous prod- 
uct is formed with elimination of nitrogen 
[182]. The pigment is obtained after addition 
of alkali salts (e.g., sodium sulfate) and subse- 
quent calcination [183]. In the industrial pro- 
cess, a mixture of ammonium sulfate’ or 
chloride and sodium dichromate is calcined 
[184]: | 
Na,Cr,0,°2H,0 + (NH,),SO, > 

CrO, + Na,SO,+6H,0+N, 
The workup is then carried out as described 
above. A chromium oxide pigment obtained 
by this process typically contains (%): 


Cr,0, 99.0-99.5 
SiO, 0.05 (max.) 
ALO, 0.1 (піах.). 
Ғе,О; 0.05 (тах.) 
8 са. 0.02 = 
Water ca. 0.3 


Chromium oxides with a minimal sulfur 
content are preferred for metallurgical appli- 
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cations. These are obtained by reacting so- 
dium dichromate with ammonium chloride or 
sulfate in a deficiency of 10 mol% [185]. 
Chromium(III) oxides with a low sulfur con- 
tent can also be obtained by thermal aftertreat- 
ment [186] Thermal decomposition of 
chromic acid anhydride (CrO,) yields high- 
purity chromium(III) oxide [187]. 

The pigment properties of chromium ox- 
ides can be modified by precipitation of hy- 
droxides (e.g., of titanium or aluminum), and 
subsequent calcining. This treatment changes 
the color to yellow-green, and decreases the 
flocculation tendency [188]. Aftertreatment 
with organic compounds (e.g., alkoxylated 
alkylsulfonamides) is also used [189]. 


Other Processes. Other production processes 
are suggested in the patent literature, but have 
not so far gained industrial importance. For in- 
stance, sodium dichromate can be mixed with 
heating oil and reacted at 300 °C. The soda 
formed must be washed out prior to calcining 
at 800 °C to avoid reoxidation in the alkaline 
melt [190]. 


In alkaline solution, sodium chromate can 
be reduced with sulfur at atmospheric pressure 
with formation of sodium thiosulfate. After 
neutralization, more sodium chromate is 
added to exhaust the reducing capacity of the 
thiosulfate. The mixture is calcined at 900— . 
1070 *C [191]. 

Another process involves the shock heating 
of sodium dichromate in a flame at 900— 
1600 °C in the presence of excess hydrogen 
and chlorine to bind the alkali as sodium chlo- 
ride [192]. This method is suitable for the 
preparation of pigment-grade chromium oxide 
of high purity, with an especially low sulfur 
content. 


Environmental Protection. Since alkali 
dichromates or chromic acid anhydride are 
used as starting materials for the production of 
chromium(III) oxides, occupational health re- 
quirements for the handling of hexavalent 
chromium compounds must be observed 
[193]. The sulfur dioxide formed on reduction 
with excess sulfur must be removed from the 
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flue gases according to national regulations, 
e.g., by oxidation to H,SO,. 

Process wastewater: may contain small 
amounts of unreacted chromates; recovery is 
uneconomical. Prior to release into drainage 
systems, the chromates in these wastewater 
streams must be reduced (e.g., with SO, or 
NaHSO,) and precipitated as chromium hy- 
droxide [194]. In Germany, for example, the 
minimum requirements tor wastewater in the 
production of chromium oxide pigments are 
specified in [195]. 


46.10.1.3 Quality Specifications 
and Analysis 


International, technical specifications for 
chromium oxide pigments are defined in ISO 
4621 (1986), they must have a minimum 
Cr50, content of 96%. 


Various grades are defined according to 
their particle fineness as measured by the resi- 
due on a 45-um sieve: grade 1, 0.01% residue 
(max.) grade 2, 0.1% (тах.); and grade 3, 
0.5% (max.). 


ISO 4621 (1986) also specifies analytical 
methods. Usually, analysis of chromium and 
the by-products is preceded by melting with 
soda and sodium peroxide. The content of wa- 
ter-soluble or acid-soluble chromium is be- 
coming important from the toxicological and 
ecological point of view. It is determined ac- 
cording to DIN 53780 with water, or accord- 
ing to ISO 385615 with 0.1 mol/L 
hydrochloric acid. 


46.10.1.4 Storage and 
Transportation 


Chromium(IID oxide pigments are ther- 
mally stable and insoluble in water. They are 
not classified as hazardous materials and are 
not subject to international transport regula- 
tions. As long as they are kept dry their utility 
as a pigment is practically unlimited. 
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46.10.1.5 Uses 


The use of chromium(III) oxide as a pig- 
ment for toys, cosmetics, and in plastics and 
paints that come in contact with food is per- 
mitted in national and international regula- 
tions [196—203]. Maximum limits for heavy 
metals or their soluble fractions are usually a 
prerequisite. Because pure starting materials 
are used, these limits are satisfied by most 
types of chromium oxide. 

Chromium oxide is equally important as a 
colorant and in its other industrial applica- 
tions. As a pigment, it is used predominantly 
in the paint and coatings industry for high 
quality green paints with special requirements, 
especially for steel constructions (coil coat- 
ing), facade coatings (emulsion paints), and 
automotive coatings. 

A senes of RAL (Reichs Ausschuß für 
Lieferbedingungen) tints (e.g., Nos. 6003, 
6006, 6011, 6014, and 6015) can be formu- 
lated based on chromium oxide. As mentioned 
previously, chromium oxide is also an impor- 
tant pigment for the formulation of green cam- 
ouflage coatings (e.g, RAL 6031-F 9, 
Natogreen 285, Stanag 2338, and Forestgreen 


' MIL-C-46168 С). 


Except for the expensive cobalt green, 
chromium oxide 1s the only green pigment that 
meets the high color stability requirements for 
building matenals based on lime and cement 
[204]. In plastics, however, chromium oxide 
green is only of minor importance because of 
its dull tint. 

The industrial significance of chromium 
oxide is due to its chemical and physical prop- 
erües. Its high purity makes it suitable as a 
starting material for the aluminothermic pro- 
duction of very pure chromium metal. 

Since the late 1970s chromium oxide has 
gained significance as a raw material in the re- 
fractory industry. The addition of chromium 
oxide to bricks and refractory concrete based 
on alumina significantly improves their stabil- 
ity against slag in the production and process- 
ing of pig iron. Chromium oxide bricks 
containing ca. 95% Cr,0, have become im- 
portant in the production of E-glass fibers for 
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lining melting tanks. These linings have sub- 
stantially improved furnace stability (1.e., pro- 
longed furnace life). 


The high hardness of chromium oxide re- 
sulting from its crystal structure 1s exploited in 
polishing agents for metals and in brake lin- 
ings. Addition of a small amount of chromium 
oxide to magnetic matenals of audio and 
video tapes imparts a self-cleaning effect to 
the sound heads. 


46.10.1.6 Economic Aspects 


Important producers are American Chrome 
and Chemicals (USA), Bayer (Germany), 
British Chrome and Chemicals (UK), and Ni- 
hon Denko (Japan). 


Statistical data on the consumption of chro- 
mium oxide have not been published recently. 
However, it can be assumed that 37 000 t of 
chromium oxide, including 18 000 t as pig- 
ment, were consumed in 1990 worldwide ex- 
cluding the former Eastern bloc and China. 
Chromium oxide is produced in the former 
Soviet Union and China, but reliable data on 
production and consumption are not available. 


46.10.1.7 Toxicology and 
Occupational Health 


Toxicological or carcinogenic effects have 
not been detected in rats receiving up to 596 
chromium(III) oxide in their feed [205] nor in 
medical studies performed in chemical plants 
producing chromium(III) oxide and chro- 
mium(lIT) sulfate [206]. The oral LD., for 
chromium(III) oxide in the rat is > 10 000 
mg/kg; it does not irritate the skin or mucous 
membranes. | 


Chromium(IIT) oxide is not included in the 
MAK list (Germany), the TLV list (USA), or 
in the list of hazardous occupational materials 
of the EC [207]. In practice, this means that 
chromium(III) oxide can be regarded as an in- 
ert fine dust with a MAK value of 6 mg/m’. 
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46.10.2  Chromate Pigments 


The most important chromate pigments in- 
clude the lead chromate (chrome yellow) and 
lead molybdate pigments (molybdate orange 
and molybdate red) whose colors range from 
light lemon yellow to reds with a blue hue. 
Chrome yellow, molybdate orange, and mo- 
lybdate red are used in the production of 
paints, coatings, and plastics, and are charac- 
terized by brilliant hues, good tinting strength, 
and good hiding power. Special treatment of 
the pigments has allowed continual improve- 
ment of their resistance to light, weathering, 
chemicals, and temperature. 


The chromate pigments are also combined 
with blue pigments (e.g., iron blue or phthalo- 
cyanine blue) to obtain high-quality chrome 
green and fast chrome green pigments. Mo- 
lybdate orange and molybdate red pigments 
are often combined with red organic pigments, 
giving a considerable extension of the color 
range. 


Lead chromates, lead molybdates, chrome 
greens, and fast chrome greens are supplied as 
pigment powders, low-dust or dust-free prepa- 
rations, or as pastes. 


46.10.2.1 Chrome Yellow 


The chrome yellow pigments, C.I. Pigment 
Yellow 34:77600 and 77603, are pure lead 
chromate or mixed-phase pigments with the 
general formula Pb(Cr, S)O, [208] (refractive 
index 2.3—2.65, density ca. 6 g/cm?). Chrome 
yellow is insoluble in water. Solubility in acids 
and alkalis and discoloration by hydrogen sul- 
fide and sulfur dioxide can be reduced to a 
minimum by precipitating inert metal oxides 
on the pigment particles. 

- Both lead chromate and lead sulfochromate 
(the latter is a mixed-phase pigment) can be 
orthorhombic or monoclinic; the monoclinic 
structure is the more stable [209]. The green- 
ish yellow orthorhombic modification of lead 
chromate is metastable at room temperature, 
and'is readily transformed to the monoclinic 
modification under certain conditions (e.g., 
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concentration, pH, temperature). The latter 
modification occurs naturally as crocoite. 


Partial replacement of chromate by sulfate 
in the mixed-phase crystals causes a gradual 
reduction of tinting strength and hiding power, 
but allows production of the important chrome 
yellows with a greenish yellow hue. 


Production. In large-scale production, lead 
or lead oxide is reacted with nitric acid to give 
lead nitrate solutions, which are then mixed 
with sodium dichromate solution. If the pre- 
cipitation solutions contain sulfate, lead sulfo- 
chromate is formed as a mixed-phase pigment. 
After stabilization the pigment is filtered off, 
washed until free of electrolyte, dried, and 
ground. 


The color of the pigment depends on the ra- 
tio of the precipitating components and other 
factors during and after precipitation (e.g., 
concentration, pH, temperature, and time). 
According to Wacner [210], the precipitated 
crystals are orthorhombic, but change very 
readily to the monoclinic form on standing; 
higher temperatures accelerate this conver- 
sion. Almost isometric particles that do not 
show any dichroism can be obtained by appro- 
priate control of the process conditions. Nee- 
dle-shaped monoclinic crystals should be 

‘avoided because they lead to disadvantages 
such as low bulk density, high oil absorption, 
and iridescence in the coating film. 


Unstabilized chrome yellow pigments 
have poor lightfastness, and darken due to re- 
dox reactions. Recent developments have led 
to improvements in the fastness properties of 
chrome yellow pigments, especially toward 
sulfur dioxide and temperature. This has been 
achieved by coating the pigment particles with 
compounds of titanium, cerium, aluminum, 
antimony, and silicon [211—219]. 


Carefully controlled precipitation and sta- 
bilization provide chrome yellow pigments 
with exceptional fastness to light and weather- 
ing, and very high resistance to chemical at- 
tack and temperature, enabling them to be 
used in a wide field of applications. The fol- 
lowing qualities are commercially available: 
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e Unstabilized chrome yellows (limited im- 
portance) 


e Stabilized chrome yellows with high color 
brilliance, stable to light and weathering 


e Highly stabilized chrome yellow pigments 
— very stable to light and weathering 


— very stable to light and weathering, and 
resistant to sulfur dioxide 


— very stable to high temperature, light, and 
weathering 


— very stable to high temperature, sulfur di- 
oxide, light, and weathering 
e Low-dust products (pastes or powders) 

Lightfast chrome yellow pigments that are 
coated with metal oxides (e.g., of aluminum, 
titanium, manganese) are produced by Du 
Pont [212]. 

A chrome yellow that is coated with large 
amounts of silicate and alumina and which 
shows improved stability to temperature, 
light, and chemicals is also produced by Du 
Pont [213]. 

Bayer describes pigments containing lead 
chromate stabilized in aqueous slurry with sil- 
icate-containing solutions and antimony (lII), 
tin(ID, or zinc compounds [214]. 

ICI produces light- and weatherfast chrome 
yellow pigments stabilized with antimony 
compounds and silicates in the presence of 
polyhydric alcohols and hydroxyalkylamines 
[215]. 

Ten Horn describes a process for the pro- 
duction of lead sulfochromate containing at 
least 50% lead chromate [216]. This has a low 
acid-soluble lead content (« 596 expressed as 
PbO, by BS 3900, Part B3, 1965). 

BASF produces temperature-stable lead 
chromate pigments with a silicate coating ob- 
tained by hydrolysis of magnesium silicofluo- 
ride [217]. 

Heubach has developed a process for the al- 
ternate precipitation of metal oxides and sili- 
cates [218, 219]. A homogenizer. is used to 
disperse the pigment particles during stabili- 
zation. Products obtained have a very good 
temperature resistance and very low lead solu- 
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bility in acid (« 1% Pb by DIN 55770, 1986 or 
DIN/ISO 6713, 1985). 

Continuous processes for the production of 
chromate pigments have been developed in 
the United States and Hungary [220, 221]. 


Uses. Chrome yellow pigments are mainly 
used for paints, coil coatings, and plastics. 
They have a low binder demand and good dis- 
persibility, hiding power, tinting strength, 
gloss, and gloss stability. Chrome yellows are 
used in a wide range of applications not only 
for economic reasons, but also on account of 
their valuable pigment properties. They are 
important base pigments for yellow colors in 
the production of automotive and industrial 
paints. 

Chrome yellow pigments stabilized with a 


large amount of silicate play a major role in - 


the production of colored plastics (e.g., PVC, 
polyethylene, or polyesters) with high temper- 
ature resistance. Incorporation into plastics 
also improves their chemical resistance to al- 
kali, acid sulfur dioxide, and hydrogen sulfide. 

Chrome green and fast chrome green mixed 
pigments are produced by combining chrome 
yellow with iron blue or phthalocyanine blue. 

World production of chrome yellow in 
1996 was 37 000 t. 


46.10.2.2 Chrome Orange 


Chrome orange, СІ Pigment Orange 
21:77601, is a basic lead chromate with the 
composition PbCrO,-PbO but is no longer of 
technical or economic importance. 

This product was obtained by precipitating 
lead salts with alkali chromates in the alkaline 


pH range. By controlling the pH and tempera-. 


ture, the particle size and thus the hue could be 
varied between orange and red. 


46.10.2.3 | Chrome Green and Fast 
Chrome Green 

Chrome greens, C. Pigment Green 
15:77510 and 77600, are combined or mixed 


pigments of chrome yellow and iron blue with 
the formula 
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Pb(S, Cr)O,/Fe™[Fe"(CN),],-xH,O 


Fast chrome greens, C.I. Pigment Green 
48:77600, 74160, and 74260, are combina- 
tions of chrome yellow and phthalocyanine · 
blue or phthalocyanine green. For high-grade 
fast chrome greens, stabilized and highly sta- 
bilized chrome yellows are usually used. 

The density and refractive index of the 
chrome greens and fast chrome greens depend 
on the ratio of the components of the mixture. 
Their hues vary from light green to dark blue- 


green, again depending on the ratio of the 


components. 


Production. Chrome green and fast chrome 
green pigments can be prepared by dry or wet 
mixing. 

Dry Mixing. The yellow and blue or green pig- 
ments are mixed and ground in edge runner 
mills, high-performance mixers, or mills giv- 
ing intimate contact of the pigment particles. 
Excessive increase of temperature must be 
avoided, because this can lead to spontaneous 
combustion [222]. Differences in the density 
and particle size of the components can lead to 
segregation and floating of the pigment com- 
ponents in the coating. Wetting agents are 
therefore added to avoid these effects [223]. 


Wet Mixing. Pigments with brilliant colors, 
high color stability, very good hiding power, 
and good resistance to floating and floccula- 
tion are obtained by precipitating one compo- 
nent onto the other. Solutions of sodium 
silicate and aluminum sulfate or magnesium 
sulfate are then added for further stabilization 
[224]. 

` Alternatively, the components are wet 
milled or mixed in suspension and then fil- 
tered. The pigment slurry is dried, and the pig- 
ment is ground. 


Uses. Chrome greens have very good dispers- 
ibility, resistance to flocculation, bleeding, 
and floating and very good fastness properties. 
This is especially true of the fast chrome 
greens that are based on high-grade phthalocy- 
anine and highly stabilized chrome yellows. 
They are therefore used in the same applica- 
tions as chrome yellow and molybdate red 
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pigments (1.е., for the pigmentation of coating 
media and plastics). 
Pigments consisting of zinc potassium 


chromates combined with blue pigments аге: 


no longer of importance. 


46.10.2.4 Toxicology and 
Occupational Health 


Occupational Health. Precautions have to be 
taken and workplace concentration limits have 
to be observed when handling lead- and lead 
chromate-containing pigments. General regu- 
lations exist for all lead-containing materials 
[225]. Concentration limits are as follows: _ 


MAK value (lead) <0.1 mg/m? 
BAT values 
Lead (blood) « 70 ug/dL 


Lead (blood — women < 45 years) «30 pg/dL 
§-Aminolevulinic acid 


(urine, Davies method) < 15 mg/L 
(women « 45 years) «6mgL 
TLV-TWA value (lead) < 0.15 mg/m? 


It is accepted that the BAT limit has been 
complied with if the blood lead level does not 
exceed 50 ug/dL (or for women of < 45 years, 
30 g/d L). 

The EEC Directive EEC 82/605 specifies 
maximum lead concel1 trations in the air of < 
150 ре/т? and permitted blood lead levels of 
70-80 g/dL, with 8-aminolevulinic acid val- 
ues of 20 mg/g creatinine [226]. 

MAK limits for lead chromates and lead 
chromate pigments are not given. They are 
classified as substances suspected of having 
carcinogenic potential (MAK: Group ШВ; 
TLV-TWA: 0.05 mg Cr/m?, A 2). However, 
extensive epidemiological investigations 
have given no indication that the practically 
insoluble lead chromate pigments have any 
carcinogenic properties [227, 228]. Such 
properties have been reported for the more 
soluble zinc chromate and strontium chromate 
pigments. 

These chromate pigments can be safely 
handled if the various rules and regulations re- 
garding concentration limits, safe working 
practices, hygiene and industrial medicine are 
adhered to. 
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Environmental Aspects. Dust emissions 
from approved manufacturing plants must not 
exceed 5 mg/m? for lead and chromium with a 
total mass flow exceeding 25 g/h (TA-Luft) 
[229]. 

According to latest German wastewater 
legislation [230] for inorganic pigment manu- 
facturing processes discharging directly into 
public stretches of water, mass limits for lead 
and chromium related to tonnes of average 


output (ї.„„а) аге: 
Lead 0.04 kat, 
Chromium (total) 0.03 Кел, 


These requirements recently replaced ear- 
lier legislation dating from 1984 [231]. Lower 
limits might be set by local or regional author- 
ities, even for “nondirect” discharges into mu- 
nicipal sewer systems. 

Waste containing lead and lead chromate 
that cannot be recycled must be taken to a spe- 
cial waste disposal site under proper control. 


Labeling. In the EC lead chromate and lead 
chromate pigments must be appropriately la- 
beled. Such substances must be marked with a 
skull and crossbone (T) [232, 233]. Addition- 
ally, the following risk (R) and safety phrases 
(S) must be used: 


Rei May cause harm to the unborn child 

R62 Possible risk of impaired fertility 

R33 Danger of cumulative effects 

R40 Possible risks of irreversible effects 

S53 Avoid exposure — obtain special instruc- 
tions before use. 

$45 In case of accident or if you fell unwell, seek 


medical advice immediately (show the label 
where possible). 


In the 21st adaptation to EEC Council Di- 
rective 67/548, the lead chromate pigments 
C.I. Pigment Yellow 34 and C.I. Pigment Red 
104 have been added individually [234]. 
These pigments are classified in the same 
manner as lead chromate and must be labeled 
with a skull and crossbone (T) and the above 
mentioned risk (R) and safety phrases (S). 

According to the EEC Council Directive 
for the labeling of preparations [235] in con- 
junction with the 21st adaption to EEC Coun- 
cil Directive 67/548, Nota 1 [234], such 
materials containing more than 0.5% lead are 
labeled in the same way as the pure lead pig- 
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ment, with a skull and crossbone (T) and the 
corresponding R and S phrases. 

With respect to improved protection of 
public health, special restrictions on carcino- 
genic and teratogenic substances and their cor- 
responding preparations have been established 
by the 14th amendment of EEC Council Di- 
rective EEC 76/769 [236]. 

In accordance with the 14th amendment of 
EEC Council Directive EEC 76/769 [236] and 
revised ChemVerbV [237], lead chromate- 
based pigments and preparations are no longer 
permitted to be used by private consumers and 
have to be labeled with the phrase “Only for 
industrial purposes”. 

Lead-containing coatings and paints with a 
total lead content exceeding 0.15% of the total 
weight of the preparation must carry the 
phrase “Contains lead. Should not be used on 
surface liable to be chewed or sucked by chil- 
dren” in accordance with EEC Council Direc- 
tive 89/178 [238] and German GefStoffV 
[232]. 

Lead chromate pigments are not permitted 
for use as coloring materials for plastic for 
consumer goods [239] or for coatings for tóys, 
according to European Standard EN 71 part 3 
[240]. 

For transportation, the labeling to be used 
(GGVS/GGVE, ADR/RID) for the pigment as 
well as for its preparatións is class 6.1, No. 
62c, hazard symbol 6.1A, and a skull and 
crossbone, if the lead content soluble in hydro- 
chloric acid [c(HCI) = 0.07 mol/L] exceeds 
5%. к | 
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Figure 46.9: Passivation of iron by chromate pigments 
(248, 249]. 
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46.10.2.5 Anticorrosive Chromate 
Pigments 


Anticorrosive chromate pigments are sum- 
marized in Table 46.15. 


The anticorrosive action of the chromate 
pigments is based both on chemical and elec- 
trochemical reactions [241—247]. Electro- 
chemical passivation and chemical reaction 
are illustrated in Figure 46.9 [248, 249]. Passi- 
vation is based on electrochemical processes 
in the cathodic region. In addition, a protective 
film is also formed by reaction of chromate 
ions with metal ions at the surface of the sub- 
strate to form metal oxide hydrates.. 


The anticorrosive properties of this class of 
pigments depend on: 


e The content of water-soluble chromate ions 


e The ratio of water-soluble chromate 1ons to 
water-soluble corrosion-promoting ions 
(chloride and sulfate ions) 


e The active pigment surface in the coating 
Oe, particle size distribution and dispers- 
ibility) 

Chromate-containing pigments are classi- 
fied as toxic; their use is therefore very limited · 
and they must be appropriately labeled [250, 
251). 


Zinc-Containing Chromate Pigments. Zinc 
chromate is produced by reacting an aqueous 
slurry of zinc oxide or hydroxide with dis- 
solved chromate ions followed by neutraliza- 
tion, or by precipitation of dissolved zinc salts 
with dissolved chromate salts. Zinc tetraoxy- 
chromate is produced from zinc oxide and 
chromic acid in an aqueous medium. Basic 
zine potassium chromate is obtained by react- 
ing an aqueous slurry of zinc oxide with potas- 
sium dichromate and sulfuric acid. The 
pigrhents are washed, filtered, dried, and 
ground. 
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Table 46.15: Metallic anticorrosive chromate pigments. 


Name Formula 
Zinc chromate. ZnCrO, 


Zinc tetraoxycromate ZnCrO,-4Zn(OH), 


Basic zinc potassium 4ZnO-K,0-4Cr0,- 


chromate 3H,O 


Zinc potassium 


KZn,(CrO,),0H 
chromate 


Strontium chromate SrCrO, 


Synonym Appearance Solubility in water, g/L 
chromic acid-zinc salt (1:1) lemon yellow insoluble 
zinc yellow powder 
C.I. Pigment Yellow 36 
basic zinc chromate yellow powder ca. 0.04 
ZTO chromate 
zinc tetrahydroxychromate 
C.I. Pigment Yellow 36 
basic zinc chromate lemon yeliow 2.5-5 
zinc chromate pigment triclinic flakes 
lemon yellow 
CL Pigment Yellow 36 
chromic acid-potassium zinc yellow powder sparingly soluble 

salt (2:2:1) 
zinc yellow 
CL Pigment Yellow 36 
strontium chromate A са. 2 


yellow powder 
strontium yellow ў 
CL Pigment Yellow 32 


Trade names include Zinkchromat CZ20— 
CZ40 (SNCZ, France); Zinkchromat 1W 
(BASF, Germany); and Zinktetraoxichromat 
TC 20-TC 40, LOW DUST (SNCZ, France). 


Strontium Chromate. Strontium chromate is 
precipitated from solutions of sodium dichro- 
mate and strontium chloride, followed by fil- 
tration, washing, drying, and grinding. A 
primer composition based on strontium and 
calcium chromates is described in [252, 253]. 

A trade name for strontium chromate pig- 
ments is Strontiumchromat L203 S-L203 E 
(SNCZ, France). 


Lead Silicochromate [254]. Lead silicochro- 
mate, 4(PbCrO,-PbO) + 3(SiO,-4PbO), is an 
orange powder. This pigment is a core pig- 
ment, in which the active pigment substance 
(PbCrO,) is precipitated onto an inert core 
(SiO). 

In the production process used by National 
Lead Industries, a solution of chromic acid is 
added to an aqueous slurry of lead oxide, 
finely ground silica, and a small amount of ba- 
sic lead acetate: 


2PbO + CrO, — PbCrO,-PbO 


The product is heated in a rotary kiln causing 
the excess lead oxide to react with the basic 
lead chromate, forming tetrabasic lead chro- 
mate: 


3PbO + PbCrO,-PbO — PbCrO,-4PbO 


On raising the temperature the following reac- 
tion takes place on the surface of the silica: 
4(PbCrO,-4PbO) + 3SiO, > 

4(PbCrO,: PbO) + 3(SiO,- 4PbO) 

The pigment contains 47% PbO, 5.4% 
CrO,, and 47.6% SiO,. Properties are as fol- 
lows: density 4.2 g/cm?, oil number 15 g/100 
g, tamped volume 163 cm?/100 g, sieve resi- 
due (> 42 um) 0.004%, moisture content 
0.1%, and pH ca. 7. 

A trade name for lead silicochromate is 
Onor (National Lead Chemicals, USA) [255]. 


46.10.3 Chromium Dioxide 


In the course of the development of pig- 
ments for magnetic information storage, CrO, 
was the first pigment material that gave a 
higher recording density than y-Fe,O,. In the 
field of audio recording this led to the IEC II 
standard or “chrome position”. 


Physical Properties. Chromium dioxide, 
chromium(IV) oxide, CrO,, is a ferromagnetic 
material with a specific saturation magnetiza- 
tion M/p of 132 Am?/kg at 0 К corresponding 
to the spin of two unpaired electrons per Cr” 
ion. The M,/p value of CrO, at room tempera- 
ture is са. 100 Am"/kg [256]; CrO, magnetic 
pigments reach values of 77-92 Am?/kg. The 
material crystallizes with a tetragonal rutile 
lattice in the form of small needies which have 
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the desired magnetic shape anisotropy. The 
morphology of the particles can be varied with 
several dopants, particularly antimony and tel- 
lurium [257]. The coercive field strength (in 
addition to shape) can be controlled by doping 
with transition metal ions which modify the 
magnetocrystalline anisotropy of the mate- 
rial; the Fe?* ion being industrially important 
[258]. Depending on the iron content up to ca. 
3 mol%, H. values of CrO, may vary bétween 
30 and 75 kA/m [259, 260]. Iron doping also 
increases the Curie temperature from 115 to 
ca. 170 °C. Because the Fe* ions are coupled 
antiferromagnetically with Сг“ ions in the 
crystal lattice, the saturation magnetization 
(Мр) of CrO, decreases with increasing 
dopant levels [261]. 

Other important properties of CrO, when 
used as a magnetic pigment are its black color, 
electrical conductivity (2.5400 Ост! 
[262]) and relatively high crystal hardness 
(Mohs hardness 8—9 [263]). Therefore, coat- 
ing formulations based on CrO, require less or 
even no additives such as carbon black (good 
conductivity, black color) or refractory oxides 
such as alumina. A 


Chemical Properties. Pure CrO, slowly dis- 
proportionates in the presence of water. The 
CrO, crystal surface of commercial pigments 
is therefore topotactically converted to B- 
CrOOH which serves as a protection layer 
[264]. The conditions for this reaction have a 
great influence on the chemical properties of 
the pigment surface [265, 266]. Thus, the iso- 
electric point in water can vary between pH 3 
and 7 [263], which affects dispersibility. In the 
absence of moisture, CrO, is stable up to ca. 
400 °C; above this temperature it decomposes 
to form Сг,О; and oxygen. 


Uses and Economic Aspects. Chromium di- 
oxide is used exclusively for magnetic record- 
ing media, e.g., tapes for audio, video, and 
computer applications. An application of par- 
ticular interest depends on its relatively low 
Curie temperature. This allows thermomag- 
netic duplication at temperatures low enough 
for the base polymer of magnetic tapes, and is 
exploited in a commercial, high-speed copy- 
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ing process [267]. Chromium dioxide may 
also be used in combination with cobalt-modi- 
fied iron oxides in the production of magnetic 
recording media. The world production of 
CrO, in 1990 amounted to 8000 t, ca. 12% of 
the total: consumption of magnetic pigments. 
Producers are BASF and Du Pont. 


Table 46.16: Composition and properties of chromium 
phosphate pigments. 


Chrómium 
Property (standard) phosphate 
ZnPO,:3H,0 
Metal content, 96 (ISO 787, part 2) ca. 27 
Phosphate content, 96 (ISO 787, part 2) са, 47 
Chloride content, % (ISO 787, part 13) «0.1 
Sulfate content, 96 (ISO 787, part 13) 0.04 
Water-soluble content, 96 
(ISO 787, part 3) 0.4 
Sieve residue, % (ISO 787, part 18) max. 0.3 
Density, g/cm? (ISO 787, part 10) 2.5 
Specific surface area, m?/g 
(DIN 66131/66132) 22 
Loss on ignition, % (ISO 787, part 2) 26 
Oil absorption value, p/100 g 
(ISO 787, part 5) 65 
Conductivity, pS (ISO 787, part 14) ca. 500 
pH (ISO 787, part 9) 6.5 
Color green 


46.10.4 Chromium Phosphate 
[268, 269] 


Chromium phosphate, CrPO,-3H,O, is 
produced from chromium(III) salts and alkali 
phosphates. The physical and chemical prop- 
erties are listed in Table 46.16 [268]. 

` Chromium phosphate has a low solubility. 
It is therefore nearly always used in combina- 
tion with other anticorrosive pigments. It is an 
éxtremely good long-term inhibitor, but is less 
effective during the initial phase of corrosion 
protection. 
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47.1 History [12] 


There is some dispute over the origin of the 
name "manganese". Deposits of manganese 
ore (probably pyrolusite) were apparently 
found near Magnesia in Asia Minor. This was 
referred to by Рилчү around 50 B.C. as magne- 
sia negra to distinguish it from /apis magnes 
(magnetite), which has a similar appearance 
and density. The name pyrolusite was derived 
only in 1826. 

. The useful properties of manganese were 
probably first identified in the mineral pyro- 
lusite, which was used by the ancient Egyp- 
tians and Romans to control the color of glass. 
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Recovery .................... 1830 
47.8.3 Processing ................... 1831 
47.8.3.1 Gaseous Reduction and Ammoniacal 
Leach Process... 1831 
47.8.3.2  Cuprion Ammoniacal Leach 
EE 1831 
47.8.3.3 Elevated Temperature and Pressure 
ASO, Leach Process........... 1832 
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Small additions of the ore removed the green- 
ish yellow discoloration caused by iron impu- 
rities, while further additions imparted pink, 
purple, or black colorations: 


` During the 1400s the name braunstein was 
used for all the manganese oxide ores. 
SCHEELE recognized manganese as an element 
in 1774, and Gaun succeeded in isolating the 
metal for the first time during the same year. 
The name manganese was first used by Вотт- 
MAN in 1808. 

, Manganese ore may have been used in iron- 
making for centuries, but found formal usage 
in iron- and steelmaking only at the beginning 
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of the 19th century. Ferromanganese was first 
produced on an industrial scale in 1841 by 
PounczL in France for use in crucible steels, 
and by 1850 spiegeleisen (an alloy of 20% 
manganese and iron) had been produced com- 
mercially in Prussia. The Bessemer process 
was made practical by Моѕнет, who advised 
the addition of spiegeleisen in 1856/1857. The 
use of ferromanganese as an additive to steel 
to counteract the harmful effects of sulfur and 
phosphorus was patented by Siemens in 1866, 
and by 1875, PourceL was making 65% ferro- 
manganese in a blast furnace. HapriELp devel- 
oped а wear-resistant steel containing 
manganese as an alloying agent in 1888. Fer- 
romanganese was first produced in an electric 
arc furnace during 1890. 


A two-stage process for the production of 
refined ferromanganese with 1-2% carbon 
was proposed in 1908, and manganese metal 
was first produced industrially by an alumino- 
thermic process in 1898. In 1866 LEcLANCHE 
filed a patent for the MnO;-NH,ClI-Zn dry- 
cell battery. 


Table 47.1: Properties of manganese. 
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47.2 Properties [1-5] 


Manganese is a silver-grey metal, resem- 
bling iron. It is hard and very brittle, and its 
primary uses in a metallic form are as an.alloy- 
ing, desulfurizing, and deoxidizing agent for 
steel, cast iron, and nonferrous metals. Due to 
its high tendency to oxidize, annealing colors 
are often evident. 

Manganese belongs to group 7 and period 4 
of the periodic table with an atomic number of 
25 and atomic mass of 54.94. Six isotopes 
have been produced, of which only ?Mn is 
stable. The.other isotopes, ?'Mn, ?Mn, “Mn, 
56Mn, and °’Mn, have half-lives ranging from 
46 min to 310 d. Manganese exists in four al- 
lotropic forms: о, В, y, and 8. Some important 
physical and thermodynamic properties are 
listed in Table 47.1. The vapor pressure of 
manganese in millibars is given by: 
logp =—13 625/Т + 8.8837 (770-885 °C) 
logp =—13 994/T + 9.3360 (957-1097 °C) 
logp = –12 275/T + 8.3730 (1250-1550 °C) 


and the molar heat capacity in Jmol'K™ as a 
function of temperature by: 
o-Mn (03-42 К): 

C, - [167 * 2.397? + 0.02667] x 10? 








Property a-Mn B-Mn 'tMn 5-Mn Molten Mn 
Atomic number 25 
Atomic mass 54.938 
Crystal structure complex cubic complex cubic fcc bcc 
Lattice parameter, nm 0.8894 0.6290 0.3774 0.3080 
Transition temperature, °C а ө В Вет үө ё б «ә liquid liquid € gas 
727 1095 1104 1244 2032 
Standard electrode potential, V 1.134 
Magnetic susceptibility, m?/kg 1.21 x 107 
Density, g/cm? 7.44 7.29 721 7.55-12 x 10? t 
(1244-1500 °C) 
Brinell hardness, MPa 3923-4119 
Hardness, [ scale 5 
Volume increase on transition, % «op poy ГДЕ 6 © liquid 
3.4 .0.8 0.8 2.9 
Resistivity, Ост 150-260x10$ 90x 10° 40 x 10° 
Compressibility, m7/N 84х10” 
Coefficient of linear expansion, K 223х10°% 249 x 10% 14.8x10$ 4L6x105 
Latent heat of fusion, J/g 244 
Latent heat of vaporization, J/g 4020 
Heat of transition, J/mol 2240 2282 1800 14655 219 901 
Specific heat, Jg ! K^! 0.477 0.482 0.502 
Enthalpy, J/mol 4999 5112 
Entropy, Jmol” K? 32.0 32.3 173.8 
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Figure 47.1: The vapor pressure of manganese [3]. 
a-Mn (298-1000 К): ` 
С„=23.9 + 14.2x 10?T - 1.55 x 1T? 


B-Mn (1000-1374 K): C, 734.9 + 2.765 х10°Т 

-Mn (1374-1400 K): C, = 44.80 

8-Mn (1410 К-тр): C, = 47.31 

Liquid Mn (mp-bp): C, = 46.06 » 


The vapor pressure diagram of manganese is 
shown in Figure 47.1.: | 

Manganese exhibits certain similarities to 
its neighbors in the periodic table, iron and 
chromium. The electronic.configuration is 15? 
252рё 3s*p° As?. : 

Manganese occurs in all oxidation states 
between Мп(-Ш) and Mn(VII), with Mn(IT) 
being the most stable. Trivalent manganese is 
less stable and readily disproportionates into 
Mn(II) and Mn(IV). The remaining oxidation 
states occur mainly in complexes. 

The basicity of the oxides decreases with 
increasing valency of the manganese. Thus, 
manganese(IT) oxide is the anhydride of a base 
Mn(OH), > MnO + H,O | 
while manganese(VIT) oxide Мп,О, is ап acid 
anhydride: ! 
2HMnO, — Мп,О, + H,O 


Manganese(IV) oxide (MnO,) is amphot- 
eric. The oxidation states Mn(II) and Mn(VII) 
are of industrial importance, forming a large 
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number of useful salts. In metallurgy, oxides 
of di-, tri-, and tetravalent manganese are im- 
portant, especially Mn(ID oxide. 

At normal temperatures, pure manganese is 
not attacked by oxygen, nitrogen, or hydro- 
gen. At high temperatures it reacts violently 
with oxygen, sulfur and phosphorus. It is 
therefore a powerful agent for deoxidizing and 
desulfurizing metals, whereby it is converted 


` to a divalent oxide or sulfide. Reaction with 


chlorine forms manganese(II) chloride; with 
SO, the products are MnS and MnO: 


Manganese dissolves in acids with libera- 
tion of hydrogen and formation of Mn(II) 
salts. Hot concentrated sulfuric acid dissolves 
manganese with evolution of SO,, and nitric 
acid with evolution of hydrogen, nitrogen, and 
dinitrogen monoxide. 


47.3 Occurrence [5-12] 


Manganese is the twelfth most abundant el- 
ement in the earth's crust, at 950 ppm [5]. 


Mineralogy. Manganese is contained in many 
minerals, of which approximately 250 can be 
regarded as true manganese minerals. The ma- 
jor ores. generally with manganese contents 
above 35%, are hydrated or anhydrous oxides. 
The silicates and carbonates occur to a lesser 
extent. The major manganese minerals are 
listed in Table 47.2. 


Table 47.2: Manganese minerals of economic impor- 
tance. 


Theore- 


. Mineral Formula tical Mn кееш : 
ns content, 96 y 
Pyrolusite В-Мпо, . 63.2 5 
Braunite Mn" Mn;"SiO,, 66.6 47-49 
Manganite 'MnOOH 62 4.3 
Psilomelane (Ba,Mn**),(O,OH), 45-60 44-47 
16 
Cryptomelane KMn4O,, 62 43 
Hausmannite Mn,MnO, 73 4.7-5.0 
Jacobsite Fe,MnO, 23.8 4.8 
Bixbyite (Mn,Fe),0,; 30-40 5 
Rhodonite (Mn,Fe,Ca)SiO, 42 3.4-3.6 
Rhodochrosite MnCO, 476 33-36 
Bementite — Mn,Si,O,(OH), 43.2 3.5 


1816 


Economically significant manganese de- 
posits are all of sedimentary origin, having 
been dissolved from crystalline rocks and de- 
posited as the oxide, hydroxide, or carbonate. 

Wad is the term given to the soft, earthy, 
hydrous mixture of manganese and iron ox- 
ides of variable manganese content. 


Ore Quality. Typically, only ores containing a 
minimum of 35% Mn are regarded as manga- 
nese ores. Ores containing 10-35% Mn are 
categorized as ferruginous manganese ores, 
and iron ores with 5-10% Mn are referred to 
as manganiferous ores. The three most impor- 
tant areas of application of manganese ores 
and the specific requirements, are as follows: 


e Metallurgical grade ore for the iron and steel 
industry, which generally contains 38-55% 
Mn. The phosphorus content should prefera- 
bly be below 0.196, and the concentrations 
of ALO,, 510,, СаО, MgO, and 5 are impor- 
tant. The manganese/iron ratio is critical; a 
7.5:] ratio, for example, is required for a 
standard ferromanganese alloy with 7896 
Mn. 


e Battery-grade ore, containing 70-85% 
MnO, (44-54% Mn). The ore should gener- 
ally contain less than 0.05% of metals more 
electronegative than zinc, such as copper, 
nickel, cobalt, and arsenic. The suitability of 
manganese dioxide for use in batteries de- 
pends on a number of factors, including the 
crystal structure, surface area, pore size dis- 
tribution, particle shape and size, electrical 
conductivity, surface conditions, chemical 
composition, and structure defects [2]. 


e Chemical grade ore whose specifications 
vary considerably depending on the end use. 
Included in this category are feed stocks for 
electrolytic manganese and manganese di- 
oxide, manganese chemicals, colorants and, 
in South Africa, an oxidant in uranium ex- 
traction. 


Ore Deposits. The most important manganese 
ore deposits are located in South Africa, the 
former Soviet Union, Australia, Gabon in 
West Africa, and Brazil. The deposits in India 
and Mexico are of declining importance, and 
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the majority of the production is consumed 
domestically. 

The largest known land-based manganese 
deposit is the Kalahari Field, located in the 
Northern Cape Province of South Africa, 
which contains ca. 78% (13 600 x 10° t) of the 
world's potential resources. The surface area 
underlain by this deposit is approximately 320 
km? The deposit is sedimentary and interlay- 
ered with banded ironstone. 

A breakdown of the world's total estimated 
manganese ore reserves is presented in Table 
47.3. 

‘Each of ће major manganese producers of- 
fers a range of ore products, the detailed 
chemical and physical characteristics of which 
are given in [8]. Analyses of some typical 
commercial grades are presented in Tables 
47.4 and 47.5. 

Another potentially important source of 
manganese are the deep-sea nodules located 
over certain areas of the ocean floor. 


47.4 Mining and 
Beneficiation 


The methods employed for the mining and 
beneficiation of manganese ore vary widely 
depending on the size and nature of the de- 
posit, ore type, end uses, and size of the opera- 
tion. 


Mining. The major producers of manganese ` 


ore utilize both underground and open-cast 
mining techniques. In South Africa, Samancor 
extracts ore from the open-cast Mamatwan 
Mine and the underground Wessels Mine. At 
Mamatwan the ore body attains a maximum 
thickness of 45.2 m and is overlain by, on av- 
erage, 45 m of overburden. The open pit is ap- 
proximately 1900 m by 300 m, and the ore is 
extracted from three benches by drilling, 
blasting, loading, and hauling to an in-pit 
crusher. At Wessels the ore body is located at a 
depth of ca. 300 m and a room and pillar min- 
ing system is employed. The average stope 
height is ca. 5 m, and the ore is drilled, blasted, 
loaded, and hauled to underground primary 
crushing facilities. 





ve ] 
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Table 47.3: Manganese reserves and production (1995). 
Ore reserves, Ore production, High-carbonferroman- ^ Silicomanganese 
10ft 1021 ganese production, 105 t* ` production, 103 t 

Ore-producing countries ` 

South Africa 13 600 3 040 433 266 
Former Soviet Union 2300 4 000 292 807 
Gabon 400 1930 : 
Australia 400 2 169 93 Р 94 
Brazil 160 2 500 142 230 
China 100 3 700 550 524 
India 60 1700 191 100 
Others i 90 1347 ` 
Non-ore-producing countries 

Germany 

Japan 398 82 
Mexico 78 65 
Norway 233 210 
United Kingdom 

France 437 89 
Others 589 522 

Total 17 110 20 386 3436 2989 





^ Includes medium carbon ferromanganese production. 


Table 47.4: Typical composition of some important metallurgical manganese ores (chemical content on 96 dry basis). 





Producer Product Mn Fe P SiO, ALO, СаО MgO 
Samancor, South Africa Mamatwan Lumpy 37-38 446 0.04 - 46 0.5 14-16 4 
Mamatwan Ferruginous 32-34 446 0.04 4-6 0.5 14-16 5 
Wessels High Grade 50-51 9-11 0.05 5-7 0.5 4-6 1.5 
Wessels Low Grade 38-40 18-20 0.05 5-7 0.5 4-6 2 
Groote Eylandt, Australia Metallurgical Lump " 49 2.5 0.06 6 4 0.05 


Siliceous Lump 


0.1 
44 2.5 0.06 15 4 0.05 0.1 


Amapa, Brazil Bitolado 48 48-49 5.5-6.9 0.08-0.11 2-3 3.7-5.5 

Carbonate Grosso 2.54 0.040.10 10-14 2.0-3.8 3.3-5.2 2.2-4.5 
CVRD, Brazil Lumpy 37 0.08 36 98 025 03 
Comilog, Gabon Gabon Lumpy 3-5 011-014 25-4 6 011 007 
Chiatura, Georgia Chiatura Average ` 31 1.5 0.62 222 227 5418 


Table 47.5: Typical composition of some important battery-grade manganese ores (chemical content on 96 dry basis). 


Producer MnO, . Mn ^ 
CVRD, Brazil ` 76.5 51.0 
Comilog. Gabon 83.6 


At Groote Eylandt, BHP operates Austra- 
lia's only manganese mine by open-cut meth- 
ods from various quarries, each limited to an 
area ca. 250 m long by 60 m wide and nor- 
mally having a single bench [15]. 

The former Soviet Union's primary manga- 
nese source is the Nikopol field, where the 
thickness of the ore seam is 1.5-2.5 m on aver- 
age occurring at a depth of 100-120 m. A 
combination of underground and open-cut 
mining methods are employed [16]. 


Fe . Pb Cu Ni As Co 
3.2: 0.035 0.050 0.080 0.004 0.035 
18. 0.03 0.05 0.095 


Beneficiation. Ore treatment varies from sim- 
ple crushing, washing, and sizing plants to 
fairly sophisticated beneficiation techniques. 
Gravity separation techniques are frequently 
employed, such as the dense-medium separa- 
tion plants at Groote Eylandt and Mamatwan. 
Extensive investigations on a pilot-plant scale 
have been undertaken by Samancor on ore 
sorting techniques, based on neutron activa- 
tion or X-ray fluorescence; this has not as yet 
led to a commercial operation. Froth flotation 
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with fatty acids, amines, sulfates, sulfonates, 
and hydroxamates has been shown to be feasi- 
ble on a laboratory scale [17], as have high- 
gradient magnetic separation techniques [18]. 


Beneficiation techniques are becoming pro- 
gressively more complex as reserves of high- 
grade ores diminish and requirements for 
smelting and steelmaking become more strin- 
gent. 


Intermediate treatment processes. Various 
intermediate treatment processes can be ap- 
plied to manganese natural ores or concen- 
trates prior to smelting to a ferroalloy or direct 
addition to a. steelmaking process. These pro- 
. cesses are employed for one or both of the fol- 
lowing two reasons: 1) to convert a fine ore to 
a more suitable size, and 2) to calcine and/or 
reduce the ore to a more suitable final product. 


Agglomeration processes include noduliz- . 


ing, pelletizing, and briquetting. Reduction 
can be carried out in a rotary kiln or sinter 
plant. 


Sintering has become the preferred process 
for intermediate treatment, and approximately 
ten manganese sinter plants currently exist, 
with sintering grate areas varying from 3 ш? to 
80 m? and production capacities of 2-300 th. 


Sinter is produced on a moving grate from a 
mixture of fine ore, fine reductant/fuel, and re- 
cycled sinter fines. The fuel in the bed is ig- 
nited, and ignition is propagated by applying 
suction to the grate. A sufficiently high tem- 
perature is generated to fuse the ore particles 
together. During sintering, the ore is calcined 
and partially reduced. Some of the benefits de- 
rived from sintering ore are: 


e Fine ore, which has a limited application 
and value in conventional smelting, is ag- 
glomerated and converted to a superior 
product. 


e Reduced gas volumes, and hence fewer fur- 
nace eruptions, result when smelting sinter. 


e Furnace availability and operating loads are 
increased. 
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47.5 Reduction of 
Manganese Oxides! 


Manganese is only produced commercially 
from blends of ore in which manganese exists 
as an oxide. A knowledge of the thermody- 
namics of the reduction of these oxides [19] is 
therefore essential to the understanding of the 
production of alloys from manganese ores. 


47.5.1 Manganese-Oxygen 
System 


Of the known oxides of manganese 
(Мп,О,, MnO,, Mn,Og, Mn,O,, Mn4O, and 
MnO), the only oxides found naturally in man- 
ganese ores аге MnO, Mn,O,, Mn4O,, and 
MnO. 

Under normal conditions, manganese diox- 
ide occurs as stable B-MnO;; the other modifi- 
cations, ©, Y, 6, and £, are not pure varieties of 
Mach, Dimanganese trioxide (Mn,O,) exists 
in the a-modification, which is cubic above 
20 °C and rhombic below this temperature; 
the y-modification is metastable. Trimanga- 
nese tetroxide (Mn,O,) exists at atmospheric 
pressure in the tetragonal o-modification and 
changes to the cubic B-form at 1170 °C. Man- 
ganese oxide (MnO) in normal conditions ex- 
ists in only one modification. This oxide is, 
however, nonstoichiometric and is more accu- 
rately described as Mn,_,O with x = 0-0.25 
[20]. The complete phase diagram of the man- 
ganese-oxygen system above 1000 °C is 
given in Figure 47.2. 

The equations for the thermal dissociation 
of the important manganese oxides are as fol- 
lows: 


4MnO, 2 2Mn,0,+0, Ab 166.0 kJ (1) 
6Mn,0,  4Mn,O, * O, Aen = 64.8 kJ (2) 
2Mn,0, э 6MnO+ О, (3) 
2MnO > 2Mn +0, (4) 


The oxygen partial pressures exerted by 
these reactions are given as a function of tem- 
perature in Figure 47.3 [21]. According to the 


! For Ferromanganese, see Section 7.4. 





| 
| 
| 
| 





Manganese 


thermodynamic data in [22], the decomposi- 
tion temperature at 101.3 kPa for reaction (1) 
is 500 °C and for reaction (2), 980 °C. For re- 
action (3) to occur at atmospheric pressure a 
reductant is necessary. Reaction (4) requires a 
high reducing potential. It is important, there- 


fore, to consider the reduction of the oxides of - 


manganese in the presence of carbon monox- 
ide, hydrogen, and carbon. These are the reac- 
tions that usually take place in. thé blast 
furnaces and electric furnaces used to produce 
manganese alloys. 
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Figure 47.2: Mn-O phase diagram above 1000 °C. 
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Figure 47.3: Variation of oxygen partial pressure in the 
Mn-O system with temperature. 
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47.5.2 Reduction of Manganese 
Oxides with Carbon Monoxide, 
Hydrogen, and Carbon 

The reduction of MnO, to Mn occurs in 
four main steps (Equations 1—4). This reduc- 
tion is strongly exothermic in the presence of 


carbon, methane, and carbon monoxide; the 
following equations apply: 


MnO, +/,C 2 '4MnO, +1/,CO, АН, -56.8 kJ (5) 


MnO, + '4CH, 2 1/,Mn,O, + /,H,O + !/,CO, (6) 
АН,» = -58.6 КІ 

MnO, + '/,H, 2 /,Мп,О, + H,O АН, = -795 KI (N) 

MnO, + /,CO — '/,Mn,0, + CO, (8) 
АН = -99.6 КІ 


The reduction of Mn,O, in ће presence of 
the same reducing agents is also exothermic. 
The following equations apply: 

!MnO, + !/,,C > V,Mn40, + /,,CO, (9) 
АН. 7 16.3 К] 
'/,Mn,O, + ICH, > 
/.Мп,О, +1/,,CO,+',,H,O (10) 
АН, = -17.2 І 


'/;Mn;O, + УН, — HAM, + HO (11) 
АН = 24.3 kJ 

1/,Mn,0; +?/,„СО > '/;Mn,O, +7/,,CO, (12) 
АН» 7 -31.0 kJ 


The third step is the reduction of Mn,O,, 


which is endothermic with carbon or methane 


and exothermic with hydrogen or carbon mon- 
oxide: 
У.Мп;0, + C > MnO + /6CO, AH = +11.8 KI(13) 
1/,Mn,0; +1/,,CH, 2 MnO + !/,CO, + /,H,O (14) 
`АН?98 =+10.5 kJ 
Ma, *A4H,— MnO *!4H,0 АН, =-3.3 KJ (15) 
Ain, + СО — MnO + СО, АН = -17.2 
ki (16) 
‘The last step, the reduction of MnO, is 
more difficult and requires a high reducing po- 
tential. The presence of carbon is therefore 
necessary and at a carbon monoxide partial 


pressure of 101.3 kPa a temperature of 
1420 °C is necessary for the reaction to pro- 
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ceed. However, the formation of manganese 
carbides in the presence of carbon lowers the 
reaction temperature to 1300 *C. The follow- 
ing, highly endothermic overall reaction ap- 
plies: 


MnO+C—+Mn+CO АН,„ = 274.5 Ы. (17) 
This reaction can be broken down into 

MnO + СО 2 Mn + СО, (18) 
and the reaction of CO, with C to produce CO 
CO, * C 2 2CO (19) 


which ensures that a high reducing potential is 
maintained. 

Due to the importance of both carbon mon- 
oxide and carbon as reducing agents in the 
commercial production of manganese-con- 
taining alloys, these are discussed in more de- 
tail. It is possible to predict the ratio СО/СО, 
that will reduce the individual manganese ox- 
ides by considering the relationship between 
the oxygen partial pressures and the equilib- 
rium constants for the reactions (1-4) 


Kya = Po, (20) 


(assuming that the activities of the solid 
phases are unity) and the equilibrium constant 
of the reaction 


2CO * O, 2 2CO, (21) 
which is 

1 - Peo ‘Po, (22) 
K, p co, 

and the relationships 

G^- -RTInK, (23) 
and 

G? = -RTIn Po, (24) 


the oxygen potentials of the individual reac- 
tions at various temperatures can be calcu- 
lated. This is shown graphically in the 
Richardson diagram [21] (Figure 47.5). The 
same applies to the use of hydrogen as a re- 
ductant. Although the reduction of MnO,, 
Mn40,. and Mn,O, takes place at low partial 
pressures of CO, the presence of carbon is 
necessary for the reduction of MnO. In this 
case the following reaction is important: 
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2C 4 0,5 2CO Q5) 
for which 
logpo, 7-11 672/7 —9.16 (26) 


This reaction is pressure dependent due to the 
change in the number of moles of gas, and 
again the Richardson diagram can be used to 
predict under which conditions the reduction 
of MnO will occur (Equations 17, 18, and 19). 
However, manganese carbides are always 
formed during the reduction of MnO with car- 
bon, and this lowers the temperature at which 
the reaction occurs. 


The products produced in this process al- 
ways contain carbon. The phase diagram for 
the manganese-carbon system is shown in 
Figure 47.4. The melting point increases with 
increasing carbon content [23]. Commercial 
ferromanganese (7696 Mn, 1696 Fe) contains 
ca. 7% carbon. The solubility of carbon de- 
creases with increasing silicon content. 


47.5.3 Reduction of Mixed Oxides 
and Minerals Containing 
Manganese Oxides | 


In the discussion of the reduction of manga- 
nese oxides it has been assumed that the activ- 
ity of the solid phases is unity. However, this is 
usually not true in practice because in most 
manganese ores the manganese oxides are 
combined with iron oxides, silicates, alumi- 
num oxides, calcium oxides, and phosphorus 
oxides. 


The oxides FeO and PO. are reduced at 
lower temperature than MnO, and SiO, at only 
slightly higher temperature (Figure 47.5). Any 
iron oxides and oxides of phosphorus occur- 
ring in the ore, fluxes, and reductants used in 
commercial processes are reduced together 
with the manganese oxides and report to the 
product. A judicious choice of ores and raw 
materials is therefore necessary to limit the 
amount of these elements which report to the 
metal. The silica contained in the ores can also 
be reduced, and in the production of silico- 
manganese this is desirable. Quartz or quartz- 
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ite 1s therefore an important raw material for 
the production of silicomanganese. 

The presence of other oxides in the ores re- 
duces the activity of the manganese oxide. 
This must be compensated for by increasing 
the reducing potential by increasing the 
CO/CO, ratio of the gas mixture. Alterna- 
tively, the reduction temperature must be in- 
creased if the reaction is carried out with 
carbon. 


Carbon, atom?/5 ——» 


0 5 10 1 
1600 5 20 25 30 





Temperature, °C ——» 








Carbon, ws ——» 


Figure 47.4: Phase diagram for the Мп-С system [23]... 


47.5.4 Reduction of Manganese 
Oxides by Silicon 
Figure 47.5 shows that the reduction of 


manganese(IT) oxide by silicon is also possi- 
ble: 


2MnO + Si > SiO, +2Mn (27) 
for which 
азо, * As 
К = CENE) (28) 
AMno ` 051 


This reaction is the basis of the Frisch:process 
for the production of low-carbon ferromanga- 
nese and manganese metal from silicomanga- 
nese. The silicon content of the metal is 
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restricted by using a basic slag that reduces the 
activity of SiO, by reaction with CaO, displac- 
ing reaction (27) as far to the right as possible. 


47.5.5 Reduction of Manganese 
Oxide by Aluminum 


It is easier to reduce manganese(IT) oxide 
with aluminum than with silicon because the 
differences in the oxygen potentials of the dis- 
sociation equilibria of MnO and ALO, are 
greater than for MnO and SiO, (Figure 4T. 5). 
As in the case of carbon and silicon, the higher 
oxides of manganese are also reduced if 


` present in the ore. The aluminothermic pro- 


cess is used in the production of manganese 
metal (see Section 47.6.3). 


47.6 Production of 
Manganese Metal 24,25] 


Pure manganese metal has only become an 
important commodity since ca. 1940. Today 
the world market is in excess of 140 x 10? t/a. 
Most of the high-purity manganese produced 
is consumed by the steel and aluminum indus- 
tries, although the use of manganese for the 
production of manganese zinc soft ferrites has 
led to a demand by electronic component pro- 
ducers [26]. Whilst ferromanganese remains 
an economically sound additive for manga- 
nese steel producers, greater volumes of pure 
manganese metal are used in the formulation 
of specialty steels. 

. In aluminum production, manganese pow- 
der is added to the melt to make the product 
harder. Manganese powder has long been used 
in welding-rod fluxes, where it imparts supe- 
rior flow properties to the melt forming the 
weld. 

Producers of manganese chemicals enjoy 
the convenience of a pure, reactive starting 
material from which to manufacture manga- 
nese salts and compounds. 

A number of methods for the production of . 
relatively pure manganese metal are known: 


e Electrolysis of aqueous manganese salts 
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Figure 47.5: Temperature dependence and oxygen potentials of oxide systems [21]. 


e Electrothermal decomposition of manga- ө Distillation of ferromanganese 
nese ores e Electrolysis of fused salts 

e Silicothermic reduction of manganese ores The first two techniques are the most im- 
or slags portant. 


e Aluminothermic reduction of manganese 
ores or slags 
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47.6.1 Electrolysis of Aqueous 
Manganese Salts 


The electrolytic route to manganese metal 
was first investigated in 1930 by DAVIS. 
However, the process did not become signifi- 
cant until 1939 when demand for manganese 
by the steel producers (for armaments manu- 
facture) prompted the U.S. Bureau of Mines to 


build a 1 t/a pilot plant at Knoxville, Tennes- · 


see. The plant was redesigned in 1940, and by 
1944 it was producing ca. 1500 t/a. Chuo 
Denki Kogio of Japan commenced production 
in 1941. The U.S. Bureau of Mines built a sec- 
ond pilot plant at Boulder City in 1942 [27], 
and The Electrolytic Manganese Corporation 
of Krugersdorp, South Africa began produc- 
tion in 1955. 

The Boulder City process forms the basis of 
modern electrolytic manganese plant opera- 
tion and is encountered in many parts of the 
world. Production capacities according to 
country and company are listed in Table 47.6. 


Table 47.6: Estimated production capacity for electrolytic 
manganese metal, 1988 [59]. 


Company Country ` Capacitj,t 
Fermavi Industria e Brazil 80 
Comercio | 
Chuo Denki Kogio Japan 3 600 
Tosoh Japan 6 000 
Manganese Metal Company RSA 43 300 
Elkem Metals United States 10 000 


Kerr-McGee Chemicals ^ United States 11250 

State Organization Former Soviet 3 000 
Union U 

Total ^ 77 230 


The Manganese Metal Company of South 
Africa is currently the largest supplier but high 
prices in the late 1980s have encouraged in- 
vestment by other countries. The process may 
be conveniently divided into 3 stages: 


e Milling and chemical reduction of a suitable 
ore 


e Leaching of the soluble manganese and re- 
moval of deleterious solutes 


e Electrowinning of manganese metal 


Ore Milling and Reduction. To ensure reac- 
tivity in both the reduction and leaching steps, 
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the ore is milled to ca. 80-90% < 75 рт [28]. 
The surface area (BET) is 2—5 m?/g. It is usual 
to dry mill the ore since the hydrometallurgi- 
cal part of the process is closed and unneces- 
sary dilution of the liquor must be avoided. 
Ball or vertical spindle mills are suitable for 
this purpose. Transport of the ore may be ef- 
fected pneumatically at this stage. 

Manganese ores usually occur in an insolu- 
ble form comprising minerals largely in the 4+ 
oxidation state. Carbonate ores, which are 
readily soluble, occur in some parts of the . 
world. To render refractory ores soluble in 
acid, the manganese is usually converted to 
the 2+ oxidation state by calcining under a re- 
ducing atmosphere at 850-1000 °C. Reduc- 
tants are carbon sources and may include 
various combinations of anthracite, coal, char- 
coal, hydrocarbon oils, natural gas, coal gas, 
or liquefied petroleum gas. The reduction re- 
actions can be simplified to: 

CO + MnO, — CO, + MnO 
CO, +C 22CO 


Other species present are also reduced. Iron 
is reduced to the iron(II) state and in some 
cases to iron metal. The Fe(II) content of the 
calcined ore may be used as an indicator of the 
degree of reduction achieved; a calcine con- 
taining 1-3% Fe(II) can be assumed to have 
its manganese fully reduced to Mn(II). 

The discharging calcined ore must be 
cooled to below 100 °C to exclude the possi- 
bility of reoxidation. The reactive nature of the 
calcine at this stage precludes pneumatic 
transport. 

Reductive leaching has been investigated 
with bacteria [29] and with reducing chemi- 
cals such as sulfur dioxide, hydroquinone, and 
other organic compounds [30]. 


Leaching and Purification. The reduced ore 
is agitated with spent electrolyte which nor- 
mally contains 2-5% sulfuric acid (generated 
at. the diaphragm in the electrolysis stage). 
Other soluble species, notably iron(II), are 
also dissolved and must be removed prior to 
electrolysis. The pH of the leachate should be 
5-6, and air oxidation of Fe? to Fe* ensures 
the precipitation of iron(IIT) hydroxide to re- 
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move soluble iron [31]. Other deleterious tran- 
sition metals are removed by precipitation of 
their sulfides through pH manipulation and 
addition of a soluble sulfide [32]. Some man- 
ganese sulfide is necessarily coprecipitated 
during this process and the relative amount of 
this present in the sulfide precipitate is a mea- 
sure of the efficiency of the reaction [33—36]. 
The manganese concentration at this point is 
ca. 10% expressed as the sulfate. If a substan- 
tial amount of soluble silica is present, it may 
be removed by coprecipitation with aluminum 
hydroxide. A solid-liquid separation is re- 
quired to provide a perfectly clean solution for 
the electrolytic stage. Other current methods 
of purification include ion exchange and sol- 
vent extraction [37, 38]. 


Electrowinning of Manganese Metal. Al- 
though manganese has a strongly electronega- 
tive electrode potential (-1.13 V), its high 
hydrogen overvoltage allows electrowinning 
from aqueous solutions. Good current effi- 
ciencies are only obtained when other metallic 
solutes are absent from the catholyte. 


The manganese is recovered in a dia- 
phragm cell. The cathode may be made of tita- 
nium, stainless steel, or one of a number of 
proprietary alloys. The anode is usually a lead 
calcium or lead-silver alloy, but success has 
recently been achieved with anodes coated 
with platinum-group metals. Diaphragms are 
usually made of synthetic polymer canvas. 


Prior to introduction to the cell, the solution 
is conditioned by addition of sulfur dioxide or, 
more recently, selenium dioxide [39]. These 
additives improve current efficiencies and en- 
sure the deposition of the hard and brittle a al- 
lotrope of manganese. It has been reported that 
the current efficiencies have been increased to 
as much as 90% with selenium dioxide. How- 
ever, the latter has the disadvantage that the 
meta] obtained is often contaminated with se- 
lenium. This reduces the total manganese con- 
tent of the metal and causes toxicological and 
environmental problems for the consumer. 
Addition of sulfur dioxide produces a metal 
with slightly higher sulfur content. Ammo- 
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nium sulfate is used in the cell solution as a 
supporting electrolyte. 

Typical cell operating conditions at the 
cathode are as follows: 


MnSO, concentration 4.096 
(NH4),SO, concentration 1396 
pH 7.0 
Temperature 35-45 *C 
Current densities: 
Anode 1000 A/m? 
Cathode 500 
Potential 5-7 V 


These values are approximate and vary 
considerably between installations. Current 
efficiencies are variable, depending on addi- 
tives, the purity of the catholyte, and optimiza- 
tion of solute concentrations. Values between 
42 and 62% are typical. 

The following reactions occur [40]: 

At the cathode 


Mn? rie — Mn? 

2H,0 + 2e — Н, + 20H- 
At the diaphragm 
So 2H* э HSC, 
At the anode 

2H,0 > 4H" +4e"+0, 
2e^ + Mn” + О, 2 MnO, 

The electrolysis of water is largely respon- 
sible for the inefficiency of the electrolytic 
procedure. Power consumption is typically 
9000-12 000 kWh/t. Polymeric smoothing 
agents may be added to the electrolyte to pre- 


vent the formation of dendrites and nodules on 
the cathodes, which usually cause the metal to 


be of inferior quality. Deposition time is de- 


pendent on current densities and varies be- 
tween 12 and 30 h. Current efficiencies tail off 
rapidly as the thickness of the metal increases, 
and a compromise must be made between high 
efficiencies and the production of the thick 
metal flake required by the market. A thick- 
ness of 1.5~2.0 mm is considered optimum. 


Metal Treatment. The cathodes are removed 
from the electrolysis bath after the appropriate 
deposition period. Since the о-тапрапеѕе de- 
posited is hard and brittle, it 1s readily stripped 
from the cathode starter-sheet by mechanical 
shock. The metal is then washed and dried. 
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Absorbed hydrogen is removed by heating in 
air or under an inert atmosphere. The latter 1s 
necessary when manganese with a particularly 
low oxygen content is required. Metal des- 
tined to be milled must have hydrogen content 
< 0.0005% to minimize the explosion risk. A 
primary hydrogen explosion can initiate a sec- 
ondary manganese dust explosion. 

The metal is sold in flake, powder, or gran- 
ular forms, depending on the end use. A gener- 
alization is that the steel industry requires 
thick flake, while the aluminum industry, 
welding-rod manufacturers, and manganese 
chemical producers require powders of vari- 
ous particle size distributions. 

Other forms of manganese are also encoun- 
tered; for example, powder and flake manga- 
nese which has had its surface passivated by 
mild oxidation. A market exists for briquettes 
of manganese and iron, or manganese and alu- 
minum, which are conveniently added to 
melts of the appropriate metal to produce a 
particular alloy. 


Quality Control and Analysis. Electrolytic 
manganese metal has a purity of > 99.5%; no 
reliable method exists to determine manga- 
nese content directly. The sum of the impuri- 
ties is therefore deducted from 100% to obtain 
the assay of the metal. 

A typical analysis (96) is: 


Manganese 99.8 
Oxygen 0.2 
Nitrogen 0.005 
Sulfur 0.02 
Carbon 0.001 
Iron А 0.001 
Соррег S 0.001 
Cobalt 0.001 
Nickel 0.001 
Selenium 0.0005 
Hydrogen 0.0006 


When selenium dioxide is used as a cell so- 
lution additive, typical values (96) are: 


Manganese 99.4 
Sulfur 0.01 
Selenium 0.3 


Analytical methods described in this sec- 
tion are applicable to all types of manganese 
metal. | 

In large amounts, manganese is best deter- 
mined by titration and many methods exist. 
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The most reliable is the titration of the divalent 
ion with permanganate in a neutral pyrophos- 
phate buffer that stabilizes the trivalent man- 
ganese species. A platinum redox indicator 
electrode is used with a suitable reference 
electrode. A microprocessor controlled auto- 
matic titrator facilitates precision and accu- 
racy.. The reaction can be summarized as: 


4Mn** + MnO, + 8H* + 15H,P,0, э 
5Mn(H,P,0,);** + 49,0 

The equivalence potential is ca. 0.47 V ver- 
sus the saturated calomel electrode. 

An alternative is to oxidize the manganese 
to permanganate with excess sodium bismuth- 
ate in the presence of nitric acid, add an excess 
of standard iron(II) solution and back-titrate 
with permanganate. This method has the ad- 
vantage of not requiring sophisticated end- 
point detection equipment but suffers from a 
number of interferences. Variations on this ox- 
idation/titration method include silver-cata- 
lyzed oxidation by persulfate followed by an 
arsenate titration [41]. 

Metallic impurities in both metal and pro- 
cess liquors are usually determined by absorp- 
tion or emission spectroscopy, though various 
voltammetric techniques have been used to 
determine traces in pure metals. The half wave 
potential of manganese is —1.57 V versus the 
saturated calomel electrode, making anodic 
stripping voltammetry ideally suitable for 
trace metal determination. 

Nonmetallic impurities are universally de- 
termined by the use of commercially available 
equipment. The metal is usually heated above 
the melting point, in a gas stream, releasing 
the sought element in the form required. This 
is then determined in the gas phase by infrared 
absorption or thermal conductivity detectors. 
Nitrogen in greater than trace amounts has 
been determined by acid digestion, distilla- 
tion, and colorimetric determination of ammo- 
nia (cf. Kjeldahl method for ammonia). 


Summary. The electrolysis of aqueous solu- 
tions is the most important manufacturing 
route at present to high-purity manganese. 
Economic efficiencies are dependent on scru- 
pulously clean solutions and strict control of 
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operating parameters. The metal produced 
may be > 99.7% pure and has many varied 
uses. 

Manganese has also been produced by the 
electrolysis of aqueous solutions at a flowing 
mercury cathode. This process, which oper- 
ates at high current efficiencies, can deliver 
the manganese in a variety of forms, and is 
less dependent on solution purities. High elec- 
trolysis temperatures, and the inconvenience 
of coping with toxic mercury are possible rea- 
sons why there are now no full-scale plants us- 
ing this process. 


47.6.2 Electrothermal Process 


This practice is a refinement of the silico- 
thermic reduction of manganese (see below). 
However, the purity of the product obtained 
from the electrothermal process is superior. 

The production of bulk manganese by this 
method is a well protected secret and little in- 
formation appears in the literature. It is essen- 
tially a multistage hot refining process based 
on the following principles. Manganese ore is 
smelted in an arc furnace with a limited 
amount of reductant. This preferentially re- 
duces the iron to metal with a small amount of 
manganese to form a low-grade ferromanga- 
nese with a high phosphorus content. The slag 
is thus refined to a purified manganese starting 
material. 

The slag is used to produce a high-silicon 
silicomanganese (> 30% Si) to ensure a low 
carbon content. Other ingredients such as 
quartz, limestone, and coke must be selected 
carefully to ensure a low contamination level. 
Coke, in particular, may have to be produced 
from special low-phosphorus coals. 

The liquid silicomanganese is treated in 
two steps, with a liquid basic slag made from 
the purified manganese starting material. The 
operation is carried out in a ladle or a shaking 
ladle. 

Typical analyses of electrothermal manga- 
nese are given in Table 47.7. From these anal- 
yses it can be seen that electrothermic 
manganese is a relatively pure product that 
competes in some areas with electrolytic man- 
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ganese. The sulfur content is particularly low. 
The aluminum industry is experimenting the 
use of these products as alternatives to electro- 
lytic manganese. 
Table 47.7: Typical analyses of electrothermal manga- 
nese, 

Gimel* A Gimel Е Gimel BF Gimel LP 


Mn (% min) 96 97 98 97 

C (% max) 0.050 0.030 0.030 0.030 
Si (96 max) 0.50 030 030 0.30 
P (96 max) 0.050 0.030 0,030 0.020 


S (% max) 0.008 0.008 0.008 0.008 
Fe (% max) 3.0 2.0 L5 2.0 
H (ppm) 5 5 5 5 
N (max) 0.035 0.035 0.035 0.035 


* Gimel is a registeres teade mark of Pechiney Electramétallurgie. 


47.6.3 Aluminothermic Process 


This production route is based on the well 
known thermite reaction in which a reactive 
metal liberates a less reactive metal from its 
oxide with the evolution of heat. The reactions 
possible for manganese oxides are: 
3/,MnO, + Al 2 7/,Mn + ALO, 
АН =—447.2 kJ/mol Al 

1 MnjO, + AL Mn + I4ALO, 
АН =-357.1 kJ/mol Al 

hin, + Al —> "Mn + АО, 
AH =-316,5 kJ/mol Al 

3/,MnO + Al > 2/,Мп + V, ALO, 
АН =-259.6 kJ/mol Al 

A heat of reaction of between 272 and 314 
kJ/mol aluminum is necessary to sustain the 
reaction and ensure that it is not explosive. 
Therefore, some ores may require modifica- 
tion of the relative proportions of the different 
Manganese oxides prior to reaction. This is 
achieved by calcination at ca. 1000 °C. Cer- 
tain circumstances require reduction of the ore 
by calcining in a reducing atmosphere. 

Calcium oxide is added to the mix to im- 
prove the flow properties of the slag, ensuring 
good separation of slag and metal. Lime also 
decreases the amount of silica reporting to the 
metal phase. 

The aluminothermic route to manganese 
production is attractive in that it requires sim- 
ple technology which is well documented, and 








Manganese 


low capital investment. Its disadvantages are 
that aluminum is expensive, and the exhaust 
gases from the process carry manganese and 
aluminum dust into the atmosphere. Efficien- 
cies of up to 87 % have been reported. 


47.6.4 Silicothermic Process 


The production of manganese by silicother- 
mic reduction resembles that of low-carbon 
ferromanganese in electric arc furnaces of 1—3 
MW power consumption [42, 43]. The raw 
material used is either low-iron manganese ore 
or a manganese slag concentrate. The silicon 
is in the form of a special silicomanganese 
with ca. 33% Si and < 3% Fe. It is made from 
a manganese slag concentrate or from pure 
ores. Reduction as complete as possible is en- 
sured by the addition of lime, which forms a 
basic slag. 

Many slag changes are carried out during 
the process, as in the silicothermic manufac- 
ture of low-carbon ferromanganese. The re- 
fined metal has the following typical 
percentage composition: 


Manganese 93-97 Р 
Carbon «0.10 

Silicon 1.5 

Phosphorus «0.06 


The system is moderately efficient and the 
manganese yield is 63-6496, with siagi losses 
accounting for the remainder. 


47.65 Distillation of 
Ferromanganese 


Pechiney has filed påtents dealing aih the 
vacuum distillation of ferromanganese at 
1200-1350 °C. The process has not been used 
on a large-scale since the manganese produced 
is inferior to electrolytic manganese and the 
production costs are e 


47.6.6 Electrolysis of Fused Salts 


Manganese has been produced on a labora- 
tory scale by the electrolysis of fused salts. A 
system in which an untreated manganese ore 
is dissolved in a fused mixture of calcium and 
manganese fluorides and electrolyzed at 
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1150—1200 °C has been described [44]. The 
cell potential was 5.5-6.5 V and current den- 
sity was 9—11 A/cm? at the anode, and 2-2.5 
A/cm? at the cathode. Manganese purity in the 
range 80—99.396 was obtained at current effi- 
ciencies of 53-65%. 


47.7 Manganese in the Iron 
and Steel Industry [45] 


More than 90% of the manganese mined is 
used in the steel industry (Figure 7.8). In the 
production of normal mild steel, high-carbon 
ferromanganese and silicomanganese are 
used; however, in special low-carbon steels, 
medium-carbon ferromanganese, low-carbon 
ferromanganese or electrolytic manganese is 
used. A steel producer has to weigh up the ad- 
ditional costs of the refined manganese alloys 
against the extra time in the argon oxygen de- 
carburization process that would be necessi- 
tated by the use of carbon-containing alloys 
[46]. Manganese occupies a special place 
among all alloying elements as it is present in 
almost all types of steel and cast iron. 

The addition of manganese to iron—carbon 
systems has the following effects: 


e It retards the rate of transformation (i.e., it 
increases the hardenability). 

e It lowers the martensitic start temperature. 
This effect is 40 °C at 1% addition of man- 
ganese and increases linearly to 200 °C with 
5% addition. 

Manganese has extensive solid solubility in 
austenitic iron; therefore, it has no solution 
hardening effect in austenite. The solubility of 
manganese in ferritic iron is limited to. 3% 
Hence, manganese exhibits a solution harden- 
ing effect in ferrite (30-40 MPa per % Mn). 

. Hadfield's austenitic manganese · steels 
(which were developed from 1882) contain 1— 
1.496 carbon and 10-1496 manganese. When 
they are quenched from 1000 °C the normal 
hardening transformation temperature 15 sup- 
pressed by the manganese and the steel re- 
mains austenitic at room temperature. These 
steels are exceptionally tough, have high ten- 
šile strength, and are wear resistant due to 
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work hardening. As a consequence, they are 
used extensively in the mining and earth mov- 
ing industries. 

Manganese is a milder deoxidant than sili- 
con and aluminum. Manganese enhances the 
effectiveness of aluminum and silicon as 
deoxidizers of steel due to the formation of 
stable manganese silicates and aluminates. 


The solubility of nitrogen in ferrite is in- 
creased by the presence of manganese. The so- 
lution hardening effect of manganese is 
considerably enhanced by nitrogen, which is 
valuable in high-temperature creep-resistant 
alloys. Both the yield and ultimate stress at el- 
evated temperatures are increased by the pres- 
ence of nitrogen in steel, and this effect is 
enhanced by the presence of manganese. 


Nitrogen is a powerful austenizing agent in 
steels and can be used as a partial substitute 
for nickel in austenitic stainless steels. The 
solubility of nitrogen in stainless steels is in- 
creased by the addition of manganese, and this 
is the basis of the series 200 stainless steels. 


Manganese has had a long association with 
the efforts of steel makers to remove sulfur 
and to minimize the harmful effects of residual 
sulfur in steel. In the absence of sufficient 
manganese, sulfur can concentrate in the inter- 
stitial liquid in the form of ferrous sulfide. 
This compound has a low melting point and 
can persist as a liquid down to low working 
temperatures. This can cause cracking (hot 
shortness) during steel rolling. Steel requires a 
manganese to sulfur ratio of 4 for adequate 
ductility in the hot working range (950— 
1150 °C). In practice, ratios of up to 20 are 
used. 


One of the most significant properties of 
steel is its ability to harden with heat treat- 
ment. A number of alloying elements can in- 
fluence the hardenability of steels but 
manganese has become virtually synonymous 
with hardenability due to its effectiveness, 
availability, and relatively low cost. Increasing 
the manganese content permits the use of 
lower heat treating temperatures for steel parts 
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where the use of higher temperatures would 
result in deformation. 


Shortages, notably during the Korean War, 
originally prompted the use of manganese as a 
replacement for some of nickel in austenitic 
stainless steels. 


47.8 Processing of 
Manganese Nodules and 
Encrustations 


The primary economic interest in manga- 
nese deposits on the ocean floor has never 
been for the manganese content, but rather for 
the associated valuable metals, including 
nickel, copper, and cobalt. There are, however, 
some indications that the manganese content 
is becoming more attractive in its own right. 


The deep ocean resources of manganese 
nodules were first discovered during the Brit- 
ish HMS Challenger expedition of 1872- 
1876. The commercial potential of these re- 
sources was recognized in 1958 as a result of 
work undertaken at the University of Califor- 
nia. 


47.8.1 Occurrence, Origin, and 
Composition [47-50] 


Occurrence. Manganese nodules occur over 
most,of the deep ocean floor, but are currently 
considered to have economic potential in one 
primary and three subsidiary areas (Figure 
47.6). The primary area is located in the north- 
western equatorial Pacific (the Clarion Clip- 
perton zone), and the subsidiary areas are in 
the South Pacific, western equatorial Pacific, 
and the central Indian Ocean. All of the main 
areas of potentially economically viable man- 
ganese nodules occur on the abyssal seafloor. 


Limited quantities of ore-grade nodules. 


have been identified within the Exclusive Eco- 
nomic Zones (EEZ) of some of the western 
Pacific islands. 

Manganese encrustations occur on oceanic 
seamounts, primarily in the Pacific ocean. 
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Figure 47.6: Manganese nodule occurrence. © Areas of high nodule concentration; & Areas of potential economic via- 


bility. 
Origin. Manganese on the ocean floor origi- 


nates from two primary sources: runoff from 
the continents and submarine volcanic activ- 


` ity. It is believed that plankton extract the 


manganese and associated metals from seawa- 
ter and carry them to the ocean floor after 
death. 

The metals are liberated by organic decay 
processes into the pore water of the deep-sea 
muds, where, by a series of diagenetic reac- 
tions, they migrate to centers of nucleation 
within the uppermost sediments and precipi- 
tate to form manganese nodules. Encrustations 
are formed on exposed rocks. 


Composition. The chemical composition of 
manganese nodules varies widely. Some 74 el- 
ements have been found to occur in manga- 
nese nodules and encrustations. The average 
chemical composition varies from ocean to 
ocean and with latitude, water depth, and min- 
eralogy. . | . 

World averages of nodule composition are 
influenced by the disproportionately high 
number of stations located in the Pacific Clar- 
ion.Clipperton zone, in which the nodules av- 
erage 25.4% Mn, 6.66% Fe, 1.27% Ni, 1.02% 
Co. Excluding these values from the world av- 
erages decreases the average nickel, copper, 


and manganese contents, increases the iron 
content, and has no effect on the cobalt con- 
tent. 

Principle metal contents, together with 
nodule concentration and depth, are listed in 
Table 47.8. 


Table 47.8: Chemical composition of manganese nod- 
ules. 


Element Mean content, % Range, % 
Mn 18.60 0.04—50.3 
Fe 12.47 0.30-50.0 
Ni : 0.66 0.01-1.95 
Cu : 0.45 0101-1.90 
Co 0.27 0.01—2.23 


.. The top of a nodule is generally higher in 
Fe, Co, and Pb and lower in Cu, Ni, Mo, Zn, 
and Mn compared to the bottom. The nodule 
Core is usually deficient in Fe, Co, and Pb. 


Physical Characteristics. Manganese nod- 
ules generally exhibit five external shapes: 
spheroidal, ellipsoidal, discoidal, botryoidal, 
and flat faced. The surface textures, which 
may be smooth or granular, may vary on the 
opposite sides of the nodule. The size varies 
from 0.5-20 cm, with concretions larger than 
20 cm generally assuming the form of slabs. 
The’ color is usually dark reddish brown to 
black. Some zonal pattern in nodule cross sec- 
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tion, produced by variation in mineral content 
of the growth layers, is generally present. The 
porosity is relatively high and relative density 
low (2.1-3.1). 

Water comprises about 45-50% of nodules 
when removed from the ocean. Air drying re- 
moves about half of this water. Approximately 
5—10% water is contained within the crystal 
structure. 


Mineralogy. Nodules comprise a complex 
mixture of organic and colloidal matter, nu- 
cleus fragments, and crystallites of various 
minerals. The phases are fine grained, often 
metastable, poorly crystallized, and intimately 
intergrown. 

Todorokite, birnessite, and vernadite are 
the predominant manganese oxide minerals, 
while various other MnO, modifications in the 
form of a-MnO,, B-MnO,, and y-MnO, have 
also been reported. 

Iron 1s present as oxide, oxyhydroxide, and 
hydrated oxide phases, the most commonly 
observed being ferroxyhite, goethite, and lepi- 
docrocite. 

The accessory minerals can be divided into 
the following three categories: sheet silicates 
and zeolites, clastic silicates, volcanic miner- 
als, and biogenic minerals. 

Known minerals of nickel, copper, or co- 
balt have not been identified; Cu, Mo, Ni, and 
Zn are associated almost entirely with the 
manganese mineral phase. Ba, Cd, Ca, Mg, 
Sb, Sr, and V are usually associated with man- 
ganese but are also found in other phases. Pb 
and Ti are associated almost entirely with the 
Fe and Mn phases. 


47.8.2 Legal Considerations and 
Nodule Recovery [47, 49, 51-54] 


Legal Considerations. The Law of the Sea as 
pertaining to the exploitation of mineral re- 
sources is of major importance to the future vi- 
ability and prospects of commercial venture. 
During the early 1960s interest in deep- 
ocean mining increased and the Third UN 
Law of the Sea conference began in 1974. The 
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current Convention was eventually adopted by 
this conference in 1982. 


The United States, Germany, and United 
Kingdom voted against the convention be- 
cause of objections to certain provisions re- 
lated to deep-sea mining. 


The most important of the above regimes as 
pertaining to manganese nodule exploitation 
are the EEZ, extending to 200 nautical miles 
from the coastal state shoreline, and the so- 
called Area, extending beyond this limit. The 
coastal state has sovereignty over the EEZ, but 
the sea floor outside these zones falls under 
the jurisdiction of an International Seabed Au- 
thority which will be responsible for all min- 
eral deposits and even mine these deposits 
through its own organization. The Authority 
would also license independent mining orga- 
nizations to exploit these deposits, but in do- 
ing so would impose a number of conditions 
which some national governments and mining 
consortia find unacceptable. 

The 200 mile EEZ would put under coastal 
state jurisdiction most of the minerals of the 
continental margins and, in some areas, those 
of the deep-ocean floor. 

The convention also limits the amount of 
nickel that can be produced outside the EEZ 
over the first 20 years of commercial produc- 
tion in order to protect the markets of land- 
based producers. 

The United States, Germany, France, the 
United Kingdom, the Soviet Union, and Italy 
have passed national deep-seabed mining leg- 
islation which, in many instances, is in contra- 
diction of the UN Convention. 


Nodule Recovery. Research into nodule re- 
covery has been conducted since the 1960s 
and the technical feasibility, to a large extent, 
has been established. 

Three main systems have been investi- 
gated: the continuous line bucket, the autono- 
mous shuttle, and hydraulic pumping with a 
suspended conduit or dredge pipe. 

Techniques based on continuous hydraulic 
pumping systems are the most technically and 
economically viable. 
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47.8.3 Processing 


The following processes [48, 49, 55, 56] for 
recovering the metals of value (Mn, Co, Ni, 
Cu) from nodules have been identified as be- 
ing potentially feasible: 


e Gas reduction and ammoniacal leach 
e Cuprion ammoniacal leach 


e Elevated temperature and pressure H,SO, 
leach 

e Reduction and HCl leach 

e Smelting and H,SO, leach 

The first three of the above options recover 
Co, Ni, and Cu, while. Mn can be optionally 
recovered from the tailings. The last two are 
more suited to the recovery of all four metals. 

Ammoniacal processes are similar to those 
used for the treatment of land-based nickeli- 
ferous laterites which, in some respects, are 
similar to manganese nodules. Cobalt, nickel, 
and copper are soluble in NH4-NH,CO, (the 
Caron process) and NH,-NH,),SO, solu- 
tions. | 

These processes involve selective reduction 
of the metals and disruption of the nodule ma- 
trix to permit rapid, complete dissolution of 
the valuable metals. Acidic chloride solutions 
are also capable of dissolving the valuable 
metals including manganese. Acidic sulfate 
solutions can solubilize, cobalt, nickel and 
copper. Nickel is recovered from laterites by 
sulfuric acid leaching at elevated temperature. 

The diverse chemical, physical and miner- 
alogical composition of the nodules exclude 
physical enrichment prior to the complex hy- 
drometallurgical processing. Separation on the 
basis of density, magnetic properties, or flota- 
tion has not been successful. 

The recovery of manganese from the tail- 
ings of the ammoniacal processes (routes I and 
2 above) involves flotation of the MnCO,, 
which could then be converted to a manganese 
oxide product for further processing or sale. 
Manganese dioxide could be recovered from 
the H,SO, process tailings (route 3 above) by 
dissolution and chemical treatment. Direct use 
of the tailings from all the processes above for 
ferromanganese production is probably pre- 
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cluded due to the unacceptably high levels of 
trace metals, sulfur, and phosphorus. ` 


47.8.3.1 Gaseous Reduction and 
Ammoniacal Leach Process 


This process (Figure 47.7) is an adaptation 
of the Caron process for nickeliferous laterites 
(see Chapter 12). 

The MnO, is reduced to MnO at 625 °C by 
a producer gas rich in CO. The mineral struc- 
ture is disrupted by this reduction and the con- 
tained metals can be dissolved by an aqueous 
solution of 10% ammonia and 5% CO, at 
40 *C and atmospheric pressure. The pregnant 
solution is separated from the solids, and cop- 
per and nickel are isolated by solvent extrac- 
tion and aqueous stripping. The products are 
recovered as cathode copper and nickel by 
electrowinning. 

The aqueous МН,-СО, solution is con- 
tacted with hydrogen sulfide, and insoluble 
cobalt sulfides and residual copper, nickel, 
zinc, and other metals are precipitated. 

This precipitate is removed and contacted 
with air and H,SO, to selectively redissolve 
the cobalt and the small amount of nickel still 
present. The cobalt and nickel are recovered 
from the liquid in powder form by selective re- 
duction with hydrogen at 3.4 MPa and 185 °C. 

The residual ammonia and carbon dioxide 
are removed from the nodule residue by steam 
at 120 *C and 0.2 MPa. The resulting mixture 
is condensed and, together with the mixture of 
ammonia carbon dioxide and steam arising 
from the cobalt extraction step, is recycled. 


47.8.3. Cuprion Ammoniacal 
Leach Process 


‘Manganese dioxide is reduced in an aque- 
ous ammoniacal solution containing an excess 
of copper(I) ions at 50 °C. The cobalt, nickel, 
and copper are solubilized in an aqueous solu- 
tion of ammonia and carbon dioxide at 50 °C 
and atmospheric pressure. The separation and 
purification of the metals is identical to the 
Caron gas reduction process (Figure 47.7). 
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Figure 47.7: Gaseous reduction and ammoniacal leach process. 


47.8.3.3 Elevated Temperature 
and Pressure H,SO, Leach Process 


In this process (Figure 47.8) the cobalt, 
nickel, and copper content of the milled nod- 
ules is dissolved in a 30% sulfuric acid solu- 
tion at 245 °C and 3.54 MPa. Manganese and 
iron are not solubilized to any appreciable ex- 
tent. The resultant slurry is cooled and the acid 
solution separated from the nodule residue. 
The residue is washed, neutralized, and dis- 
posed of. The pregnant solution is pH adjusted 
and the copper and nickel are selectively re- 
moved by extraction with an organic solvent. 
These metals are then stripped as copper and 
nickel sulfate in acidic aqueous solutions and 
subsequently recovered by electrowinning. . 


The cobalt is precipitated with hydrogen 
sulfide together with residual nickel, copper, 
and zinc. The precipitate 1s separated from the 
solution and contacted with air and H4SO, at 
100 *C to selectively redissolve the cobalt and 


residual nickel, which are recovered as pow- 
ders from the solution by reduction with hy- 
drogen gas at 3.4 MPa and 185 °C. 


The ammonia is recovered from the barren 
solution and recycled. The barren, ammonia- 
free solution is recycled for washing of the 
leached nodule material. 


47.8.3.4 Reduction and НС] 
Leach Process 


In this process (Figure 47.9) the manganese 
dioxide is reduced to soluble manganese chlo- 
ride with hydrogen chloride at 500 °C and 0.1 
MPa. A portion of the hydrogen chloride is 
oxidized to chlorine. The excess hydrogen 
chloride is separated from this chlorine and 


water vapor and recycled. Dissolution of the 


iron in the nodules is minimized by injection 
of steam, which results in the hydrolysis of 
iron chloride to insoluble ferric hydroxide. 
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Figure 47.9: Reduction and hydrochloric acid leach process. 
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The soluble Co, Ni, Cu, and Mn chlorides 
are dissolved by leaching with НСІ. Copper is 
selectively extracted by organic ion exchange 
and subsequently stripped into a strong H5SO, 
solution. The copper is recovered by electro- 
winning. 

The copper-free chloride solution is neu- 
tralized and cobalt is removed by a second se- 
lective solvent extraction stage. The cobalt is 
recovered as a powder by a sequence of strip- 
ping, precipitation as cobalt sulfide by hydro- 
gen sulfide, selective leaching, and hydrogen 
reduction. 

The copper- and cobalt-free solution is sub- 
jected to a third solvent extraction stage to re- 
move nickel. The nickel is stripped into an 
acidic sulfate solution for subsequent elec- 
trowinning. 

The final aqueous chloride solution can be 
dried to produce impure manganese chloride, 


Reducing gas 
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which can be charged to an electrolysis fur- 
nace where it dissolves in a molten alkali chlo- 
ride bath. Molten manganese is tapped from 
the furnace and cast. Chlorine gas is also pro- 
duced from the electrolysis furnace and, to- 
gether with the chlorine resulting from the 
initial hydrochlorination stage, can be con- 
verted to hydrogen chloride for recycling. 


47.8.3.5 Smelting and H,SO, 
Leach Process 


In the sulfuric acid leach process (Figure 
47.10), the nodules are dried and the manga- 
nese dioxide and ferric oxide reduced to man- 
ganous and ferrous oxides at 625-1000 °C 
with coal and carbon-monoxide-rich producer 
gas. The reduced nodules, together with coke 
and silica, are hot-charged to an electric fur- 
nace. 
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Figure 47.10: Smelting and sulfuric acid leach process. 


Ammonia Cobalt 
recovery 


recovery 





Hydrogen sulfide 








Manganese 


In this step most of the Cu, Ni, Co, and Fe, 
and some of the Mn is reduced at 1425 °C to 
form a molten alloy phase, which separates by 
gravity from the unreduced management slag. 
The alloy is transferred to converters where, 
after the addition of further silica, the Mn and 
most of the Fe is reoxidized with air, separated 
as a slag, and recycled to the furnace. Gyp- 
sum, coke, and possibly sulfur are added to the 
alloy, producing a metal sulfide matte’ phase 
containing the Cu, Ni, and Co. These are sepa- 
rated in the converter and the slag is recycled 
to the electric furnace, while the matte is water 
quenched and granulated. 


A ferromanganese alloy can be produced 
from the furnace slag by smelting, together 
with iron-rich slags and coke, in an electric 
furnace. 

The metals are leached from the granulated 
matte with a 5% H,SO, solution in the pres- 
ence of oxygen at I MPa and 110 ?C. Copper 
and nickel are recovered separately from this 
solution by selective solvent extraction. The 
pH of the solution is controlled by addition of 
ammonia. The metals are stripped into acidic 
aqueous solutions and the products recovered 
by electrowinning. 

Cobalt and the residual other metals are re- 
covered from the aqueous ammonium sulfate 
solution by precipitation with hydrogen sul- 
fide. The separated precipitate is contacted 
with air and H,SO, at 100 °C to selectively re- 
dissolve the cobalt and residual nickel, which 
are recovered in powder form by selective re- 
duction with hydrogen at 3.4 MPa and 185 °C. 


47.8.4 Economic Viability and 
Future Prospects [47, 49-51, 57, 58] 


The constraints inhibiting the exploitation 
of the nodule reserves are complex a combina- 
tion of economic, technological, sociological, 
and political. Any operation would have to 
satisfy several prerequisites: technical feasi- 
bility of mining and processing; economic or 
strategic viability; legal authorization and se- 
curity of tenure; and environmental accept- 
ability. 
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Although most of the results of the exten- 
sive research and development work under- 
taken by several nodule recovery consortia has 
not been published, sufficient successful an- 
nouncements have been made to indicate that 
the recovery and processing of nodules is 
technically feasible. 

Numerous environmental impact assess- 
ments indicate that nodule dredging totally de- 
stroys the area of operation. Adjacent ` 
undredged areas, however, appear to be un- 
harmed and provide the basis for rehabilita- 
tion. Adverse environmental effects are 
therefore short-lived. 

The estimated economic viability of mining 
and processing nodules has been well re- 
ported, covering a wide range of scenarios. 
Estimates of the internal rate of return range 
from 3 to 18%, with the more recent studies 
showing lower rates. The high degree of risk 
associated with nodule exploitation probably 
necessitates a rate of return of ca. 30% to war- 
rant investment. The studies also exhibit very 
high sensitivity to variations in commodity 
prices, metal recoveries, and deposit grades. 
From an economic viewpoint only, it is most 
likely that nodules will not be mined and pro- 
cessed in the foreseeable future without signif- 
icant financial incentives in the form of price 
supports, market protection, and tax breaks. 

The considerable uncertainty currently ex- 
isting as to the legal authorization for mining 
beyond the limits of national jurisdiction (that 
1s, outside the EEZ) casts more doubt on the 
feasibility of commercial nodule mining for 
some years to come. The prospects of com- 
mercial exploitation of the extensive deposits 
of cobalt-rich manganese oxide crusts lying 
within the EEZ are better than those for the 
nodules. The technical feasibility of recover- 
ing these crusts has not yet, however, been de- 
veloped and tested. 

. The supply and demand situation, coupled 
to strategic considerations, for the four metals 
of interest will probably be the ultimate deter- 
mining factor for future exploitation. Most 
mining consortia have only considered the re- 
covery of cobalt, nickel, and copper. Recent 
reappraisals of manganese and its perceived 
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value as a strategic metal (particularly in the 
United States) has led to an increasing interest 
in four-metal extraction. A modest increase in 
manganese.usage is predicted in future, di- 
rectly coupled to steel production. The percep- 
tions of the instability of cobalt supply from 
African sources increase the strategic sensitiv- 
ity of this metal. 

Another important use for nodules is as a 
stack gas absorption mechanism. Elimination 
or reduction of sulfur and nitrogen oxides is 
possible by catalytic oxidation by composi- 
tons involving transition metals. Nodules 
possess the high specific surface area and tran- 
sition metal oxide content required for an oxi- 
dation catalyst. This use of nodules also 
provides a primary stage for the recovery of 
the metals of value. The complex metal oxides 
in the nodules are readily reduced to sulfides 
as a contaminated gas stream. is passed 
through the filter pack of ground nodules. 
Well defined processing techniques, as de- 
scribed before, can then be applied to recover 
the four metals of interest. 


47.9 Economic Aspects [59] 


Ninety percent of manganese produced is 
consumed in the steel industry, and the growth 
of the manganese industry is therefore directly 
related to that of the steel industry. Steel pro- 
duction in the Western world dropped sharply 
in the early 1980s and bottomed out in 1982- 
1983. Economic recovery in the Western in- 
dustrialized countries in the late 1980s re- 
sulted in strong growth in the steel sector. 
Between 1986 and 1988 the world production 
of crude steel increased by 9% to 780 x 106 t 
and is likely to continue at this level into 1990, 
when a drop off is expected. Hereafter steel is 
expected to grow at ratio between 196 and 
1.5% per annum however a migration of pro- 
duction capacity from developed to undevel- 
oped countries will occur, China will become 
the world's largest producer of steel in the late 
nineties. As a consequence the demand for fer- 
romanganese alloys has increased consider- 
ably. The increase in demand placed upward 
pressure on the price of ferromanganese and 


Handbook of Extractive Metallurgy 


silicomanganese in 1988 and 1989 and in 
terms of constant 1980 US$ similar price lev- 
els are being achieved to those in the early 
1980s (Figure 47.11). A sharp drop in the 
price of silicomanganese was experienced at 
the end of 1989 due to an excess of Chinese 
material in the market and the low ferrosilicon 
prices (Figure 47.12). 
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Figure 47.11: Price of ferromanganese. 
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Figure 47.12: Price of silicomanganese. 


Alloy prices remained low through the 
early nineties due to a stagnant world econ- 
omy and a reorganization in the European 
steel industry. Recovery of prices began again 
in 1994 due to the rebuilding of the American 
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infrastructure and the collapse of the ex-Soviet 
steel industry. 

In the future demand for alloys will shift to 
high- and medium-carbon ferromanganese 
from silicomanganese as mini mill steel pro- 
ducers increasingly introduce thin slab casting 
processes in their factories. 

Prices of high and medium carbon ferro- 
manganese should therefore remain reason- 
ably firm, showing slight fluctuations as the 
steel goes through stocking and destocking cy- 
cles. 

The increasing demand for high grade al- 
loys has once again highlighted the shortage in 
the production capacity of high grade ores (as 
was the case in 1988-1989) (Figure 47.13). 
Traditional low grade ore producers, namely, 
the CIS, China ad India are now becoming sig- 

-nificant importers of high grade ore. China for 
instance imported 1.2 million tons in 1995. 
Ore prices are expected to flatten out at current 
levels and fluctuate in accordance with world 
electricity and coke prices. 
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Figure 47.13: Manganese ore prices. 


47.10 Compounds 


47.10.1 Introduction  (60] 


Manganese compounds occur in all oxida- 
tion states from 3- to 7+, with 2+, 4+, and 7+ 
being the most important. Most of the species 
in which Mn displays a negative valence state 
are anionic; for example, the ion Mn(COy^ 
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[obtained by vigorous reduction of 
Mn,(CO),4] contains Mn in the 3- state. The 
2— oxidation state can be found in a complex 
of manganese with phthalocyanine, whereas 
manganese in the 1— state is represented by the 
manganese pentacarbonyl ion Mn(CO);. Ions 
representing the various positive valences dis- 
play characteristic colors, as indicated in Table 
47.9. The color of a particular ion in solution 
is not always the same as that of thé corre- 
sponding solid compound. Thus, solid MnO is 
light green, Mn(OH), is white, and Mn,O,, 
Mn;0,, and MnO, are black. Liquid Mn;O; is 
green under reflected light but deep red under 
transmitted light. 


Table 47.9: Ionic species of manganese. 





Ion Valence Color 
Мп” 2+ pink 
Moi" 3+ red 
Mn* 4+ brownish black 
MnO; 5+ blue 
MnO; 6+ green 
MnO; T+ purple 


Given the multitude of valence states for 
manganese compounds, redox reactions are 
of great importance. Under suitable pH condi- 
tions, compounds containing manganese with 
a valence of 3+ or more are effective oxidants. 
Furthermore, tri-, penta-, and hexavalent man- 
ganese compounds tend to undergo dispropor- 
tionation reactions under the influence of H* 
and ОН": i 
2Mn* 2 Mn” + Мп“ 
2Mn* 2 Мп“ + Mn* 
3Mn* — Мп“ + 2Мп? 

: The divalent state is generally regarded as 
the most stable, at least in acid to neutral me- 
dia. Tetravalent manganese is also quite stable 
as MnO, under moderately acid and moder- 
ately alkaline conditions, while the heptava- 
lent state displays maximum stability around 
pH 7. Precipitated manganese(II) hydroxide 
is:oxidized at room temperature by oxygen to 
tri- and tetravalent manganese oxides in the 
presence of traces of alkali, while conversion 
to manganates (i.e., the penta- and hexavalent 
states) requires much higher temperatures and 
high alkali concentrations (> 180 °C for 60- 
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70% KOH). The basicity of the manganese 
oxides decreases (and the acidity increases) 
with increasing valency. Thus, MnO behaves 
as a basic anhydride, MnO, is amphoteric, and 
Мп,О, is an acidic anhydride. Even though 
manganese in its highest valence state (7+) re- 
sembles chlorine (1.е., perchlorate), its general 
reactivity corresponds more closely to that of 
iron. 


47.10.2 Oxides 


47.10.2.1  Manganese(IV) Oxide 


Properties 


Manganese(IV) oxide, MnO,, is deep black 
to dark brown and practically insoluble in wa- 
ter. It is more commonly referred to as manga- 
nese dioxide, occasionally as pyrolusite. 
Pyrolusite (German: Braunstein) is also the 
name of a specific MnO,-containing mineral. 
The purest manganese dioxide—correspond- 
ing rather closely to the formula MnO,—oc- 
curs in the form known as the B-modification. 
The compositions of other natural or synthetic 
manganese dioxides range from MnO}, to 
MnO... with varying contents of lower-valent 
manganese, foreign cations (e.g., K^, Na’, 
Ba”), hydroxyl ions, and water molecules. At 
least six distinct modifications of manganese 
dioxide have been characterized (о, D, ү, ô, =, 
and ramsdellite) [61, 62], which differ accord- 
ing to their degree of crystallization and their 
content of foreign ions. The B-modification 
(as 1n the mineral pyrolusite) is not only the 
least reactive form of MnO, but also the most 
highly crystalline, and it comes the closest to 
having a stoichiometric composition. By con- 
trast, y-MnO, is nearly amorphous and much 
more reactive both chemically and electro- 
chemically. When heated up to 500 °C, man- 
ganese dioxides frequently release water 
and/or undergo phase transitions; above 
500 °C they liberate oxygen. Between 500 and 
600 °C MnO, is converted into Mn4O,, and 
above 890 °C into Mn,O,. Manganese dioxide 
acts as an oxidant toward readily oxidizable 
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materials, its own valency changing from 4+ 
to 3+ or 2+. For example, under acidic condi- 
tions manganese dioxide oxidizes chloride 
ions to chlorine; hydrazine and hydroxy- 
lamine to nitrogen; iron(II) to iron(II); carbon 
monoxide to carbon dioxide; alkylbenzenes to 
aromatic carboxylic acids, ketones, and, in 
some cases, aldehydes; and oxalic acid to car- 
bon dioxide. 

In the presence of strong alkalis and at ele- 
vated temperature, however, manganese diox- 
ide is itself readily oxidized by oxygen to 
manganese(V) and (VI) compounds. Other 
noteworthy properties of the various MnO, 
modifications include their sorptive and ion- 
exchange capabilities and their catalytic and 
electrochemical activities. The latter is of 
great importance to the dry-cell battery indus- 
try, which consumes large amounts of “bat- 
tery-active" MnO, (especially the y- and є- 
modifications) for use as a depolarizer. 


Natural Manganese Dioxide 


Only about 596 of the world production of 
manganese ore (presently totalling about 27 x 
106 t/ay is consumed in nonmetallurgical ap- 
plications. In 1976 (the latest year for which 
data have been published), the following ap- 
proximate tonnages of manganese ore were 
associated with applications other than steel 
making [63, p. 331]: 

For dry cell batteries (battery-active ore plus 


ore consumed in the production of battery- 
grade electrolytic manganese dioxide and 


chemical manganese dioxide) 500 000 t/a 
In brick and ceramic coloring, including in 

glass manufacture 200 000 t/a 
In welding rod manufacture 200 000 t/a 


For the production of Mn chemicals and diverse 
chemical and metallurgical products 450 000 t/a 


Total 1350 000 t/a 

Within limits, these consumption figures 
are probably still applicable, because world 
ore consumption іп 1976 (24 x 106 t/a) was 
only slightly less than that in 1986 (25 x 10$ 
t/a), and about 5% is still consigned to metal- 
lurgical uses. Organic MnO, oxidations are 
generally carried out in the presence of sulfu- 
ric acid, and they lead to manganese sulfate as 
a by-product. Oxidation of aniline by MnO, in 
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the presence of sulfuric acid was once the 
main industrial route to hydroquinone, but 
since the late 1960s this technique has been 
largely replaced by other methods, at least in 
the Western world. For more information on 
the synthetic applications of native manganese 
dioxide [64, pp. 36-37]. 

. Several processes are known for the recov- 
ery of manganese from low-grade MnO,-con- 
taining ores (Mn content < 20%) [65, рр. 727— 
731; 66], but they are currently of little practi- 
cal significance since high-grade manganese 
ores (Mn > 40%) are widely available at mod- 
erate prices. 


Synthetic Manganese Dioxides 


Commercial Forms 


Several types of synthetic manganese diox- 
ide are produced commercially for specific 
end uses. In principle, synthetic manganese di- 
oxide can be prepared either by a strictly 
chemical route (chemical manganese dioxide, 
CMD) or by electrochemical methods (е/ес- 
trolytic manganese dioxide, EMD). e 

Procedures leading to CMD include the ox- 
idation of Mn(ID) salts or lower manganese ox- 
ides, reduction of permanganates, thermal 
decomposition of manganese(II) nitrates, ther- 


mal decomposition/oxidation of manganese | 


carbonate, and disproportionation of Mol 
compounds. 

Manganese dioxides obtained by reduction 
of permanganate are commonly known .as 
manganites. They correspond to the 6-modifi- 
cation of MnO, and should actually be re- 
garded as salt-like combinations of hydrous 
manganese dioxide and cations of base-form- 
ing metals (e.g., K,0-4MnO,). The metal por- 
tion is exchangeable against other cations. 
Such manganites [which are actually alkali 
manganates(IV)] are often obtained as by- 
products from technical permanganate oxida- 
tions, but they may also be synthesized inten- 
tionally by direct reduction of permanganate 
(e.g., with manganese(II) salts). Until the late 
1960s, the manganites were important in the 
manufacture of dry cells because they are 
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highly active depolarizers. Manganites for this 
purpose were produced and sold in Europe un- 
der such trade names as Manganit and Per- 
manox. However, in recent years they have 
been largely displaced by electrolytic manga- 
nese dioxide (EMD) and the other types of 
chemicaly prepared manganese dioxide 
(CMD) described later. 

Also of interest is the hydrated manganite, 
better known as active manganese dioxide, 
used in organic syntheses under nonaqueous, 
neutral conditions. Manganese dioxide of this 
type is generally prepared from MnSO, and 
KMnO, under strictly controlled conditions. 
Numerous methods are available for the prep- 
aration of *active" manganese dioxide. Many 
involve oxidation of а Mr" salt with KMnO,, 
but NaCIO, or О» are also used as oxidants. In 
a typical procedure, a solution of manganese 
sulfate (151 g/2.87 L) is added with stirring to 
a solution of potassium permanganate (105 
g/2 L), and the resulting suspension of hy- 
drous MnO, is stirred at 60 °C for 1 h. After 
filtration and washing, the precipitate is dried 
to a constant weight at 60°C [67, p. 122]. 
These conditions lead to precipitated MnO, in 
the poorly crystallized but very reactive y- 
form. It is a specific oxidant whose uses in- 
clude dehydrogenation (e.g., the preparation 
of unsaturated aldehydes and ketones from un- 
saturated alcohols) and coupling reactions. 

Mention should also be made of the in- 
creasing use of manganese-dioxide-based oxi- 
dation catalysts, particularly for air pollution 
abatement (removal of volatile organics, de- 
struction of Ozone) [68, 69]. 

i Another commercial CMD is a high-purity 
manganese dioxide used in the manufacture of 
high-purity lower manganese oxides as well as 
ferrites (ceramic magnets) and thermistors for 
the electronics industry. This product (99.5% 
MnO,) is obtained by thermal decomposition 
of manganese nitrate: 


i H,O 
Mn(NO,), = MnO,-2NO, 


For a description of the original manganese ni- 
trate process developed by IG Farbenindustne 
(Bitterfeld) in the 1920s, see [70]. A later 
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modification of this process by Chemetals has 
been utilized at a plant in Baltimore since the 
early 1970s [71, 72] (Figure 47.14). 


A concentrated solution of manganese ni- 
trate (made from MnO, ore by reaction with 
NO) is first purified and then thermally de- 
composed at about 140 °C in a well-agitated, 
externally heated reactor. The resulting В- 
manganese dioxide precipitates as a fine, free- 
flowing powder; the nitrogen dioxide coprod- 
uct is recycled to generate new manganese ni- 
trate. Chemetals’ production capacity for 
high-purity manganese dioxide is about 6000 
t/a. 


MnO, ore 


Therma! reactor 
140°C 


MnO, 










MnO, MnC0; 





Ore gangue 
impurities 





High-purity MnO, 


Figure 47.14: Manufacture of high-purity manganese di- 
oxide MnO, (Chemetals process). 


Synthetic Manganese Dioxides for Dry 
Cells 


From a commercial standpoint the most im- 
portant synthetic manganese dioxides are 
those that are electrochemically active and are 
therefore useful as depolarizers in dry-cell bat- 
teries. Electrochemical or battery activity of 
MnO, results from a favorable combination of 
such factors as crystal structure, surface area, 
porosity, and chemical purity. Battery activity 
is not readily predictable, the only reliable 
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way of establishing this property is by an ac- 
tual performance test in a battery. 


One important type is the so-called acti- 
vated manganese ore, actually a semisynthetic 
product. It is made by roasting a high-grade 
oxidic manganese ore containing at least 830% 
MnO, but with low or no battery activity at 
600 °C. The product is then treated with hot 
sulfuric acid. 


D 


6 
2MnO, — Mn0,-!40, 
Mn;0, + H,SO, — MnO, + MnSO, + H,O 


The second reaction is a disproportionation 
of trivalent manganese leading directly to bat- 
tery-active y-MnO,. The coproduct MnSO, 
must be separated by leaching with water. Ac- 
tivated manganese ore is somewhat less effec- 
tive as a depolarizer than EMD or fully 
synthetic CMD (see below), but it is still pro- 
duced in France at a rate of several thousand 
tonnes per year under the names Ergogene and 
Philodyne. 


Chemical Manganese Dioxide (CMD). 
Much more important than activated ores are 
the CMD products manufactured by the 
Sedema Division of Sadacem S.A. in Belgium 
under the trade names Faradiser M (for 
Leclanché and magnesium cells) and Fara- 
diser WSZ (for zinc chloride batteries). The 
chemical compositions of the two products are 
practically identical: ca. 90% MnO, (prima- 
rily the y-modification), 2% water, plus minor 
amounts of lower manganese oxides. Critical 
trace impurities (Co, Ni, Cu, Mo) are kept be- 
low 0.001%. Types M and WSZ differ in such 
physical properties as surface area and density. 
Typical particle sizes are 80% < 44 рт for 
type M and 85% « 44 um for type WSZ. 


The first step in the production process [72, 
73] (Figure 47.15) is the reduction of MnO, 
ore to MnO using heavy fuel oil and a temper- 
ature of ca. 900 °C. The MnO is then treated 
with sulfuric acid to form manganese(II) sul- 
fate. After careful neutralization with MnO to 
precipitate heavy metal impurities, solids are 
removed by thickening. 
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Figure 47.15: Production of chemical manganese dioxide (CMD) according to the Sedema process [72]. 
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Figure 47.16: Production of electrolytic manganese dioxide (EMD) according to the process used by Tekkosha, Greece 


[72]. 
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The solution of MnSO, is then treated with 
ammonium carbonate (by simultaneous addi- 
tion of NH, and СО,) to precipitate manga- 
nese(IT) carbonate, ammonium sulfate being 
generated as a by-product. The MnCO, is sep- 
arated and dry-roasted in the presence of air at 
about 320 °C to form a higher manganese. ox- 
ide with the approximate composition 
MnO, a ; s Complete oxidation to MnO, is 
achieved by treatment with NaClO, in the 
presence of sulfuric acid. 

The key oxidation reactions may be repre- 
sented as 


320 °C 
MnCO, ә Мп0, a + СО, 


н,50, 
MnO; а; + NaCIO, э  MnO, + Cl 


Sedema has recently introduced а process 
improvement in the course of expanding their 
production in which the MnO, is transformed 
directly to Mn(NOj), by reaction with nitric 
oxides. The procedure is similar to the first 
step in the Chemetals synthesis of high-purity 
manganese dioxide. The Mn(NO,), solution 
thus obtained is treated with ammonium сат- 
bonate to give manganese carbonate (pro- 
cessed as before) and ammonium nitrate. The 
latter by-product is more readily marketed as a 
fertilizer than the previously obtained manga- 
nese sulfate [74]. ш Я 


Electrolytic manganese dioxide (EMD) is 
the most important of the synthetic manganese 
dioxides even though it is a relatively new 
commodity. Practically atl the EMD produced 
is used in the manufacture of dry cells and 
electronic materials such as ferrites. ` 

The electrolytic preparation of MnO, was 
discovered during the first half of the 19th 
century, but the outstanding suitability of the 
product as a depolarizer for dry cell batteries 
was not recognized unti] 1918 [75]. Commer- 
cial production started in Japan and the United 
States during the 1930s. By about 1952 the 
Japanese industry had perfected their technol- 
ogy to such an extent that the performance of 
dry cells made with EMD was about two to 
three times that of cells made with native bat- 
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tery ore [76]. Ever since, the Japanese EMD 
industry has maintained its world leadership in 
this field. 

Electrolytic manganese dioxide is a black 
powder and typically contains 91% MnO, 
(mostly the hexagonal e-modification [77]), 
3-5% moisture, up to 1.3% sulfate, « 0.02% 
Fe, and very low residual concentrations (« 
0.00196) of such metals as Pb, Cu, and Co. 
The balance consists largely of lower manga- 
nese oxides: The true density of EMD ranges 
from 4.0 to 4.3 g/cm}, and its tap density from 
2.2 to 2.3 g/cm?. The BET surface area is 40 
50 т?/р [76] with a particle size of < 74 um (< 
200 mesh). 

The outstanding performance of EMD as a 
battery depolarizer (especially in high-perfor- 
mance alkaline cells) is a result of its unique 
solid state properties (which permit free trans- 
port of protons through the lattice) and the vir- 
tual absence of elements that promote the 
corrosion of zinc metal [78]. 

Production of EMD usually starts from 
manganese dioxide ore [72; 79, p. 385; 80, p. 
637; 81] (Figure 47.16), which is first reduced 
to MnO with either coal, heavy fuel oil, hydro- 
gen, or natural gas. The MnO is then leached 
with sulfuric acid to form a manganese sulfate 
solution. Alternatively, if the rhodochrosite 
(manganese carbonate) is the starting material 
(as in Japan), only a leaching step with sulfu- 
ric acid is required. The acidic manganese sul- 
fate solution is then purified by oxidation with 
MnO, and neutralized with lime to a pH of 4— 
6. This treatment precipitates any heavy-metal 
ioris present (Fe, Pb, Ni, Co). Hydrogen sul- 
fide may be added for even more complete pu- 
tification. After filtration and adjustment of 
concentrations to 75—160 g/L MnSO, and 50- 

100 g/L H,SO,, the manganese sulfate solu- 
tion is subjected to electrolysis, which can be 
represented in simplified form by the follow- 
ing reactions: 
Anode: Mn” +2H,O 2 MnO, + 4H" + 2e 
Cathode: 2H*+2e >H, 
Overall: Mn” + 2H,0 2 MnO, + 2H" + H, 


‘The electrolytic cells generally consist of 
open steel troughs equipped with an acid-re- 
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sistant, electrically nonconductive lining (e.g., 
Hypalon, rubber, or ceramic). The anode is 
made from graphite, hard lead, or titanium. 
Anode current density is 70—120 A/m? at a cell 
voltage of 2.2—3.0 V. During the electrolysis, 
which is carried out at 90—98 °C (a paraffin 
layer is used to minimize evaporation), the 
concentration of MnSO, decreases and that of 
H,SO, increases. Current yields range from 
70% in older installations to > 90% in modern 
plants. In practically all commercial pro- 
cesses the EMD is deposited as a solid coating 
on the anode. 


Electrolysis is terminated when the EMD 
deposit is 20—30-mm thick (requiring. 14—20 
d). The product is then mechanically removed 
from the anode, crushed, repeatedly washed 
with hot water, dried, and ground to the de- 
sired particle size (which depends upon the 
grade). The ground product 1s resuspended in 
water, adjusted to pH 6.5—7.0 with alkali, 
dried at 85 °C to a defined residual water con- 
tent, and packaged. 


Much of the recent progress toward eco- 
nomical production of high-quality EMD is 
related to technical advances in electrolytic 
cell (especially electrode) technology. Never- 
theless, many EMD producers still use graph- 
ite and lead anodes (Table 47.10). The main 
disadvantage of graphite anodes lies in their 
relatively short life; lead anodes lead to unde- 
sirable product contamination. The modern 
trend is toward titanium anodes, which are 
mechanically and chemically stable and do not 
cause product contamination. One of the ap- 
parent limitations of titanium anodes is the 
formation of a passivated layer on the elec- 
trode surface at current densities > 80—90 
A/m?, but this problem has been overcome by 
the addition of a mixture of finely ground 
manganese oxides (MnO,, Мп,О,, Мп;0О,) to 
the electrolyte [83]. Cells are now operated at 
current densities 2 150 A/m?, resulting in a 
substantial increase in productivity. 


Economic Aspects. World capacity for CMD 
1s estimated to be ca. 40 000 t/a. This includes 
the Sedema Division of Sadacem in Belgium, 
Chemetals Corporation in the United States, 
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and several plants in the former Soviet Union. 
Actual consumption is about 25 000 t/a [84]. 
Even though CMD has its own established 
niches in the battery industry, it also competes 
increasingly with EMD as a depolarizer in 
high-performance cells. 


Electrochemical manganese dioxide is 
now the most important fastest growing syn- 
thetic manganese product due to the high 
growth rate of the dry-cell battery and elec- 
tronic component markets. World production 
capacity for EMD is approximately 183 000 
t/a (Table 47.10) and growing. The EMD ca- 
pacities in Japan and the United States are 
73 000 and 32 000 t/a, respectively. Addition- 
ally, two Japanese companies operate EMD 
plants in Ireland and Greece, with a combined 
capacity of ca. 25 000 t/a. 


In view of the rapid growth of the EMD 
market in the 1980s (averaging about 1096/2), 
considerable interest has been stimulated in 
establishing new EMD production plants. 
Thus, announcements regarding the construc- 
tion of new facilities were recently made by 
BHP in Australia (15 000 t/a), Metalman in 
Brazil (12 000 t/a), and CIA Minera Autlan in 
Mexico (13 200 t/a). 


According to [85], the 1986 world demand 
for EMD was about 128 000 t/a, and current 
production is said to be 165 000 t/a [84]. Seri- 
ous EMD oversupply and fierce competition 
among producers is already evident, and is ex- 
pected to intensify in the future. 


47.10.2.2 Other Oxides 


Manganese(II) oxide, manganese monoxide, 
MnO, green, p 5.37 g/cm?, mp 1945 ?C, is 
practically insoluble in water and occurs in na- 
ture as manganosite. It dissolves readily in 
most acids. Synthetic manganese monoxide is 
obtained by reduction of manganese dioxide 
ог by thermal decomposition of Mn(II) car- 
bonate under the exclusion of air. Depending 
on particle size (a function of the method of 
preparation), MnO reacts at varying rates with 
atmospheric oxygen even at room tempera- 
ture, thereby forming Mn4O,. 
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Table 47.10: Major producers of electrolytic manganese dioxide (EMD). 


Production ca- Anode material 


Country Producer Location pacity, 103 t/a* [82] 
Japan Toyo Soda . A Hyuga 24 Ti 
Mitsui Mining and Smelting Takehara 24 Ti 
Dai-Ichi Carbon Company Yokohama И 6 C 
Japan Metals and Chemicals Company Takaoka 18 Ti 
Greece Tekkosha Hellas "Thessaloniki 15 C 
Ireland Mitsui Denman Cork 12 Ti 
United States Kerr McGee Henderston, NV 11 E 
Eveready Battery Co. Marietta, OH 7 C 
ESB Materials Company Covington, TN 3 C 
Chemetals, Inc. New Johnsonville, TN 10 Ti 
Spain Cegasa Onate 5 Pb 
Former Soviet Union state Rustavi 5 Pb 
China state 8 C 
India Union Carbide Thaha 3 C 
T.K. Chemical Trivandrum 1 C 
Brazil Union Carbide Itapercerica 4 С 
South Adeica Delta Nelspruit 6 Pb 
Total world capacity 183 


Compiled by Hoechst AG, 1987. 


Manganese monoxide has major signifi- 
cance as an intermediate in the manufacture of 
Mali compounds (especially manganese sul- 
fate and sequential products) from MnO, ores. 
Reducing agents for MnO, in the large-scale 
manufacture of manganese monoxide include 
finely powdered coal, hydrogen, carbon moh- 
oxide, natural gas, and heavy fuel oils. The re- 
action is carried out at 400—800 °C in a rotary 
kiln or shaft furnace. The freshly formed man- 
ganese oxide must be allowed to cool in a re- 
ducing atmosphere in order to ensure room- 
temperature stability with respect to atmo- 
spheric oxygen. 

Manganese monoxide (in contrast to man- 
ganese dioxide) is readily, assimilated by most 
plants. This fact accounts for its widespread 
use as a fertilizer for manganese-deficient 
soils. : 


The consumption of manganese monoxide 
in the United States for fertilizer applications 
(alone or in combination with MnSO,) is 
about 20 000 t/a. A similar amount is used as 
an animal feed additive. Fertilizer/feed grade 
manganese monoxide (containing 77% MnO) 
is made by direct reduction of manganese ore. 

High-purity manganese monoxide (ob- 
tained, for example, by reduction of 99.5% 
MnO.) is used in the production of specialty 


ceramics and glasses for electronic applica- 
tions, in ferrites and thermistors, and for mak- 
ing welding rod fluxes and high-purity 
manganese chemicals. 


Manganese(IIT) oxide, Mn,O0,, decomp. > 
900 °C, p 4.89 g/cm?, exists in a- (rhombic or 
cubic) and y- (tetragonal) modifications. The 
hydrate Мп,О;:Н,О occurs as the mineral 
manganite and forms steel-gray, shiny, rhom- 
bic crystals. Manganese(IIT) oxide is made in- 
dustrialy from manganese dioxide by 
calcination at 600-800 °C, or by thermal de- 
composition and controlled air oxidation of 
manganese carbonate. Primary uses are the 
preparation of such electronic materials as ce- 
ramic magnets and semiconductors. It is a 
small-volume product, a few hundred tonnes 
are consumed annually. 


Manganese(II, IH) oxide, MnjO, mp 
1562 ?C, occurs naturally as hausmannite and 
crystallizes tetragonally (p 4.84 g/cm?). It may 
be obtained from the other manganese oxides 
by heating above 950 °C in the presence of air. 
According to a recently issued patent [86], 
high-purity Mn,O, can also be made from an 
aqueous suspension of finely divided manga- 
nese metal by air oxidation at 30-100 °C in 
the presence of ammonium salts. The com- 
pound forms black crystals, but finely dis- 
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persed it appears as a red powder. Highly 
purified Mn,O, is used in the manufacture of 
semiconductors and ceramic magnets. World 
production is estimated at ca. 2000 t/a. 


Other Manganese Oxides. Oxides with 
penta-, hexa-, or heptavalent manganese have 
no industrial significance. Indeed, the hypo- 
thetical oxides Mn,O, and MnO, have never 
been prepared. The anhydride of permanganic 
acid, Mn,O,, forms readily from KMnO, and 
concentrated sulfuric acid. It is an unstable, 
highly explosive, green-black liquid. 


47.10.3 Manganese(II) Salts 


Manganese acetate, Mn(CH,COO),-4H,0, p 
1.589 g/cm?, forms pink crystals that are solu- 
ble in water, methanol, and ethanol. The com- 
pound dehydrates between 80 °C and 130 °C, 
and decomposes at 350 °С to Mn,O,. It is 
made industrially from acetic acid and either 
manganese carbonate, manganese(IT) oxide, 
or electrolytic manganese metal. Its main use 
is as a catalyst (either alone or in combination 
with cobalt) in the liquid-phase air oxidation 
of hydrocarbons to carboxylic acids. 


Manganese borate, MnB,0,-8H,O, is a 
white to pale reddish-white solid. It is insolu- 
ble in water and ethanol, but soluble in dilute 
acids. The compound is precipitated from 
aqueous solutions of manganese chloride and 
sodium borate, and is used as a siccative. 


Manganese(II) carbonate, MnCO, light 
pink, decomp. > 200 °С, р 3.125 g/cm’, oc- 
curs naturally as rhodochrosite. It is sparingly 
soluble in water (solubility product at 25 °C: 
8.8 x 107!) but readily soluble in acids. It is 
produced commercially from manganese sul- 
fate by precipitation with alkali-metal carbon- 
ates or hydrogen carbonates. If the presence of 
alkali-metal ions must be avoided in the prod- 
uct (as in the manufacture of ferrites), ammo- 
nium hydrogen carbonate may be used as the 
precipitating agent. According to a German 
patent [87], the use of ferromanganese as a 
starting material results in manganese carbon- 
ate of especially high purity. The precipitated 
MnCO, is filtered, washed, and dried at 110- 
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120 °C. Heating above 200 °C causes decom- 
position to MnO and СО,. 


Manganese carbonate is used in the synthe- 
sis of other manganese(II) salts (by reaction 
with the corresponding acids) and also in the 
production of battery active, chemical manga- 
nese dioxide (CMD). Manganese carbonate is 
also important in the preparation of high-qual- 
ity manganese zinc ferrites for the television 
and computer industries (63, p. 180]. World 


‘production of MnCO, is estimated to be about 


9000—10 000 t/a. 


Manganese(IT) chloride, MnCL, p 2.977 
в/ст?, mp 690 °C, bp 1190 °C, is readily solu- 
ble in water and exists in the anhydrous form 
and as di-, tetra-, and hexahydrates. Unless 
precautions are taken (see below), thermal de- 
hydration of the hydrates to the anhydrous 
form may result in some hydrolytic decompo- 
sition, with formation of gaseous HCl and 
manganese oxychloride. 

Industrial preparation of manganese chlo- 
ride is based either on the reaction of aqueous 
hydrochloric acid with MnO, ore, MnO, 
MnCO, (rhodochrosite), or on direct chlorina- 
tion of manganese metal or ferromanganese. 
The process currently employed in Bitterfeld 
(Germany) starts from manganese ore 
(MnO,). Chlorine gas is generated 


MnO, + 4НСІ > MnCl, + Cl, + 29,0 


and is absorbed in a suspension of hydrated 
lime [65, p. 739]. An alternative process used 
by Chemetals avoids the formation of chlorine 
by prereduction of the MnO, to MnO. 


The MnCl, solution thus obtained is puri- 
fied by neutralization with MnCO,, causing 
iron and aluminum impurities to precipitate. 
After filtration and evaporation, the tetrahy- 
drate crystallizes from the cooled solution in 
plate-like crystals. This material, which is it- 
self a commercial product, requires very care- 
ful drying because it melts at 58 °C in its own 
water of crystallization. Dehydration requires 
a temperature above 200 °C. Fusion in. the 
oven is avoided by addition of previously de- 
hydrated product. The drying process may be 
carried out in the presence of excess dry HCl 
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gas if anhydrous manganese chloride free of 
oxychlorides is required. 

Uses of manganese(II) chloride include 
dry cell manufacture, preparation of hard and 
corrosion-resistant magnesium alloys, synthe- 
sis of methylcyclopentadienylmanganese tri- 
carbonyl brick coloring [63, p. 182]. 


Manganese(II) nitrate, Mn(NO;),, decomp. 
> 140 °C, exists in the anhydrous form and as 
mono-, tri-, tetra-, and hexahydrates. The 
commercial product is the tetrahydrate, which 
is readily soluble in water. Manganese nitrate 
is prepared by nitric acid treatment of manga- 
nese carbonate or MnO, or by reaction of 
MnO, with nitric oxides. The compound is an 
important intermediate in the production of 
high-purity manganese oxides and is also used 
in the preparation of colorants for the ceramics 
industry. 


Manganese(II) Phosphates. The most impor- 
tant manganese phosphate is the water-soluble 
Mn(H,PO 5, 2H40, which is prepared Бу dis- 
solving manganese carbonate, manganese(IT) 
oxide, or manganese metal in phosphoric acid. 
This phosphate finds wide application in tHe 
phosphatizing of ferrous metals and is also 
used as a light stabilizer for polyamide fibers. 


Manganese(II) sulfate, MnSO4, p 3.25 
g/cm?, mp 700 °C, bp 850 °С (decomp.), is al- 
most pure white in the anhydrous state; the 
corresponding mono-, tetra-, penta-, and hep- 
tahydrates are pink. Manganese(IT) sulfate is 
readily soluble in water, but has a strongly 
negative solubility coefficient at temperatures 
7 24?C. The solids content of a manganese 
sulfate solution saturated at 24 °C is 39.3%; at 
100 °C the solids content drops to 26.2%. 

The customary commercial product (tech- 
nical grade) is the monohydrate, containing 
99% Мп50,:Н,О. Manganese sulfate is pro- 
duced either directly by reaction of manga- 
nese(II) oxide (or manganese carbonate) with 
sulfuric acid or as a by-product from organic 


‘oxidations with manganese dioxide. 


Until recently the manufacture of hydro- 
quinone (by oxidation of aniline with MnO, 


and H,SO,) was a major source of fertilizer- 
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grade manganese sulfate, containing 78% 
MnsO, [88], but modern hydroquinone pro- 
cesses are based on either diisopropylben- 
zene/O, or phenol and H,O.. 


Before 1977 Tennessee Eastman, a major 
U.S. hydroquinone producer, operated with a 
by-product manganese sulfate capacity of 
about 35 000 t/a. Eastman’s manufacturing 
technology has since been changed, and man- 
ganese sulfate is no longer produced. Other or- 
ganic oxidations are still carried out with 
MnO, as the oxidant (e.g., the manufacture of 
4-tert-butylbenzaldehyde and  p-anisalde- 
hyde), but the output of manganese sulfate 
from these processes is no more than a few 
thousand tonnes per year, so the majority of 
U.S. manganese sulfate is now derived di- 
rectly from MnO or MnCO,. 


Manganese sulfate is commercially one of 
the most important manganese products. It is 
the starting material for electrolytic manga- 
nese metal,.electrolytic manganese dioxide, 
fungicides such as Maneb, and other manga- 
nese compounds including manganese car- 
bonate, manganese soaps  (naphthenate, 
linolate, and resinate, all used as siccatives), 
and certain inorganic pigments. Manganese 
sulfate is also used in textile printing and glass 
making. Very significant in terms of volume is 
the use of manganese sulfate as a fertilizer for 
manganese-deficient soils, for example, in the 
vegetable- and citrus-growing areas of Flor- 
ida. It is also valuable as a micronutrient addi- 
tive for animal feeds [63, p. 187]. 


World production of commercial manga- 
nése sulfate is estimated to be about 120 000— 
130 000 t/a. Production in the United States is 
ca. 8000 t/a, with a demand of approximately 
14 000-14 500 t/a. The deficit is covered by 
imports from Europe and China. 


Major producers of manganese sulfate in- 
clude: Eagle Picher (USA), production capac- 
ity! 6000 t/a; Sulfamex (Mexico) 21 000 t/a 
(start-up delayed), and Sedema (Belgium) 
22 000 t/a. For more economic information on 
manganese sulfate, see [89]. — 
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47.10.4 Higher Oxidation-State 
Manganates 


47.10.4.1 Potassium 
Manganates(V) and (VI) 


Potassium manganate(V), K,MnO,, p 2.78 
g/cm?, decomp. > 1000°C, occurs as fine 
blue-green to turquoise crystals. In the pres- 
ence of water it is readily hydrolyzed, dispro- 
portionating to K,MnO,, KMnO,, and MnO.. 
Solutions of K4MnO, in 40% potassium hy- 
droxide have limited stability even below 
—10 °С; however, in the presence of 75% 
KOH and under nitrogen, potassium mangan- 
ate(V) is stable up to 240 °C. Pure potassium 
manganate(V) can be heated to over 900 *C 
without decomposition. It is an important in- 
termediate in the production of potassium per- 
manganate. 


Potassium manganate(VD, K MnO, р 
2.703 g/cm?, decomp. 640—680 °C, exists in 
the pure state as brilliantly green, rhombic 
crystals. Upon aging, the color changes to 
black-green due to the formation of a surface 
film of KMnO,. The compound is less prone 
to decomposition than K,MnO,; the deep 
green solutions in 15-20% potassium hydrox- 
ide (for solubilities in KOH see [90]) are quite 
stable even at 50—60 °C. In more dilute solu- 
tions, and especially in the presence of acid, 
К.МпО, disproportionates to KMnO, and 
MnO,. Pure potassium manganate(VI) is sta- 
ble up to ca. 600 ?C; at higher temperatures it 
loses oxygen to form K4MnO, and Mn;O,. By 
far the largest part of the K,MnO, produced 
industrially is converted to potassium perman- 
ganate; smaller quantities are used in the sur- 
face treatment of magnesium metal [91] and 
as a chemical oxidant [64, p. 175]. | 


47.10.4.2 Potassium 
Permanganate 


The best known of the manganates, potas- 
sium manganate(VIT) (potassium permangan- 
ate) was introduced as a commercial product 
1n 1862 [92]. It soon became a very important 
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chemical [93] not only industrially but also in 
the eyes of many generations of academic and 
industrial researchers. The former concerned 
themselves with the chemistry of KMnO, and 
its precursors, while the latter devised new and 
improved methods for its production. Unrav- 
eling the chemistry of the higher valence 
states of manganese (generally referred to as 
manganates) proved to be a major challenge. 
Since 1954 the roles of the various mangan- 
ates [especially manganate(V)] in the indus- 
trial production of KMnO, have been fully 
clarified [94]. For more detailed historical in- 
formation; see [95]. 


Properties 


Potassium  manganate(VIT) KMnO, p 
2.703 g/cm3, decomp. > 200°C, gives dark 
purple to bronze-colored rhombic crystals. Its 
solutions are faint pink to deep violet, depend- 
ing on concentration. The solids content of a 
saturated aqueous solution at 20 °C is ca. 6% 
КМпоО, (11% at 40 °С and 20% at 65 °C). 
Permanganate solutions are most stable in the 
neutral or near-neutral pH region; acidic or al- 
kaline solutions decompose with loss of oxy- 
gen. For solubilities in aqueous KOH see [90]. 
Potassium permanganate is also soluble in 
several organic solvents, including acetone, 
glacial acetic acid, methanol, and sulfolane 
(tetrahydrothiophene-1,1-dioxide). Such solu- 
tions usually have limited stability because the 
permanganate ion slowly attacks the solvent. 


When dry potassium permanganate is 
heated to 200—300 °C, an exothermic, autocat- 
alytic decomposition takes place with the evo- 
lution of oxygen. Contact with combustibles, 
especially water-soluble organic substances 
(such as polyhydroxy compounds), can lead to 
spontaneous ignition and potentially violent 
combustion. 


The usefulness of permanganate as an oxi- 
dant is a result of several unique properties. 
One is the compound's ability to function as 
an oxidant at all pHs. Also interesting is the 
fact that permanganate oxidations can be car- 
ried out in both aqueous and several nonaque- 
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ous solvents. Phase-transfer catalysis greatly 
extends the range of usable solvents [96]. 
^ Permanganate oxidizes a wide variety of 
inorganic and organic compounds It is often 
regarded as the oxidant of choice for olefins 
and aromatic side chains even though it can 
also interact with other functional groups [64, 
pp. 183-288; 97]. Permanganate oxidations 
can be used not only for specific modification 
of organic molecules but also to destroy such 
materials as in pollution abatement applica- 
tions. 

In moderately alkaline, neutral, or slightly 
acidic media, KMnO, donates active oxygen 
according to the following equation: 


2Mn0; + H,O 2 20H" + 2MnO, + 3[O] 


Only under substantially more acidic condi- 
tions, and with particular substrates, does per- 
manganate oxidation follow an alternative 
course: 


2MnO; + 5H,O  6H* — 2Mn* + 8H,0 + 5[O] 


Production ([6, рр. 741 762] 


Most permanganate is made from MnO,- 
containing ore by fusion followed by electro- 
lysis. However, all-electrolytic methods also 
exist. One such method, practiced in the So- 
viet Union since the late 1950s, involves direct 
single-step anodic oxidation of ferromanga- 
nese to permanganate [98]: 


2Mn + 20H" + 6H,O — 2MnO; + 7H, 
This process is not generally considered eco- 
nomical because of high energy consumption 


(about 15 kWh/kg), the high cost of preparing 
cast ferromanganese anodes, and the cost of 


cooling the electrolyte to the required operat- . 


ing temperature 20 °C). 

In another patented all-electrolytic process 
[99] a 10-25% suspension of precipitated 
manganese dioxide in aqueous KOH is elec- 
trolyzed at 2 60 °C: 


MnO, + KOH + H,O 2 KMnO, +7/,H, 


It is not clear whether this process is, or has 
been, used commercially. 
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Fusion Processes [100] 


The industrial preparation of potassium 
permanganate and its precursors (K4MnO, and 
K,MnO,) begins with a finely ground MnO, 
ore which is subjected to alkaline oxidative fu- 
sion: 


2MnO, + 6KOH + WO, + 2K,MnO, + ЗН,О (29) 
2K,MnO, + H,O + 1,0, = 2K,MnO,+2KOH ` (30) 
MnO, + 2KOH +7/,0, 2 К,МпО, + H,O (31) 


In a separate step, potassium mangan- 
ate(VI) is subsequently converted to potas- 
sium. permanganate, usually by anodic 
oxidation. 

Several continuous or batch-type fusion 
processes are in current use, but they may be 
categorized in two groups: 


e Roasting processes that employ a МпО,: 
KOH molar ratio of 1:2 to 1:3 (the reaction 
mixture is a solid). 


e Liquid-phase processes with a MnO,:KOH 
molar ratio 2 1:5. 


Roasting processes usually involve two steps, 
with reactions (29) and (30) carried out se- 
quentially. In the primary step, finely ground 
manganese dioxide is mixed with 50% KOH 
(frequently in a highly dispersed form) and 
treated with air or oxygen at 300—400 °C. The 
KOH/MnO, reaction mixture is usually intro- 
duced as a fine spray into internally or exter- 
nally heated rotary kilns (Figure 47.17). 
Stationary spray drier-like reactors are also in 
use. Most of the water quickly evaporates, and 
the highly concentrated KOH reacts within a 
few minutes with MnO, and oxygen to form 
K4,MnO, (Equation 29). The dry, blue-green 
reaction product is ground to increase its sur- 
face area and then subjected to secondary oxi- 
dation (Equation 30), in which it 1s exposed to 
a moisture-laden air or oxygen stream at 190— 
210 °C. Several hours are required to effect 
nearly complete conversion to the black- 
green K;MnO,. 
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Figure 47.17: Rotary kiln with internal heating for the 
production of potassium manganate(VT). 


New 
KOH MnO, оге 





Separation 
of K,Mn0, 






Electrolyte 
preparation 
Electrolysis 

Mother liquor í 


Crystallization 
filtrate \ - 














Üre gangue 
Precipitated 
salts 









KMnO, 


Figure 47.18: Production of potassium permanganate: 
liquid-phase oxidation process (overall flow schematic). 


Rotary kilns are commonly employed for 
this step, but other types of solid gas contactor 


Handbook of Extractive Metallurgy 


(e.g., specially designed “plate” reactors) are 
also utilized. The removal of hard crusts that 
form on the inner walls of the reactor can 
cause substantial downtime. 


Liquid-Phase Processes. In liquid-phase pro- 


cesses (Figure 47.18) finely ground MnO, ore 
is added to an excess of concentrated, molten 
potassium hydroxide (70-90%) at 200- 
350 °C. The reaction mixture is agitated vigor- 
ously and a stream of finely dispersed air or 
oxygen is passed through the molten mass. 
The MnO, is converted to K,MnO, in a single 
step (Equation 31), although such an oxidation 
can also be effected in two stages [101—103]. 
Potassium manganate(VI) crystallizes from 
the melt, from which it must then be separated 
by suitable means (e.g., thickening, decanta- 
tion, filtration, and centrifugation) [104, p. 
870]. 


Anodic Oxidation of Manganate(VI) 


Oxidation of the manganate(VI) to perman- 
ganate is always accomplished by electrolysis: 


K,MnO, + H,O > КМаО, + KOH + WÉI, (32) 


Crude manganate from the fusion process is 
first leached in dilute potassium hydroxide 
(90—250 g KOH per liter, depending upon the 
nature of the subsequent electrolysis). The re- 
sulting leach solution is usually filtered to sep- 
arate insolubles, originating from the gangue 
portion of the ore (Figure 47.18). 

Effective control of key parameters is deci- 
sive for the overall success of the electrolysis, 
including the concentrations of K,MnO,, 
KMnO,, and KOH, as well as the temperature 
(usually ca. 60 °C). 


Cell Design. Typical electrolysis cells employ 
voltages of 2.3—3.8 V and anodic current den- 


sities of 50-1500 A/m?. Current yield depends 


on cell design and mode of operation, and 
ranges from 40-90%. Nickel or Monel Metal 
are the preferred materials for the anode, 
whereas iron is usually the metal of choice for 
the cathode. 

Cells may be either monopolar or bipolar, 
rectangular or circular, and may be designed 
for either flow-through or batch operation. 
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Figure 47.19: Electrolytic cell used in the Bitterfeld (Ger- 
many) process for the production of potassium permanga- 
nate. A) Vertical section;.B) Cross section. a) Anode; b) 
Cathode; c) Rubber-lined cell trough; d) Agitator; e) Bot- 
tom discharge valve; f) Agitator shaft; g) Spiral agitator. 
Cells used by the Chemiekombinat Bitter- 
leld in Germany [65, p. 749] (Figure 47.19), 
for example, have a volume of about 4 mi. are 
circular in shape, and are equipped with a 
built-in mechanical agitator. The electrode 
system is monopolar. These batch-operated 
cells use unfiltered electrolyte; the resulting 
KMnO, is allowed to crystallize within the 
cells and is drawn off periodically through a 
bottom valve. The crude product must be re- 
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crystallized to separate it from residual ore 
gangue. 

In the cell developed by the Carus Chemi- 
cal Company, numerous bipolar electrodes are 
combined in an arrangement resembling a fil- 
ter press to form a closed, diaphragm-less, 
flow-through electrolyzer (Figure 47.20) 
[105—107]. The anodic side of each cell sheet 
consists of Monel Metal screens while the ef- 
fective cathode area consists of a multitude of 
small steel protrusions. The rest of the cathode 
is covered with a corrosion-resistant insulat- 
ing material. A lower surface area for the cath- 
ode than for the anode maximizes the anodic 
oxidation of MnO?" and minimizes undesir- 
able cathodic reduction of both manganate and 
permanganate. The resulting potassium per- 
manganate is crystallized outside the carus 
cell in a continuous crystallizer system. ` 


Crystallization. Crystallization of potassium 
permanganate is effected either directly in a 
specially designed electrolytic cell or in sepa- 
rate crystallizers. Modem installations use sin- 
gle- or. multistage vacuum  crystallizers, 
which produce a crystalline product directly 
from the mother liquor in such purity that only 
centrifugation and drying are required before 
the KMnO, is packaged and sold (Figure 
47.21). | 


Removal of Impurities and Recycling. 
When the crnde manganate is leached with di- 
lute KOH a solid residue remains. This is 
composed of the insoluble portion of the ore 
gangue (e.g., iron oxide hydrates, precipitated 
aluminum silicate), unreacted MnO, ore, and 
some precipitated MnO, (from disproportion- 
ation of K,MnO,). These insoluble constitu- 
ents are removed by the use of thickeners, 
vacuum filters, or filter presses. The Bitterfeld 
process operates with unfiltered electrolyte, 
but here the electrolyzers have been specially 
designed to cope with suspended matter. 

Ла order to recycle potassium hydroxide 
generated in the electrolysis step (Equation 
32), the spent mother liquor is first concen- 
trated by evaporation to a relative density of 
ca. 1.575—1.585. This “recovered” caustic pot- 


_ ash is then recycled to the front end of the pro- 
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cess and added to either the roaster or the 
liquid-phase oxidizer. Alternatively, after re- 
moval of dissolved impurities, the recovered 
KOH can be treated with carbon dioxide to 
produce potassium carbonate. This method 
has the drawback that there is a limited market 
for the substantial quantities of potassium car- 
bonate coproduct. 


Dissolved impurities (in particular silicate 
and aluminate from the gangue portion of the 
ore) must be removed from the process liquors 
in order to avoid formation of rock-like depos- 
its on pipeline and equipment walls. Equally 
undesirable is the buildup of carbonate in the 
process liquors due to reaction of atmospheric 
CO, with KOH. Excessive carbonate concen- 
trations in the recycle system reduce the rate 
of conversion of ore into manganates and can 
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also cause low current efficiencies in the-elec- 
trolytic cell. 


All three major impurities (Si, Al, and car- 
bonate) can be removed together with such 
minor impurities as Cu, Pb, Ni, and Co by 
treatment with calcium hydroxide [108]. Ef- 
fective causticization of the potassium carbon- 
ate occurs according to 


K,CO, + Ca(OH), = 2KOH + CaCO, 


and requires that the potassium hydroxide 
concentration be kept < 80 g/L. The process 
used by Nippon Chemical Industrial Company 
[109] entails addition of Ca(OH), as early as 
the roasting step to prevent formation of solu- 
ble carbonate and the solubilization of other 
impurities. i 











Figure 47.20: Carus Chemical electrolytic cell for the production of potassium permanganate from potassium mangan- 


ate(VI) [106]. A) Schematic overview of the cell bank; b) Side elevation ofan individual cell section; C) Cross section of 


the anode side of a bipolar electrode; D) Cross section of the cathode side of a bipolar electrode. a) Individual bipolar 
electrode; b) Anode (wire screen of Monel Metal); c) Base steel sheet; d) Steel cathode with perpendicular projections; e) 
Insulating plastic; f) Insulating spacer; g) Cutout for flow dividers; h) Cathode projections embedded in plastic; i) Flow 


dividers. 
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Figure 47.21: Production of potassium permanganate: continuous electrolyzing-crystallizing system: a) Leach tank; b) 
Pump; c) Filter; d) Electrolysis cell; e) Gas separator; f) Crystallizer; g) Vacuum evaporator; h) Centrifuge; i) Evaporator. 


Waste Disposal. The treatment and disposal 
of solid wastes from permanganate production 
is an ecological as well as an economic prob- 
lem. The waste product contains not only un- 
reacted ore but also some- precipitated MnO,. 
The main constituents are derived from the in- 
soluble portion of the ore gangue (Fe, Si, Al 
compounds) but these are accompanied by 
significant quantities of, potassium and cal- 
cium salts. One permanganate producer has 
proposed recovering most of the adsorbed and 
chemically-bound potassium by treatment 
with calcium hydroxide. After washing, the 
treated waste could then be deposited in land- 
fills [110]. The patent literature describes a 
number of potential uses for the waste from 
permanganate production, including . extrac- 
tion of residual manganese, or use of the waste 
as an absorbent for air pollutants [111], as a 
micronutrient additive for fertilizers [112], or 
in building materials [113]. 


Production Plants 


This section gives a brief review of produc- 
tion plants for potassium permanganate in 
eight countries. Most of the reported produc- 
tion capacities are estimates. 


Germany. The VEB Chemiekombinat Bitter- 
feld was built in 1920 and modemized re- 
cently (capacity 5000 t/a) [114]. Potassium 
manganate is produced by a two-stage roast- 
ing process. Electrolytic oxidation and crystal- 
lization of the resulting potassium 
permanganate occur in cylindrical, monopo- 
lar, batch-type cells. 


India. Permanganate production began in In- 
dia: after World War II. Only one plant re- 
mains, that of Curti Chemicals (Goa) built in 
1970 with a capacity of less than 1000 t/a. It 
uses a roasting step followed by electrolytic 


oxidation. 


Spain. The Spanish permanganate plant in 
Trubia was established in 1940 and modern- 
ized in 1977. The plant is operated by As- 
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turquímica and capacity is 4000 t/a. A 
modified spray drier is used as the reactor in 
the first roasting step and a "plate" reactor for 
the second roasting step [115]. Electrolytic ox- 
idation and vacuum crystallization occur con- 
tinuously. 


Japan. Nippon Chemical constructed a new, 
continuously operating plant in Aichi Prefec- 
tur in 1971 (capacity ca. 3000 t/a). An im- 
proved roasting process is employed tor 
making the manganate intermediate, whereby 
the MnO,-KOH reaction mixture containing 
hydrated lime is dewatered in a separate step 
before it is introduced into the two-stage 
roaster system [109]. The electrolysis cells are 
arranged in cascade fashion and overflow 
from the final stage is passed to a vacuum 
crystallizer. 


Former Soviet Union. The former Soviet 
Union operates three plants, built in the late 
1950s and early 1960s. The plant in Rustavi 
has a capacity of 500 t/a and employs single- 
step anodic oxidation of ferromanganese (104, 
p. 875]. The second plant, in Saki, has a capac- 
ity of about 2500 t/a and uses technology sim- 
ilar to that of the Bitterfeld plant in Germany. 
The third plant is also in Saki and has a capac- 
ity of about 3000 t/a. It uses discontinuous liq- 
uid-phase oxidation in the manganate step 
[104, p. 870], followed by batch electrolysis 
and crystallization. 


Former Czechoslovakia. The Czech plant 


(Spolek pro Chimickou a Hutni Vyrobu n.p., 


Usti n.L.) was built in the 19th century. It uses 
a two-stage roasting process with rotary hearth 
furnaces for the manganate step. Conversion 
of each batch of MnO, to E An, requires ca. 
48 h. The monopolar. continuously operating 
electrolytic cells contain asbestos diaphragms 
and electrodes. Plant capacity in 1981 was 
stated to be 2000 t/a [116]. 


China. China, with ten state-owned plants, 
has become a major factor 1n the world per- 
manganate market, especially as an exporter. 
Estimates of production capacity range from 
7000-15 000 t/a. The largest most modern ini- 
stallation (with production of ca. 3000 t/a), es- 
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tablished in 1954 in Guangzhou, Canton, 
presumably uses a liquid-phase oxidation pro- 
cess in the manganate step. The other 
(smaller) plants are said to employ roasting 
methods. 


United States. The Carus Chemical Company 
of La Salle, Illinois, has been a producer of po- 
tassium permanganate since 1915. New pro- 
duction technology was developed and 
installed during the late 1950s and early 1960s 
when patented processes included liquid- 
phase oxidation in the manganate step [101— 
103] and closed bipolar cells with continuous 
crystallization in the permanganate step [105— 
107]. Numerous improvements have since 
been introduced, and the current process is 
fully continuous, highly automated, and in full 
compliance with environmental regulations. 
Production capacity 15 ca. 15 000 t/a. 


Commercial Grades, Packaging, and 
Transportation 


Potassium permanganate is offered in sev- 
eral standard grades, including technical, tech- 
nical free-flowing, U.S.P, and reagent. 
Guaranteed assays for the various products 
range from 97% KMnO, for the free-flowing 
grade (which contains an anticaking additive) 
to 98% for the technical grade and 99% for 
both U.S.P. and reagent grades (typical assays 
are usually approximately 0.596 above the 
guaranteed levels) In addition to assay re- 
quirements, reagent grade and U.S.P. grade 
potassium permanganate conform to specifi- 
cations set forth in the U.S.P. [117] and the 7th 
Edition of Reagent Chemicals [118], respec- 
tively. Additional specialty grades are also 
available. Material intended for drinking wa- 
ter treatment must conform, for example, to 
NSF Standard 60 [119] in the United States 
and to DIN 19619 [120] in Germany. Packag- 
ing is in steel drums or, for large users, bulk 
containers, bulk cars, and trucks. 


The following transportation regulations 
are applicable: IMDG code D 5187, class 5; 
RID/ADR class 5.1, number 9c; UN no. 1490; 
CFR 49:172.101 oxidizing material. 














Manganese 


Uses 


The United States is the leading consumer 
(followed by Western Europe and Japan) of 
permanganate intended for environmental ap- 
plications, such as drinking water treatment 
(removal of tastes, odors, iron, and manganese 
[121]; control of trihalomethanes [122]. 
wastewater treatment (destruction of hydro- 
gen sulfide [123] and other toxic and/or corro- 
sive compounds, including phenols [124] and 
plating. wastes [125]; and air purification 
(degradation of malodorous or toxic constitu- 
ents in industrial off-gases) [126]. 


In other parts of the world (particularly 
Eastern Europe and India), the principal use of 
potassium permanganate is in chemical pro- 
cessing, especially the manufacture of syn- 
thetic organics (e.g., saccharine, 
chloroamphenicol, ascorbic acid, isonicotinic 
acid, pyrazinoic acid) Even in the Western 
world, chemical processing applications are 
significant. Thus, numerous intermediates for 
pharmaceuticals and pesticides are made via 
permanganate oxidation, as are many fine or- 
ganics, including flavoring. Significant ton- 
nages are also consumed for the oxidative 
destruction or precipitation of undesirable im- 
purities, often ones that impart unwanted col- 
ors or odors. KMnO, is used in, the 


purification of such chemicals as methanol, . 


ethanol, acetic acid, caprolactam, adiponi- 
trile, plasticizers, carbon dioxide for dry ice 
manufacture, zinc chloride, and hydrofluoric 
acid. In recent years, KMnO, has played a ma- 
jor role in the bleaching of indigo and other 
dyes for cotton twill fashion garments. This 
involves processes known as “frosting”, “ic- 
ing", or “acid washing". Permanganate is also 
used for bleaching beeswax, natural sponges, 
jute fibers, and certain clays. 


Other important uses include surface treat- 
ment of carbon steels and stainless steels (de- 
scaling and desmutting, especially in wire 
manufacture), etching of rubber and plastics, 
and decontamination of nuclear reactors. Fish 
farmers utilize KMnO, to prevent oxygen de- 
pletion and to control fish parasites. 


‘ 
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Economic Aspects 


Even though potassium permanganate is 
not a large-volume chemical it is industrially 
very important. Especially in the manufacture 
of specific organic intermediates KMnO, is an 
indispensable oxidant. 

World production capacity for potassium 
permanganate is estimated to. be 43 000- 
51 000 t/a, although actual demand is less than 
30 000t/a. Most of the idle capacity is to be 
found in countries with free market econo- 
mies: the United States, Western Europe, and 
Japan. Two- of the three West European per- 
manganate plants have been shut down since 
1975: Rhóne Poulenc's installation in France 
and the Boots Company plant in the United 
Kingdom. 

Much of the permanganate output from 
countries with controlled economies enters 
Western markets at very low prices as a result 
of extremely low labor costs and virtually no 
environmental overhead. Government-im- 
posed antidumping duties provide some relief, 
but not enough to ensuré competition on a 
comparable-cost basis between the imported 
and domestic product. | 


47.10.4.3 Sodium Permanganate 


Many permanganates other than KMnO, 
are known [103, pp. 859-860], but only so- 
dium permanganate is currently of industrial 
significance. NaMnO,-H,O, р 1.972 g/cm’, 
mp 36.0 °C, can be made in several ways, in- 
cluding anodic oxidation of ferromanganese 
ш Na,CO, solution [65, р. 759], via aluminum 
permanganate [127], or from KMnO, by the 
liexafluorosilicate method [128]. The price of 
sodium permanganate is about 3 to 8 times 
that of KMnO, This is mainly due to the fact 
thát NaMnO, cannot be made in the same way 
as.KMnO,, because the oxidation of MnO, in 
a NaOH melt does not lead to the required 
Na,MnoO, (with hexavalent Mn) but only to 
Na MnO, with pentavalent Mn. The latter is 
very unstable in dilute NaOH solution (and 
therefore cannot be converted electrolytically 
to the desired NaMnO,). Even if electrolytic 
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oxidation were possible, there would still be 
the difficult problem of isolating the ex- 
tremely soluble NaMnO, from the alkaline 
mother liquor. 


Sodium permanganate is readily soluble in 
water (900 g/L at ambient temperature) and is 
preferred for applications requiring high con- 
centrations of the MnO; ion. Thus, NaMnO,is 
used in the etching of plastic parts such as 
printed circuit boards [129], as well as in some 
special organic oxidation reactions, particu- 
larly if the presence of potassium ions is unde- 
sirable. 


47.10.5 Miscellaneous 
Compounds 


Мапғапеѕе(Ш) fluoride, Mont, р 3.54 
g/cm’, is a red crystalline material, thermally 
stable to 600 ?C, that is obtained by reacting 
Mn(II) halides with elemental fluorine at 
200 °C. It decomposes in water and is used as 
a fluorinating agent for organic compounds. 

Manganese hypophosphite, Mn(H,PO,),- 
HO. is soluble in water, forms pink, odorless 
crystals, and decomposes spontaneously upon 
heating to flammable phosphine. It is prepared 
from calcium hypophosphite and manganese 
sulfate. The compound is used as a stabilizer 
to improve the heat and light resistance of cer- 
tain man-made fibers and as a food additive 
and dietary supplement. 


Manganese(IIl) acetylacetonate, Мп 
(С;Н;0,)з, тр 172 °C, is a brown to black 
crystalline solid that 1s insoluble in water but 
soluble in organic solvents. In the dry state it is 
relatively stable. It is synthesized by reacting 
manganese(IIT) sulfate, acetylacetone, and 
ammonia in an aqueous medium, and is used 
industrially as a catalyst for organic reactions 
(e.g., in the polymerization of 2-hydroxyethyl 
methacrylate to a soluble polymer [130]). 

Manganese ethylenebis(dithiocarbamate), 
Maneb, (CH;NHCS),Mn, is a yellow powder. 
It is prepared by the addition of an aqueous so- 
lution of ethylene diamine and ammonia to 
carbon disulfide, followed by neutralization 
with acetic acid and precipitation with MnSO, 
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or МпС1„. The compound is an important fun- 
gicide. 

Methylcyclopentadienylmanganese tricar- 
bonyl (MMT), p 1.39 g/cm?, bp 233 °C, is a 
yellow liquid that is insoluble in water but sol- 
uble in organic solvents. Several synthetic 
routes exist for this compound. For example, 
manganese(II) chloride may be allowed to re- 
act with cyclopentadienylmagnesium  bro- 
mide, C.H,MgBr, to form biscyclopenta- 
dienylmanganese, an intermediate that reacts 
with carbon monoxide to give the tricarbony]. 
This is then methylated in the presence of 
Fnedel-Crafts catalysts. The product finds 
limited use as an antiknock additive in motor 
fuels and as a combustion aid in heating oils. 


47.10.6 Occupational Health and 
Environmental Aspects 


Manganese plays an important biochemical 
role in animal and plant life, and is regarded as 
an essential trace element [131]. It is added as 
a fertilizer (in the form of MnO or MnSO,) to 
manganese-deficient soils and is also a con- 
stituent in dietary supplements for animals and 
humans. 

The United States Food and Drug Adminis- 
tration has given GRAS (Generally recog- 
nized as safe) clearance to manganese 
chloride, manganese citrate, manganese glu- 
conate, and manganese sulfate as direct hu- 
man food ingredients [132]. Nevertheless, 
excessive intake and long-term exposure, es- 
pecially to airborne manganese, can lead to 
toxic effects [133—136]. Acute poisoning with 
manganese compounds in humans is very rare, 
but a few cases involving potassium perman- 
ganate are mentioned in the literature, either in 
connection with its attempted use as an aborti- 
cide (abortifacient) or in cases of attempted 
suicide. The human LDLo for KMnO, is re- 
ported to be 143 mg/kg, with a TDLo for 
women of 2400 mgkg !d" [137]. 

Chronic manganese poisoning is of much 
greater concern [138]. Inhalation of manga- 
nese in the form of oxidic dust or as vaporized 
metal over extended periods of time (3 months 
to several years) increases susceptibility of the 
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respiratory organs to infection (manganese 
pneumonia). Manganese can also cause per- 
manent damage to the central nervous system 
(manganism). The hazard of chronic manga- 
nese poisoning affects not only workers in 
manganese mines and manganese ore crush- 
ing/grinding facilities but also those employed 
in various manganese-consuming industries 
(e.g., the production and use of ferro- and sili- 
comanganese in steelmaking, welding with 
manganese-containing welding rods, dry cell 
manufacture, and production of manganese 
chemicals) [139, 140]. The early symptoms of 
manganism are classed as psychological dis- 
turbances: fatigue, loss of appetite, incoordi- 
nation, speech disorders, and psychotic 
behavior. Manganism at this stage is revers- 
ible provided exposure ceases. Continued ex- 
posure causes the disease to enter a second 
stage, in which permanent injury is inflicted 
on the central nervous system. Symptoms in- 
clude severe rigidity of the limbs with jerky 
movements, gait problems, tremors, and ex- 
cessive salivation and perspiration. There is 
some similarity between the symptoms of 
manganism and those of Parkinson's disease. 

In the United States, Germany, Switzer- 
land, and Japan a general ceiling value (MAK) 
has been set for manganese in air at 5 mg/m’. 
The ceiling value for Mn,O, is 1 mg/m? [141]. 
OSHA has recently proposed lowering the 
“Permissible Exposure Limit” to manganese 
at the workplace to-1 mg/m? [142]. On the 
other hand, the United States Environmental 
Protection Agency decided not to designate 
manganese as a hazardous air pollutant under 
the Clean Air Act, mainly because public ex- 
posure to manganese is far below levels asso- 
ciated with serious noncarcinogenic health 
effects, and available data do not indicate that 
manganese is carcinogenic [143]. 

Detailed information about the location of 


major manganese air emission sources in the - 


United States can be found in [144]. At current 
exposure levels, manganese does not consti- 
tute a general environmental risk [141]. The 
limit for manganese in drinking water in the 
United States and most West European coun- 
tries is 0.05 ppm. This low value is based 
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largely on esthetic rather than toxicological 
considerations [145]. 
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48.1 Introduction! 


. Silicon is a gray, metallically lustrous ele- 
ment with atomic number 14 and atomic mass 
28.086. It is sitiates between carbon and ger- 
manium in the periodic table and has three nat- 
ural isotopes: 251 (92.2%), 2951 (4.7%), and 
30Si (3.1%). Corresponding to its position in 
the periodic table, silicon has four valence 
electrons, two of them in the 3s and two in the 
3p levels. It crystallizes in the diamond struc- 
ture like diamond, germanium, and о-йп. Sili- 
con is a nonmetallic, semiconducting element 
with a resistivity of ca. 400 kQcm at room 
temperature in its purest state. Its electrical re- 
sistivity decreases with increasing tempera- 
ture and increasing concentration of 
electrically active elements such as B, Al, Ga, 
In, Tl, P, As, and Sb. By doping silicon with 
boron, for example, its room-temperature re- 
sistivity can be reduced by nine orders of mag- 
nitude to ca. 0.4 mQcm. Except for very thin 
foil, silicon is impermeable to visible light, but 
it is highly permeable to infrared light. The IR 
permeability decreases with decreasing elec- 
trical resistivity. 

After oxygen (50.5 %), silicon is the second 
most abundant element (27.5%) in the lithos- 
phere. It does not occur in elemental form, but 
only in oxides and silicates. 

Modern electronics is almost exclusively 
(> 95 %) based on silicon devices, both in low- 
power and in high-power electronics, a situa- 
tion that will continue for at least the next few 
decades. Because of the eminent and ever in- 
creasing importance of electronics in technol- 
ogy and everyday life, silicon is one of the 
most important technical materials, although 
the quantity required for this application is rel- 
atively small (ca. 10 000 t of electronic-grade 
silicon in 1992). This small quantity results 


1 For Ferrosilicon, see Section 7.3. 
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from the very small dimensions of electronic 
devices (e.g., 0.5 x 4x 4 mm). 

Of secondary importance are the uses of sil- 
icon for metallurgy and chemistry (silicon 
compounds), although they consume the ma- 
jor portion of the silicon produced. 


48.2 History 


"The name silicon derives from the Latin 
word silex (= flint). Even in ancient times, sili- 
con compounds were used for the production 
of glass. The first attempts to obtain elemental 
silicon from silica were made in the 1700s, but 
only in 1810 did BerzeLws succeed in isolat- 
ing silicon from ferrosilicon by reduction with 
carbon and iron at the melting point of iron. In 
1823, he obtained iron-free silicon by reduc- 
ing SiF, with potassium metal. 

In 1854, ЅАІМТЕ-СгАІВЕ DEVILLE obtained 
coarse-grained silicon by fusion electrolysis 
of silicon-containing NaAICI,. Further impor- 
tant developments were achieved by WOHLER 
(1855), WINKLER (1864), Ѕснер (1899), and 
Kümne (1902). Commercial production of fer- 
rosilicon (iron-rich silicon), which had 
proved to be an excellent deoxidant in steel 
production, began in the early 1900s as an off- 
shoot of calcium carbide production. Ferrosili- 
con is produced in the same type of furnace as 
calcium carbide and is a by-product of cal- 
cium carbide production. 


48.3 Properties 


Some physical properties of silicon are as 
follows (values without references are taken 


from [1]): 

Atomic number 14 

A, 28.086 
Lattice constant 0.5431 nm 


(= edge length of the cubic unit cell) 
Interatomic distance in (111) 
direction 0.2352 nm 








Silicon 
Atomic density 5.00х 1022 atoms/cm” 
Density at 300 K : 2.329 g/cm 
ity at melting point 
D'A CH 2.30 g/cm? 
Liquid da 2.51 
increase at transito 
Kee Наша to solid 4 9.156 "E 
Specific heat (300 K) 0.7133 E. K 
Thermal expansion (300 K) 2.6х 10 K : 
Thermal conductivity (300 K) 1.5 Wcm'K^ 
mp 1687 К 
bp 3504 K [2] 
Critical temperature 5193 К 
Critical pressure 145 MPa 
Latent heat of fusion 50.66 kJ/mol 
Heat of evaporation 385 kJ/mol 
Combustion heat, H,(Si/SiO,) 850 kJ/mol 
Bulk modulus (300 K) 97.84 Pa 
Vickers hardness 10.2 GPa 
Mohs hardness 7 
Surface tension at melting point 885 mJ/m? 
Band gap (300 K) 1.126 eV SCH 
Electron mobility 1440 cm? V's” 
Hole mobility 484 cm? V^! s 


As an element of group 14 of the periodic 
table, silicon represents the transition from the 
base metals of groups 1, 2, and 13 to the met- 
alloids and nonmetals of groups 15-17. With 
nonmetals of higher electronegativity, silicon 
forms predominantly nonpolar compounds 
such as Si,N, or SiC, as well as more polar 
compounds such as SiO; and SiF, with oxida- 
tion state 4+. If Si-Si bonds are present, the 
mean oxidation state is lower (e.g. 3+ in 
Sizle). 

Silicon binds oxygen -dissolved or present 
as compounds in metal melts to give SiO, or 
SiO, and it may partially evaporate in the form 
of the volatile SiO. With metals, silicon forms 
alloys, intermetallic compounds, or silicides. 

Bulk silicon is very'resistant to acid, in- 
cluding HF or HNO,, but not to a mixture of 
HF and HNO,. In this mixture, HF first etches 
away the SiO, layer from the silicon surface, 
then HNO, oxidizes silicon again, the new 
SiO, layer is removed by HF, and so on. Sili- 
con reacts violently with even dilute alkaline 
solutions to generate hydrogen. Heating in an 
oxygen-containing atmosphere forms an SiO, 
layer that inhibits further oxidation. Above 
520 K, silicon reacts with НСІ to form SiHCl, 
and SiCl,, and with CH,Cl in the presence of 
copper to give alkylchlorosilanes. At ca. 620 
K, silicon and HBr give SiBr, and SiHBr,. At 


1863 


room temperature, silicon and fluorine pro- 
duce SiF,. 
| 
| 
-500 Sift, + Ма —— Si+ 4NaCl 
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Figure 48.1: Free energy of selected reactions for produc- 
tion of silicon from SiO, and Silicon tetrahalides [5]. 


48.4 Production 


48.4.1 Metallurgical Silicon 


-. Since the turn of the century, silicon has 
been produced almost exclusively by carbo- 
thermal reduction of silicon dioxide: 


SiO, *2C — 51+2С0 AH, = 695K 

- Another way to produce silicon from SiO, 
is aluminothermal reduction: 
3S0,+4Al— 3Si  2ALO, АН =-619 

| Figure 48.1 shows the free energy of reac- 
tion AG, of the two reactions for the range 900 
to 2100 K. Whereas carbothermic reaction of 


SiO, is unattractive below 2000 K, reduction 
with aluminum is strongly exothermic over 
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the entire temperature range. Ín carbothermic 
reaction, the side reactions 





Automatic vertical regulator 

















Figure 48.2: Arc furnace for silicon production [5]: a) In- 
put of quartz and carbon; b) Electrode holder, c) Electric 
contact; d) Carbon electrode; e) Tapping electrode. 


SiO, +С 2 SiO + CO 


and 
SiO, + 3C > SiC 4 2CO 


must be avoided. 

For the carbothermal production of silicon 
and ferrosilicon, electric-arc furnaces (Figure 
48.2) are used. For silicon production, graph- 
ite electrodes are used, whereas for the pro- 
duction of ferrosilicon, Sóderberg electrodes 
(steel tubes filled with a mixture of coal pow- 
der, tar, and pitch) are employed. The carboth- 
ermal process yields silicon with a purity of 
ca. 98% (metallurgical-grade silicon, MG- 
Si), for which a typical analysis is 0.5% Fe; 
0.4% Al; 100—400 ppm each of Ca, Cr, Mg, 
Mn, Ni, Ti, and V; and 20—40 ppm each of B, 
Cu, P, and Zr. The usual starting materials are 
chunks of quartzite, coke, as well as charcoal 
and wood chips for good ventilation of the 
charge. To produce 1 t of silicon, 2.9-3.1 t of 
quartz or quartzite, 1.2—1.4 t of coke (gas coke 
and petroleum coke), and 1.7—2.5 t of charcoal 
and wood are required. The consumption of 
electrode graphite is 120—140 kg/t Si, which 
must be added to the amount of reducing 
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agent, and of electrical energy is 12.5 14 
мы Si. The purity of the silicon produced 
depends primarily on the purity of these mate- 
rials and secondarily on the purity of the 
graphite electrodes and the furnace lining. 

The purity of silicon can be increased by 
using purer starting materials, by improving 
the furnace construction, and by optimizing 
the production process. Dow Corning [3, 4] 
has introduced an improved arc furnace, the 
so-called direct arc reactor (DAR), which 
yields purer silicon. With adequately pure 
starting and furnace materials and with opti- 
mized operation, the DAR process gives sili- 
con with a purity of 99.99%. Residual 
impurities are Al, Fe (50-100 ppm each), and 
other metals, as well as B and P (« 10 ppm 
each). 

Another method of producing silicon starts 
with silicon tetrafluoride, which is a by-prod- 
uct of the production of superphosphate fertil- 
izer from phosphate rock. The ore contains 
CaE, which is converted to HF when treated 
with H,SO,; HF then reacts with SiO, to form 
SiF,, with an estimated 75 000 t/a being re- 
covered in the United States as fluosilicic acid, 
Н,51Е,. Sodium fluoride is added to the 
H,SiF, to form sodium fluosilicate: 


H,SiF iq) + 2NaF yy — NajSiFg,; + ZE 


After filtration and drying, Na,SiF, is de- 
composed at 920 K: 


fas oe 
Na,SiFg.) > SiFajg) + 2NaF 9 


Then, SiF, is purified by passing it over 
iron at 1070 K to remove air and SO,, and by 
subsequent fractional distillation. Silicon tet- 
rafluoride can be reduced readily to silicon by 
reaction with sodium: 


SiF „+ 4Мар, > Sigon + 4NAE,) 


The exothermic character of this reaction 
provides sufficient heat to maintain the pro- 
cess at 770 К. To separate silicon from NaF, 
the Si-NaF mixture is melted to form two im- 
miscible phases for which liquid-liquid ex- 
traction (migration of impurities from silicon 
to NaF) provides additional purification. This 
reduction process is known as the SRI (Stan- 
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ford Research Institute International) process 
[6, 7]. Because the reduction reaction yields 
four times as much NaF as silicon, low-cost 
silicon is attainable only if the by-product can 
be sold. 

An alternative way to transform H,SiF ¢(a9) 
into elemental silicon is used by Ethyl Corpo- 


ration [8]: 


А — 
H,SiFgug) 2 SIF, + 2HF 
SiF 449) + NaAIH4u = Sai t NaAlF 4) (1) 


Also, KAIH, or a mixture of NaAIH, and 
KAIH, can be used. NaAIF, is used in alumi- 
num production, and SiH, is decomposed at 
ca. 1000 K to generate elemental silicon: 


SiHygy — Sig + 29 (2) 


` About 150 other reactions yield elemental sili- 


con, but most of them are not used in indus- 
trial production. 

Ferrosilicon production, ca. 2 х 106 t in 
1992, constitutes the major part of industrial 
silicon production. Ferrosilicon is used in 
steelmaking, mainly as a deoxidizer, but also 
as an alloying element (e.g., for the production 
of transformer sheet metal). 

World production of metallurgical-grade 
silicon in 1991 was ca. 650 000 t, with a mar- 
ket price of ca. $1.5/kg. About 60% was used 
as an alloying element for nonferrous metals, 
particularly aluminum alloys; ca. 37% for the 
production of silicon compounds; and ca. 3% 
for electronic applications (electronic de- 
vices, solar cells, sensors, micromechanics). 
The main producer countries for MG silicon 
are Norway, the United States, France, Can- 
ada, the Republic of South Africa, the CIS, It- 
aly, Spain, and Yugoslavia. 


48.4.2 Semiconductor Silicon 


48.4.2.1 Purification 


For applications in electronics, photovolta- 
ics, sensors, and micromechanics, metallurgi- 
cal-grade silicon must be refined to a much 
higher purity. Purity requirements for the fab- 
rication of high-efficiency solar cells, for ex- 


і 
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ample, are nearly as high as those for 
advanced semiconductor devices. 


At present, the main refining steps are the 
adsorption and distillation of a silicon com- 
pound. For this purpose, silicon is first con- 
verted into a compound such as SiHCl,, SC, 
SiH,Cl,, or SiH,. After purification, the sili- 
con compound is transformed back into ele- 
mental, high-purity silicon by chemical vapor 
deposition (CVD). Alternative refining meth- 
ods [5] have not been used in industrial pro- 
duction up to the present. 


The starting material for the production of 
semiconductor-grade silicon (SG-Si) is about 
90% carbothermal silicon and about 10% sili- 
con produced by the Ethyl process [8]. 


Carbothermal silicon, milled to a sand or 
powder, is fed into a fluidized-bed reactor 
where it is fluidized by a stream of hydrogen 
chloride flowing through small orifices in the 
bottom of the reactor (Figure 48.3). The reac- 
tor is held at ca. 650 °C and the exothermic re- 
action yields predominantly trichlorosilane 
and hydrogen, 


Si+3HCl = SCH + H, (3) 
as well as silicon tetrachloride: 
Si + 4HCI = SiCl, + 2H, 


In addition to SiHCI, and 51СІ,, other chlo- 
rosilanes and compounds of the impurities 
with chlorine or hydrogen are formed. After 
removal of silicon powder, impure trichlorosi- 
lane is condensed and stored in an intermedi- 
ate tank, and subsequently purified by 
adsorption and distillation (Figure 48.3). Be- 
cause of its favorable boiling point of 305 K, 
trichlorosilane can be purified effectively by 
fractional distillation. To improve the removal 
of boron and phosphorus, ће two most impor- 
tant electrically active elements in silicon, bo- 
гоп(Ш) and phosphorus(HI) chloride are 
transformed into less volatile compounds be- 
fóre distillation by use of complexing agents. 
In this way, the production of trichlorosilane 
with boron and phosphorus contents of < 1 
ppba (parts per billion atomic) is possible. 
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SiHCl; 


Figure 48.3: Flow chart of the preparation and refining of trichlorosilane: a) Fluidized-bed reactor; b) Dust filter; c) Con- 
denser; d) Tanks; e) Distillation of low-boiling impurities; f) Distillation of high boilers; g) Tanks; h) Storage tanks. 


From the point of view of chemical process 
engineering, trichlorosilane is easiest to han- 
dle and most economical. About 90% of the 
electronic-grade silicon is purified by distilla- 
tion of trichlorosilane, and the rest by distilla- 
tion of silane, SiH,. The distillation of SiH, is 
applied only after the Ethyl process (Equation 
1). Silane is much more dangerous to handle 
than trichlorosilane. 


48.4.2.2 Chemical Vapor 
Deposition 


All semiconductor-grade silicon is pro- 
duced by converting silicon compounds to ele- 
mental silicon by chemical vapor deposition 
(CVD). For ca. 75% of worldwide CVD pro- 
duction, trichlorosilane is used as the silicon 
compound (e.g., by Wacker, Hemlock, 
Tokuyama Soda, Kyundo, OTC, MEMC); for 
ca. 25%, silane (ASiMI, Ethyl), partly pro- 
duced from trichlorosilane, is used. 

The method of converting trichlorosilane 
into high-purity silicon was first developed by 
Siemens & Halske in 1952 and patented in 


1956 [9]. It employs the reverse of Equation 
(3), which is strongly endothermic and there- 
fore requires a high reaction temperature (ca. 
1400 K). This reaction also yields much tetra- 
chlorosilane as by-product: 


451НСІ, + 2H, = 3Si+SiCl,+8HC] AH =964 kJ 


The by-product SiCl, is partly converted 
back to trichlorosilane in the reactions 


SiC], +H, = SiHCI, + HCl 
Si+3SiCl, + 2H, = 4SiHCI, 


The remaining SiC], is used for the produc- 
tion of highly dispersed SiO, (e.g., HDK from 
Wacker) and synthetic silica glass and glass fi- 
bers, and for silicon epitaxy in the production 
of electronic devices. 

To avoid the deposition of silicon on un- 
wanted and contaminating surfaces, the CVD 
arrangement shown schematically in Figure 
48.4 is used. In a bell-jar reactor, three silicon 
slim-rods (ca. 8 mm in diameter, semiconduc- 
tor grade, float zone pulled in a specially de- 
signed apparatus) are mounted in the form of 
an inverted U and are resistance heated electri- 
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cally to ca. 1400 K, while the bell jar is kept 
cold. In this way, the heat required for the re- 
action is available only on the surface of the 
silicon rods; silicon forms there exclusively 
and adheres to the rods. Elemental silicon not 
adhering to the rods is transformed back to a 
gaseous silicon compound at lower tempera- 
ture (e.g., Equation 3) in the reactive atmo- 
sphere around the rods. 

In the CVD process, the concentration of 
impurities is again reduced [10], in the case of 
boron and phosphorus by a factor of up to 
1000. The trichlorosilane CVD process yields 
silicon with « 0.02 ppba boron and « 0.01 
ppba phosphorus, so that further refining of 
the CVD silicon by zone melting for elec- 
tronic applications is no longer necessary in 
most cases, in contrast to the situation at the 
beginning of semiconductor-grade silicon pro- 
duction. 
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Figure 48.4: Chemical vapor deposition of silicon: a) 
Electrical current; b) Starting silicon slim-rod; c) CVD 
polycrystalline silicon rod (1400 K); d) Reactor (silica, 
metal); e) Saturator. ' 

Silicon single crystals can also be grown by 
CVD if monocrystalline slim-rods are used. 
However, this process is very expensive be- 


i 


1867 


cause of the very low growth rate that must be 
used for single-crystal growth, and it yields 
low-quality single crystals. Therefore, the 
CVD silicon produced today is a fine-grained, 
polycrystalline material used as starting mate- 
rial for the melt growth of single crystals. 

In the CVD process, much energy is lost by 
thermal radiation from the silicon rods. The 
radiant energy is absorbed largely by the cold 
reactor walls. Energy is therefore the primary 
cost factor in this process; thus endeavors are 
made to maximize the deposition rate. Theo- 
retically, the highest growth rate is ca. 2 mm/h; 
however, growth rates used in industry are 
lower ca. 1 mm/h or less. 

The upper limit for the deposition rate is 
determined by the required silicon quality, es- 
pecially in the production of silicon rods for 
float-zone crystal growth, which requires 
long cylindrical silicon feed rods, free of 
cracks and voids, and with a smooth surface, 
as starting material. Too rapid a growth rate 
results in dendritic growth, which gives a 
rough surface, voids, and cracks in the mate- 
rial. Such a feed rod would either crack or emit 
silicon particles on melting during float-zone 
growth. 

Whereas the diameter of the feed rods for 
float-zone growth is determined by the re- 
quirements of the crystal growth process (the 
diameter of the feed rods should be a little 
larger than that of the crystals to be grown), 
CVD silicon rods for the growth of crucible- 
pulled crystals may be of any diameter. There- 
fore, CVD rods for crucible pulling are always 
grown to the largest possible diameter for eco- 
nomic reasons: the CVD yield (kg/Wh) and 
the CVD output (kg/h) increase linearly with 
the radius of the rod at a constant deposition 
rate. However, the maximum diameter of 
CVD rods is ca. 25 cm, since at larger diame- 
ters, the center of the rod begins to melt and 
the rod system breaks down, causing damage 
to the reactor and contamination of the silicon. 
Therefore, the deposition process is stopped at 
a rod diameter known to exhibit no melting. 

, At present, CVD processes run automati- 
cally. Process parameters such as current, tem- 
perature, pressure, gas flow, and concentration 
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are measured continuously and are used by a 
computer to calculate new control parame- 
ters. Rod lengths > 2 m and rod numbers of 8- 
16 per reactor are usual today. 

A different method of producing CVD sili- 
con is used by ASiMI (formerly UCC), which 
transforms ЅІНСІ, into SiH, and performs the 
CVD process with SiH, at ca. 1000 K. The 
CVD reactor and arrangement are similar to 
those used for deposition with SiHCI, (deposi- 
tion on silicon rods, Figure 48.4). The trans- 
formation of trichlorosilane into silane occurs 
according to the following reactions: 


SBCL = 351С1, + 3SiH, CI, 
4SiH,Cl, = 2SiHCI, + 2519,01 
2SiH,Cl = SiH, + SiH,Cl, 
4SiHCI, = 38iCI, + SiH, 


The CVD reaction is the decomposition of si- 
lane: 


SiH, > Si + 2H, (4) 


A very different way of transforming silane 
into elemental silicon is used by Ethyl, United 
States [11], and KRICT, Korea [12], based on 
a Texas Instruments patent [13]. 

A mixture of ca. 20 mol% silane and 80 
mol% hydrogen is fed through a gas-dispers- 
ing frit into the bottom of a reactor; a fine sili- 
con powder is let in through an opening at the 
top of the reactor and fluidized by the upflow- 
ing gas. The silicon powder is heated to ca. 
1000 K, and silane decomposes according to 
Equation (4) into silicon and hydrogen on the 
hot silicon particles. The silicon particles 
grow, and the larger ones fall to the bottom of 
the reactor where they are removed through an 
opening. 

In the Ethyl process, the silicon particles 
are heated from outside the reactor by resis- 
tance heating (Figure 48.5). This leads to 
problems with unwanted deposition of silicon 
on the hot walls of the reactor. 

This problem is overcome in the newer 
KRICT process. Silicon particles are heated 
with microwaves, and the reactor wall remains 
cold if it is made from an appropriate material 
(e.g., silica). 
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Granular CVD silicon has major advan- 
tages over rod-shaped CVD silicon for feed- 
ing, particularly for continuous feeding of the 
melt with silicon during crystal growth, be- 
cause the round silicon granules flow much 
better than the sharp-cornered grains of bro- 
ken CVD silicon rods. Moreover, breaking the 
rods contaminates the silicon severely. 

In 1992, the world production of electronic- 
grade CVD silicon was ca. 10 000 t with a 
market value of ca. $500 x 10° ($50/kg). 






ca. 1000 K Kand 


SiH, +H, 


Figure 48.5: Chemical vapor deposition of granular sili- 
con: a) Silicon powder; b) Powder-feeding device; c) Ex- 
haust; d) Fluidized-bed reactor; e) Heating (resistance or 
microwave); f) Removal of coarse silicon granules; g) 
Container for silicon granules; h) Gas injection. 


48.4.2.3 Single-Crystal Growth 


More than 95% of all electronic devices are 
made from single-crystal silicon. In addition, 
single-crystal silicon is used at present for ca. 
40% of all photovoltaic solar cells and for all 
micromechanical devices. Two crystal growth 
methods are used in industry for the produc- 
tion of silicon single crystals: the Czochralski 
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(CZ) method, which yields about 85% of all 
silicon crystals, and the float-zone (FZ) 
method, which yields 15% of the silicon crys- 
tals. The CZ crystals are used mainly for man- 
ufacturing highly integrated low-power 
devices, typically for microprocessors, 
RAMs, DRAMs, ASICs, etc., whereas the FZ 
crystals are used mainly for making discrete or 
low-integrated high-power devices such as di- 
odes, transistors, and thyristors. 
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Figure 48.6: Czochralski silicon crystal puller: a) Seal; b) 
Seed shaft; c) Optical system; d) Silica crucible; e) Graph- 
ite crucible; f) Graphite heater; g) Thermal insulation; h) 
Crucible shaft; i) Viewing port; j) Separation valve; k) 
Seed crystal; 1) Seed holder; m) Front opening chamber; 
n) Front opening door; o) Valve. 


Czochralski Crystal Growth. The Czochral- 


ski method [14] uses a crucible for crystal 
pulling and is therefore also known as crucible 


pulling (see Figure 48.6; for more detailed in- 
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formation, see [15—17]). A silicon melt is held 
in a crucible and a single-crystal seed of the 
proper orientation is dipped into the melt and 
slowly withdrawn vertically. With suitable 
pulling speed and crystal and crucible rotation 
rate, a single crystal of the desired shape can 
be grown. 

To eliminate dislocations, which always oc- 
cur on immersing the seed crystal, a thin crys- 
tal neck (ca. 3-5 mm in diameter and-several 
centimeters long) must be grown with a 
growth rate of several millimeters per minute. 
Because of the small diameter, the thermal 
strains in the neck are too low and the growth 
rate is too high for propagation of dislocations 
downward into the growing crystal, and the 
crystal neck becomes dislocation free after a 
few centimeters. The same procedure is used 
in float-zone pulling. 

The dislocation-free state is stable, and 
large diameters can be grown despite the high 
cooling strains in large crystals. After neck 
growth, the diameter is increased to the nomi- 
nal crystal diameter and then kept constant by 
adjusting the pulling rate and the heating 
power. Dislocation-free crystal growth can be 
completed by reducing the crystal diameter to 
nearly zero at the end of the crystal. 

Usually, a small residual melt remains in 
the crucible, the amount of which depends on 
quality demands and economic factors. Owing 
to the segregation effect, the majority of the 
impurities remain in the melt since most of 
them have very low segregation coefficients 
(see Table 48.1). 

: The silicon melt reacts with all materials to 
some extent. Only silica can be used as cruci- 
ble material, because the product of its reac- 
tion with the silicon melt, silicon monoxide 
(SiO), evaporates readily from the melt. Thus 
supersaturation of the melt with oxygen or 
SiO is prevented. Supersaturation of oxygen 
in the melt would cause supersaturation of ox- 
ygen in the crystal, oxygen precipitation, and 
the formation of dislocations in the crystal 
near the freezing interface. The growth of a 
dislocation-free crystal would be impossible. 
All other crucible materials either contaminate 
the silicon crystal with impurities (e.g., ALO, 
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or ZrO,) or cause dislocated crystal growth by 
supersaturation (e.g., SiC and Si,N,). 


Both to promote the evaporation and re- 
moval of SiO and to prevent the backflow of 
CO and other reaction and evaporation prod- 
ucts, the furnace is purged with a strong argon 
stream and the pressure is kept low (generally 
10-100 mbar). Table 48.2 gives an overview 
of the basic data for current industrial silicon 
crystal growth. 


About 1.5 g of silica is dissolved per 10006 
of CZ-Si crystal during growth, but < 1% of 
the oxygen in the dissolved silica is found in 
the crystal. This indicates that the evaporation 
rate of SiO is very high and the oxygen con- 
tent of the melt is exchanged every 10 min. 
Accordingly, oxygen transport from the cruci- 
ble to the crystal and thus the oxygen content 
of the crystal can be manipulated over a wide 
range by influencing convective flows in the 
melt and the evaporation of SiO at the melt 
surface. 


Table 48.2: Data for industrial silicon single-crystal growth. 





Property Maximum value* 
Diameter, mm > 300 
Length, mm z 2500 
Weight, kg > 100 
Orientation any 
[B], ст? <3 x102 

,cm^ €3x102 
Kee SC 102 
[Sb], cm? €3 x 105 
[Al], cm? €3 x 10" 
[Ga], cm? <3x 10% 
[In], cm? <3х10" 
[C], cm? <3x108 
N], cm? £3 x105 
[О], cm? €3 x10! 


Crucible material 
Crucible diameter, mm 
Rotation rate, rpm 
Growth rate, mm/min 
Pressure, mbar 

Argon flow, L/h 
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Table 48.1: Equilibrium distribution coefficients К, and 
typical concentrations of impurities in CVD-Si and CZ-Si. 





Impurity concentration, ppba 


Element ko ———— 
CVD-Si CZ-Si 
C 0.07 <200 <200 
N 7x10“ <4 <4 
О са.1 < 100 ca. 15 000 
A 0.8 < 0.02 са. 0.2 
А1 2.8 x10? <0.01 <0.4 
Ga 8x 10? < 0.002? < 0.002? 
In 4x10^ « 0.002? < 0.002? 
P 0.35 < 0.01 са. 0.1 
As 0.30 ca. 0.01 £0.01 
Sb 0.023 ca. 0.0008 са. 0.01 
Li 0.01 < 0.3 <0.1 
Ма ca. 1 x 10? < 0.3% <0.1 
K «0.2 «0.17 
Ti 2.0х10% < 0.5° «0.5? 
Cr 1.1% 107 « 0.02? < 0.004* 
Fe 6.4 x 10 |o «0.5 < 0.01 
Ni ca. 3x 10? ca. 0.4 <0.01 
Co 1.0 x 105 ca. 0.002 < 0.001? 
Cu 8x10* ca. 0.05 <0.01 
Ag ca. 1x 10% 0.01 « 0.0008? 
Au 2.5x10? 0.00001 «0.00001* 
Zn ca. 1 x 10? ca. 0.1 < 0.05? 
Zr <1.5x107 «0.5: < 0.5 


* Concentration below the detection limit listed here. 


Industrial standard production, 1992 


CZ crystals FZ crystals 
< 200 < 150 
< 2000 < 1800 
< 100 <50 


(100), (111), (110), (115) (111), (100), (110), (115) 


1 x 104-1 x 100 
1 x 104-1 x 1018 
5x10!5-8 x 10? 
2x10!—1 x 10? 


5x 1041 x 1077 
1 x 107-5 x 10'8 


1 x 105-3 x 10!6 1x105-3 x 10!5 


<1x10" «1x 104-1 x 108 
1 x10!—1 x 108 1x 105-2 x 10!5 
silica no crucible 
< 600 
< 50 crystal, € 30 crucible < 50 crystal, < 2 feed rod 
<2.5 <45 
5—1000 5x 10^—5000 
400—5000 








"The maximum concentration for dislocation-free growth is generally lower than the maximum solubility in silicon (at ca. 1550 К) duc to 
the effect of retrograde solubility for most of the clements (for most elements, solubility increases up to ca. 1550 К, then decreases contin- 
ually up to the melting point of 1687 K). The maximum growth and rotation rates decrease with increasing crystal and crucible diameters. 
> Concentration in number of impurity atoms per cm’ of silicon; 1 cm? Si contains 5.00 x 107? atoms. 
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Figure 48.7: Removal of a large CZ silicon crystal (diam- 
eter 204 mm, weight 50 kg) that is still hanging from the 
seed crystal. 

Impurities in the dissolved silica are ab- 
sorbed by the silicon melt. However, only a 
small portion of impurities are incorporated 
into the crystal owing to the segregation ef- 
fect, which is very strong for most elements 
(see Table 48.1). For example, from 100 000 
jron atoms in the melt, only one atom is incor- 
porated into the crystal. As a result of this 
strong segregation, the impurity content of the 
CZ-Si crystal is lower than that of the starting 
material for most elements. Jf 

Figure 48.6 shows the basic arrangement of 
a CZ-Si crystal puller, and Figure 48.7 shows 
a photograph of such a crystal puller during re- 
moval of a grown crystal. The best and most 
economical heating method is resistance heat- 
ing with a graphite heating element. The soft 
silica crucible must be supported by a graphite 
crucible. The diameter of the crystal is moni- 
tored by an optical system (e.g., a CCD cam- 
era) and, in most cases, the melt and furnace 
temperatures are measured by pyrometers. 
The crystal and the crucible can be moved and 
rotated very precisely. A valve between the 
front-opening chamber and the furnace allows 
the removal of the crystal while the furnace is 
hot and refilling of the hot crucible (contain- 
ing residual melt) with polycrystalline silicon 
and dopant. The growth control of modem 
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crystal pullers allows completely automatic 
crystal growth. However, with monitoring and 
correction by an operator, the yield of the crys- 
tal grower can be improved. In 1992, the stan- 
dard diameters of commercial CZ-Si crystals 
ranged from 50 to 200 mm, averaging 150 
mm, and CZ-Si crystals 300 mm in diameter 
are being developed. 


Float-Zone Crystal Growth. Figure 48.8 
shows the basic arrangement for large diame- 
ter float-zone silicon crystal growth in a mod- 
ern FZ püller. The FZ-Si method differs from 
the CZ-Si method mainly in the absence of a 
crucible and in the smal] melt volume. The ab- 
sence of a crucible results in a very low oxy- 
gen content and in lower concentrations of 
impurities compared to CZ-Si crystals. The 
small melt volume leads to an axially constant 
boron or phosphorus concentration in contrast 
to CZ-Si (see Figure 48.9). Boron and phos- 
phorus are the only dopants used in industrial 
FZ-Si production. 





Figure 48.8: Float-zone silicon crystal puller: a) Feed rod 
shaft; b) Feed rod holder; c) Feed rod, polycrystalline; d) 
Single crystal; e) Neck; f) Seed; g) Seed holder; h) Seed 
shaft; i) Seal; j) To the vacuum pump; k) Camera; 1) View- 
ing port; m) RF heating coil; n) Valve. 
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The starting material for the growth of an 
FZ-Si single crystal is a polycrystalline silicon 
feed rod clamped to a movable shaft. The feed 
rod can be unmelted CVD silicon or FZ-pre- 
melted silicon (CVD rods that have been float 
zone grown to give cylindrical, bubble- and 
crack-free polycrystalline rods). An induction 
coil melts the feed rod at the bottom, generat- 
ing a large melt drop. A slim seed crystal is 
moved through the narrow opening in the cen- 
ter of the induction coil and brought into con- 
tact with the melt drop. Upon movement of the 
seed crystal downward the melt crystallizes on 
it and the seed crystal grows. 
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Figure 48.9: Relative axial concentration variation C/C, 
in silicon crystals produced from starting material (melt or 
feed rod) in which the impurities are distributed homoge- 
neously. A) CZ crystals (normal freezing); B) FZ crystals 
(final melt zone freezes according to normal freezing); in 
this example, total length of feed rod is 1001, and a con- 
stant cylindrical shape and diameter is assumed for the 
system feed rod—FZ melt-FZ crystal. k = Distribution co- 
efficient. 
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As in CZ-Si pulling, a dislocation-free state 
must be generated by growing a neck prior to 
growth of the large-diameter crystal. After the 
crystal diameter is increased, melt and crystal 
are heated from above by the induction coil, 
not laterally as in the case of small crystal di- 
ameters. The melt lies on top ofthe crystal and 
is held together mainly by its surface tension 
and partly by electromagnetic forces. It is con- 
nected to the feed rod by a slim melt neck 
through which the melt flows from the feed 
rod to the crystal. At the end of the crystal 
growth process, the FZ melt freezes on top of 
the crystal and generates dislocations. The dis- 
locations multiply and propagate into the crys- 
tal over a distance of about one-half the crystal 
diameter. 

The height of the melt at the edge of the 
crystal is only several millimeters and does 
not depend on crystal diameter. Therefore, the 
growth of large crystal diameters is not limited 
by heating problems, as was assumed earlier. 
The FZ-Si crystals can be grown to similar di- 
mensions as CZ-Si crystals. The main prob- 
lem in the growth of large-diameter FZ-Si 
crystals is the high thermal stress. The temper- 
ature gradients are larger in growing FZ-Si 
crystals than in growing CZ-Si crystals of the 
same diameter because FZ-Si rods cool faster. 
The CZ-Si crystals are reheated by thermal ra- 
diation from the melt, the crucible, and the 
heater. For the growth of large diameters, 
cooling of the FZ-Si crystals must be reduced. 

Growing large-diameter crystals requires 
large amounts of energy and thus high RF 
voltages. To prevent sparkover at the induc- 
tion coils, FZ-Si growth is carried out at 
higher gas pressures (> 1 bar). In contrast to 
CZ-S1 growth, no argon flow takes place dur- 
ing FZ-Si growth; the FZ pulling chamber is 
first evacuated to high vacuum and then filled 
with argon to a certain pressure. The doping of 
silicon is currently realized during FZ crystal 
growth by the controlled addition of a doping 
gas (B,H, or РН) to the argon during growth. 

The monitoring and control of crystal di- 
ameter and the degree of automation of FZ-Si 
growth are similar to those of CZ-Si growth. 
Standard commercial production in 1992 (see 
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Table 48.2) had crystal diameters up to 150 
mm (usually ca. 100 mm). Larger diameters 
could be developed if they were in industrial 


demand. 

Float-zone crystals can be pulled with 
higher growth rates than CZ crystals, because 
the solidification energy of FZ crystals is re- 
moved more quickly. With FZ growth the en- 
tire environment of the cooling crystal is cold 
(ca. 300 K, see Figure 48.8), whereas the envi- 
ronment of the CZ crystal is very hot in places 
(melt, crucible, and furnace near 1700 K), and 
the growing CZ crystal receives much energy 
from thermal radiation. 

The maximum growth rate depends 
strongly on the crystal diameter in both FZ and 
CZ growth. With increasing diameter the ratio 
between the heat-emitting surface (predomi- 
nantly the parts of the surface hotter than 1200 
K) and the heat-absorbing and generating 
growth interface becomes smaller, and addi- 
tionally, the diffusion length of the heat in- 
creases owing to increasing distance between 
the crystal axis and the crystal surface. The 
maximum growth rate decreases from about 
10 mm/min at 5-mm crystal diameter to abdut 
1 mm/min at 150-mm crystal diameter for CZ- 
Si growth; the corresponding values for FZ-Si 
growth are 12 mm/min and 2 mm/min. In in- 
dustrial production, the growth rates are lower 
than the maximum growth rates for reasons of 
yield and quality. 


Segregation of Impurities. The axial varia- 
tion of impurity concentration in CZ- and FZ- 
Si crystals due to segregation is shown in Fig- 
ure 48.9. The segregation of impurities, in par- 
ticular of dopants, has important qualitative 
and economical effects. Silicon device manu- 
facturers demand silicon materials with tight 
resistivity tolerances, but CZ-Si crystal rods 
meet these tolerances only in small sections of 
their length. 

In this respect, FZ-Si growth has major 
economic advantages. The resistivity of a bo- 
ron- or phosphorus-doped FZ-Si crystal is 
nearly constant over its entire length. Strong 
variations occur only in the seed cone and in 
the finally freezing melt because of the small 
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FZ melt volume. The height and depth of the 
melt are only a few centimeters (near the crys- 
tal axis) and depend on the crystal diameter 
and the curvature of the concave solid—liquid 
interface. The melt volume in FZ growth is 
much smaller than in CZ growth and remains 
nearly constant during growth of the cylindri- 
cal crystal. 

In CZ growth the silicon charge is melted 
completely at the beginning. The melt volume 
decreases and the dopant concentration in- 
creases continuously during crystal growth. 
This is valid for nonvolatile or moderately 
volatile dopants such as B, P, Al, and Ga. In 
the case of volatile dopants such as As, Sb, or 
In, the enrichment of the melt with dopant can 
be compensated or overcompensated by evap- 
oration of the dopant. In FZ growth the enrich- 
ment of boron or phosphorus is continuously 
compensated by the supply of unenriched sili- 
con. 

Many attempts and developments have 
been made to eliminate the axial resistivity de- 
crease during CZ-Si growth. A partial solution 
of this problem is to consume only a part (e.g., 
one-half) of the melt and then to refill the cru- 
cible by adding polycrystalline silicon chips or 
by immersion and melting of a polycrystalline 
silicon rod. 

Conditions similar to those during FZ 
growth can be realized with small CZ melts 
that are fed quasi-continuously with silicon 
and dopant (Figure 48.10). The crucible is 
held in a fixed position and filled with melt to 
a certain level. A silica baffle is suspended 
from the cover of the furnace and dips several 
centimeters into the melt. The baffle has open- 
ings above the melt level to allow purging 
with argon. Additionally, a conical shield cov- 
ers a large part of the melt surface to prevent 
the backflow and condensation of SiO on the 
feeding tube and baffle and to reduce heat 
losses by radiation. The silica feeding tube 
reaches to a short distance above the melt. Sil- 
icon granules and dopants are fed continu- 
ously through this tube at the same rate melt is 
removed by the growing crystal. 

i The problem with this technique is that fu- 
sion energy for the granules must be supplied 
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during crystal growth, resulting in higher tem- 
perature of the crucible walls and problems 
with corrosion of the silica, with oxygen con- 
tent, and with dislocation-free growth. Addi- 
tional problems result from silicon crystallites 
that “swim” underneath the baffle from out- 
side to the growing crystal where they gener- 
ate dislocations. 

The fusion energy for the silicon need not 
be supplied to the melt from which the crystal 
is grown if the melt is fed with molten silicon. 





Ar +510 +С0 k 


Figure 48.10: Quasi-continuous feeding of a CZ melt 
with silicon granules: a) Radiation shield, graphite; b) 
Crystal; c) Feeding tube, silica; d) Silicon granules; e) 
Baffle, silica; f) Crucible, silica; g) Susceptor, graphite; h) 
Melt; i) Heater, graphite; j) Thermal insulation, carbon; k) 
Crucible shaft, graphite. 

Melt Flows. Constant-volume melts have the 
advantage that their convective flows are con- 
stant over time. On a macroscopic scale they 
Bive a constant oxygen content and a constant 
radial impurity distribution. Small melts have 
the advantage of more controllable convective 
flows because of their weaker thermal convec- 
tion. The thermal convection in the CZ-Si melt 
depends on the Grashof number Gr: 


gadTh? 
p 


G 


у 


where g is the acceleration due to gravity, о. is 
the volume thermal expansion coefficient, dT 
is the temperature difference in the melt, bis 
the height of the melt, and v is the kinematic 
viscosity. 

Owing to the dependence on A? and dT (the 
temperature differences in large melts are 
greater than in small melts), the convective 
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flows in large CZ-Si melts become very turbu- 
lent, unsteady, and nearly uncontrollable. The 
unsteady flows result in large temperature 
fluctuations at the solid—liquid interface and in 
large fluctuations in oxygen transport to the 
crystal. 

Figure 48.11 shows schematically the vari- 
ous convective flows in a CZ-Si melt. In the 
classical “open” growth furnace, thermal con- 
vection is strongest. A thermocapillary con- 
vection—also called Marangoni convection— 
always occurs below the melt surface at the 
edge of the crystal and at the crucible wall. It 
is driven by the differences in surface tension 
due to differences in the melt temperature. The 
effects of thermocapillary convection are not 
well understood. 
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Figure 48.11: Schematic of the convective flows in a CZ 
silicon melt; flows are both temporally and locally inho- 
mogeneous, creating temperature and concentration fluc- 
tuations. a) Mechanically forced convection; b) Thermal 
convection; c) Thermocapillary (Marangoni) convection; 
d) Crystal; e) Diffusion layer; f) Melt; g) Crucible; h) Sus- 
ceptor; i) Heat flow direction. 


Mechanically forced convection is gener- 
ated by rotation of the crystal and crucible. 
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Crystal rotation must be used for two reasons. 
First, without rotation, the crystal would grow 
with a noncylindrical shape and dislocations 
would be generated; second, crystal rotation 
reduces the strong impurity enrichment to- 
ward the center of the crystal caused by ther- 
mocapillary convection and segregation. 

The incorporation of impurities depends 
strongly on the thickness of the diffusion layer 
in the melt at the solid-liquid interface: the 
thicker the diffusion layer, the higher the in- 
corporation of impurities into the crystal. The 
thickness of the diffusion layer is strongly in- 
fluenced by melt flows. 


Impurity Striations. Temperature fluctua- 
tions at the solid-liquid interface lead to un- 
steady growth and backmelting. These result 
in microscopic impurity variations in the crys- 
tal, also called impurity striations. Unsteady 
growth can be reduced by using a high crystal 
rotational velocity because, first, mechani- 
cally forced convection decreases the influ- 
ence of unsteady thermal convection at the 
growth interface, and second, when the crystal 
is moved quickly over the temperature irregu- 
larities, temperature variations in the crystal 
are decreased owing to its thermal response 
time. 

Tn general, the oxygen distribution does not 
correspond to the distribution of other ele- 
ments; this is true on a rhicroscopic scale as 
well. The effective distribution coefficient of 
oxygen is nearly unity and depends only 
slightly on the growth rate. However, the in- 
corporation of oxygen into the growing crystal 
depends strongly on the pattern of convective 
flows in the melt. Therefore, unsteady melt 
flows result in an unsteady supply of oxygen 
and in oxygen striations in the crystal. 


Modifying Melt Flows. Melt flows in a CZ-Si 
melt can be modified in several ways. In most 
cases, this is achieved by altering growth pa- 
rameters such as crystal rotation rate, crucible 
rotation rate, melt dimensions, furnace dimen- 
sions, furnace construction, and so on. 

A more expensive way to influence the 
flows in a silicon melt is by the application of 
magnetic fields, which interact with the free 
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electrons of the silicon melt and retard melt 
flows. 


The easiest way to produce a magnetic field 
in a CZ-Si melt is to wind a magnetic coil 
around the furnace vessel and generate a verti- 
cal magnetic field in the melt. However, 
purely vertical fields were shown to result in 
poor radial impurity distributions. Better re- 
sults were obtained with transverse magnetic 
fields, which damp the melt particularly in the 
vertical direction. This gives a more homoge- 
neous radial impurity distribution of both oxy- 
gen and dopant and a low oxygen content. 
However, the isotherms in the melt are ellipti- 
cally distorted, which causes backmelting at 
each revolution of the crystal and rotational 
striations of oxygen and dopants. Transverse 
magnetic fields up to 4000 G with diameters 
up to 100 cm are applied at present. 
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Figure 48.12: Growth of CZ silicon with two opposing 
vertical (also called cusp or configured) magnetic fields. 

* The third and newest method is the use of 
two opposing magnetic fields (see Figure 
48.12); this is probably the best method of the 
three, but it is not yet fully developed. Two 
magnetic coils surround the furnace vessel and 
generate opposing vertical magnetic fields. 
The coils can be moved vertically to adjust the 
field to the requirements of the melt; this can 
also be done during crystal growth. The coils 
and the field strength are arranged in such a 
way that a strong field is present near the cru- 
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cible wall and a weak or zero field in the melt 
below the crystal. Thereby, melt flows are 
damped near the crucible wall and the trans- 
port of oxygen from the crucible to the crystal 
is reduced, but they are not damped below the 
crystal, where mechanically forced convection 
may result in a homogeneous radial impurity 
distribution. Good radial oxygen and dopant 
distributions and low oxygen contents are pos- 
sible with this method. 


Neutron Transmutation Doping. In the case 
of phosphorus doping, the problem of macro- 
and microscopical resistivity variation in sili- 
con crystals can be overcome by neutron 
transmutation doping (NTD). The isotope 2051, 
which is present in natural silicon at 3.1 
atom 5, can be transformed to ?!P by absorp- 
tion of a thermal neutron and emission of an 
electron: 

Si+ n — ?ISi y 

215125 1р 4 e 

In the nuclear reaction, the *'Si/'P atoms 
are displaced from their lattice sites and travel 
a short distance through the lattice, causing 
lattice defects. Annealing the crystal at ca. 
1100 К restores the silicon lattice, and the ?!P 
atoms return to lattice sites. 

The transformation takes place very homo- 
geneously in silicon, because most of the neu- 
trons pass through the silicon crystal without 
being captured, and each *°Si atom in the crys- 
tal has nearly the same probability of captur- 
ing a neutron as of being transformed into 
phosphorus. Consequently, the ?!P atoms gen- 
erated by transmutation are distributed very 
homogeneously in the crystal. 


48.4.2.4 Wafer Manufacture 


After they are grown, silicon crystals are 
not perfectly cylindrical and do not have the 
precise nominal diameter despite highly auto- 
mated and sophisticated crystal pulling. There 
are always lines of small nodes (at (100) crys- 
tals) or facets (at (111) crystals) on the crystal 
surface parallel to the crystal axis and small 
variations in crystal diameter. Therefore, the 
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crystals are grown slightly larger in diameter 
and then ground precisely to cylinders of the 
stated diameter. To allow crystal-oriented po- 
sitioning of the wafers in subsequent process 
steps, the wafers must have flats or notches at 
special crystallographic sites. For this pur- 
pose, planes or notches with defined crystal 
orientations (e.g., (100), (110), (112)) are 
ground into the cylinders. After grinding, the 
ingots are polish-etched to remove grinding 
damage and to reduce wafer breakage on slic- 
ing. 





Figure 48.13: Inner-diameter (ID) sawing machine for 
slicing silicon: a) Crystal tilting; b) Crystal support and 
vertical feeding; c) Crystal; d) Saw-blade drive unit; e) ID 
saw blade; f) Horizontal crystal feeding. 

Depending on the application of the wafers, 
the ingot is cut perpendicular to the crystal 
axis or with a well-defined misorientation of 
several degrees. These off-axis wafers, after 
polishing, are normally used as substrates for 
epitaxial processes. Slicing is performed with 
inner-diameter saws (see Figure 48.13), the 
saw blade of which is a 0.1-mm-thick high- 
grade steel foil clamped under high tension 
between two steel rings. The steel foil has a 
large circular opening in its center, the edge of 
which is covered with small diamonds at- 
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tached to the foil by a galvanic nickel layer. 
During sawing, the steel foil rotates at ca. 
2000 rpm and consumes 0.3 mm of the ingot 
length (0.3-mm cutting loss). This method 
generates the flattest and most parallel cuts, 
and allows the cutting of silicon wafers down 
to ca. 150-um thickness with little wafer 
breakage. For the manufacture of electronic 
devices, wafers with thicknesses between 150 
and 1000 um are cut. * 


After cutting, the wafers are edge-rounded 
in special machines, which enable the grind- 
ing of different round forms. Edge rounding 
substantially reduces chipping of the edges in 
subsequent process Steps, imparts a higher 
mechanical strength to the wafers, and pre- 
vents the so-called epi-crown (irregular out- 
growth of silicon at the wafer edge) in 
epitaxial deposition processes and the piling 
up of photoresist at the edges. 


Especially for the mask printing tech- 
niques of modern VLSI (very large scale inte- 
grated) device manufacturing, the flatness 
and parallelism of the wafers must be im- 
proved by a lapping step. The silicon wafers 
are lapped between two large counterrotating 
steel disks, whereby the wafers are held and 
led by a lapping carrier. A suspension of an 
abrasive (a powder of silicon carbide, alumi- 
num oxide, or a mixture of oxides with tightly 
specified grain size) is added to the process. 
After lapping, the wafers are etched to remove 
mechanical damage and then polished. 


Figure 48.14 shows a schematic of a polish- 
ing machine for silicon wafers. Nowadays, 
polishing methods basically involve the com- 
bined action of chemical and mechanical 
forces. The polished wafer surface must be 
free of any residual damage, because such 
damage may cause stacking faults during sub- 
sequent oxidation treatments. Another very 
stringent demand on surface quality stems 
from modern photolithographic processing 
techniques. The polished surface must lie 
within the depth-of-focus range of the optical 
Systems used to project a masking pattern on 
the photoresist covering the surface of the wa- 
fer. 
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Figure 48.14: Polishing machine for silicon wafers: a) 
Polishing slurry feeding; b) Polishing pressure control; c) 
Wafer carrier; d) Wafers; e) Polishing plate; f) Drive unit. 

With current technology, 200-mm-diameter 
wafers with both total flatness and total thick- 
ness variation of « 1 иш are obtained. After 
polishing, a careful multistep cleaning process 
follows that yields a wafer free of particles (> 
0.2 um) and residues. 


48.4.25 Epitaxy 


In epitaxy a crystallographically oriented 
film is grown as an extension onto an oriented 
crystal substrate. The growth of an epitaxial 
film or layer may be realized either by chemi- 
cal vapor deposition, by physical vapor depo- 
sition (e.g., molecular beam epitaxy, MBE), or 
by liquid-phase epitaxy (LPE). In industrial 
Silicon epitaxy, chemical vapor deposition is 
employed [18, 19]. With this method, ho- 
inoepitaxial silicon layers with thicknesses of 
0.5-120 um are deposited on perfectly pol- 
ished single-crystal silicon wafers or sub- 
strates. The epitaxial or epi layers extend the 
crystal structure of the substrate exactly and 
differ only in resistivity and dopant. For de- 
vice manufacturing, resistivities of ca. 0.03— 
50 Ост are generated in the layers by doping, 
mainly with boron, phosphorus, and arsenic. 

і Epitaxy is performed both on the whole wa- 
fer surface (after polishing and prior to device 
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manufacturing) and on small areas of struc- 
tured wafers (during device manufacturing). 
In most cases, only one layer is deposited, but 
in some cases two or three additional layers of 
different thickness, resistivity, and dopant are 
deposited. The reasons for using epitaxial lay- 
ers in device technology are numerous and 
various [18, 19]. The use of vapor-phase epit- 
axy in the semiconductor industry began in the 
early 1960s. 

Bpitaxial deposition of silicon is in princi- 
ple the same process as the chemical vapor 
deposition used for the production of high-pu- 
rity polycrystalline silicon. It is carried out at 
about the same temperature (usually ca. 1400 
K) but with a lower growth rate and more pre- 
cise control. Epitaxial deposition is possible 
down to ca. 1100 K. At lower temperature the 
silicon layer becomes polycrystalline or amor- 
phous. The chlorosilanes SiCl,, SiHCl,, and 
SiH,Cl, are used most frequently as silicon 
sources, with hydrogen as a reducing gas. The 
overall simplified reactions are 


SiC, + 2H. = Siy + 4 HCl 
SiHCl, + Hy, = Siy +3 HCl 
SiH,Cly = Si. + 2HCl,, 


By using trichlorosilane, SiHCl,, and hy- 
drogen at 1400 K, an epitaxial silicon layer 
grows at about 5 m/min. Table 48.3 gives 
epitaxial growth rates for various silanes and 
temperatures [19]. 
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Table 48.3: Chemical vapor epitaxial growth of silicon 
films. 





; Temperature Attainable growth 
эпе тапре, К rate, pm/min 
SiC, 1420-1530 0.4—15.0 
SiHCl, 1370-1480 0.4—2.0 
SiH;Cl, 1320-1430 0.4-3.0 
SiH, 1220-1330 0.2-0.3 





Prior to deposition, the native oxide on the 
silicon wafer is removed by baking in hydro- 
gen: 


SiO; + Sii, > 2510. 


After that, a brief hydrogen chloride etch is 
generally applied to remove impurities from 
the wafer surface. During epitaxy, the wafer is 
held by a susceptor made of high-purity 
graphite coated with a layer of silicon carbide. 
The graphite susceptor is also hot during dep- 
osition and therefore is also covered with a sil- 
icon layer after epitaxy. This unwanted silicon 
layer is removed by etching with hydrogen 
chloride. In this way, deposition conditions are 
identical for each wafer. 


To generate electrical doping in the epi 
layer, gases such as BD. PH,, and AsH, are 
added to the chlorosilane hydrogen mixture. 
The doping gases decompose and the doping 
elements are absorbed or dissolved by the 
growing silicon layer. Because of their low 
diffusivity, the dopants diffuse only a short 
distance into the. silicon substrate. Epitaxial 
layers with net charge carrier concentrations 
in the range of 1014—1020 стг? can be ob- 
tained readily. Figures 48.15 and 48.16 show 
schematically some epitaxial reactors. 





Figure 48.15: Three types of epitaxy reactors for silicon wafers: a) Gas inlet; b) Induction coil; c) Silicon wafers; d) Sil- 
ica tube; e) Exhaust; f) Tilt angle; g) Silica belt; h) Inlet nozzle; i) Wafer susceptor; j) Radiant heaters. 
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Figure 48.16: Single-wafer epitaxy reactor for large wa- 
fers (according to ASM): a) Gas injection; b) Gas injector 
flange; с) SiC-coated rotating wafer susceptor; d) SiC- 
coated saturn ring; e) Silica process tube; D Back flange; 
р) Rear access port; h) Exhaust; i) O-ring; j) Silica saturn 
ring support; k) Rotating susceptor support; D Gate valve. 


48.4.2.6 Characterization 


After crystal pulling, the properties of the 
silicon crystals, particularly the CZ-Si crystals 
for megabit devices, must be measured and 
tested in manifold respects. A great and con- 
stantly growing number of measuring and test- 
ing methods are employed on silicon. The 
extent of their application depends on the type 
and use of the respective material. The most 
common measuring and testing methods are 
described briefly below. 


Bulk properties: 


e Macroscopic axial and radial distribution of 
resistivity by two- and four-point probe 
measurements " 


e Microscopic resistivity distribution by 
spreading resistance measurements 


e Oxygen and carbon concentrations by Fou- 
tier transform infrared absorption (FTIR) 
measurements | 


e Oxygen content in samples with high 
dopant concentration by gas fusion analysis 


e Oxygen precipitation behavior in standard- 
ized annealings by FTIR measurements and 
microscopic visual or instrumental determi- 
nation of the precipitate density and distri- 
bution 


e Determination of the content of stacking 
fault nuclei by oxidation tests and micro- 
Scopic analysis 
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e Testing of the gate oxide integrity by a gate 
oxidation and a subsequent electrical mea- 
surement 

e Trap analysis by measuring the minority 
carrier diffusion length [e.g., with the sur- 
face photovoltage method] 

e Concentrations of N, B, Al, Ga, P, As, Sb, 
C-O complexes, thermal donors, etc., by 
low-temperature (ca. 8 K) FITR measure- 
ments 

e Concentration of electrically active impuri- 
ties (e.g., metals) and compounds (e.g., 
FeB) by deep-level transient spectroscopy 

e Concentration of impurities by instrumental 
neutron activation analysis (INAA; detec- 
tion limit = 0.00001—10 ppba depending on 
the element) 

Geometrical and structural wafer proper- 

ties: 

9 Thickness, parallelism, and flatness by di- 
verse mechanical, optical, or electrical mea- 
surements (2 0.1 рт) 

e Chipping off, scratches, spots 

e Number and size of particles > 0.15 um on 
the wafer surface 

e Roughness and haze on the surface by visual 
or instrumental optical inspection 


Purity of the wafer surface: 

determination of diverse elements and com- 

pounds by 

e Inductively coupled plasma mass spectrom- 
etry 

ө: Total reflection X-ray Fourier analysis 

e Inductively coupled plasma Auger electron 

; Spectroscopy 

e Vapor-phase decomposition Auger electron 
spectroscopy 

e Ion chromatography and other methods 


48.4.3 Solar Silicon 


: Detailed information on solar silicon and 
its production is given in [5]. 

, A distinction can be made between solar 
cells for terrestrial applications and solar cells 
for extraterrestrial applications. In the latter 
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case, the efficiency (output per square meter) 
is the most important factor; therefore, the best 
CZ silicon single-crystal qualities are used. 
Float-zone silicon is not used for extraterres- 
trial applications because it degrades too 
strongly on exposure to cosmic radiation, 
eventually reaching a lower efficiency than 
CZ silicon. The CZ silicon is more stable ow- 
ing to its high oxygen content (ca. 15 ppma). 


In the case of terrestrial photovoltaic solar 
cells, the prevailing opinion was initially that 
solar silicon should be as cheap as possible, 
and this led to the development of low-priced 
silicon of low efficiency for solar applications. 
However, the majority of the costs of a solar 
module come not from the silicon wafers but 
from costs that are proportional to the area of 
the module and are difficult to reduce. At 
present, about 30% of the module costs result 
from the silicon wafers, 30% from the manu- 
facturing of the solar cell structures, and 40% 
from module costs (metals, glass, machining, 
etc.). Therefore, recent developments concen- 
trate increasingly on the production of high- 
efficiency silicon of moderate or low price. 
High-efficiency silicon means that the purity 
and crystal quality of the material must be 
similar to those of silicon for electronic appli- 
cations (i.e., monocrystalline and free of dislo- 
cations and microdefects). Consequently, 
solar-grade silicon and electronic-grade sili- 
con will be produced by similar methods in the 
future. 


This trend can already be seen in the devel- 
opment of the solar energy market. The mar- 
ket shares of amorphous silicon and 
nonsilicon solar materials such as CuInSe, and 
CdS are decreasing, while the market shares of 
multicrystalline silicon and, in particular, sin- 
gle-crystal silicon are increasing. 


Table 48.4 shows the situation of the photo- 
voltaic market in 1990 [20—22]. Photovoltaic 
(PV) modules for 48 MW, (p = peak) were 
produced in total. The value of these PV mod- 
ules (ca. $400 x 10°) was about 0.5% of the 
value of the electronic devices made from sili- 
con (ca. $90 x 10°). 
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Table 48.4: Solar silicon market in 1990. 





Typeof Efficiency, Мойше price, Production 

materiali, 2 VW, MW, Share, % 
Mono-Si ca. 15 ca. 4.5 21 44 
Multi-Si ca. 13 ca. 4.5 12 25 
a-Si:H са. 5 са. 4.5 15 30 
Others in development ca. 1 


* The selling prices are coupled to the output of the modules and 
not to the manufacturing cost. 


48.4.3.1 Crystalline Silicon 


At present, the industry uses the same start- 
ing material (high-purity CVD polycrystal- 
line silicon) for the production of crystalline 
solar silicon as is used for the growth of sin- 
gle-crystal silicon for electronic devices. The 
production of CVD polycrystalline silicon is 
described in Sections 48.4.2.1 and 48.4.2.2. In 
1990, ca. 8000 t of CVD polycrystalline sili- 
con was produced, of which ca. 7000 t was 
consumed for the production of electronic de- 
vices, ca. 700 t for the production of solar 
cells, and the rest for other applications. 


Monocrystalline Silicon. For terrestrial solar 
cells, CZ and FZ silicon single crystals of 0.5— 
5 Qcm, mostly p-type and sometimes n-type, 
are used. Float-zone silicon has a market share 
of about 3 % and is used only for manufactur- 
ing very high-efficiency solar cells for light 
concentrators. 


For extraterrestrial applications, CZ crystals 
of higher resistivity (7—13 Осш) are used to 
reduce the degradation of the material by cos- 
mic radiation. The resistivity chosen results 
from the optimization of the internal resistiv- 
ity of the solar cell and the diffusion length of 
the minority charge carriers that are generated 
by photons and form the electrical current in 
the solar cell. Increasing the internal resistiv- 
ity and decreasing the diffusion length reduce 
the efficiency of a solar cell. The diffusion 
length of the minority charge carriers is re- 
duced by “traps” that capture the carriers and 
by too high a dopant concentration. Traps are 
formed by impurities (e.g., transition metals 
such as Fe, Mn, Cr, V, and Ti), by small impu- 
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rity precipitates, and by crystal defects having 
dangling bonds. 

Single-crystal silicon for solar cells is pro- 
duced in the same way as that for electronic 
applications. The cylindrical silicon crystals 
are cut to square ingots and then sawed into 
slices. Square slices give a more complete area 
covering than round slices. | 

At present, the efficiency of PV modules 
made from monocrystalline silicon reaches 
18% in industrial production [23] and 24% in 
laboratory production [24]. 


Multicrystalline silicon is produced by ingot 
or sheet crystallization. 

Ingot Crystallization. Several methods are 
used to produce multicrystalline silicon in- 
gots: 

1. Melting in a crucible and crystallization 
onto a cold plug, which is immersed in the 
melt and then withdrawn 


2. Melting and solidification in the same 
crucible 


3. Melting in a crucible, and casting and so- 
lidification in a mold (Figure 48.17) 


4. Quasi-continuous melting in and pulling 
downward through a so-called cold cruci- 
ble, which is open at the bottom (Figure 
48.18) 


5. Quasi-continuous casting through a cold 
crucible or graphite shaper analogous to 
(4) 

Method (1) is not used for several reasons. 
Method (2) yields a good crystalline structure 
owing to its very slow crystallization but in- 
cludes high crucible costs (crucible is not re- 
usable). Method (3) is the most economical 
{reusable mold) and also yields good crystal 
quality. Methods (2) and (3) both yield square 
ingots, which is a major economic advantage 
(100% area coverage). 
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Figure 48.17: Equipment for semicontinuous production 
of multicrystalline silicon ingots by mold casting: a) Cru- 
cible; b) Piston; c) Heater; d) Mold; e) Heating; f) Cast in- 
got; g) Rotating cooling plate; h) Base plate. 











Figure 48.18: Cold crucible induction casting for multi- 
crystalline silicon ingots: a) Valve; b) Granule feeder; c) 
Silicon granules; d) Cooling water; e) Auxiliary heater; f) 
Ingot puller; g) Ingot; h) Vacuum port; i) Induction coil; j) 
Inert gas inlet. 

` The ingots must be cut into thin slices 
(200-500 um thick) for manufacturing solar 
cells. At present, inner-diameter saws (Figure 
48.13) are generally used. However, multiple- 
wire sawing (Figure 48.19) is gaining in im- 
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portance. Multiple-wire sawing will be the 
slicing technique of the future for solar silicon 
because it results in lower material losses and 
can cut thinner slices. 





Figure 48.19: Multiple-wire slurry slicing technique. A 
single cutting wire is wound onto a delivery spool. The 
wire is arranged in multiple loops around grooved drive 
and idle rollers and fixed to the take-up spool. 

The current efficiencies of multicrystalline 
solar cells reach 15 76. 

The advantage of sheet crystallization is 
that slicing, which causes high machining 
costs and material loss, is unnecessary. For 
economic reasons, sheet crystallization must 
be carried out at a very high growth rate. How- 
ever, with such a growth rate, the segregation 
coefficients of the impurities become unity, 
and the impurities from the bulk and the sur- 
face of the starting polysilicon are incorpo- 
rated completely into the silicon sheet. In 
contrast, at the low growth rates in single- 
crystal pulling or ingot crystallization the im- 
purity concentration of the silicon is reduced 
drastically (e.g., by a factor of 105 for iron). 
Therefore, the starting silicon for sheet growth 
must be of a much higher purity than that for 
crystal or ingot growth. 

A second disadvantage is that the very high 
growth rate leads to poor crystal quality (high 
density of dislocations and grain boundaries). 
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The higher content of both impurities and 
crystal defects results in lower solar cell effi- 
ciency. These two major drawbacks may not 
be overcome in the future. 

Figures 48.20 and 48.21 give examples of 
multicrystalline silicon sheet growth. Many 
other methods exist for producing such mate- 
rials [5, 25]. 





Figure 48.20: Continuous production of silicon ribbons: 
a) Heaters; b) Piston; c) Crucible; d) Heater; e) Die; f) Foil 
carrier; g) Heated cylinder; h) Ramp; i) Cooled cylinder; 
j) Separator. 





Figure 48.21: Edge-defined film-fed growth (EFG) or 
capillary action shaping technique (CAST) for the pro- 
duction of silicon ribbons: a) Silicon ribbon; b) Die; c) 
Crucible; d) Melt. 


48.4.3.2 Amorphous Silicon 


Amorphous silicon is often abbreviated to 
a-Si:H in contrast to c-Si for crystalline sili- 
con. The Н іп a-Si:H stands for hydrogen, 
which is needed to neutralize the detrimental 
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dangling bonds. Most of the a-Si:H is used 
for photovoltaics and is prominent in con- 
sumer and low-power applications. In addition 
to photovoltaics, a-Si:H is employed for elec- 
trophotography, in photodetectors, and in ac- 
cumulation-model field-effect transistors and 
other electronic devices. In particular, it can be 
used in integrated functions. 


The a-Si:H solar cell is a typical thin-film 


‚ device. The film is ca. 1 um thick and is manu- 


factured in large areas in integrated thin-film 
deposition lines (CVD at 470—530 K; see Sec- 
tion 48.4.2.2). The stabilized efficiency of 
modules in the field is ca. 5%. Multijunction 
devices incorporating o-Si:H/a-Si:H tan- 
dems ог a-Si:H/a-Si:H/a-Si,Ge:H triple 
junctions are under development for a stabi- 
lized efficiency of 8 % [22]. 


48.5 Compounds 


A number of inorganic compounds of sili- 
con have gone through a remarkable develop- 
ment in the past years, prompted chiefly by the 
electronics industry and efforts of enviren- 
mental protection. A tremendous growth of 
knowledge in physics and chemistry, as well 
as technical applications, has taken place 


around certain hydrides, halides, and oxides of - 


silicon. Progress in solid state physics, the ma- 
terial sciences, and an increase in unwanted 
by-product formation in the course of produc- 
tion of large-scale silicon compounds have ne- 
cessitated that one look anew at process 
engineering. Energy consideration is of direct 
bearing in this technology since most pro- 
cesses in technical silicon chemistry require 
high temperature. 


Environmental protection and elimination 
of safety hazards during production and han- 
dling of the above silicon. products has been 
the concern of all ever since these compounds 
became large-scale technical products. The 
moisture sensitivity of the halides, the oxygen 
sensitivity of the hydrides, and pyrophoric 
properties of some of the distillation residues 
from reaction steps involving elementary sili- 
con or silicides have caused waste problems 
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and particular emphasis on process safety. 
Greater flexibility of chemical transformation 
within at least partly recycling procedures 
have both decreased waste and enhanced 
safety. Making use of by-products has been 
extended to comprise substances of the system 
C-Si-O Hal, its phases and transformations. 
Alongside product making, by-product forma- 
tion, its investigation, suppression, or transfor- 
mation into useful silicon derivatives has been 
to some degree due to efforts of environment 
protection. 

With respect to use, many new applications 
were found for special inorganic silicon com- 
pounds, optical fibers and solar cells being ex- 
ample for both surface as well as bulk 
properties. 

Surface treatments, not necessarily con- 
fined to protective coatings but including mi- 
gration beneath the surface, are carried out to 
increase hardness, thermal stability, to influ- 
ence cohesion and adhesion, to resist oxida- 
tion, erosion, corrosion, and to enhance 
reflection, etc. Interfaces and multilayer cer- 
mets and plastics need silicon in various bond- 
ing states as intermediates during production 
or permanently in a final product. 


48.5.1 Hydrides 


Silicon hydrides are sensitive to hydrolysis 
and oxidation; volatile higher silanes are spon- 
taneously flammable [26—28]. The first five 
members of the homologous series Si,H,,,, 
are known in the pure state (Table 48.5). 

.. All silanes are decomposed in reactions of 
the type: 


Due SiO, + 2Н,0 
SiH, 
ану ® Si(OH), + 4H, 


The thermal decomposition of monosilane 
takes place as follows: 


; »6007 

SiH, — Si «2H, 

Higher silanes decompose at lower tempera- 
ture. 
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High-purity silicon can be produced in this 
way from pure silanes. Organosilicon com- 
pounds can be obtained by addition of silanes 
to unsaturated organic compounds. 


Table 48.5: Silanes Si, H... 


mp, °C bp, °C qi 
SiH, -185 SIE 0.68 
SL, -130 -14.5 0.69 
SiH, - -117 -53 0.72 
SiH -91 -108 0.79 


48.511 Monosilane 


Monosilane, SiH,, is formed by the hydrol- 
ysis of magnesium silicide (Mg,Si) with 10% 
hydrochloric acid at 50 °C. It is, however, ac- 
companied by higher homologues which must 
be removed by high-vacuum fractionation [29, 
30]. However, if magnesium silicide is hydro- 
lyzed with ammonium chloride in anhydrous 
ammonia under its own vapor pressure at 
room temperature, SiH, is obtained exclu- 
sively [31]. Ammonium bromide has also 
been used [32]. The ammonia is condensed 
out as far as possible, and any remaining 
traces are removed by washing the silane with 
dilute nitric acid. 

Silane can readily be prepared from silicon 
halides and metal hydrides. The most conve- 
nient laboratory method is the reaction of 
SiCl, with lithium aluminum hydride in di- 
ethyl ether [33] or THF [34]. 

SiCl, + LiAIH, — SiH, + LiCl + AICI, 


The hydrogenation can also be performed with 
alkali metal hydride/aluminum alkoxide or al- 
kali metal hydride/boron triethyl in paraffin 
oil [35], or by alkali metal aluminum hy- 
dride/calcium aluminum hydride in other or- 
ganic solvents [36, 37]. 

The alkali or alkaline-earth metal hydrides 
can be formed in situ by passing silicon tetra- 
chloride and hydrogen into an electrolyzed 
melt of the metal halide [38]. 

In a two-step process, in which the rate of 
silane formation is adjusted by means of the 
temperature difference between the two 
stages, silicon halides other than the tetrafluo- 
ride are first reacted with excess alkali metal 
hydride or alkali metal aluminum hydride, fol- 
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lowed by degassing and then contacting the 
solid reaction product with excess silicon ha- 
lide [39]. Monosilane is obtained in low yield 
but with sufficient purity to be used in the 
manufacture of semiconductors with toluene 
as a solvent instead of ethers [40]. 

Benzyltriethylanmonium chloride or other 
quaternary ammonium salts are used as cata- 
lysts in concentrations up to 25 mol%. High 
yields of monosilane are obtained from the re- 
action of silicon halides with a mixture of alu- 
minum products containing dialkyl aluminum 
hydrides, trialkylaluminum, ethylaluminum 
chloride, and aluminum powder in liquid par- 
affin at 40 °C. 

Catalytic disproportionation of chlorosi- 
lane mixtures originating from various 
sources in the silicon industry provides a route 
to monosilane for the manufacture of poly- 
crystalline solar silicon. For a mixture of 
trichloro- and dichlorosilane, copper [41], a 
mixture of silica and alumina at 300 °C [42], 
and quaternary ammonium groups bonded to 
carbon in an ion-exchange resin have been re- 
ported as catalysts for the main reaction 


SiC, 
HSC, SiCl, 
H,SiCl, 
SiH, 


leading to monosilane [43]. 


The catalytic conversion of intermediate 
dichlorosilane can also be accomplished by 
alkyl or aryl nitriles on carbon carriers at 
50 °C [44]. Boron catalysts, however, enhance 
the formation of dichlorosilane in chlorosilane 


mixtures obtained by high-pressure plasma ` 


hydrogenation of tetrachlorosilane [45]: 
SiCI, +H, > HSiCl, + H,SiCl, 


In-process purification is achieved by con- 
tacting part of the monosilane produced with 
the starting mixture of chlorosilanes, which 
contains the impurities as chlorides, chiefly 
those of arsenic, phosphorus, and boron. This 
procedure converts the contaminants into their 
more volatile hydrides, which are removed 
with the off-gas [43]. 





Silicon 


Properties and physical data of monosilane, 

articularly with regard to obtaining high-pu- 

ns silicon by chemical vapor deposition, are 
compiled in [46]. 


48.5.1.2 Disilane 


Increasing amounts of hexachlorodisilane 
are being produced as a by-product of the 
chlorosilane industry. Since it is of no immedi- 
ate use, it is subjected to hydrogenation or dis- 
proportionation to convert it to useful 
derivatives, mainly tetra- or trichlorosilane. 
When the production of amorphous silicon 
from disilane became commercially viable, 
the hydrogenation of hexachlorosilane be- 
came a feasible alternative to disproportion- 
ation. The production of disilane resembles 
that of monosilane, the reducing agents being 
metal hydrides, mainly lithium alurninum hy- 
dride. The use of di-n-butyl ether as a solvent 
is reported to give a smooth reaction at 35 °C 
[47]. Addition of lithium hydride increases the 
yield molar ratios LiH:LiAIH, of 0.8, 2.0, 
12.0, 20.0, and 40.0 resulted in yields of 83, 
88, 90, 89, and 70 %, respectively. Lithium hy- 
dride can be used as the sole reducing agent if 
aluminum bromide or chloride is added to the 
ether solvent [48]. Lithium aluminum hydride 
in refluxing diethyl or diisopropyl ether gave 
disilane in 88 % yield [49].- 7 


48.5.1.3 Purification 


Removal of boron compounds from silanes 
that are to be used for the production of high- 
purity silicon is very important. When SiH, is 
produced from alkali metal hydrides [37], it is 
recommended that water should be added to 
hydrolyze boron hydrides under the alkaline 
reaction conditions. Water vapor is added dur- 
ing distillation for the same reason [50]. Boron 
compounds can be removed from SiH, by ad- 
sorption from the gas phase onto activated car- 
bon or silica carriers loaded with compounds 
that form complexes with boron compounds 
(AICI,, FeCl, С,Н;СМ, NH,CN, PCL) [51]. 

If alkali metal hydrides MH are reacted in 
organic solvents, it is often unnecessary to in- 


i 
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clude a special stage for removing boron com- 
pounds from the silicon compounds, as the 
former react to form boranate complexes un- 
der the following conditions: 


SiCl, + 2BCI, + 10MH — 10MCI + SiH, + В.Н, 
В.Н, +2MH — 2MBH, 


A systematic study has been carried out on 
the liquid—vapor distribution coefficients of 
volatile trace impurities in the hydrides'of bo- 
ron, silicon, phosphorus, arsenic, sulfur, and 
selenium. Experimental and calculated data 
are reported for the temperature range be- 
tween the boiling point and critical tempera- 
ture. Linear regression coefficients for the 
temperature dependence of the impurity distri- 
bution coefficients are included [52]. 


48.5.1.4 Uses 


Direct use of silicon hydrides involves their 
decomposition on surfaces, leading to deposi- 
tion of elemental silicon or silicon com- 
pounds. Polycrystalline films of elemental 
silicon of controllable grain size are deposited 
on glass or silica-coated surfaces by heating 
them to 450—800 °C in an atmosphere consist- 
ing of monosilane and tetrabromo- or tetraio- 
dosilane [53]. Chemical vapor deposition is 
generally followed by annealing and recrystal- 
lization with an energy beam. This is used to 
deposit silicon on insulator surfaces [54]. 
Amorphous silicon photoconducting layers on 
electrophotographic plates are made by using 
a plasma for silane decomposition and silicon 
deposition [55]. Liquid crystal displays, based 
ori thin film transistors, for screens in monitor- 
ing devices, are made from amorphous silicon 
which is produced on alkali-free glass surfaces 
in situ by an electric discharge in an atmo- 
sphere of monosilane at reduced pressure. Re- 
sidüal bonds are saturated by hydrogen atoms 
to avoid diminishing the semiconductor effect 
[5 6]. On the surfaces of transition metals, 
cleaned by sputtering in an argon atmosphere, 
mónosilane and the higher silicon hydrides 
can be thermally decomposed at ca. 300 °C to 
form metal silicides [57]. Exposure to air leads 
to the formation of silicon oxides. 
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48.5.1.5 Safety Measures 


Silicon hydrides are combustible; the lower 
members are spontaneously flammable. Par- 
ticular attention has been given to the system 
monosilane-oxygen and its explosibility [58]. 
Oxygen-rich mixtures (> 70% О,) give water 
and silicon dioxide as combustion products. 
As the mixtures become richer in monosilane, 
hydrogen replaces water as a combustion 
product. For monosilane-rich mixtures (> 
70% SiH,) the products are hydrogen, silicon, 
and silicon oxides. The explosion of monosi- 
lane-rich mixtures is primarily a thermal ex- 
plosion of monosilane itself. 

Hazardous waste gases containing silicon 
hydrides and halides are passed through col- 
umns containing pelletized oxidants to re- 
move the silicon compounds. The oxidants are 
made by treating a mixture of copper and zinc 
nitrate with sodium carbonate [59]. 


48.5.1.6 Photochemistry 


Irradiation of silanes and silyl compounds 
leads to fragments, namely the silylene 
(:51Н,) intermediate. Silane mixtures with bo- 
ron trichloride [60] and hydrogen chloride 
[61] have been investigated with infrared laser 
techniques. 

Monosilane and boron trichloride react 
along two pathways, one being hydrogenation 
of boron compounds, leading to boron dichlo- 
ride, diborane, and trichlorosilane. In a side re- 
action, decomposition of silane takes place, 
forming hydrogen and amorphous silicon. 
Carrying out this procedure with methane in- 
stead of silane leads to a pyrolysis of methane, 
the released hydrogen partly converting the 
boron trichloride to hydrides. 

In the presence of hydrogen chloride, the 
primary reaction seems to be the formation of 
intermediate silylene which in turn reacts with 
silane and hydrogen chloride. Simultaneous 
formation of chlorosilanes also occurs. The 
activation energy for the insertion of silylene 
into hydrogen chloride was determined to be « 
1.3 kcal/mol. In general, silylene insertions 
are considered in the context of a triplet state, 
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and symmetry allows insertions to proceed 
without excitation energy when the antibond- 
ing orbital, relating to the bond into which the 
insertion occurs, is symmetrical with respect 
to the reaction coordinate [62]. 


Table 48.6: Melting and boiling points of halogenosi- 
lanes. 


mp, °C bp, "C 
SiH,F —98.6 
SiH,F, -119 -77.5 
SiHF, -131.5 -97.5 
SiF, —90.2* —98.6 
SiH,Cl -118 -30.5 
SiH,Cl, -122 -8.5 
SiHCl, —134 36.5 
SiCl, -70 57.6 
SiH,Br -94 2.0 
SiH,Br, -70 66 
SiHBr, -73.5 112 
SiBr, 5 153 
SiH,I —56.5 46 
Sil, -1 149.5 
SiHI, 8 220 
Sil, 121 290 


а At 1753 mbar triple point. 


48.5.2 Halides 


Silicon halides (Table 48.6) are mostly col- 
orless liquids that fume in air, are readily hy- 
drolyzed, and consequently have an irritating 
effect on the mucous membranes. Silicon hy- 
dridohalides with a high hydrogen content are 
spontaneously flammable. All 18 mixed sili- 
con halides with the composition SiHal! Hal? 
(n + т = 4) are known. 


48.5.2.1  Trichlorosilane 


Trichlorosilane, HSiCl, mp —134 °C, bp 
36.5 °C (Table 48.6) is the most important sili- 
con hydridohalide. The vapor is highly flam- 
mable; mixtures with oxygen or air explode 
violently on ignition or on contact with a hot 
surface. It is decomposed by water with the 
evolution of hydrogen. 


Preparation from Elemental Silicon 


Trichlorosilane was first prepared by F. 
WOuLER, who used the same method as that 
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now used for laboratory and industrial scale 
production [63]: 
Si+nHC! — HSiCl, + 51СІ, 


A mixture of chlorinated silanes is produced 
when a mixture of hydrogen chloride and hy- 
drogen at ca. 250—400 °C is passed over high- 
silicon (ca. 97% Si) ferrosilicon or silicon 
mixed with aluminum, nickel, or соррег(ћ) 
chloride [64]. The process is sometimes car- 
ried out in a turbulent [65—67] or nonturbulent 
fluidized bed [68, 69]. 

Due to the growing demand for pure pre- 
cursors for high-purity silicon, process im- 
provements have been made continuously to 
raise the yield of trichlorosilane and to lower 
energy consumption as the chief cost cutting 
measures in production. The fluidized-bed re- 
actor [70-79] has become the predominant 
process base for the manufacture of trichlo- 
rosilane from metallurgical-grade silicon or 
other silicon solids. Additional feed gases, 
both inert (e.g., nitrogen, argon, and helium) 
or reactive (e.g., chlorine) have been used [70, 
71]; feeding hydrogen chloride in pulses is re- 
ported to give a higher yield [72]. Tetrachlo- 
rosilane added to the feed gas serves as a 
carrier and fluidizing agent when silicon resi- 


dues are utilized as a source of silicon [73]. _ 


These residues can originate from the direct 
synthesis of organochlorosilanes. Higher-tem- 
perature in the fluidized bed followed by rapid 
quenching are reported to increase yield 1.8- 
fold. Quenching is effected by spraying the 
top of the bed with tetrachlorosilane at 20.°C 
such that the reaction gases leaving the reactor 
are cooled to 400 °C in less than one second 
[75]. 

Extremely fine particles of silicon (50-800 
рт), obtained by atomizing molten elemental 
silicon in a nitrogen atmosphere, are claimed 
to give a high yield of trichlorosilane [76]. A 
screw conveyor has also been used for produc- 
ing trichlorosilane from ferrosilicon [80]. De- 
pending on the cooling rate the 
tetrachlorosilane to trichlorosilane ratio can be 
adjusted between 4:1 to 0.2:5. 

Ina two-step [81] process silicon is first re- 
acted with tetrachlorosilane at 1100—1300 °C 
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and the resulting product is treated with hy- 
drogen chloride. The conversion of tetrachlo- 
rosilane to trichlorosilane is 50-60%. 

Adding tetrachlorosilane to the hydrogen 
chloride prior to contact with powdered sili- 
con is claimed to enable complete conversion 
to trichlorosilane [82]. 

Silicon powder with 2 % copper [83] or 6% 
copper [84], has been used at 350-600 °C. The 
yield of trichlorosilane was 7—27 mol% for 
2% Cu, and 80—90 mol% for 6% Cu. Much 
lower temperatures (down to 260°C) were 
possible when antimony pentachloride was 
used as a cocatalyst with copper; the trichlo- 
rosilane yield was 21 % [85]. Silicon residues 
from direct synthesis of organochlorosilanes 
can also be reacted with hydrogen chloride to 
give trichlorosilane [86]. 


Preparation from Tetrachlorosilane 


Tetrachlorosilane, up to now used as a start- 
ing material for silica fillers, quartz, and spe- 
cial glasses, has become an important 
precursor for trichlorosilane. The basic reac- 
tion is 
1.581СІ, + Н, + 0.5Si — 2HSiCI, ei 


Although use of a graphite heating element at 
1100-1400 °C has been reported [87], most 
processes are operated between 800 and 
1400 °C. The residence time is critical and is 
adjusted by quenching or by using a two-step 
process. The residence time of the feed should 
be < 2.5 s [88], and quenching carried out be- 
low 600 °C within < 1 s [89]. A feed stream of 
tetrachlorosilane hydrogen mixture with a mo- 
lar ratio of 1:2 in the absence of silicon at 
1100, 1200, and 1500 °C, gave trichlorosilane 
in 27, 31, and 35 %, respectively. 

In two-stage processes the reaction with sil- 
icon is carried out at lower temperature in the 
second-stage reactor. 

: Typical temperatures are 500—700 °C for 
the first stage, and 300—350 °C for the second 
[90]. The yield of trichlorosilane can be dou- 
bled by adding hydrogen chloride to the gas 
from the first reactor prior to entering the sec- 
ónd [91]. A reaction mixture obtained by pass- 
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ing tetrachlorosilane and hydrogen through a 
reactor at 1050—1250 °C is then cooled to 
250—350 °C and reacted with silicon in a sec- 
ond reactor [92], giving a product containing 
38% trichlorosilane and 61% tetrachlorosi- 
lane. It is also possible to react the intermedi- 
ate dichlorosilylene with hydrogen in a 
separate reaction chamber [93]. 

Single-step processes are mostly carried 
out in fluidized-bed reactors [94, 95] with 
quenching of the gaseous reaction products. 
For furnaces operating at ambient pressure, 
preheating the reactant gases [96], and remov- 
ing surface oxide coatings from the silicon 
powder with aqueous acid or alkaline hydro- 
gen fluoride solution raises the trichlorosilane 
yield to 70% [97]. Pretreatment of silicon can 
also be carried out with gaseous hydrogen 
chloride [98]. While particle size of the silicon 
and its distribution seems to have little influ- 
ence on the reaction [99], it is strongly af- 
fected by catalysts. Copper, the main catalyst, 
is added as such to the silicon [100—106]. The 
reaction kinetics have been studied in the pres- 
ence of copper chloride (107]. The hydrogena- 
tion of tetrachlorosilane has an activation 
energy of 20—25 kcal/mol which is lowered to 
10-15 kcal/mol by the catalyst; conversion 
and throughput are improved. 

Copper has also been used with cocatalysts 
such as metal oxides [108] and metal halides. 
Aluminum halides give trichlorosilane yields 
of 20-30 mol% [109—111]; iron and vanadium 
halides give comparable yields [112—114]. 

Using nickel salts as cocatalysts [115, 116] 
between 500 and 600 °C gave trichlorosilane 
yields of 36% whereas powdered nickel alone 
gave 27% [117]. Antimony chloride in a pres- 
sure reactor gave 21% [118]. 

Platinum compounds have also been used 
[119, 120]. Silicon with addition of 10? mol 46 
platinum black [121] catalyzes tetrachlorosi- 
lane conversion at 550 °С to give an 80% 
yield of trichlorosilane. At the same tempera- 
ture, platinum on carbon gives a mere 5% 
yield [122]. Carbon as the sole catalyst has 
also been reported in a two-step process [123], 
in a fluidized-bed reactor [124], and in a 
packed-bed reaction chamber [125], the latter 
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two giving trichlorosilane yields of 20 vol% 
and 11 mol %, respectively. 


The conversion of tetrachlorosilane to 
trichlorosilane has also been effected electro- 
lytically [126] with 1,2-dimethoxyethane as a 
solvent, hydroquinone as hydrogen donor, and 
tetrabutylammonium perchlorate as support- 
ing electrolyte. 


Purification 


Extreme purification of trichlorosilane is 
necessary if it is to be used for production of 
high-purity silicon for semiconductors or pho- 
toconductors. This is mainly to remove impu- 
rities such as chlorides of calcium, aluminum, 
titanium, copper, magnesium, iron, boron, and 
phosphorus, which would remain in the sili- 
con formed by hydrogen reduction. The 
trichlorosilane is treated with complexing 
agents such as thioglycolic acid, B-naphthyl- 
amine, and salts of ethylenediaminetetraace- 
tic acid [127]. An extremely pure product is 
obtained by extraction with CH,CN [128]. 
Other methods include adsorption of the im- 
purities on columns of activated silica [129], 
activated carbon, ion exchangers [130, 131], 
titanium sponge [132], or by treatment with 
acetals [133] or salt hydrates, which cause par- 
tial hydrolysis of the impurities [134—136]. 
The purification of trichlorosilane [137, 138], 
the development of purity criteria, and indus- 
trial control of purity [139] are well developed 
subjects. 


The ultimate aim in trichlorosilane purifi- 
cation is the elimination of trace amounts of 
boron and phosphorus. Both elements are re- 
tained in chemical processing in sufficient 
amounts to impede or even prohibit certain 
uses in electronics. Boron impurities are first 
converted from volatile halides or hydrides to 
nonvolatile acids or oxides, for example, by 
passing moist nitrogen into the boilers of a 
multistage distillation [140]. The addition of 
0.1—1.0 g/t of trichlorosilane decreased the bo- 
ron content from 1.6 ppm to 0.2 ppb. A similar 
procedure [141] gave 12 ppb residual boron in 
a one-step distillation. The addition of silica 
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with at least 0.25 76 of total hydroxyl groups is 
also claimed to effect partial hydrolysis [142]. 

Phosphorus, the other chief contaminant of 
silicon compounds, is present in chlorosilanes 
as phosphorous trichloride. During their distil- 
lation, it is trapped in the high-boiling residue 
by complex formation with molybdenum oxy- 
chloride and covalent nickel compounds. The 
phosphorus-metal complexes are thermally 
stable. Residual phosphorus contents of chlo- 
rosilanes distilled were below the analytical 
detection limit [143, 144]. Manganese dioxide 
is also reported as a purification agent. It 
forms phosphorus oxychloride which has a 
much higher boiling point than phosphorus 
trichloride and hence remains in the distilla- 
tion residues [145]. Boron and phosphorus im- 
purities in trichloro- or dichlorosilane can be 
oxidized with oxygen to give less volatile 
compounds [146]. Polycrystalline silicon pre- 
pared from purified chlorosilanes had residual 
impurities of 0.1 ppb boron and 0.18 ppb 
phosphorus. 


Waste Disposal т 


Тһе in-plant, partly on-line conversion of 
waste from chlorosilane manufacture and use 
has two chief sources: distillation residues and 
off-gases which are both hazardous materials. 
To provide safety, environment protection, 
and an economic conversion of material that 
can be used elsewhere or safely deposited, 
several procedures have been adopted. Distil- 
lation sludge is evaporated in the presence of 
metal chloride slurries giving chlorosilanes 
[147] and then hydrolyzed with steam in azeo- 
tropic hydrogen chloride which continuously 
gives additional hydrogen chloride [148]. 


Uses 


The purity of trichlorosilane greatly influ- 
ences its end use. High purity silicon is pro- 
duced by the pyrolysis of trichlorosilane in the 
presence of hydrogen [149, 150], for which a 
large number of techniques have been used, 
e.g., pyrolysis in a fluidized bed [151], pyroly- 
sis in or over molten silicon [152-154], and 
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epitaxial growth on silicon [155—157] or 
graphite [158]. Other processes reported in- 
clude the production of polycrystalline silicon 
by the pyrolysis of trichlorosilane [159-162], 
the production of amorphous silicon coatings 
by CVD [163], and the production of solar sil- 
icon [164, 165]. A reactor made of silicon has 
been described for the pyrolytic process [166]. 

In fluidized-bed reactors caking of silicon 
on the inner wall is prevented by starting with 
a bed of polycrystalline silicon of grain size 
700-3000 рт, fluidized by a mixture of 
trichlorosilane and hydrogen [167]. The poly- 
crystalline silicon granules are continuously 
removed from the reactor. 

Other important uses for trichlorosilane in- 
clude the manufacture of very finely divided 
(“micronized”) silica for use as a filler [168], 
the manufacture of silicon nitride ceramics, 
sometimes together with metal nitrides [169], 
the surface treatment of boron and borides 
[170], the production of free-flowing granu- 
lated fertilizers [171], and in screen printing 
[172]. 


48.5.2.2 Tetrachlorosilane 


Silicon tetrachloride, SiCl, тр —69.4 °C, 
bp 57.3 °С, T, 234.0, p, 37 5 bar, V, 326.3 
cmg mol, is a clear, colorless liquid that 
fumes strongly in air and hydrolyzes rapidly in · 
water, producing SiO, gel. When dry, it does 
not attack steel, and can therefore be trans- 
ported in steel tanks. It is soluble in benzene, 
ether, chloroform, and petroleum ether. It re- 
acts with alcohols to give esters of silicic acid. 
On partial hydrolysis (e.g., with ether-water 
mixtures), silicon oxychlorides, SiO,, 
CL are formed as colorless, viscous liq- 
uids. These oxychlorides, together with the 
corresponding metallic chlorides, are formed 
when silicon tetrachloride reacts with metal 
oxides (e.g., of Mn, Cu, Ca, Zn, Mg, Ag, or 
Hg) in organic solvents [173]. 


Production 


; Silicon tetrachloride is prepared in the lab- 
oratory by the reaction of silicon or high-sili- 
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con ferrosilicon with dry chlorine at > 400 °C. 
At lower temperature, 5i,Cl, and other sub- 
chlorides are also formed [40]. 

In industry, SiCl, is mainly produced by re- 
acting ferrosilicon, pure silicon, or silicon car- 
bide with chlorine. Other possible processes 
include the reaction of SiO, or a SiO,/SiC 
mixture with carbon and chlorine (or with 
COCI, or CO/CL, mixture). This older process, 
which uses silica sand as the cheap raw mate- 
rial, has attracted renewed interest since the 
introduction of the fluidized-bed reactors. 


From Ferrosilicon (> 90 % Si) or Pure Sili- 
con and Chlorine. The reaction between sili- 
con and chlorine is exothermic. Therefore, 
after the reaction has been initiated, cooling 
must be provided. Ferrosilicon, with a high 
silicon content, is cheaper than pure silicon, 
and due to the greater reactivity of the iron, is 
more readily chlorinated. However, the tem- 
perature must be maintained at > 400 °C so 
that the FeCl, formed is removed, and block- 
ages in the pipework are prevented. 

In the Dynamit Nobel process, large pieces 
of ferrosilicon containing > 90% silicon are 
continuously fed into a furnace at > 500 °C fit- 
ted with a cooling jacket. Silicon tetrachloride 
is formed together with iron chloride and the 
chlorides of the other elements present in the 
ferrosilicon, mainly aluminum chloride, cal- 
cium chloride, and titanium tetrachloride. The 
nonvolatile chlorides (e.g., CaCl,) remain in 
the furnace, and are removed from time to 
time together with unchlorinated components 
(e.g., SiO;). 

The volatile chlorides pass out of the fur- 
nace and are then partially condensed by cool- 
ing. The collecting vessel is maintained at 
such a temperature that the SiCl, distils over 
while the FeCl, and AlCl, remain behind. 
Most of the SiCl, is then condensed out, and 
the residual gases are cooled to —35 °C, caus- 
ing any remaining tetrachloride to separate. 

The crude silicon tetrachloride still con- 
tains small quantities of iron and aluminum 
chlorides, and also some chlorine, titanium 
tetrachloride, and ` hexachlorodisiloxane 
formed by partial hydrolysis of SiCl, by the 
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traces of water that enter the furnace during 
charging. This is purified by simple evapora- 
tion and condensation, followed by fractional 
distillation. In the evaporation process, which 
is also applied to the residues from the frac- 
tional distillation, chlorides of iron and alumi- 
num remain behind along with some of the 
medium boiling point compounds, ie., 
hexachlorodisiloxane and titanium tetrachlo- 
ride. The crude distillate obtained is fraction- 
ated in a double distillation column. 

It has been proposed that a molten salt reac- 
tion medium should be used [174], and that in- 
ert materials such as carbon, aluminum oxide, 
and silica should be added in both the batch 
[175] and the continuous process [176]. 


From Silicon Carbide and Chlorine. 
SiC + 2Cl, > SiCl, + С 


The advantage of using the readily available 
industrial-grade silicon carbide as the starting 
material must be balanced against the disad- 
vantages that the reaction with chlorine starts 
at a higher temperature, and the heat of reac- 
tion is not sufficient to maintain the material at 
the reaction temperature without heating. 
Also, the carbon formed remains behind as a 
residue. 

Silicon is added to the silicon carbide to fa- 
cilitate the reaction. The chlorination is car- 
ried out in a vertical shaft furnace made of 
steel or cast iron lined with carbon plates. The 
downstream condensation system includes a 
spray of liquid silicon tetrachloride to prevent 
blockage by the iron and aluminum chlorides 
formed from impurities in the raw material 
[177]. 

In a modified process, the chlorine is mixed 
with oxygen, which oxidizes some of the car- 
bon formed in the reaction to carbon monox- 
ide [178, 179]: 


SiC + 2Cl, + /,0,  SiCl, + CO 


From Silica, Carbon, and Chlorine. Infor- 
mation on the temperature required for the re- 
action of various silica modifications with 
chlorine and carbon is given in [180]. 
Chlorides of alkali metals or alkaline earths 
can be mixed with the finely powdered coke 
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and kieselguhr or other silica-containing ma- 
terials to lower the reaction temperature. The 
mixture is treated with chlorine at red heat 
[181]. In a variation of the process, the energy 
is provided by an electric arc, which is applied 
to the reaction mixture in a fixed 1182] or flu- 
idized bed [183]. 

As the reaction of SiO, with carbon and 
chlorine is endothermic, it is necessary to cou- 
ple it with an energy-producing process, e.g., 
silicon and chlorine, ferrosilicon and chlorine, 
or silicon carbide and chlorine. In the Stauffer 
process [184], silicon carbide, silica sand, and 
coke are treated with chlorine gas in a fluid- 
ized-bed reactor. A separator removes any 
solid material from the gaseous reaction prod- 
uct, which is then cooled in heat exchangers. 
Silicon tetrachloride condenses out and is pu- 
rified by the usual distillation process. 


Other Processes. These include: treatment of 
silicon or a Si-Cu alloy with ССІ, vapor at 
260—300 °C [185], reaction of alkali metal sil- 
icofluorides (e.g, Na,SiF,) with AICI, at 
280 °С [186] or with MgCl, at 500-1000 °C 
[187], and recovery of by-product silicon tet- 
rachloride from the production of methylchlo- 
rosilanes. 

The formation of incrustations in a fluid- 


ized-bed reactor can be prevented if a mixture: 


of metallurgical silicon and silicon carbide 
with silicates of iron, titanium, vanadium, or 
chromium is used. Increases in yield of up to 
12% have been observed [188]. 

Lower reaction temperatures, down to 
200 °C, and the use of silicides, preferably cal- 
cium silicide, yields substantial amounts of 
tetrachlorosilane together with an appreciable 
amount of hexachlorodisilane [189, 190]. The 
conversion of higher chlorosilanes into tetra- 
chlorosilane is effected by tertiary amines in 
catalytic amounts below 160 °C. Refluxing of 
hexachlorodisilane with 0.8 vol% of pyridine 
gave tetrachlorosilane [191]. 


Purification 


The main aim of purification is to remove 
halides of boron and phosphorus by preferen- 
tial hydrolysis, complexing agents, or the in- 
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corporation of adsorption stages in the 
distillation process. Examples include prefer- 
ential hydrolysis of BCl, by adding water or 
ice [192, 193], adding substances to the distil- 
lation process that combine with ВСІ, such as 
CH,CN and (C,Hj4CF [194, 195], sub- 
stances that combine with PCl such as AlCl, 
[196], and passing the silicon tetrachloride 
through adsorption columns charged with sub- 
stances containing tertiary amine groups, qua- 
ternary ammonium groups [197], or water- 
containing oxides or silicates [198]. A coun- 
tercurrent zone-melting process has also been 
developed for the purification of SiC], (199]. 


Removing boron impurities is also accom- 
plished by high-temperature hydrogenation, 
which converts boron trichloride, the chief im- 
purity to volatile diborane [200]. The fact that 
considerable amounts of silicon hydrides, 
chiefly trichlorosilane and dichlorosilane, are 
formed as by-products, is of no apparent dis- 
advantage since both can now be used in high- 
purity silicon manufacture. 


Low-loss optical fibers require precursors 
with extremely low contents of hydroxyl-con- 
taining impurities. These are probably chloro 
hydroxy complexes of metals, mainly iron. 
They are removed by partial hydrolysis of the 
tetrachlorosilane with adsorption of the impu- ` 
rities on the in situ precipitated silica gel. The 
residual contaminant content is 12 ppm Fe, 2 
ppm OH, and 18 ppm HCI [201]. 


Uses 

High-purity silicon is produced by the ther- 
mal decomposition of SiC], in the presence of 
hydrogen, and highly dispersed silica is pro- 
duced by flame hydrolysis of SiCl,. 

: Corrosion-resistant silicon coatings are 
produced on metal surfaces, e.g., steel and 
iron [202, 203], molybdenum, tungsten, tanta- 
]um [204], molybdenum, or tungsten [205] by 
heating the metal component in an atmosphere 
of SiC1,-H, or SiCl, at 1000-1400 °C. 
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48.5.2.3 Hexachlorodisilane 


For years, hexachlorodisilane was a typical 
by-product; its formation was suppressed as 
far as possible or a conversion to more versa- 
tile products carried out. It is now a compound 
of its own standing leading directly to the pro- 
duction of several special silicon products. 
The manufacturing processes, however, are 
still dominated by the basic reaction of silicon 
or silicides with chlorine giving a number of 
chlorosilanes, hexachlorodisilane being just 
one. 


Production 


To obtain hexachlorodisilane as a high 
share in a crude chlorosilane product mixture, 
conversion or degradation processes have 
been designed. Calcium silicide is the pre- 
ferred raw material and a low reaction temper- 
ature of 200°C is used [206]. Continuous 
production in a multicolumn reactor [207], 
and batch production [208] with a compropor- 
tionation step have been described: 

Si,Cl, + SIC > 2Si,C), 

Reaction of ferrosilicon, with a silicon content 
of 50%, and chlorine at 160 °C in a vibrating 
reactor gave 55% hexachlorodisilane, and 
44 % tetrachlorosilane with a 70% ferrosilicon 
conversion [209, 210]. 

High-boiling residues, predominantly con- 
taining polychloropolysilanes, are cleaved by 
chlorine in a fluidized bed [211] at 250- 
450 °C. 
2Si,Cl, + Cl, э 351,1, 


At 500 °C on a-alumina beads [212] compro- 
portion of  tetrachlorosilane is readily 
achieved, with a conversion of 70%. The re- 
verse reaction is carried out at a temperature of 
700 °C aided by lithium-magnesium double 
oxides as catalysts and alumina as the carrier. 
2SiCl, — Si,Cl, + Cl, 


The reaction product consists of 50% un- 
changed tetrachlorosilane, 40% hexachloro- 
disilane, and 10% higher homologues [213]. 
Liquid-phase chlorination allows a lower 
reaction temperature to be used. Using ele- 
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mental silicon and a catalyst consisting of the 
chlorides of sodium, potassium, and zinc gives 
a product mixture that contains tetrachlorosi- 
lane, hexachlorodisilane, and tetrachlorodisi- 
lane in a weight ratio of 12:17:11 [214]. 
Suspension of silicides and antimony pen- 
tachloride can be chlorinated to hexachloro- 
disilane with 34% conversion [215]. In a 
solvent mixture in which some components 
exhibit catalytic properties [e.g., perfluoroal- 
kanes, tris(perfluoroalkyl)amines, and cyclic 
perfluoroalkyl ethers] elemental silicon reacts 
with chlorine at 150°C [216] to give 
hexachlorodisilane and octachlorotrisilane. 


Uses 


In most of its applications, hexachlorodi- 
lane can be replaced by other special silicon 
compounds, but in some cases, the reactions 
take place at much lower temperature than 
with tetrachlorosilane or trichlorosilane. The 
deposition of elemental silicon by purely ther- 
mal decomposition has been carried out on sil- 
icon wire at 750 °C [217], on a quartz plate at 
500 °C [218], or on quartz crucibles [219]. 


Hydrogen as a reducing agent has been 
used to make bulk polycrystalline silicon 
above 250 °C [220] or to produce atomic lay- 
ers of silicon by homoepitaxy [221]. A viscous 
oil obtained by reacting hexachlorodisilane 
with tetrabutylphosphonium chloride at 
200 °C can be pyrolyzed to give finely divided 
amorphous silicon [222]. The reaction of 
hexachlorodisilane with propane on graphite 
surfaces at 700 °C [223] gives B-silicon car- 
bide. On a cobalt-containing substrate, silicon 
carbide whiskers are obtained (224]. Mixed 
carbides of silicon and titanium are made by 
hydrogenation of a mixture of hexachlorodisi- 
lane, titanium tetrachloride, and alkyl halide 
[225]. 


Optical fibers can be made by direct surface 
coating of preforms by flame hydrolysis of 
hexachlorodisilane [226, 227]. Ultrafine sil- 
ica particles are formed by thermal decompo- 
sition of hexachlorodisilane in an oxygen 
atmosphere [228]. The method is suitable for 
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the manufacture of quartz glass as a substrate 
for wave guides [229]. 


48.5.2.4 Other Chlorides 


Hexachlorodisiloxane, intermediate or by- 
product in oxidation or hydrolysis reaction, 
can be obtained as the chief product by react- 
ing tetrachlorosilane with sulfur trioxide 
500 °C. : 
2SiCl, + SO, > (Cl,Si),0 + SO; + Cl, 


By comparison, other monosilanes react dif- 
ferently. The bromide and hydride at room 
temperature give silicon dioxide, the fluoride, 
not at all even at 600 °C [230]. Formation and 
degradation of hexachlorodisiloxane can be 
shown by high-temperature reactions. It is 
formed from tetrachlorosilane and oxygen 
[231] together with other oligomeric siloxanes 
but with mono- and polycyclic siloxanes also. 
Thermodynamic studies indicate a certain 
metastability of halosiloxanes in general. No 
direct use has been made of hexachlorodisi- 
loxane, conversion to chlorosilanes, i.e., recy- 
cling, is practised [232]: 


* 


4SiCl, + О, 
1000 а 


2C1,Si-O-SiCl, 


e - 
H + 
20 °С "e 


SiO, + 351СІ, 2HSiCl, + 2SiCl, + SiO, 


An important intermediate is dichlorosi- 
lylene, the first reaction product of the attack 
of chlorine on silicon. Dichlorosilylene can be 
obtained directly in high-vacuum apparatus 
from the elements at 1250 °C (233, 234], and 
1100 *C [235]; it is a transparent, amber-like 
solid. 


48.5.2.5 Fluorides 


Difluorosilylene. Silicon tetrafluoride and sil- 
icon react at 1200 °C in a high vacuum, yield- 
ing a condensate with the composition (SiF,).. 
This turns yellow on cooling with liquid air 
and ignites on contact with atmospheric oxy- 


1893 


gen. It loses its color on heating to —78 °C and 
becomes highly polymeric [236]. 

A plasma flame in an argon atmosphere 
[237, 238] can also be used as a reaction me- 
dium. A molar ratio of tetrafluorosilane to sili- 
con of 0.8:1 gives a SiF, yield of 70%. 

Difluorosilylene can be used to produce sil- 
icon difluoride filaments [239]. The produc- 
tion of amorphous silicon films from SiF, by 
chemical vapor deposition leads o. material 
with residual Si-F groups [240], which is 
claimed to afford a higher doping efficiency 
[241] for boron and phosphorus. 

Reacting SiF, with methane and hydrogen 
in a glow discharge [242] gives a photocon- 
ductive amorphous silicon carbide. Silicides 
can be prepared by reacting hexafluorides of 
tungsten or molybdenum with difluorosilylene 
in a hydrogen atmosphere at 300—600 °C 
[243]. Oxidation of SiF, with oxygen, nitrous 
oxide, or nitrogen dioxide [244] gives silicon 
dioxide with residual Si—F groups, suitable for 
the manufacture of optical fibers. 


48.5.2.6 Bromides 


Silicon tetrabromide,  tetrabromosilane, 
SiBr, is produced from silicon and bromine 
vapor at > 600 °C. It is a colorless liquid, with 
mp 5 °C and bp 153 °C. 

With ferrosilicon powder a 70% yield of ` 
SiBr, is obtained. Crude tetrabromosilane is 
heated with zinc to remove residual bromine 
[245]. 

The main use for silicon tetrabromide is as 
a raw material for the production of silicon 
and its compounds. The reaction used is the 
‘reverse of the preparation method, i.e., it is py- 


irolytically decomposed [246, 247], usually to- 


gether with silanes, using fluidized-bed 
processes [248], or crystal growth techniques 

[249]. These techniques are also used in the 
manufacture of optical fibers [250-253] and 
photoconductive silicon [254]. 

. In a plasma, tetrabromosilane is readily 
cleaved to the elements, and the deposition of 
the silicon layer is much faster than with tetra- 
‘chlorosilane [255]. Tribromosilane can be pro- 
‘duced by reacting metallurgical-grade silicon 
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with tetrabromosilane at 600—800 °C in hy- 
drogen atmosphere [256]. 


Other processes include the electrolytic 
deposition of silicon from solutions of silicon 
tetrabromide in aprotic organic solvents [257— 
259]. 

Silicon tetrabromide is also used to produce 
silicon nitride itself [260—263], as a coating, or 
to seal porous solids by exposing them to 
SiBr, vapor followed by reaction with ammo- 
nia [264]. Boron-silicon phases have been ob- 
tained by the copyrolysis of halogenated 
silanes and boranes [265]. 

Silicon tetrabromide is used as an auxiliary 
in the production of SnO, whiskers [266], the 
etching of aluminum and its alloys [267], and 
the copolymerization of dienes and vinyl com- 
. pounds [268]. 

The entire series of bromosilicon hydrides 
are obtained by disproportionation [269]. With 
Amberlite A 21 as catalyst at 135 °C the major 
product is dibromosilane. Fluorobromosi- 
lanes are made by reacting tetrabromosilane 
with antimony trifluoride [270]. 

Fluorobromosilicon hydrides are made by 
reaction with alkyltin hydrides [271] at room 
temperature under reduced pressure: 


SbF, R,SnH 
SiBr, — SiF,Br, —  HSiFBr 


Comproportionation can be extended to the 
disilanes: 


51,С1, 
SiBr — SBCL 


Separation of the products by distillation is 
difficult due to continuing halogen redistribu- 
tion [272]. Since aryl groups on silicon can be 
cleaved by hydrogen halides in the presence of 
aluminum halide catalysts, this method can be 
used to prepare higher silicon bromides: 


HBr/AlBr, 
Ph,Si-SiCl, —  Br,Si-SiCl, 


A well-defined, very reactive subhalide 
with the composition (SiBr,), is obtained by 
the reaction of SiBr, and silicon at 1150- 
1200 °C in a high vacuum. It is a transparent, 
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almost colorless, amber-like solid, soluble in 
benzene, xylene, and ССІ, [40, 273, 274]. 


48.5.2.7  lodides 


Silicon iodide, SiL, mp 121 °C, is a crystal- 
line substance that is very sensitive to hydrol- 
ysis, decomposes into its elements on heating 
or on exposure to light, and reacts with oxygen 
at elevated temperature with liberation of io- 
dine. Sil, is produced in 70% yield by passing 
a carrier gas saturated with iodine vapor over 
silicon containing 4% copper at 600—700 °C 
[40]. Silicon tetraiodide can be obtained on the 
kilogram scale in quantitative yield by passing 
nitrogen saturated with iodine vapor at ca. 
200 °C over granulated silicon at 1150— 
1200 °C. Approximately 1.5 kg Sil, can be 
produced in 5 h by this method [275]. 


Other methods include the reaction of mix- 
tures of iodine with bromine or chlorine with 
silicon at 600-800 °C [276], and heating alkali 
metal fluorosilicates with alkaline-earth io- 
dides at 500-1000 ?C [277] or with aluminum 
iodide at 300 °C [278]. 


Like the tetrachloride, tetraiodide can be 
used for the production of high-purity silicon 
by thermal decomposition (sometimes in the 
presence of hydrogen). The silicon tetraiodide 
can be purified beforehand by repeated subli- 
mation and zone melting [279, 280]. 


Silicon tetraiodide has some value as an ad- 
ditional reactant in the pyrolysis of silicon hy- 
drides for the production of high-purity silicon 
[160], in the reduction of other silicon halides 
in a fluidized bed [281], and for the purifica- 
tion of silicon by zone melting [247]. 


Silicon tetraiodide is used as a starting ma- 
terial for the preparation of high-purity silicon 
films for solar cells by electrolyzing a solution 
of Sil, in aprotic organic solvents [257, 258]. 


Special applications of silicon tetraiodide 
as a raw material include the manufacture of 
cermets [255], and of optical fibers with a ger- 
manium core and an outer coating of SiO, 
[282]. A subhalide having the composition of 
diiodosilylene has been reported [28]. 
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48.5.3 Oxides 


For silicon dioxide, see Section 48.7. 

With the oxides, more so than with the ha- 
lides, the growth of interest in use and produc- 
tion, Lë formation, is brought about by the 
same driving forces as for the halides, i.e., 
electronics manufacture and environment pro- 

n. 

KC of silicon oxides are chiefly: high- 
temperature processes in heavy industry like 
blast furnaces, carbide manufacture, coke 
making, and silicate processing. Main uses are 
found in high-tech precision preparation of 
chips, wafers, integrated circuits, layers, and 
coatings. 


48.5.3.1 Monoxide 


Silicon monoxide, SiO, is formed initially 
as a gas when SiO, and silicon, or SiO, and an 
amount of carbon insufficient for complete re- 
duction, are heated to > 1250 °C. It therefore 
plays a part in the industrial production of sili- 
con and silicon carbide from SiO, and carbon, 
and in the production of ferrosilicon [283, 
284]. 

At lower temperature (са. 600-1000 °C), 
SiO disproportionates into silicon and silicon 
dioxide: 

2510 = SiO, + Si + ; 
There has, therefore, been prolonged contro- 
versy over the question whether SiO should be 
considered a true compound. Nevertheless, 
rapid chilling of the gas to room temperature 
enables the monoxide to be obtained in a solid 
metastable state. It has a wide range of uses as 
an additive in applied solid-state physics, and 
asaraw material in the production of other sil- 
icon compounds. 


Production 


A stoichiometric mixture of finely pow- 
dered SiO, and silicon in a reaction tube 
closed at one end is heated at its lowest point 
in a high vacuum for ca. 4 h at 1250°C. A 
brown mixture of SiO, and Si, formed by dis- 
proportionation, collects in a short transition 
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zone in the part of the tube that just protrudes 
from the furnace, and the SiO collects as 
black, compact, shellac-like masses in the 
parts further away from the furnace. 

If an intimate mixture of SiO, and silicon is 
heated for 9 h to 1300 °C and rapidly chilled, 
cubic crystals of SiO are formed [40]. On an 
industrial scale, the monoxide can be pro- 
duced by heating SiO, with silica, carbon, or 
silicon carbide to 1500—1800 °C in a resis- 
tance furnace [285, 286]. 

Heating the vapors of the reaction 


1500*C ` 
SiO,+ Si — 2510 


to 1800 °C in an ammonia atmosphere gives 
amorphous silicon monoxide powders [287]. 

Silicon monoxide can be made directly in 
the form of fibers by reducing sand flour with 
methane at 2500 °C in a fluid-wall reactor 
(288]. 

The formation of silicon monoxide by side 
reactions or as a by-product of the main pro- 
cess takes place in the course of a number of 
industrial production streams. In terms of 
chemical categories these production steps are 
based on reductions as well as oxidations. 


+ Si Si 
SiO, + SiC 2 SiO < SiC + O, 
+C SiMe 


Properties 


Atroom temperature, silicon monoxide is a 
light brown, finely divided powder, or, if it has 
been produced by slow condensation, it is a 
black or very dark brown, shellac-like, glassy 
mass. The lower limit of stability for gaseous 
SiO is not below 1025 °C, and is very proba- 
bly > 1175 °C [289]. The best temperature 
range for its production from SiO, and Si is 
1200-1400 °C [290-292]. 

At 600°C, SiO decomposes in several 
hóurs, at 700-900 °C in ca. two hours, and at 
1000-1200 °С almost instantaneously into 
SiO, and silicon [291, 293]. Oxygen causes 
surface oxidation to SiO, even at room tem- 
perature, and complete oxidation takes place 
at ca. 500°C. Finely divided SiO is pyro- 
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phoric and burns with flame formation if there 
is rapid access of air. 

With the increase in the number of possible 
uses for SiO, the silicon-oxygen system has 
been the subject of extensive investigations 
[294], particularly with regard to suppressing 
the formation of SiO during the production of 
high-purity silicon [295], and of Si-O-N 
mixed phases in atmospheres containing O, 
and N, [296]. 


Uses 


Silicon monoxide is used in small quanti- 
ties to produce protective films on semicon- 
ductors [297—299], vidicon targets [300], and 
in antireflective coatings on optical glass and 
plastics [301—304]. Silicon monoxide pre- 
vents the formation of anatase in rutile coat- 
ings on glass [305]. In entertainments 
electronics and data processing, silicon mon- 
oxide is used in recording tape, other types of 
data storage media, data transfer heads [306, 
307], and in the alignment of liquid crystals 
for digital displays [308, 309]. Other applica- 
tions include the coloring of glass surfaces by 
the simultaneous or sequential deposition of 
metals and silicon monoxide [310]. 

Another application of silicon monoxide 
electronics is the manufacture of heat-resistant 
films and devices in which corrosion resis- 
tance is required. It can be used as a heat-resis- 
tant protective layer in laser recording media 
[311], and in multilayer thermal heads for 
thermographic printers [312]. Multilayer de- 
vices consisting of aluminum, germanium, 
and silicon monoxide are selective solar ab- 
sorbers for thermal conversion [313]. Ceram- 
ics consisting of silicon carbide whiskers in a 
graphite matrix can be reinforced by decreas- 
ing the porosity by filling the voids with sili- 
con prepared in situ [314]. 

Silicon monoxide is used as a raw material, 
a construction material, and as an auxiliary. 
The best known application is the oxidation of 
gaseous silicon monoxide to amorphous finely 
divided silica [315]. Other uses include the 
production of silicon carbide [316, 317], sili- 
con nitride [318—320], Si-O-N mixed phases 
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[321], and cermets [322, 323]. Silica can be 
removed from  silica-containing materials 
(e.g., kaolin) by adding silicon and heating the 
mixture at 1450 ?C in a vacuum [324—326]: 
AL,O,-2SiO, + 2Si — АО, + 451О\„, 


Silicon monoxide can be used to remove phos- 
phorus from blast furnace slag, allowing it to 
be recycled [327]. 

Hard coatings of SiO, on metals, especially 
on metallic mirrors, can be produced by depo- 
sition of SiO from the vapor state. The SiO is 
then oxidized by atmospheric oxygen to form 
SiO,. 

In the production of silicon nitride ceramic 
powders, silicon monoxide is reacted with a 
reducing atmosphere consisting of a mixture 
of ammonia and hydrocarbons at 1000 °С, 
When methane is used as sole reductant, the 
product is cubic B-silicon carbide [328]. 

A convenient method to prepare members 
of the halosilane family is the reaction of sili- 
con monoxide with hydrogen halides [329]. 

Low-silicon metals are produced by effect- 
ing silicon depletion of the melt by limited ox- 
idation. In the production of high-purity 
vanadium, vanadium pentoxide is added to the 
melt and the silicon monoxide formed is evap- 
orated [330]. Silicon in molten indium is oxi- 
dized with water in a hydrogen atmosphere at 
800 °C; ca. 90 % of the initial silicon content is 
converted to SiO [331]. 


48.5.3.2 Sesquioxides 


Depending on temperature and pressure, 
the following disproportionation steps can 
take place: 


4510 = Si,O + 51,0, 
51,0, = SiO +SiO, 


When the monoxide is evaporated at reduced 
pressure the vapor invariably condenses as the 
sesquioxide, Si,O, [332]. 

The reaction of sulfur trioxide with 
hexabromodisilane at room temperature af- 
fords an almost quantitative yield of the ses- 
quioxide; no cleavage of the Si-Si bond takes 
place [333]: 








Silicon 


pr,Si-SiBr, + 350; SiO; + 380, + 3Br, 


The sesquioxide can be prepared from 
hexachlorosidilane by hydrolysis via a sol-gel 
route [334]. 

Polymeric silicon sesquioxide can be pre- 
pared by thermal dehydrogenation of silicon 
oxyhydride in high vacuum [335]. 


1000 °С 
2HSiO,, > 51,0; + Н, 


Silicon sesquioxide can be prepared in situ on 
surfaces. Plasma vapor deposition from a mix- 
ture of monosilane and nitrous oxide [336] 
gives a moisture-resistant film of silicon ses- 
quioxide, used as a protective layer for p-Si 
substrates. On polycarbonate sheets, 51,0; 
layers are prepared by electric discharge [337] 
or vacuum deposition [338]. On polyethylene 
[339] a Si,O, layer has been applied by sput- 
tering with an oxygen plasma, using silicon 
monoxide as the silicon source. 


The suboxides, the sesquioxide being the 
predominant species, are present in semiinsu- 
lating films of polycrystalline silicon [340]. 
Annealing at 1100 °С converts the other sub- 
oxides to the sesquioxide only. The suboxides 
are also formed on etched surfaces of silicon 
[341] and in layers obtained by silicon implan- 
tation oxidation [342]. Thermal annealing 
leads to a composition corresponding tó that 
of the sesquioxide when carried out at 600 °C. 


Less for effects in high-tech physics than 
essentially in basic chemical processes, the 
sesquioxide has found quite different applica- 
tions. Cleaning and purification spans from 
that of arsenic vapors [343] to the treatment of 
waste fluid from sweet potato processing 
[344]. Highly permeable membrane separa- 
tion elements are made from a ceramic mate- 
rial based on alumina and silicon sesquioxide 
[345]. The material is stable in aqueous envi- 
ronment having a water penetration rate of 4.2 
m?/m7h"!. In ceramic material the sesquioxide 
has been used as an oxidizing agent during 
manufacture [346] and as bits for welldrilling 
[347]. Wear resistance is much lower though, 
than for tungsten carbide. 
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48.5.3.3 Other Silicon-Oxygen 
Compounds 


Oxyhydrides of the composition (HSiO, 5), 
are obtained by the hydrolysis of trichlorosi- 
lane [348—350]. In organic solvents the prod- 
uct is formed as an amorphous powder or as 
transparent mica-like flakes [335], depending 
on the type of solvent. Well-defined, low mo- 
lecular oligomers—the smallest [351, 352] be- 
ing a cage of 8 silicon atoms arranged at the 
comers of a cube with 12 oxygen atoms form- 
ing the bridges along the edges—can be pre- 
pared by hydrolysis in a two-phase system 
[353—355]. Oligomers with x an even number 
ranging from 8 to 16 are obtained. 

The Si,-cube is also the smallest cage in 
zeolite structures; it is the 4—4 secondary 
building unit in zeolite A. Since the silver zeo- 
lite reacts with water evolving oxygen, ligand- 
to-metal charge transfers in the Bis Cube are of 
interest in the context of processes involving 
photolysis of water by visible light [356]. By 
photochemical oxidation of tetrachlorosilane 
the trichlorosilanol is produced, a compound 
existing only in equilibria with others [357]. 
Utilizing structural possibilities new silicon- 
oxygen compounds were prepared, the oxygen 
taking part as the donor atom in penta-coordi- 
nate silicon alkoxide complexes. Alkoxysi- 
lanes react with metal hydrides to trialkoxy 
anions which then rearrange to the tetraalkoxy 
anion [358] 


4HSi(OR), + 4KH — 4[H,SI(OR)] K* 
— 3[HSi(OR),T K* + SiH, + KH 


Likewise the reaction of silica with glycol is 
made possible through penta-coordinate com- 
plex formation around the silicon atom [359]. 


48.5.4 Sulfides 


Silicon sulfide, SiS,, mp 1090 °C, sublima- 
tion point 1130 °C, forms white, asbestos-like 
needles, which readily hydrolyze. It is formed 
from silicon and sulfur at 1100-1300 °C 
[360], but preferably at » 1400 *C [361, 362]. 
Silicides react with sulfur at > 700 °C, hydro- 
gen sulfide at 1100—1200 °C, or sulfur chlo- 
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rides (eg, S CL, at its boiling point of 
135 °C). The SiS, formed must be recovered 
from the other reaction products (e.g., MgS) 
by sublimation. 

The simplest laboratory method consists of 
a combination of these two processes. The re- 
action of Mg,Si with S,CL, is used to start the 
reaction of silicon with sulfur. A mixture of 3 
parts by weight of Si, 0.5 parts by weight of 
Mg,Si, and 8 parts by weight of sulfur is im- 
pregnated with 1 part by weight of S,Cl, in a 
glass tube and heated at one point with a small 
flame. The reaction starts with a glow. The 
SiS, formed is sublimed off in a vacuum 
[361]. 

On a large scale, SiS, can be produced by 
the thermal decomposition of esters of thiosi- 
licic acid. The ethyl ester decomposes at 
300 °C: 

Si(SC,Hj), > SiS, + 2C,H,SC,H, 

The reaction temperature can be lowered to 
200 °C by adding sulfur [361, 363]. 

The formation of silicon-sulfur com- 
pounds, including SiS,, has also been ob- 
served during the drilling of holes in 
crystalline silicon plates by laser beams in an 
atmosphere of sulfur hexafluoride [364]. 

Direct synthesis from the elements is still 
being carried out and improved. Continuous 
feeding into reactors [365] allows a lower re- 
action temperature of 800 °C to be used. Un- 
der a pressure of 2.5—6.0 GPa and 1000- 
1200 °C the conversion to the sulfide is almost 
complete, yielding four different polymorphic 
modifications of silicon sulfide [366]. 

Silicon disulfide can be conveniently ob- 
tained from silica, carbon, and sulfur vapors in 
an atmosphere of hydrogen sulfide above 
1130 °C (367]. The product consists of glassy 
solid and needle-like crystals. 

Silicon disulfide reacts with ammonia to 
give silicon nitride, Si,N,. Between 800 and 
1400 °C the nitride is obtained as an amor- 
phous powder. If a lower temperature and sili- 
con disulfide in the form of whiskers are used, 
the product retains the morphological charac- 
teristics and consists of silicon nitride whis- 
kers [368]. 
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Because of their volatility, the formation of 
silicon sulfides at high temperature is utilized 
for desiliconization in purification processes, 
For example, pure zirconium oxide is obtained 
by conversion of silica impurities followed by 
vaporization at 1300 °C [369]: 


SiO, + C+ 28 — SiS, + CO, 


Glassy phases containing silicon disulfide 
can be used as solid electrolytes in conducting 
glasses for batteries, especially microbatteries, 
A system consisting of а Li,S-SiSj(P,S,) 
phase between a Li/V,O,-TeO, couple has an 
open circuit voltage of 2.8-3.1 V [370, 371]. 

From a melt of equimolar amounts of sili- 
con disulfide and lithium sulfide, lithium sili- 
con sulfide is obtained in three phases: 
equilibrium, metastable crystalline, and glassy 
Li,SiS, [372]. The conductivity is greatly en- 
hanced by the addition of lithium bromide 
[373, 374], iodide [375, 376], or chloride 
[374]. The highest conductivity reported [358] 
is 1.8 s/cm at 25 °C, measured in a glass con- 
sisting of the phase 0.24SiS,—0.36Li,S— 
0.411. 

Glassy phases containing silicon disulfide 
are also obtained by the action of elemental 
silicon on arsenic sulfide [377] 


5Si + 2As,S, — 2515, + 2As,Si 


48.5.5 Borides 


The long-known binary silicon borides, 
SiB, and SiB,, are produced simultaneously 
when the constituent elements are heated be- 
tween carbon electrodes in an electric furnace 
[378]. Phases with the composition SiB, have 
since been produced and evaluated for a large 
number of application areas. 

The compound SiB, is produced from its 
elements at 1090-1370 °C by resistance heat- 
ing and is purified by treatment with a mixture 
of nitric and hydrofluoric acids. It can also be 
produced from boron trioxide and silicon 
[379]. It is used as a refractory material in 
blast furnaces. Its use as a catalyst for the liq- 
uid-phase oxidation of alkenes with organic 
hydroperoxides to form oxiranes has also been 
reported [380]. Mixed phases of silicon 
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borides and molybdenum silicides resistant to 
oxygen up to 1600 °C are prepared by sinter- 
ing a pasty mixture of these materials with col- 
loidal silica at 1300-1500 °C. They can be 


used as abrasives and as highly refractory ma- 
terials [381]. 


48.6 Silicides 


48.6.1 General 


Silicides are compounds of silicon with a 
metal. Figure 48.22 shows the currently 
known silicide phases, arranged according to 
the position of the metal in the periodic table 
(382, 383]. 

Many metals of groups 1—3 and most ітап- 
sition metals form silicides. Physical proper- 
ties and structures of silicides are summarized 
in [382, 383]. The corresponding binary phase 
diagrams often show the existence of several 
compounds, having mainly nonstoichiometric 
compositions and intermetallic character. Pro- 
duction processes for silicides are based on the 
following reactions: 
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e Fusing or sintering of the metal with silicon: 
M-Si— MSi 

e Reduction of metal oxides by silicon: 
MO + Si > MSi + SiO, 


e Reaction of metal oxides with SiO, and car- 
bon: 


MO + SiO, + C 2 MSi + CO 
e Aluminothermic reaction: 
MO + SiO, + Al — MSi + ALO, + slag 


Silicides have an iron-gray, metallic luster 
and are resistant to oxidation. Most of the 
compounds shown in Figure 48.22 are cur- 
rently of only academic interest. The silicides 
of molybdenum, iron, and calcium have 
achieved commercial significance. 


Molybdenum disilicide, a brittle alloy that 
is very resistant to oxidation, is used as an al- 
loy for heating conductors. It is converted to 
cermets, from which resistors are then made. 
Ferrosilicon and calcium silicon are produced 
in large quantities for use as alloying and re- 
fining reagents in steelmaking and casting. 
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Figure 48.22: Silicides in the periodic table [382]. 
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Figure 48.23: Calcium-silicon phase diagram [385]. 





48.6.2 Calcium Silicon 


Like FeSi, calcium silicon [384] is pro- 
duced carbothermally in submerged arc fur- 
naces and is consumed in the iron and steel 
industry. 

Physical Properties. The Ca-Si phase dia- 
gram (Figure 48.23) shows the existence of 
three compounds [385]: Ca,Si (cubic, a = 474 


pm), CaSi (orthorhombic, a = 391 pm, b = 459 ` 


pm, c = 1080 pm), and CaSi, (hexagonal 
rhombohedral, a = 1040 pm, a = 21.5?). Com- 
mercial CaSi contains ca. 30% calcium and 
60 % silicon; the remainder is iron and impuri- 
ties. The alloy solidifies mainly as CaSi, with 
small amounts of primary and secondary eu- 
tectically precipitated silicon. The density of 
the commercial alloy is 2.2 g/cm’, and its 
melting range is 1050-1150 °C. 


Raw Materials and Production. The raw 
materials for the production of CaSi are 
quartz, lime, and coal. Whereas calcium car- 
bide was formerly used as the source of cal- 
cium, it has now been replaced by lime with 
the following approximate specifications: 
CaO 94-97 95, CO, 1.5-3 %, H,O 0.5-1.5 96. 

The requirements for quartz and coal, as 
well as the particle size of the burden, corre- 
spond to those of ferrosilicon production. 

The three-phase submerged arc furnaces 
generally used for the production of CaSi are 
similar to the furnaces used for the production 
of FeSi (see Figure 48.2). In practice, CaSi 
and FeSi are also produced alternately in the 
same furnace. Calcium silicon is produced 
only in open furnaces whose power consump- 
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tion is 8-30 MW, corresponding to a capacity 
of (6—20) x 10? t/a. The basic reaction of the 
commercial process is as follows: 


CaO + 2Si0, + 5C  CaSi, SCH 


In practice the processes are very complex, 
The process is sensitive to variations in the 
amount of reducing agent, which may also oc- 
cur locally in the burden. An excess of carbon 
in the burden results in the formation of SiC 
and CaC,, which in the extreme case leads to 
the clogging of the furnace. The use of too lit- 
tle carbon results in the formation of lime-sili- 
cate slags that are difficult to reduce and are 
tapped with the metal, which lowers the ca- 
pacity of the furnace. 

Even with correct operation, up to 3045 of 
slag is carried out with the CaSi. The slag, 
which is only slightly denser than CaSi, is sep- 
arated after being tapped off into the pouring 
ladle. The slag sinks to the bottom, and the 
metal is then decanted by pouring into shallow 
molds. Some companies use a cascade of four 
to five tapping-off molds, which results in re- 
finement because the slag preferably remains 
in the upper molds and the lower ones contain 
very pure metal. Careful separation from slag 
is the only feasible method for refining CaSi. 
The oxidative treatment used for FeSi is not 
possible because calcium has a high affinity 
for oxygen. 

The slag, which also contains Cat, is pro- 
cessed and recycled to the furnace. Typical 
values for the specific material and energy re- 
quirements of the CaSi process are as follows: 


Quartz 1500-1800 kg/t 
Lime 550—700 kg/t 

Coal 680—800 kg/t 
Recycled slag 250—300 kg/t 
Söderberg paste 80—100 kg/t 

Power consumption 9800-13 000 kWh/t 


Environmental Protection. The large 
amount of dust generated in the CaSi process 
(up to 300 kg per tonne of CaSi) is a result of 
vapor losses of SiO and calcium. Both compo- 
nents are oxidized in air and carried out of the 
furnace with the off-gas, from which they are 
separated in bag filters. The dust, which con- 
sists of ca. 60% SiO, and 30% CaO (remain- 
der: MgO, carbon, Fe,O,), is dumped. 
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Table 48.7: Composition of CaSi (DIN 17580). 
Composition, % 
Name Symbol Material no. —— 
Ca Ca + Si (min.) C(max.) Al(max.) P (max.) S (max.) 
= CaSi 0.3650 29—33 90 1.20 1.80 0.070 0.060 


Calcium-silicon 
Calcium-silicon, 





Since all of the slag is reintroduced to the 
process, none remains to be disposed of. 


Quality Specifications. The specifications for 
standard-grade commercial CaSi are summa- 
rized in Table 48.7. A number of multicompo- 
nent CaSi-based alloys contain up to 3046 
aluminum, manganese, barium, titanium, 
magnesium, mischmetal, or iron. These com- 
positions are often specified by the customer 
and are not defined in standards. 

DIN 17580 also defines procedures for 
analysis, testing, and arbitration [386, 387, 
388]. 


Storage, Transport, and Toxicology. On 
contact with water, acid, or base, CaSi can 
produce hydrogen. The reaction proceeds ex- 
tremely slowly with pure water and the alloy is 
therefore not classed as a hazardous substance 
in most countries (GGVS/GGVE) for trans- 
port by road. 

For sea and air transport, CaSi is classed as 
a hazardous substance, Class 4.3 (IMDG- 


Code; UN no. 1405). Since fine CaSi dusts are 


explosive, inert gases (nitrogen or argon) must 
be used for pneumatic transport. The critical 
oxygen content for carrier or protective gases 
is 8%. 

Calcium silicon should be stored in dry, 
ventilated rooms. On contact with moisture, 
slag impurities can release small amounts of 
phosphine, although with correct storage the 
concentrations are not critical. 


Uses. Calcium silicon is used in steelmaking 
as a deoxidizer and desulfurizer, as well as for 
the modification of nonmetallic inclusions 
[389, 390]. Calcium is the active element in 
the alloy due to its high affinity for oxygen 
and sulfur; silicon serves as a carrier element 
and is. alloyed in the steel melt, analogous to 
FeSi. 

The efficiency of calcium is very low if the 
alloy is added in lumps because of the high va- 


ом С  CaSiC50 0.3655 29-33 


90 0.50 1.80 0.070 0.050 





por pressure of calcium at the utilization tem- 
perature (pc, at 1600 °C: 0.2 MPa) and the low 
solubility of calcium in molten iron (max. 
0.03 96). . 


The efficiency has been improved by the 
development of injection techniques. Calcium 
silicon powder is blown deep into the steel 
melt through immersion lances, or CaSi-filled 
hollow wires are coiled rapidly into the pour- 
ing ladle. These techniques produce very good 
metallurgical results and are rapidly replacing 
conventional addition of the alloy as lumps. 


The modification of inclusions by calcium 
improves the fluidity of steel in automated 
continuous casting plants. The calcium lique- 
fies the suspended solid inclusions of alumi- 
num Oxide that are always present in 
aluminum-killed steels. Furthermore, the ma- 
terial properties of the steel are improved: the 
calcium aluminates formed are largely unde- 
formable in the solidified steel and allow high 
isotropy of the material properties to be main- 
tained after working of the steel. 


Economic Aspects. The amount of CaSi re- 
quired by the steel industry has decreased dur- 
ing the 1980s due to changes in process 
technology: the very efficient injection tech- 
ñiques, especially the cored wire process, 
greatly reduce the amount of CaSi required 
per tonne of steel. 


In spite of the wide range of uses, world 
consumption fell from ca. 100 x 10? t/a in 
1981 to ca. 80 x 10? t/a in 1991. In the Western 
steel-producing countries, ca. 5095 is used in 
the form of filled wire, and this fraction will 
increase further. 


i Production capacity is estimated to be 120 
x 10? t/a, distributed evenly among the former 
Eastern-bloc countries, South America, and 
Western Europe. 
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48.7 Silica 


48.7.1 Silica Modifications and 
Products 


48.7.1.1 Geochemistry and 
Crystal Structure 


Silica, silicon dioxide, SiO,, is the major 
constituent of rock-forming minerals in mag- 
matic and metamorphic rocks; it accounts for 
ca. 75 % of the Earth's crust [391]. It is also an 
important component of sediments and soils 
[392—394]. In rocks free silica predominantly 
occurs as quartz, which owes its important 
role to the action of water in rock-forming pro- 
cesses on Earth. Quartz makes up 12-1446 of 
the Earth's crust. In silicate bodies that crystal- 
lized under dry conditions—moon rocks, and 
silicate slags, for example—dquartz is rare; in- 
stead, cristobalite and tridymite crystallize. 
Micro- and noncrystalline silica minerals are 
described in [395]. The structural framework 
of crystalline SiO, phases can incorporate 
trace element impurities in two ways (Figure 
48.24) [396]. The first is the substitution-addi- 
tion mechanism (Figure 48.24): substitution of 
Si* by AP* or Fe** and addition of M* and 
M” at interstices (M* = Li*, Nat; M” = Mg”, 
Ca?*. 

The second is the formation of hydrolytic 
or alkaline nonbridging oxygens 
(“Trennstellen”) in the framework. Incorpora- 
tion of alkali metal and aluminum ions in sto- 
ichiometric proportions leads to stuffed 
derivatives [396], e.g.: 


Structure type: high quartz high high tridymite 
cristobalite 
Stuffed eucryptite — carnegieite  kalsilite 


derivative: Li(AISiO;) Na(AISiO,) K(AISiO,) 


Quartz has a very high geochemical purity, the 
dissolved trace elements rarely exceeding 100 
ppm [395, 397, 398]. Water, however, can be 
incorporated in concentrations from hundreds 
to several thousands ppm (Figure 48.25). The 
transitions from structural incorporation to 
microstructural inclusion are fluent [399]. Sil- 
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ica has a strong affinity for water. At elevated 
temperatures and pressures water migrates 
rapidly through the structural framework, 
splitting Si-O-Si bonds and forming silanol 
groups. This mechanism of hydrolytic weak- 
ening activates reconstructive transforma- 
tions, recrystallization, plastic deformation, 
and solid-state flow of quartz [400]. Traces of 
alkali metal oxides act as efficient transforma- 
tion activators Бу forming alkaline 
Trennstellen (Figure 48.24) [401]. 
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Figure 48.24: Two-dimensional scheme of chemical 
points defects in SiO,,, frameworks. —— hydrolytic, — 
alkaline nonbridging oxygen (Trennstellen); [S] substitu- 
tional, [I] interstitial defects. 

Apart from stishovite, which contains six 
coordinate silicon (Figure 48.26B), and silica 
W, with a tetrahedra-chain structure, the 
known crystalline silica phases are three-di- 
mensionally linked, ordered frameworks of 
tetrahedra (Figure 48.26A) sharing all four 
corners, while the noncrystalline phases are 
random networks or clusters of all-corner 
sharing SiO,, tetrahedra, whereby a few tetra- 
hedra may possess some corners with non- 
bridging oxygen atoms. Four sp? hybrid 
orbitals on Si overlap with the 2p orbitals of 
oxygen, forming strong o-bonds [402]. Addi- 
tional minor bonding contributions arise from 
overlap of Si 3d orbitals with O 2p orbitals, 
which partly explains the shortening of Si-O 
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bond lengths with increasing Si-O-Si bond 


angle [403]. 

The approximately 1:1 ionic-to-covalent 
bond character favors compromise angles be- 
tween 180 and 109°, averaging ca. 147° [404, 
405]. Band theory treatment is given in [406]. 
In terms of ionic bonding, the radius of Si™ in 
tetrahedral coordination with oxygen déi = 
0.127 nm) is 0.034 nm, and in octahedral coor- 
dination, 0.048 nm. The mean Si-O bond dis- 
tance in tetrahedral polymorphs is 0.161- 
0.162 nm [407]. The mean О-О distance is 
0.264 nm (Figure 48.26A). The short Si-O 
bond indicates high bond strength (452 kJ/mol 
in quartz), and in combination with the three- 
dimensional linking of tetrahedra, it results in 
high elasticity, melting point (cristobalite 
2000 K), activation temperatures for recon- 
structive transformations (1300 K for quartz 
cristobalite at ambient pressure), the high 
transformation temperature of silica glass 
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(1300 K), and high hardness (quartz: Mohs 
hardness 7). 


The variation in the Si-O—Si bond angles 
and the almost unrestricted rotation of adja- 
cent tetrahedra around the bridging oxygen 
atom (Figure 48.26D) accounts for the topo- 
logical and displacive variability of silica 
frameworks, the stacking polytypism of cris- 
tobalite-tridymite, complex growth and trans- 
formation twinning, and the tendency for glass 
formation. Generally, the favorable trans con- 
figuration of adjacent tetrahedra is adopted in 
the frameworks (Figure 48.26C). Rare excep- 
tions with cis and trans configurations are the 
tridymites [401] and coesite [410]. In the trans 
configuration, the tetrahedra are nearly ideal, 
whereas the unfavorable cis configuration 
causes distortion of the tetrahedra in the 
tridymites [411] and 1s responsible for unusu- 
ally high Debye-Waller temperature factors of 
the bridging oxygen atoms in coesite [412]. 











. Si^ strong asc 
hydrogen bond: 

Q o% weak see 

Qor 


(uo 


Figure 48.25: Two-dimensional scheme of water in and on thé surface of quartz, as revealed by IR spectroscopy [408, 
409]: a) HO strongly bonded in framework; b1) H,O at outer surfaces; b2) H,O clusters in framework ("freezeable wa- 
ter"); c) substitution of (SiO,) by (OH),; d1) surface silanol groups; d2) Trennstellen silanol groups. 


Table 48.8: The crystalline silica minerals. 





Mineral Space group Cell dimensions, nm Crystal di- Density, Refractive indices” Optical Displacive transforma- 
ions” h h i * 
b с =, В, ,,? mensions g/cm п, п п, character tion temperature", К 


У 
аа ow ире лаа sO аа ХАВАС ЫРАА 
Mineral phases 


Stishovite P4,/mnm 0.4177 0.2666 2 ca. 4.3 1.80 183 + 
; 1.85 
Coesite C2/c 0.7135 1.2396 0.7174 120.34 2 ca.2.9 1.594 1.596 1.599 + 
3.0 
Low quartz P3,21 Ri 0.4913 0.5405 120 1 2.65 1.5442 1.5533 + 846 
P3,21 L 
High quartz (at 600 °C) P6,22 pi 0.45 0.5 120 846 
P6,22 L 
Moganite I12/al* 0.8758 0.4876 1.0715 90.1 3 ca, 2.5 1.52 
С12/1 1.53 
Low cristobalite’ L-Cy P42,22R' 0.4978 0.6948 1,28 2.33 1.484 1487 - 540" 
P4,2,2L 
High cristobalite*! Н-Со Fd3m! 0.7132 1,2 540" 
Low cristobalite* L-Cp 0.498 0.695 1,2 ca. 2.33 1.485 - 
High cristobalite*! H-C,, 0.713 1,2 
Low 1 tridymite^' L1-T, Cc 0.4991 2,5832 1.8495 11775 1,28 2.27 1.47 + 380 
2.28 1.48 
Low 3 tridymite! L3-Ty Cl 0.5008 0.8600 0.8217 91.51 1,28 2.26 340 
High 5 tridymite! (at 95 °C) orthorhombic 0.9959 1.7440 8.179 2.24 ca. 340 
H5-Tg 380 
High 4 tridymite! (at 155 °С) P2,2,2, 0.4986 2.6171 0.8196 2.24 ca, 380 
H4-Tg 430 
High 3tridymite' (at 170 °С) monoclinic 0.5008 0.8748 0.8212 90.28 222 са. 430 
H3-T, 490 
High 2 tridymite’ (at 220 °С) C222, 0.5024 0.8757 0.8213 2.21 ca, 490 
H2-Tg 690 
High 1 tridymitef (at 420 °С) P6,/mmc 0.5047 0.8262 2.19 690 
"D 
Low 2-tridymite*™ L2-T, ЕІ 0.9933 1.7217 8.1865 1 ca, 2.28 1.48 * 
High 1 tridymite*" H1-Tp 
Melanophlogite" Pm3n 1.3436 1,2 ca. 2.0 1.47 


————————————————————————————————————————————————— ———— 


: Cell dimensions, nm 1 i- i Refractive indices? i i i Ж 
"CUEMMEUUUENESEDLICILMENCCUN OC NMEIIILIAMKE DEL DEDI 
Nonmincral phases 
Keatite P4,2,2R° 0.746 0.858 2 ca. 2.5 ca. 1.52 ca. 1.51 — 
P4,2,2 L 
Silica W | Icma 0.836 0.472 0.516 2 fibers ca, 1.97 


^ 1; macroscopic, 2: microscopic, 3: submicroscopic. 
t Values in cach column: optically biaxial; values in left and right column: uniaxial; values in middle column; mean value. 
*Two values: intermediate high-modification. 

" Handedness of enuntiomorphic groups: К = right, L = 10б. 

*]-Settling for comparison with quartz structure. . 
‘Stacking ordered cristobalite: Co, tridymite, Ty. 

3 High-low transformation causes polysynthetic microtwinning. 

* Transformation hysteresis low-high ca. 10 К, high-low ca. 20 К. 

"At 570 К. 

! Average structure with six fold twinned domains. 

* Stacking disordered cristobalite: Cp, tridymite: Tp. 

'"Tridymite S(tablc)" or “metcoritic tridymite": redundant terms. " 
™“Tridymite M(ctastable)” or “terrestrial tridymite": redundant terms. ~~ 
? With guest molecules. 
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Figure 48.26: Details of silica crystal structures (see text for explanation). 
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Figure 48.27: p-T diagram of SiO, system [413]. The 
borderline of tridymite to high quartz and high cristobalite 
runs along the ordinate from ca. 1200 to ca. 1800 K. 

Quartz is the stable phase under ambient con- 
ditions. Due to the sluggish transformation the 
boundary to the coesite field at low pressures 
and temperatures can only be extrapolated. 
The same is true for the quartz~cristobalite 
boundary. The most important structural fea- 
tures are helices composed of tetrahedra along 
the c-axis. The helices have a repeat distance 
of 3 tetrahedra (T) (3T chain). The winding of 
the helices can be left- or right-handed, which 
results in the enantiomorphism of quartz crys- 


tals [417, 418]. Six helices envelope structural 
channels with four-fold [Lj] and six-fold D. 
oxygen-coordinated interstitial sites which al- 
ternate along the c-axis. Polarity along the a- 
axes accounts for the piezoelectricity of low 
quartz and its use in oscillator and voltage- 
pressure transducers. The low sensitivity, 
however, requires high-voltage amplification 
[419]. The low specific free surface energy of 
the rhombohedral faces ( 1011] results in dis- 
tinct cleavage [397]. The low thermal conduc- 
tivity (А, = 6.2 Wm" K^, 1, = 10.4 Wm^'K- 
1) and high thermal expansion (o, = 13.3 x 
10° K^, оз; = 7.1 x 10$ K’) produce low 
thermal shock resistance, which can be ex- 
ploited for crushing coarse quartz. Standard 
values of important properties are collected in 
[420], and relationships between structure 
and properties are given in [419]. 


The displacive transformation of low 
quartz to high quartz involves cooperative ro- 
tatory dislocation of the tetrahedra leaving the 
Si-O bonding topology unaffected. The trans- 
formation is rapid, reversible, and occurs 
without hysteresis. Starting with low quartz, 
the rotatory vibrational disorder increases 
continuously with temperature [418, 421]. 





Silicon 


Randomization reaches a maximum at the 
transformation temperature, which is Шиѕ- 
trated by thermal expansion as a function of 
temperature (Figure 48.28). The difference in 
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specific volume between 300 and 850 K is 
4%. The last jump between 825 and 850 К 
contributes about 1 % [422]. The shape of the 
specific heat C, curve is of the lambda type. 


Table 48.9: The microcrystalline mineral species of quartz and of cristobalite-tridymite (opals). 





Microcrystalline quartz species® 











а Chalcedony CH, Ц 
Property 5 n LE Quartzine CH, 
Microquartz MQ нұ; CH-H,, LS 
PLM 
Mean refractive in- ca. 1.54—1.55 ca. 1.533-1.543 ca. 1.542 
dex 


i granular undula- parabolic fiber bundles radiating spherulites stri- parabolic fiber bundles 
KE n ations (plait pattem) spheru- 
lites striations 


tory extinction striations 









youll 









Mean crystallite <ca.20pm ca. 50-350 om ca. 100-200 nm ca. 100-200 nm 

size (PLM, X-ray) > { | 

Texture (PLM, parallel fibrous parallel fibrous plaited fibers 

SEM) E | 

Texture (X-ray dif- fiber axis: (11.0), fiber axis: (11.0), (11.0) fiber axis: (00.1) 

fraction) (11.0) | Nu 
TEM polysynthetic twinning of R/L quartz lamelle polysynthetic twinning 

o 
wrinkle“banding quartz lamelle 
Microcrystalline opals” 
Opal-C O-C Opal-CT O-CT 
OC O-Cy О-СТ, 5 O-CT,, 

PLM | | 

With crossed polar- birefringent almost isotropic {+ birefringentfibrous-par- almost isotropic 

izers abolic 

Mean refractive in- ca. 1.46 ca. 1.45 1.45-1.46 1.43-1.45 

dex 

Microstructure . 
SEM parallel-platy at. —tangled-platy parabolic fiber bundles  lepidospheric tangled- 

ter 111 platy 

TEM massy fiber axis: (101) or (110) tangled-fibrous platelets 





intergrown atangles of 
ca. 70? 





*PLM: polarizing light microscope; SEM: scanning electron microscope; TEM: transmission electron microscope. 
PLF: optical character of fiber elongation negative; LS: optical cbaracter of fiber elongation positive; M: massy, tangled; W: wall-banded; 


H: horizontally banded. 
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Figure 48.28: Thermal expansion of quartz: a) Parallel to 
a-axis; b) Parallel to c-axis. 

Abnormal properties, such as optical biax- 
ial character are due to inequivalent substitu- 
tion of the three equivalent Si atoms of the 
structure by traces of Al or Fe during growth 
[423-425]. 


After passing through a region of retro- 
grade solubility, under hydrothermal condi- 
tions the solubility of quartz in water increases 
strongly with pressure and temperature (Fig- 
ures 48.29, 48.33) [426, 427]. Only above 400 
K are equilibrium solubilities determinable at 
ambient pressure. At ambient temperature the 
solubility is ca. 6 ppm SiO, [428]. Quartz sol- 
ubility plays an important role in the exploita- 
tion of geothermal energy (silica scaling in 
pipes and valves) [429]. Water in quartz (Fig- 
ure 48.25) is highly mobile. The diffusion 
constant in the temperature range 625-1300 K 
is D = 107225957 [430]. Fluid inclusions 
found in nature are mainly H,O, CO, and 
CH,. Under ambient conditions NaCl may be 
partly precipitated from the saline fluid [431]. 
The diffusion coefficient of Na from 575 to 
845 К parallel to the c-axis is Г), 0.68287, 
and perpendicular to the c-axis D}, 
400е-1139/8Т [432]. The diffusion depends 
strongly on the type and concentration of 
structural defects [433]. Perpendicular to the 
c-axis quartz is an insulator. However, alkali 
metal 1ons incorporated or deliberately intro- 
duced during growth in the c-direction result 
in electrolytic conduction [419]. 
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Chalcedony and Quartzine. The microcrys- 
talline quartz species chalcedony and 
quartzine (Table 48.9) [395] have dense mi- 
crostructures of fibers composed of submicro- 
scopic right-(R-) or left-(L-) handed quartz 
lamella. Chalcedony occurs in agate nodules 
in masses of several kilograms. High hardness 
combined with high toughness and high purity 
(< 1% nonvolatiles, 0.5-2% H,O) leads to 
high demand as an industrial mineral. 


Quartz whiskers, in contrast to chalcedony 
and quartzine, are isolated single crystal fibers 
of ca. 1 рт diameter. They form by hydrother- 
mal transport of silica with water [434]. 


1200K 
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Figure 48.29: Hydrothermal solubility of quartz in water ` ` 


[426, 427] (isotherms in the high-pressure range). 


Moganite. The crystal structure of moganite, 
a very rare microcrystalline silica mineral 
[435], consists of systematic twinning of one 
R- and one L-quartz {1011} lattice slice per 
unit cell [436]. 


Cristobalite is the low-pressure, high-temper- 
ature modification of silica (Figure 48.27). 
The structure of high cristobalite is a deriva- 
tive of the zinc blende type, with Si occupying 
the Zn and S positions. The framework con- 
sists of SiO, tetrahedra in trans-configura- 
tion, forming sheets of 6T rings with the 
tetrahedra in up-and-down positions (Figure 
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48.30). The sheets are in parallel orientation, 
stacked in a three-sheet sequence along the 
(111) directions. The structure has large inter- 
stitial cages. The apparently linear Si-O-Si 


. bonds in high cristobalite are due to an aver- 


age structure with six-fold domains; a true 
bond angle of 147? has been calculated [437]. 
The displacive high cristobalite-low cristo- 
balite transformation is rapid, reversible, and 
cannot be frozen, though it shows a hysteresis 
of ca. 20 K. The sudden increase in specific 
volume on high low transformation is 4%, 
leading to characteristic "fish scale" microc- 
racking. These scales are rectangular if the 
cristobalite is structurally ordered and become 
rounded with increasing stacking disorder 
[438]. Under nearly all conditions, the kinetics 
[439] prevent the growth of macrocrystals. In- 
stead, repeated nucleation and dendrites are 
common growth features. The lack of suitable 
cristobalite macrocrystals limits the precise 
determination of properties and the extent of 
impurity incorporation. Coarse, refractory 
grade cristobalite crystals incorporate < 1% 
impurities [440]; natural cristobalite crystals, 
with a more complex microstructure, have 
higher contents of inclusions [441]. 


Tridymite is unstable to high pressures at ele- . 


vated temperature. At ambient pressure it 
forms at 1200-1800 K; however, traces of for- 
eign ions— preferably the alkali metals—are 
necessary. Formation is also favored by hy- 
drothermal conditions [442]. Tridymite crys- 
tallization according to the nucleation- 
growth process [401] starts with cristobalite 
nuclei. The growth kinetics favor the forma- 
tion of large tabular crystals [439]. The crystal 
Structure is a derivative of the hexagonal 
wurtzite type with Si occupying the Zn and S 
positions. Sheets of 6T rings are stacked in an- 
tiparallel orientation to give a two-sheet se- 
quence (Figure 48.30) With respect to 
bonding requirements the structure is much 
less balanced than that of cristobalite. As a 
conséquence tridymite undergoes very com- 
plex high-low transformations. Trace ele- 
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ments are incorporated substitutionally and in 
open structural channels parallel to the c-axis 
[441]. In refractory grade crystals, trace ele- 
ment concentration is « 146 [443]. 


Cristobalite-Tridymite Stacking Polytyp- 
ism. The close structural relationships enable 
stacking faults to occur during growth or re- 
constructive transformation. Intergrowth of 
tetrahedra sheets with cristobalitic or tridym- 
itic stacking sequences and the transformation 
of cristobalite into tridymite and vice versa go 
off with mutual orientation [444]. Due to the 
nucleation-growth mechanism [401] and 
stacking polytypism several tridymite modifi- 
cations and cristobalite may be intergrown in a 
single tridymite crystal [445]. Stacking disor- 
der changes all properties, including tempera- 
ture and heat of displacive transformation, as 
well as thermal expansion and X-ray diffrac- 
tion, which are used for quantitative phase de- 
termination [446]. Unawareness of this fact 
led repeatedly to speculatioris about a “transi- 
tion phase" occurring during quartz cristo- 
balite-tridymite transformations [447, 448], 
which, however, does not exist. In any case it 
is necessary to discriminate between ordered 
and stacking disordered cristobalite (C, and 
Cp) and tridymite (То and Tp). The terms 
tridymite S or meteoritic tridymite, and 
tridymite M or terrestrial tridymite are redun- 
dant synonyms for T, and Tp [411]. 


Melanophlogite, a very rare mineral with 
noteworthy occurrences known only in Agri- 
gento and Livorno, Italy [449, 450] is treated 
in Section 48.7.8.3. 


Crystalline Nonmineral Silica Phases 


Only two crystalline nonmineral silica 
phases are known, both of which do not occur 
in nature due to their instability (Table 48.8). 


Keatite is synthesized as metastable microfi- 
brous parabolic bundles from noncrystalline 
silica under weakly alkaline hydrothermal 
conditions [451]. 
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Figure 48.30: A) Stacking principles of idealized six-membered up and down ring tetrahedra sheets. c: Cristobalite, A, 
B, C sheets parallel; h: Tridymite, A and C’ sheets in antiparallel position. B) Tetrahedra configurations in the framework. 
c: Cristobalite—all trans; h: Tridymite—*/, trans, H, cis. 





Table 48.10: The noncrystalline silica minerals. 





Mineral or phase Species Microstructure (PLM/SEM) Abbreviation? жс, кечсе 

Opal-A (noncrystal- opal-A, O-A; 

line silica with char- — precious opal-A, close packing of homometric O-A,-prec. 

un TM zi SiO,-nH,O spheres | variable ca. 1.45-1.46 

potch opal-A, irregular packing of heteromet- O-A,-potch 
ric SiO,-nH,O spheres 

opal-A,, botryoidal with striations O-Ay ca. 2.1-2.2 ca. 1.45-1.46 
hyalite bubbles from degassing 

Lechátelierite (sil- — silica-fulgurite relics of quartz grains 

ica glass, almost free cristobalite 

of water) pores LEC ca.2.2 ca. 1.458 
meteoritic silica schlieren meteoritic detritus 


glass and reaction products 





* A: noncrystalline; С: gel structure; N: network structure. 
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The tetrahedral framework of the keatite 
structure [452] contains 4T helices along the 
c-axis. 3T single chains [453] run parallel to 
the a-axes. The structure is not yet well re- 
fined; however, stuffed derivatives МА151,0, 
(М = Н“, Li*, Na*, K*) have been structurally 
well characterized [454]. 


Silica W [455] forms above ca. 1500 K in the 
decomposition and vapor transport reaction 


Hag + SiO SiO) + HO 


as metastable fibrous woolly aggregates. The 
crystal structure is isotypic with SiS,. Infinite 
chains of edge-sharing tetrahedra run parallel 
to one another and are held together by weak 
interatomic forces. At ambient temperature, 
this very unstable configuration collapses im- 
mediately on coming into contact with traces 
of water. Tempering under the formation con- 
ditions produces cristobalite [455]. 

The substance known as 510,-Х, is an al- 
kali metal silicate hydrate with the approxi- 
mate formula MSi;,O4,,:3H,O (M = К, Rb, 
Cs) [456]. 


48.7.1.3 Noncrystalline Silica 
Minerals 


Noncrystalline silica minerals are listed in 
Table 48.10. ; 


The lack of structural order and therefore of 


distinct stoichiometry makes the boundary be- 
tween silica glass and silicate glasses fuzzy. 
For natural silica glass it can be arbitrarily 
drawn at са. 3 mol% of nonsilica components. 


Lechátelierites, which originate from silica 
melts formed by meteoritic impacts or light- 
ning strikes on quartz sand or quartz rocks, are 
very rare [395, 397]. 


Opals-A, are formed by flocculation of high- 
purity SiO,-nH,O spheres of са. 100—500 nm 
diameter when colloidal silica percolates 
through water-permeable clays or metamor- 
phosed volcanic rocks. The water is filtered 
and the spheres aggregate, with closest pack- 
ing if they are homodisperse, or irregular 
packing if they are heterodisperse. Cubic close 
packing (ccp) is preferred because of its low 
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free surface energy. The ordered packings pro- 
duce Bragg diffraction of visible light, while 
the disordered packings give rise only to Ray- 
leigh scattering [457]. Biogenic opal-Ag is 
formed from skeletal silica remains of plank- 
ton. The water content of opals-Aq varies in 
the range ca. 58% with ca. 4—746 molecular 
water [395, 408] 


Opal-A, is a water-containing silica glass, 
formed by quenching of aqueous fluid silica 
solutions [395]. The opals-A are characterized 
by their microstructure and water content 
[408]. Opal-A, with a continuous three-di- 
mensional random tetrahedral network gives 
no small-angle X-ray scattering. Opal-A, 
which consists of particle aggregates and wa- 
ter-filled microporosity [408] with discontinu- 
ous electron density, produces distinct small- 
angle X-ray scattering [458]. Opal-A, con- 
tains ca. 3.5% water with 1.5% as silanol 
group water in the network and on the sur- 
faces. The remainder is molecular water in- 
cluded in pores. 


48.7.1.4 Silica Rocks 


The classification of silica rocks is given in 
Table 48.11 (393, 459, 460]. Many special, 
trade, and trivial names exist, with varying 
meanings and often imprecise definitions. For 
example, “tripoli” is a friable porcellanite, and 
"ganister" a quartz sandstone cemented by 
chalcedony or opal-CT (cf. Table 48.11). In- 
dustrial silica rocks are treated in [461, 462]. 
Agates are siliceous fillings of vesicles and 
veins in volcanic rocks, consisting mainly of 
chalcedony with intergrown and interstratified 
granular microquartz, quartzine, opal-C, opal- 
CT, and coarse quartz [464,465]. 


48.7.1.5 Crystalline Silica 
Products 


Неге, only silica products that are produced 
by; crystallization from mobile mother phases 
ог by transformation in the solid state are dis- 
cussed. 
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Table 48.11: Silica rocks (> 90% SiO,). 


Classification Name 





Metamorphic quartzite 


Main constituent silica minerals; microstructure 


recrystallized quartz grains 


Handbook of Extractive Metal, lurgy 


Special, trade and trivial 
names (selection) 





crystalline quartzite, diamond 
quartzite, felsquarzit, tau- 
nusquarzit 


Sedimentary detrital quartzarenite detrital quartz grains cemented by 


* direct contact 


* authigenic outgrowth 
* chalcedony, opal-CT 


* carbonates 


e argillaceous and ferric oxide minerals 
opal-A, detritic quartz; coherent diatom accu- — kieselguhr [394] 


Sedimentary nonde- diatomite 
trital mulations 


porcellanite 


quartz sandstone 

quartz sandstone 

orthoquartzite, ganister, sili- 
crete, zementquarzit, find- 
lingsquarzit 


kittquarzit 


opal-CT; microporous (up to 50 vol %) dense 


and rather strong rock with conchoidal frac- 
ture; grades into chert 


radiolarite 


opal-A, opal-CT, chalcedony; coherent, friable tripoli [463] 


chert chalcedony, mocroquartz; nonporous tough rock hornstein, jasper, novaculite 
with conchoidal fracture, containing scattered [463] 
iron oxides, clay, and carbonate minerals 


nodular chert from chalk or limestone 
interbedding with mudstone or shale 


bedded chert 


Volcanic geyserite 





flint’, silex, feuerstein 


phtanite, silica slate, radiolar- 
ite, lydit, kieselschiefer 


opal-A,, opal-CT; friable, porous 


* In the porcelain and earthenware industry in Europe, "flint" is used for ground flint, and in the United States, for ground quartz sand as 


well. 
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Figure 48.31: Autoclave for quartz single crystal bar 
growth. 


In contrast to the many noncrystalline silica 
products, crystalline silica products are lim- 
ited to hydrothermal cultured quartz crystals 
and thermochemically produced silica refrac- 
tories. 


Cultured quartz is of major economic im- 
portance and its use is growing rapidly. In con- 
trast, the development of silica refractories has 


stagnated. They are used in certain high-tem- ` 


perature processes, and are generally pro- 
duced batchwise when required, for example, 
when a new coke oven battery is installed, 
which can then be operated for up to 20 years 
with negligible silica consumption. 


Cultured Quartz Single Crystals 


The growth of quartz single crystals is car- 
ried out hydrothermally in sealed steel auto- 
claves with constant temperature difference 
and density-driven convection [466] (Figure 
48.31). Hydrothermal syntheses are defined as 
growth or reaction at high pressure and tem- 
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erature in aqueous solution, both in the sub- 
and supercritical state [467]. 

Natural quartz [468] is fractionated into 
chips of controlled size distribution and sur- 
face area. They serve as nutrient and are filled 
into an iron wire basket which is placed in the 
lower part of the autoclave. T he lower part is 
separated from the upper part by a baffle of 
defined opening. Seed slices or rods, cut with 
defined crystallographic orientation from nat- 
ural or cultured quartz crystals that are un- 
twinned and have a low content of structural 
defects, are hung in a rack and placed in the 
upper part of the autoclave. Preferred seeds 
are Z plates, cut parallel to {0001}, and Y 
rods, cut parallel to {1120} and {0001} and 
perpendicular to one of the a-axes. 

Aqueous growth solutions with different 
mineralizers (mainly 0.5-2.0 M NaOH ог 
Na,CO, and additives such as Li,0) fill ca. 
70-80% of the inner volume of the autoclave. 
Special syntheses such as growth of amethyst 
with incorporation of iron require K,CO, or 
МН, solutions [469, 470]. 
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Figure 48.32: p-T diagram of H,O, isochores for various 
percentages of autoclave filing [471, 472]. C: critical 
point at 22.04 MPa, 547.4 K. 

After sealing, the autoclave is electrically 
heated to a working temperature of ca. 675 K 
at the outer wall of the nutrient part (7,) and 
ca. 20-40 K less at the seed part (T,) (Figure 
48.31). The actual temperature difference AT 
in the reactor is much smaller (5—10 K). With 
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increasing temperature, according to the per- 
centage of filling, the pressure increases (Fig- 
ure 48.32). Under working conditions it is ca. 
100-150 MPa. A rupture disk in the pressure 
tubing at the autoclave seal prevents hazard- 
ous pressure increase. | 


During heating and cooling of the auto- 
clave at pressures below ca. 80 MPa the sys- 
tem passes through a region of retrograde SiO, 
solubility. Above 80 MPa the solubility in- 
creases with temperature and pressure (Figure 
48.33). The mineralizers increase the SiO, sol- 
ubility, e.g., at 673 K and 100 MPa from ca. 
0.15 % for pure water to about 2—3 95; the solu- 
bility is approximately proportional to the 
mineralizer concentration [473]. Concentra- 
tions of NaOH or Na,CO, above 2 mol/L can 
lead to deposition of water glass at the bottom 
of the autoclave. 


175 MPa 


150 
125 


e 
Lu 


KE 


0.2 


Solubilit y, 





500 600 700 800 
Temperature, К ——» 


Figure 48.33: Solubility of SiO, in H,O [473]. 


; In the nutrient section SiO, goes into solu- 
tion. Saturation, however, is not reached be- 
cause the density of the solution is lower than 
that of the cooler solution in the seed section, 
and it therefore rises. Above the baffle it is 
cooled and becomes supersaturated with SiO,, 
which deposits on the seed, which starts grow- 
ing. The solution in the seed section has a 
higher density and sinks through the baffle 
into the nutrient section where it is heated and 
becomes subsaturated. It dissolves SiO, from 
thie nutrient chips, ascends, and so on in a per- 
manent density-difference driven circulation 
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until all nutrient is transported to the growing 
crystals. 

The effective nonequilibrium distribution 
coefficient is defined as 


kesr Tei acd C act 
where C, a is the actual trace element concen- 


tration in the solid, and Ce the actual trace el- 
ement concentration in the liquid. For К > 1 
the trace element impurities accumulate in the 
solution [474] and the cultured quartz bars are 
of higher purity than the nutrient. Doping with 
special components changes the trace element 
chemistry. For example, doping with LiF im- 
proves the electrical quality of quartz. 

Increasing p, 7, and AT increases the rate of 
SiO, transport and quartz growth. However, 
the high-temperature strength of the autoclave 
alloy limits p and T, and transition of convec- 
tion from laminar to turbulent or even cellular 
flow restricts AT. Increasing face instability 
[474] and defect concentrations (channels, in- 
clusions, dislocations) with increasing trans- 
port rates are further limiting factors. 


The corrosion of the steel autoclave alloy is 
inhibited by formation of a dense coating of 
microcrystalline akmite, NaFe**(Si,O,], and 
traces of emeleusite, LiNa,Fe**[Si,O,,], on the 
inner wall. These minerals may also be found 
as inclusions in the crystal bars. 

The duration of growth runs varies between 
1 and 4 months, depending on the growth con- 
ditions. An autoclave with 250 mm inner di- 
ameter and an inner length-to-diameter ratio 
of 12 gives a yield of ca. 100 kg of quartz bars 
per month. The loss by removal of seeds from 
the bars is ca. 20%. Part of the cutting waste is 
used in the jewelry industry [475]. Growth pa- 
rameters, which determine yield and quality of 
cultured quartz, are complexly coupled [476]. 

Maximum dimensions and yield capacities 
of autoclaves are summarized in Table 48.12. 
Table 48.12: Dimensions and yield capacities of auto- 
claves for cultured quartz. 


Innerdiam- Inner  Innervol- Yield per 
eter, cm length, т итше, run, kg 


тыс у Eee 
Тарап 65 13 4500 2000 
USA 40 4.5 560 250 
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Worldwide quartz bar production in 1985 
was ca. 1760 t (gross), i.e., 1410 t (net) after 
deduction of seed losses. 


The largest production capacities exist in 
Japan and in the United States. Smaller capac- 
ities exist in Europe, Brazil, China, and South 
Africa. For 1992, growth capacities are esti- 
mated at 1400 t in Japan, 2300 tin the western 
world, 600 t in the CIS, and 300 t in China 
[475]. 

Small amounts of colored quartz [477, 478] 
for jewelry are cultured in the C.l.S. While 
blue (Co) and light green and yellow (Fe) 
quartz become colored in the growth process, 
the Al and Fe color centers for smoky quartz 
and amethyst must be activated by y-irradia- 
tion after growth. The seeds for the first three 
color variations are Z-plates, whereas for 
smoky quartz and amethyst X-plates cut paral- 
lel to (0111) are used because of face-specific 
incorporation requirements of the dopants. 


Filter and oscillator quartz must be free of 
twinning and of low defect concentration. 
Structurally incorporated impurities are deter- 
mined by chemical trace analysis. Impurities 
that produce paramagnetic defects can be de- 
tected by electron spin resonance spectros- 
copy [479]. Dislocations produce diffraction 
contrast in X-ray topography [480, 481]. Wa- 
ter is determined by IR spectroscopy [482]. In- 
clusions are recognizable with X-ray 
diffraction, under the polarizing light micro- 
scope (PLM), and can be analyzed with an 


electron microprobe [483]. Brazil twinning: ` 


can be seen with PLM, but Dauphine twinning 
can only be made visible by etching. Both 
types of twinning can be detected by X-ray to- 
pography [484, 485]. The quality of single- 
crystal quartz for vibrator uses is described by 
the electromechanical Q-value. Analogous to 
an electronic circuit resonating with the same 
frequency, this dimensionless quality-factor is 
defined as: 


where f is resonance frequency, L inductance, 
and R resistance [486]. 
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Q increases with decreasing energy loss 
due to relaxation and internal friction. The 
slower the decay of the vibration amplitude af- 
ter cutting off the excitation, the higher is Q. A 
correlation exists between the IR absorptions 
of the structural OH groups at 3580 and 3410 
сп! and the vibrational quality of quartz 
[487]. Therefore, an optical quality value a is 
defined that is derived from the absorption co- 
efficients at 3580 and 3410 cm! and which is 
inversely proportional to Q. 

Quartz with high Q is obtained by slow 
growth in the {0001}-sector (c- or Z-seed 
growth with Na,CO, solutions). 

In 1921 Capv described the first oscillator 
for generation of stable frequencies, cut from a 
natural quartz single crystal [488]. Today the 
uses of oscillator quartz are diverse and ex- 
panding (Figure 48.34), so that a comprehen- 
sive and detailed treatment cannot be given 
here. Electronic quartz component devices 
are principally used as filters, oscillators, tim- 
ers, and sensors. Optical-grade quartz is used 
as a low-loss light transmitter. Cultured opti- 
cal-grade quartz retains high transmissivity 
further into the UV and IR than natural quaftz 
or silica glass. Whereas poly(vinylidene fluo- 
ride) layers are competing increasingly with 
quartz for piezoelectric devices, the impor- 


tance of quartz as oscillator is unchallenged in. 


applications such as high-sensitivity ther- 
mometers, thickness-measurement devices for 
vapor-deposited layers, in integrated circuits, 
microprocessors and synthesizers, and in color 
television, video and other communication 
systems. | 

Radiation, for example in space or from 
uranium or thorium impurities, affects the os- 
cillator frequencies by action on alkali metal 
impurities. Therefore, quartz is cultured to ex- 
treme purity and the alkali metals are removed 
(swept) electrolytically after growth. 

Electronic applications of cultured quartz 
are treated in [485, 488, 489]. Demand for 
quartz oscillator devices has increased from 
ca. 10? pieces in 1985 to 1.75 x 10? in 1989; 
for 1993, a demand of (3-4) x 10? is esti- 
mated. Natural single-crystal quartz is now 
used only for a few special applications. 
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Despite the increasing demand, growth ca- 
pacities are not markedly increasing because 
of improved cutting techniques, increasing 
miniaturization of oscillator devices, and the 
use of photolithographic etching. Quartz tun- 
ing forks for wrist watches are mass produced 
by this technique. Photolithography produces 
very high accuracies, allows any shape to be 
etched from large wafers, and lowers produc- 
tion costs. ў 

Costs of cultured quartz in 1990 in S/kg 
were [490]: 


Y bar, as grown 60 
Premium Q quartz 210 
Optical-grade quartz 600 
Swept, ultrapure quartz 1600 
| 1.6 ‚* sb 
Ju 
e 
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1984 1986 1988 


Figure 48.34: Net capacity (after seed removal) and us- 
age of cultured quartz, Western world: a) Net capacity; b) 
Total usage; c) Oscillator usage; d) Optical usage. 


Refractory Silica 


By definition refractory silica must contain 
> 93 % SiO, [491]. 


Production. Silica bricks, containing 96-98 % 
SiO,, are manufactured from mixtures of 
ground quartz arenite and quartzite in a mass 
ratio which keeps transformation during firing 
not too fast (arenite) and not too slow (quartz- 
ite). 1-3 % CaO is added to the batch as milk 
of lime or as portlandite powder (Ca(OH),), 
which, in combination with a soda-iron-sili- 
cate flux frit, acts as a transformation activator 
(mineralizer) and sintering aid. The batch is 
plastified, normally with 2% of thickened 
sulfite lye, to facilitate shaping by pressing, 
tamping, or hand molding and, in combination 
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with the lime, to give sufficient strength to the 
shaped and dried bodies in the green state. The 
batch must be very low in alumina (< 1%); 
9% of Al,O, [492] lowers the melting temper- 
ature by ca. 140-180 K. Other impurities from 
the raw material are TiO,, Pe, Na,O, and 
KO. Superduty silica bricks contain < 0.5% 
(ALO, + TiO, + Na,O + K,O) and ca. 3% 
CaO. AL,0, here may be completely replaced 
by MgO and MnO. The bricks are fired in an- 
nular, chamber, or tunnel kilns at ca. 1725- 
1875 K. A firing cycle in a tunnel kiln takes 7— 
14 d. During firing an intergranular alkali cal- 
cium iron silicate partial melt forms (Figure 
48.35), dissolving SiO, from the quartz grains 
and precipitating cristobalite and tridymite. 
Simultaneously, quartz is transformed into 
cristobalite in the solid state. At the beginning 
of firing the amount of cristobalite increases, 
but with time under the action of the mineral- 
izers it is transformed into tridymite [494, 
495]. The cold brick consists of nearly equal 
amounts of cristobalite and tridymite, residual 
quartz, and a glass phase (the frozen partial 
melt) from which wollastonite, CaSiO,, mag- 
netite, Fe,O,, calcium ferrite, CaFe,O,, and 
dendritic cristobalite have crystallized. 
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Figure 48.35: Fraction of Al-Ca silicate partial melt in 
the system Al,O,-CaO-SiO,, with 1% ALO, and 2% 
CaO, as function of temperature [493]. 
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Figure 48.36: Thermal expansion of refractory silica bod- 
ies: structural volume change due to displacive (ow tem- 
perature) and reconstructive (high temperature) 
transformations of silica polymorphs and microstructural 
volume change due to formation of microcracks [498]: a) 
<0.5%;b) ca. 5 % residual quartz. 

The crystalline phases in refractory silica 
are determined quantitatively by X-ray pow- 
der diffraction. This, however, is complicated 
by the extreme microcrystallinity of cristo- 
balite formed in the solid state, the varying de- 
gree of stacking disorder of cristobalite and 
tridymite, and the diffuse background scatter- 
ing from the glass phase, which can lead to 
wide error limits [496, 497]. An excess of re- 
sidual quartz after firing must be avoided be- 
cause of the volume increase  (after- 
expansion) (Figure 48.36) that occurs when it 
is transformed into cristobalite tridymite dur- 
ing use. A small amount of quartz (1-5%) 
may be desirable for increasing the strength of 
a furnace vault, for example, by generation of 
compressive stress. 


Properties. In comparison with fireclay prod- 


ucts, refractory silica has outstanding high- ` 


temperature strength. This high load-bearing 
capacity enables its use under load up to 1920 
K; super-duty bricks can be used up to 1980 
K. Refractory silica does not shrink during 
use, and above 850 K it has excellent thermal 
shock resistance due to its very low thermal 
expansion. Thermal conductivity is low; it can 
be increased by admixture of SiC. 

Silica bricks are highly resistant to attack 
by acidic iron silicate melts but they dissolve 
readily in glass melts. The open porosity var- 
ies between 15 and 25 vol%. Superduty bod- 
ies are less porous and less permeable to 
gases. 
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Table 48.13: Specifications for coke oven silica bricks. 
Туре Open porosity, Component, % Compression 
Ур vol% SiO, ALO, Fe,O, CaO ` (Na,O KO) strength, MPa 
th ee ie. E НЕ uoa зыр PNE GN 
Low density < 24.5 >94.5 <2.0 $1.0 <3.0 <3.5 228 
High density «220 294,5 <15 <1.0 <3.0 <3.5 235-45 
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Table 48.14: Physical forms of quartz raw materials. 





Name Formation and properties 


Idiomorphic freely grown, euhedral faced, monocrystalline, possibly twinned, 


Remarks, synonyms, 
and trivial names 


rock crystal, smoky quartz 


quartz transparent colorless or smoky to dark brown or black 
Lump quartz fragmented, anhedral, monocrystalliue, may be twinned, transparent, chunk quartz, lascas, brazil peb- 


colorless, smoky, milky, or white 


bles, lump silica 


Quartz weathering product from quartz veins, worn by action of water, if transparent: rhinestone or rhei- 
pebbles smoothly rounded, mono- or polycrystalline, transparent to white or — nkiesel, grain size 2-60 mm 
yellowish white or gray 


Granular xenomorphic product of natural (weathering) or industrial processing grain size 0.5-1 mm [503] 
quartz from granitic-pegmatitic rocks, monocrystalline, may be twinned, 
transparent to translucent, yellowish, gray, or smoky 


Quartz sand unconsolidated, wind- or water-eroded and transported weathering silica sand, grain size 0.06—2.0 
product of fragmental rocks, grumpled into mono- or polycrystalline mm 
grains, rounded or angular anhedral, the majority of grains are discern- 
ible with the naked eye. white to yellowish in bulk, in the individual 


grain transparent to translucent 


Quartz unconsolidated product of grinding or milling of coarser quartz, indi- quartz flour, silica powder, silica 
powder vidual grains not discernible with the naked eye, white opaque in bulk flour, grain size 0.002-0.06 mm 


Quartzrock consolidated by intergrowth of grains or by cementation of grains by see text and Table 48.11 


quartz 





The principal disadvantage of silica bricks 
arises from displacive transformations of the 
SiO, polymorphs below 850 K (Table 48.8 
and accompanying volume increase (Figure 


48.36), which produces internal stress, crack-- 


ing, and spalling unless extreme саге is,taken 
during heating and cooling in the range be- 
tween ambient temperature and 850 K. 

Uses of silica bricks include sprung arches 
of open-hearth furnaces, covers of electric fur- 
naces, roofs of glass tank furnaces, blast pre- 
heaters, and coke and gas ovens [499, 500]. 
Specifications for coke oven silica bricks are 
listed in Table 48.13. Unshaped masses of re- 
fractory silica are used for monolithic con- 
structions and repairs. 


Cristobalite sand is produced from quartz 
sand in rotary furnaces at 1800 K, and cristo- 
balite powder from flint in shaft furnaces with 
subsequent grinding. They are used as refrac- 
tory mortars and ramming mixes in ceramic 
kilns and for blending with quartz or other 
mineral sands for various uses (e.g., in found- 


ries). Heat-insulating lightweight (up to 60% 
porosity) silica refractories are produced by 
including a sufficient quantity of material that 
burns off during firing (e.g., sawdust, cork, 
fruit seeds, olive oil cake). Diatomaceous 
earth can also be used as raw material and al- 
ready has a high porosity. Burned diatomite 
consists of about 80% crystalline silica- 
mainly cristobalite with some quartz and is an 
extremely lightweight heat-insulating material 
for use at temperatures up to 1200 K. 


48.7.2 Quartz Raw Materials 


48.7.2.1 Physical Forms and 
Occurrence 


: The range of quartz raw materials in nature 
is. vast. Table 48.14 describes the physical 
forms of quartz raw materials [501—506]. 

» Quartz gravel and sand are the most impor- 
tant raw materials on a volume basis; the con- 
struction industry consumes about 95% of 
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production (ca. 65% structural and ca. 30% 
civil engineering). 

The main characteristics for quartz raw ma- 
terials are chemistry, mineralogy, physical 
properties, and cost. Increasing demand for 
extremely pure quartz for silica glass produc- 
tion and in the quartz-oscillator industry, and 
the growing use of refined grades in many 
other industries makes consistency and long- 
term availability important [505]. 

Impurities and their accessibility to benefi- 
ciation processes are of major importance. In 
most cases, trace element analysis gives bulk 
composition and no information about the lo- 
calization of impurities in the microstructure. 
Microstructural information, however, is es- 
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Figure 48.37: Principles of impurity distribution in a single crystal. A) Structural incorporation: a) Random; b) Growth 
sector specific; c) Zonal. B) Microstructural inclusion: d) Skeletal growth; e) Dendritic growth; f) Accumulated and acci- 
dental growth. C) Types of fluid inclusions in quartz [512]: V = vapor, L = liquid in the system H,O-CO, (for other sys- 
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sential for choice of quartz processing meth- 
ods. Figure 48.37 shows the principles of 
impurity distribution in a crystal. 


Tripoli (see Table 48.11) contains ca. 98-99 % 
SiO,. It occurs in sedimentary strata as a natu- 
ral leaching product of calcareous cherts or 
siliceous limestones. White tripoli is low in 
iron impurities (< 0.1% Fe,O,); "rose" or 
“cream” tripoli contains up to 1% Fe,O . The 
quartz crystallites are submicroscopic; tripoli 
particles of 10-70 um are crystallite aggre- 
gates. Southern Illinois (white) tripoli has the 
composition (%): SiO, 99.5, Al,O, 0.009, 
Ғе,О, 0.025, CaO 0.15, TiO, 0.005. 
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tems, e.g., H,O-CO,-CH,, see [508]). Squares, rectangles, and triangles represent crystals. 
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Chalcedonies (Section 48.7.1.2) are classified 
according to their deposition as wall-banded 
CH--W or horizontally banded СН-Н and ac- 
cording to the optical character of fiber elon- 
gation (chalcedony CH-W,, or Dei 
quartzine CH-W, s). Chalcedony occurs in 
various geological environments, filling veins, 
vugs, and vesicles of magmatic volcanites and 
sediments [513]. 

In reflected light chalcedony CHA is 
translucent bluish gray (or brownish if im- 
pregnated in nature with ferrous humic acid 
waters); CH-H is milky to white opaque, de- 
pending on the content of opal-CT [514]. 

The translucent CH-W possesses an open 
microporosity which makes it impregnable 
(e.g., with coloring solutions) and allows pen- 
etration of liquid impurities. However, the mi- 
crostructure is monomineralic and of high 
toughness, which makes it a good material for 
milling devices and bearing stones. 

CH-W,. is slightly softer than CH-W, .. 
Therefore, during use CH-W, , layers which 
are always present, form a raised abrasion re- 
lief. However, since the resistance of CH-W, p 
to etching with HF is higher than that of CH- 
W, с, etch levelling is possible. CH—H has al- 
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Most no open porosity, the space between the 
chalcedony spherulites (Table 48.9) being 
filled with opal-CT. The abrasion resistance of 
CH-H is low. 


48.7.2.2 Processing 


| Impurities that are structurally incorporated 
їп quartz are very difficult or impossible to re- 
move. However, included impurities and those 
that form surface films can be removed by ap- 
propriate processing measures. 

Purity grades of processed natural quartz 
raw materials are [503]: 


Grade Impurity content (ppm) 
Low > 500 

Medium high 300—500 

High 2-50 

Ultrahigh 1-8 


Processing of coarse monocrystalline 
quartz to lumps or lascas [503]: 


e Removal of grown surfaces and visible ad- 
hering foreign minerals with a hammer (ca. 
50% loss in mass) 


e Size reduction to lumps or lascas (weight 
specification for lascas ca. 15—50 g) 


E 6 7 
Medium Dark Black 
smoky smoky 
brown brown 


H 


Figure 48,38: Irradiation (y-radiation, dose 1 Mrad) color and Li/Al concentration relationship for initially colorless 


first-grade lascas (Minas Gerais, Brazil) [503]. 


H 


1920 


e Sorting out of pieces with visible inclusions 
and for different transparency grades under 
visible light in water as immersion medium 


e Sorting out of fluorescing pieces (inclusions 
of transparent and colorless foreign miner- 
als and glass fragments) 

Product: Various grades of lascas 
The impurity content (ppm) of Arkansas- 
lascas of grade 1 (clear, free of crystal sur- 

faces) and grade 4 (white opaque) is (505]: 

Al Fe Mg Ca Li Na K Ti 


Grade 1 15 2 1 1 1 2 2 25 
Grade 4 20 5 1 1 1 25 10 64 





Irradiation-aided processing of lascas 
[503]: 


e y-Irradiation (Co) with doses > 1 Mrad 
[515] 


e Color sorting of pieces with irradiation acti- 
vated Al- and Fe-color centers. Irradiation 
color and depth is mainly a function of the 
Li/Al concentration ratio [503] (Figure 
48.38) 


e Thermoluminescence sorting 


Product: medium high to high purity grade 
lascas 


Processing of quartz lascas to granular 

quartz [503]: 

e Cold washing in counterflow with aqueous 
2% HF solution 


e Heating to > 850 K (transformation into 
high quartz) 

e Quenching in cold deionized water (fractur- 
ing by thermal expansion shock) 


e Sorting out of red, iron-colorized pieces and 
pieces with rutile-inclusions on a conveyer 
belt under visible light 

e Grinding and sizing 

e High-field magnetic and dielectric separa- 
tion [516] 

e Chlorination at ca. 1300 K to remove metal 
impurities and burn out organic impurities 

Product: high purity grade granular quartz. 


Prices of processed quartz materials are listed 
in Table 48.15. 
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Table 48.15: Prices of processed quartz raw materials in 
January 1989 (in 1992, prices for lascas and granular 
quartz were about four times higher) [517]. 


Commodity Grade Price, DM/kg 
Quartz sand 98.5% SiO, 0.06 
Lump vein quartz) 99.9% SiO, 2.40 
Lascas 99.9-99.997 % SiO, 

milky white IV 1.50 
dull milky TIT 2.50 
translucent II 4.00 
transparent I 7.00 
water clear extra 10.00 
Granular quartz glass tank, optical 1.50 
(100-300 um) lamp tubing 4.00 
semiconductor 7.00 

low alkali (LA) 10.00 


* Prices increase by factors of 2—10 with decreasing impurity con- 
tent. 


Processing of quartz from feldspar-pegma- 
tite [503]: 
e Crushing and grinding 
e Multistage flotation to separate mica, garnet 
and feldspar; reflotation of the quartz tail- 
ings 
e High-field magnetic separation 
Product: medium high grade granular 
quartz (e.g., Quintus quartz from Spruce Pine 
pegmatite, North Carolina, United States, non- 
volatile impurity level « 400 ppm Si). 
Worldwide capacity for production of gran- 
ular quartz is ca. 17 000 t/a with more than 
50% in the United States, with ca. 6000 t from 
Spruce Pine, North Carolina alone [517]. 


Processing of medium high purity quartz to 
high-purity quartz [503]: 


e Sizing into 5 grain fractions and further pro- 
cessing of the individual fractions 


e Acid (HF, HCl, H,SO,) leaching until HF is 
completely converted to fluorosilicic acid 


e Elutriation by washing and decanting with 
deionized water until pH 2 6 is reached, and 
the suspended fine particles are removed 


e Vacuum drying 
e High-field magnetic separation 
e Blending of the 5 fractions 


e Treatment with HCl gas at 2 1400 K to re- 
move metal impurities and water 
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Table 48.16: Analyses and prices of various IOTA quartz grades [503, 517]. 
cgi ерш сш dE eee 





Analysis, ppm Price, $/kg 
Grade A Fe T Mg Ca li Na K 1989 1992 

iamp tubing (LT) 329 31 01 46 59 58 20 23 
Standard (ST) 177 07 11 01 05 06 10 06 23 257 
4 68 03 15 0l 10 02 10 04 35 4.52 

6 68 01 10 <005 04 01 0l 01 60 95 





- Product: high-purity granular quartz (e.g., 
IOTA quartz, impurity level < 30 ppm Si) ` 
Trace element analysis (ppb) of high-purity 
granular quartz grades [517]: 
Grade Li Na K Mg Ca Si 


IOTA-6 100 100 100 <50 400 <50 
Low-alkali «20 <40 <40 «100 «400 





Grade Al Ti Ge Zr P Vv 


IOTA-6 6800 1000 600 100 «50 «50 
Low-alkali < 8800 «1800 «40 «100 100 


Grade Cr Mn Fe Co Ni Cu Zn 


IOTA-6 <50 «50 100 «50 «50 «50 «50 
Low-alkali «50 «50 «500 «10 «50 «50 «50 


Analyses and prices of various IOTA 
grades are listed in Table 48.16. 
Processing of quartz gravel: 


Li 


e Separation of sand, blending with a given 
fraction of sand 


e Washing to remove clay minerals 
e Separation of residual sand 


e Sizing and drying z 
Product: filter pebbles 
Beach pebbles are already processed by na- 
ture (product: milling stones). 


Processing of quartz sanå [518, 519] varies 
depending on required grade. Important steps 
in the wet process are: 


e Purification washing to remove loosely ad- 
hering impurities 

e Friction washing (attrition), crushing and 
cleavage of agglomerated grains in acid (pH 
< 3, H,SO,) or alkaline (pH 10, Na,CO,) 
water, rubbing off strongly adhering impuri- 
ties (iron oxides, clay minerals) 

e Screening Multistage flotation to remove a) 
micas; b) hematite, magnetite, rutile, an- 
dalusite, etc.; c) feldspars 


e Chemical beneficiation with aqueous sulfu- 
ric and oxalic acid solution or dilute HF so- 
lution. Chlorination with HCl gas at ca: 600 
K 


e Physical beneficiation, magnetic and elec- 
trostatic separation of iron contaminants and 
feldspars 
Products: quartz sand, various grades; 

sands tor glass melting, foundry and chemical 

products. 


Quartz powders are produced by dry grind- 
ing in encapsulated nodular-chert-lined milis 
with flint or corundum pebbles. 


Processing of quartz rocks includes break- 
ing, milling (with quartz rock lumps and steel 
balls), sieving, washing, and sizing [518, 519]. 

Biological removal of iron impurities with 
cultures of acid producing bacteria or fungi 
(e.g., Aspergillus niger) on a nutrient of mo- 
lasses is discussed in [520]. 


48.7.2.3 Uses 


Important uses of quartz raw materials or 
semifinished materials are listed below [505]: 
Use Raw or semifinished material 


Abrasives and grinding sand, powder, tripoli, novacu- 
media lite 


Ceramics quartzite, quartz-cemented 
1. sandstone, sand, powder 

Chemicals sand, powder 

Construction of buildings gravel, sand, powder, quartz- 

and roads ite, sandstone 

Fillers, extenders powder, tripoli 

Filters gravel, sand 

Foundry sand 

Gems monocrystalline quartz, chal- 


: cedony, agate chert 

Glasses, enamels, glazes sand, powder 

Hydrothermal growth of lump quartz, granular quartz 
quartz 


Metallurgy quartzite, sandstone, sand, 
2 powder 

Milling silex, chalcedony, flint, 
j quartzite 
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Use Raw or semifinished material 
"Optical and oscillator de- monocrystalline cultured and ` 
vices natural quartz 
Silicon metallurgical lump quartz, quartzite, quartz- 
grade, silicon alloys cemented sandstone 


Vitreous silica lump quartz, granular quartz, 
sand 
Well fracturing sand 


Abrasives and Grinding Quartz. Quartz 
sand and powder are used for grinding, scour- 
ing, and polishing. The conchoidal fracture, 
hardness, and brittleness provide and maintain 
during use particles with sharp cutting edges. 
The use of quartz in sandblasting is decreasing 
due to health hazards. Quartz sand is also of 
declining importance for sandpaper. Quartz 
powder is utilized in abrasive soaps and in 
scouring powders. Sandstones are used for 
grinding. Tripoli is friable, with a grain size of 
0.1—5 um, and its grains have no sharp edges. 
Tripoli grades with 98-99 % SiO, are used for 
polishing [521]. Novaculite from Arkansas 
and Missouri, United States, has a microstruc- 
ture of minute angular quartz grains with open 
porosity. It is used as oil-soaking whet- and 
honing stone. Whetstone grades range in po- 
rosity from 0.1 to 15% [521]. 


Ceramics. Batches for stoneware, porcelain, 
fireclays, and aluminum silicate refractories 
contain quartz as a nonplastic filler and glass 
former. White-burning, low-iron quartz pow- 
ders produced from sand, flint, or quartz rocks 
(quartzite, novaculite) are used. Flint is cal- 
cined before grinding. In pottery and earthen- 
ware, quartz sand and powder act as non- 
plastic fillers [522]. 


Chemicals. A wide range of chemicals is pro- 
duced from quartz. Here, only two important 
products that are representative of different re- 
action processes and reaction temperatures are 
mentioned. 


Sodium or potassium silicate from the fur- 
nace route are melted from quartz sand and the 
alkali metal carbonate. Usually the sand is of 
container-glass grade with < 0.1% each of 
ALO; and CaO and a very low iron content (€ 
0.02% Fe,O,). Very high purity products re- 
quire sand with < 0.02 % Al,O, and CaO each. 
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Melting is performed in tank furnaces at ca. 
1700 K [523]. ` 

Water glass from the hydrothermal route is 
produced in autoclaves by reaction of quartz 
sand with aqueous NaOH solution at ca. 430— 
500 K. 

Silicon carbide is produced from crushed 
lump quartz or sand with the specification in 
%: 99.5 SiO,, < 0.1 ALO, and Fe,O, each, < 
0.01 CaO, < 5 H,O by reaction with coke and 
some ingredients at ca. 2300 K. Production of 
1 t SiC requires ca. 1.5 t SiO,. 


Construction of Buildings and Roads. 
Quartz sand is an integral part of mortar; 
quartz sand and gravel are additives for port- 
land cement and asphalt. Tripoli is used as an 
inert filler and extender in asphalt. 

Quartz sandstone, with various cementing 
materials and colors, and quartzite have long 
been used as building stones [524]. Bricks and 
tiles are fired from mixtures of quartz sand and 
clay. Since the early 1900s hydrothermally 
hardened lime-silica bricks (synonyms: cal- 
cium silicate bricks, sand—lime brick) have de- 
veloped rapidly as building materials [525]. 
Quartz sand is reacted with hydrated lime and 
various additives in an autoclave at ca. 500 K 
and ca. 16 bar H,O pressure. One of the essen- 
tial process parameters is the grain-size distri- 
bution of the sand. Films of clay mineral or 
iron oxide on the quartz grains slow down the 
reaction of quartz with hydrated lime. The 
hardening reaction forms calcium silicate hy- 
drate phases with very high water contents. 
This gives the material a high heat capacity, 
but the heat insulating capacity is low. It is in- 
creased by addition of slag granules or coal 
ash (power plant by-products). 


Fillers and Extenders. Quartz powder and 
tripoli act as hard, inert fillers and extenders in 
paints and coatings, plastics, and rubbers. In 
paints quartz increases the resistance to acids 
and improves flowability, durability, and wear 
resistance. In plastics compressive and flex- 
ural strength and resistance to thermal shock 
and heat are improved. The insulator character 
of quartz and its surface leakage current resis- 
tivity make quartz fillers valuable for epoxy 
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resin encapsulation of electronic devices and 
for filling and fixing of coils. Quartz is used as 
a filler in rubbers instead of carbon black 
when colors other than black are required. In 
tire linings it gives improved heat aging, adhe- 
sion, and tear strength. 


Filters. Quartz pebbles, preferably monocrys- 
talline, and sand are the main filter materials 
for drinking water purification and softening. 


Foundry Technology [504, 518, 519, 526]. 
Quartz sand is used in molds and cores. Re- 
fractoriness (i.e., the temperature at which sin- 
tering begins; ca. 1500-1700 K, depending on 
content of feldspar), thermal shock resistance, 
cohesiveness in the moist state, and high-tem- 
perature strength are the most important prop- 
erties. For cast iron the mold must contain 2 
85 % SiO, and for steel castings, > 95%. Gran- 
ulometric factors such as particle-size distri- 
bution, grain shape, state of grain surfaces, 
and surface area are also important. Coarse 
sand with low surface area requires less bind- 
ing agent (usually montmorillonitic clay). 
Monocrystalline well-rounded grains ensure 
good permeability to gases evolved during 
casting. Mold surfaces made of fine sand give 
smooth molding surfaces that do not require 
machine finishing. The sands may natürally 
contain enough clay minerals for good mold 
strength, or require addition of binders, which 
increases costs. 
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Specifications for foundry sand grades of 
different refractoriness: 


Beginning of sintering, К > 1775 1575-1775 «1575 


Quartz, % (rest: feldspar 
and clay minerals) >99 95-99 «95 


Glasses, Enamels, and Glazes [505, 511, 
523, 527-530]. Different types of glasses and 
enamels require various grades of quartz raw 
materials. The silica content of glazes is 
mainly supplied by the silicate ingredients 
(feldspar, clay). If additional SiO, is required, 
quartz or flint powder is added. Table 48.17 
Bives information on physical forms and 
grades of silica for glasses and enamel frits. 


Hydrothermal Growth of Quartz [503]. 
Brazilian lascas were used worldwide as nutri- 
ent chips until the Brazilian quartz embargo 
1974. Since then many other sources for high- 
purity low cost lump quartz and granular nu- 
trient have been opened up. Iron plus alumi- 
num impurities of < 50 ppm are allowed. 


Metallurgical-Grade Silicon and Silicon AI- 
loys. For chemical- or metallurgical-grade sil- 
icon, quartz lumps or pebbles (25-150 mm) 
are reduced with coke in electric-arc furnaces. 
The lumps and pebbles must not decrepitate 
during heating and therefore should preferably 
be monocrystalline and free of fluid inclu- 
sions. The grade of quartz raw material de- 
pends on the required grade of the products. 
Metallurgical-grade silicon with 99.0% Si re- 
quires (in %): 2 99.0 SiO,, < 0.2 ALO, < 0.1 
Fe;O,, € 0.1 MgO and CaO each, < 0.02 TiO,. 


Table 48.17: Quartz raw, materials for glasses and enamel frits.” 


Raw Composition, % 
шашы SO, Аб, Реб, (OO, Na KO НӘ mm 


Glass type 


Grain size range", 


Optical and oph- sand, 99.7  0.02- 0.004— 0.00005 0.005- 0.003~ 0.08- 0.125—1 (mean 0.25) 


thalmic^ powder 99.9 0.05 
Borosilicate powder 99.88 0.04 0.013 
Flat sand 98-99  0.2-1.6 0.02-0.2 
Colored container 
green sand 2985 1-6 <0.3 
brown sand 298.5 1-6 <1 
Enamel powder 2975 x06 <0.2 


0.0025 -0.0001 0.006 0.008 0.11 


0.0003 0.004 0.009 0.006 0.125~1 (mean 0.25) 


<5 0.16-1 (mean 0.25) 
<53 0.16-1 (mean 0.25) 
<53 0.16-1 (mean 0.25) 








* Variation must be < 0.03 % of the value; grains of difficultly dissolving,accessorial minerals (e.g., chromite, sillimanite, corundum) must 


be avoided or € 0.2 mm. 
* MgO, CaO, TiO,: a few ppb. 
“Water aids melting. 


H 
H 


! 
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Low-grade silicon (98% Si) for steel and 
aluminum production needs quartz with (in 
76): 98 SiO, < 0.4 ALO,, 0.2 Pei, < 02 
MgO and CaO each, x 0.1 P,O,, < 0.002 TiO. 

Production of 1 t metallurgical-grade sih- 
con requires ca. 2.5 t of quartz. The worldwide 
silicon production is ca. 650 000 t/a. 


Metallurgy. Quartz in the form of lumps or 
granules of vein quartz, quartzite, or sandstone 
is used as flux in smelting metal ores, for slag- 
ging iron oxides and basic oxides, and for bal- 
ancing the silica/lime ratio of blast furnace 
burdens. In both cases the SiO, content must 
be » 9046 with lumps and granules in the size 
range of 0.8-2.5 cm. 

For welding fluxes quartz powder is used 
with controlled grain-size distribution € 0.25 
mm with an average of 0.06 mm for coated 
standard electrodes. The size for quartz parti- 
cles in agglomerated fluxes must be « 0.06 
mm. 


Milling. Nodular chert (silex) and very finely 
crystalline quartzite with > 96% SiO, and ho- 
mogenous microstructure serve as linings for 
mills. Rounded flint nodules are preferably 
used as grinding pebbles. 

Belgian silex consists of chalcedonic silica 
with evenly distributed calcite as secondary 
mineral phase and represents a material with 
high overall toughness. Yugoslavian silex has 
a coarser microstructure and sometimes con- 
tains coarse quartzite, but is nevertheless of 
very good durability. Quartzite can only be 
used if it is free of accessory minerals. Trans- 
lucent iron-free chalcedony from agates is 
used in ball mills and mortars for size reduc- 
tion of high-purity quartz and silica glass. 


Quartz for Optical and Oscillator Devices. 
Natural monocrystalline idiomorphic quartz is 
preferably used for optical devices as wafer 
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plates, Brewster windows and prisms, bire- 
fringent filters, and tuning elements for laser 
optics. Only small amounts of cultured quartz 
are used in these applications. Oscillator 
quartz devices, however, are almost exclu- 
sively made from cultured quartz, for reasons 
of quality (low damping) and cost advantages. 


Vitreous Silica. Transparent silica glass is 
melted from lascas or granular quartz with an 
impurity content « 30 ppm, the latter being by 
far the most important feed. Translucent to 
white opaque fused silica is produced from 
quartz sand with an impurity content of < 300 
ppm Si. In both cases low aluminum- and 
iron-impurity levels are essential. 

A titanium content indicates the presence 
of submicroscopic rutile crystallites, which 
cause bubble problems in transparent silica 
glass during tube drawing. Silica glass for 
semiconductor uses, if not produced from 
high-purity silicon compounds, must be very 
low in heavy metal impurities. 

The impurity contents of quartz raw materi- 
als for various grades of vitreous silica are 
listed in Table 48.18. 


Well Fracturing. For hydraulic fracturing of 
oil, gas, or geothermal wells a fluid with sus- 
pended quartz sand is pumped at high pressure 
into the well. Existing openings are enlarged 
and new voids created. When the fluid is with- 
drawn, the remaining sand holds the fractures 
open. Frac sand must have 2 98% SiO, and 
well-rounded grains to make placement easier 
and to provide good permeability. It must con- 
sist of single crystalline grains which are clean 
and, in particular, free of adhering feldspar, 
clay, or carbonate minerals. The solubility in 
hydrochloric acid (a measure of the carbonate 
content) must be < 0.3%. The content of soft 
particles must be < 1%. 


Table 48.18: Impurity contents of quartz raw materials for various grades of vitreous silica. 











Glass Maximum impurity content, ppm 

Brad АЈ Fe Mg Са Li Na B P T Mn Cr Co Ni Cu 
1 13 06 01 0.5 0.6 07 07 «01 02 0.1 0.08 0.01 «0.1 0.05 
2 20-60 1-5 05-2 05-2 05-5 05-10 1-8 0.5-6 «1 
3 200 70 I1 40 5 25 100 <1 


31: Silica glass for semiconductor uses; 2: High-purity transparent silica glass; 3: White, opaque fused silica. 
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48.7.3 Kieselguhr 


48.7.3.1 Introduction 


The term kieselguhr (diatomite) refers to 
sedimentary rocks that are mainly composed 
of the skeletons of single-celled diatoms. 

The low density, high porosity and thus 
high absorption capacity for liquids low ther- 
mal conductivity, and outstanding filtration 
properties make kieselguhr a versatile raw ma- 
terial [531—533]. 

Deposits with similar petrographic charac- 
ter or analogous physical properties, named 
according to their origin or area of application, 
include siliceous earth, “Bergmehl”, "Saug- 
schiefer", “Polierschiefer”, and tripolite, not 
all of which are true diatomites. 

The designation “tripolite” is derived from 
the ancient name terra tripolitana (after the 
city of Tripolis). The name referred mainly to 
minerals used as grinding and polishing 
agents, but also as lightweight building 
blocks. Today, the term tripolite refers to ex- 
tremely fine-grained quartz pelites of inor- 
ganic origin [534]. 


48.7.3.2 Formation, SES 
and Quality Criteria 


Diatoms can be described as being.almost 
"ubiquitous", occurring in marine, brackish 
and freshwater environments. 

The plant organisms possess a silicified 
membrane and vary in size between several 
micrometers and ca. 2 mm (generally 10-150 
ym). 

The skeletons are composed of opal-like 
amorphous silica (SiO,-xH,O) and exhibit a 
wide range of porous fine structures and 
shapes. Including fossil forms, at least 
15 000—20 000 different forms have been dis- 
tinguished. 

Rock-forming processes involving diatoms 
occurred worldwide from the Upper Creta- 
ceous period onwards. Commercially exploit- 
able deposits have been formed since the 
tertiary period. 
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The deposits are associated with sedimen- 
tation areas m which nutrients were abundant 
and the supply of silicates or dissolved silica 
was sufficient that a rich diatom flora devel- 
oped and the frustules of the dead organisms 
accumulated to an appreciable thickness on 
the bed of the water body. 

Such conditions are found worldwide, 
mainly in areas with volcanic activity, but also 
to a lesser extent in lakes with a largely decal- 
cified environment and intensive chemical 
weathering of quartz sands or silicates (e.g., 
the German kieselguhr deposits) [534, 535]. 

Formation of diatomites of considerable 
thickness also occurred in marine coastal areas 
with continual subsidence, a periodical bar- 
rier to the open sea, and a regular supply of nu- 
trients [536]. In addition, diatomites of 
brackish origin were formed in former Sa: 
ter lakes. 

Important quality criteria for crude kiesel- 
guhr include the particle-size distribution, 
shape, and fine structure of the diatoms (Fig- 
ure 48.39). However, these can be altered with 
regard to their structural framework (and po- 
rosity) by calcination (see Section 48.7.3.4) 
[537, 538], which is important for the various 
applications as filtration agents. Furthermore, 
the chemical and mineralogical composition 
plays an important role, since higher contents 
of certain components can limit economically . 
viable processing and refinement of the crude 
product. 

Apart from water and organic substances 
the most frequent additiona] components of 
diatomites are quartz, calcium carbonate, and 


clay minerals. 


The content of water and organic sub- 


"stances is only of minor significance for qual- 


ity assessment, since they can be removed by 
drying or calcination. 

Quartz sands or other rock fragments of 
similar particle size can be removed by air 
classification. In this respect, the conventional 
specification of the SiO, content of a crude 
kieselguhr is not very informative. For the as- 
sessment of a diatomite it is not the total SiO, 
content which is decisive, but the content of 


‘opal (diatom skeletons). 
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Figure 48.39: Light micrographs of various kieselguhrs (diatom fraction). A, B) Lompoc, California, USA; C) Myvatn, 
Iceland; D, E) Munster-Breloh, Germany; F) Hetendorf/Hermannsburg, Germany; G) Neuohe/Unterlii8, Germany. 


In contrast, the presence of fine-grained 
carbonates [CaCO,, CaMg(CO,),] in amounts 
greater than 5-10 mol% is problematic be- 
cause they form complexes during processing 
which adversely affect the filtration properties 
and lower the chemical inertness. 

Clay minerals restrict the range of applica- 
tions, but are advantageous for the production 
of insulating or refractory bricks or for use as 
powders. 


Higher iron contents, particularly as pyrite 
or markasite, require refinement by calcina- 
tion (see Section 48.7.3.4). The color of the di- 
atomites becomes reddish-gray or pink due to 
conversion into Fe,O,. The filtration proper- 
ties are hardly influenced, whereas the use as 
fillers can be affected considerably by this col- 
oration. In the latter case, a Ее,О, content of > 
56% can already be a limiting factor. 
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48.7.3.3 Occurrence and Mining 


Diatom deposits are distributed world- 
wide. Their economic exploitability and mar- 
ket potential depend on numerous factors such 
as mining conditions, and processing and 
transport costs. The size and quality of the de- 
posit, exploitation costs, transport conditions 
as well as the question whether the kieselguhr 
is for a domestic market or whether it is to be 
exported play a significant role. In 1986, the 
world demand for kieselguhr was ca. 1.8 x 10$ 
t/a [539]. 

The largest kieselguhr deposits in the world 
are found in the United States in the district of 
Lopoc, California. These are upper Tertiary 
(Miocene) marine deposits with an economi- 
cally exploitable diatomite thickness of ca. 
300 m. In addition, large quantities of marine 
and freshwater diatomites are mined in Geor- 
gia, Mississippi, Nevada, Oregon, and Wash- 
ington. In 1986, the United States accounted 
for about one-third of world production 
(575 000 t), followed by Rumania, the CIS, 
and France, with outputs of (246-272) x 10? t 
(1986). The production in Rumania and the 
CIS is almost entirely used in the building 
construction industry. Further, noteworthy de- 
posits and production sites are located in Al- 
geria, Argentina, Australia, Brazil, Germany, 
Iceland, Italy, Kenya, Korea, Mexico, Peru, 
and Spain, whereby in several of these coun- 
tries the export of kieselguhr is of no signifi- 
cance [540]. Danish "Moler" is a clay-rich 
diatomite (diatomaceous earth), which is pro- 
duced and exported in considerable quantities 
(63 500-72 600 t/a). It is used predominantly 
for the production of insulation materials (e.g., 
fire-resistant insulating bricks). 

The only large, economically workable kie- 
selguhr deposits in Germany are freshwater 
formations of Pleistocene age. They are situ- 
ated on the edge of the Luneburger Heide in 
the area of Hetendorf/Hermannsburg, Neu- 
ohe/UnterlüB, and Munster-Breloh as well as 
in the Luhetal (Bispingen/Hützel/Schwinde- 
beck). Here industrial usage began with the es- 
tablishment of the first open-cast mine in 
1863. Thus, German kieselguhr mining repre- 


1927 


sents the earliest modern exploitation of this 
raw material. Up to World War I almost the to- 
tal world requirement could be met, with an 
export quota of > 30%. 

Kieselguhr is generally mined in open-cast 
mines, occasionally also by subsurface or un- 
derwater mining (Myvatn, Iceland). Mining 
by hand is now rare (Third World countries). 
Almost everywhere, modern, cost-effective 
mining methods are used, with excavators and 
wheel/ front loaders, and trucks or conveyor 
belts for transport. 


48.7.3.4 Processing 


Worldwide, the processing methods for 
crude kieselguhr differ only slightly from one 
another. The most important principle is mini- 
mization of mechanical damage to the struc- 
ture of the diatom skeletons. Hollow forms 
should not be destroyed and pores not blocked 
(e.g., by sintering during calcination). The 
high porosity, the most important property of 
kieselguhr, must be retained. The processing 
steps are shown in Figure 48.40. 

Preliminary size reduction of crude mate- 
rial is carried out with spiked rollers, charging 
boxes, or sieve kneaders to give a uniform 
grain size that ensures even heat transfer dur- 
ing further treatment. This is particularly im- 
portant because of the low thermal 
conductivity of kieselguhr. 


The following types of processed kiesel- 
guhr are produced. 


Dried Kieselguhr. Depending on the climatic 
conditions at the production site, the crude 
kieselguhr from the deposits is either stored in 


the open for predrying or transported immedi- 


ately to storage hoppers. Crude kieselguhr 
contains 30—65 % water, which is removed in 
countercurrent driers. Simultaneous grinding 
and drying is also practiced, whereby pre- 
heated air is blown into the grinders. However, 
this is only possible for crude products with a 
low moisture content. Drying is followed by 
gentle grinding and screening. Granulation 
gives products that are used as absorbants 
(e.g., for oil) or as pet litter. 
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Crude 
kieselguhr ———— Preliminary size reduction 


Drying, grinding 








Handbook of Extractive Metallurgy 


T 
Classification Dried, fine kieselguhr 


H 




















Flux ——— | Rotary kiln 








Grinding, classification 


Flux-calcined, coarse, 
white kieselguhr 


Figure 48.40: Kieselguhr processing. 


(natural) 


Grinding, classification |—— —— Саісіпед fine and 


medium kieselguhr 


Fine dust; fine, white, 
filler kieselguhr 
lbaghouse praduct) 


Table 48.19: Chemical and physical properties of commercially available kieselguhrs. 








Property* 1 2 3 4 5 6 7 8 9 
Color white- yellow- pink yellow- brown white white ^ white yellow- 
gray brown brown brown 
SiO,, % 89.0 72.5 90.7 87.5 86.0 89.5 90.7 91.5 90.2 
Al,0,, % 3.5 7.1 3.9 4.3 2.8 4.1 3.9 1.6 2.8 
Ғе,О,, % 0.9 5.0 L4 2.9 4.7 1.6 2.1 0.7 2.5 
CaO, % 1.1 1.2 0.5 1.9 0.6 0.5 1.0 4.4 0.7 
N&O, K,O, Ф 0.8 1.4 0.9 0.8 0.7 3.6 3.5 1.9 0.9 
Ignition loss, % 2.0 4.7 0.5 0.7 0.3 0.2 0.1 0.1 0.4 
Bulk density, 95 107 290 120 140 125 229 200 195 209 
pH value 7.0 5.2 7.5 6.9 7.0 10.0 9.7 9.5 6.7 
Water uptake, 45 255 200 250 205 201 156 160 200 196 
Specific surface area, m"/g 19.2 25.4 15.2 13.0 16.1 1.9 1.6 3.0 10.6 
Average particle size, шп 14.2 19.3 15.9 14.1 13.9 22.5 30.1 6.5 14.7 
Wet density, g/L 228 280 271 255 209 297 290 350 357 
Permeability, Darcy 0.06 0.09 0.28 0.09 0.08 1.20 1.60 0.08 
Crystalline content, % 2.0 2.2 7.6 9.2 9.8 58.1 59.7 62.7 10.3 


* 1) American filter kieselguhr, dried; 2) Danish filler kieselguhr, calcined; 3) American filter kieselguhr, calcined; 4) French filter kiesel- 
guhr, calcined; 5) German filter kieselguhr, calcined; 6) American filter kieselguhr, flux calcined; 7) French filter kieselguhr, flux calcined; 
8) Spanish filter kieselguhr, flux calcined, very fine; 9) German regeneration filter kieselguhr, calcined. 


If the starting material is of high purity and 
has a low content of organic substances, the 
dried kieselguhr can also be used as a filtration 
agent or catalyst support. These kieselguhrs 


vary in color from white to yellowish or gray- 
brown, depending on their origin, and consist 
predominantly of amorphous silica with a low 
crystalline content (generally < 3%). 
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Calcined Kieselguhr. To remove organic sub- 
stances and alter the particle size, dried kiesel- 
аши is calcined in gas- or oil-fired rotary kilns 
at 800—1000 °C. During calcination, the dia- 
tom frustules and their fragments are hardened 
and partially agglomerated by sintering. The 
degree of sintering can be controlled by alter- 
ing the temperature and duration of the pro- 
cess. The kieselguhr is then ground and 
classified by cyclones and sorters into grades 
with different particle-size distributions (fine 
and medium calcined kieselguhrs). Iron impu- 
rities, present as Fe,O, after calcination, color 
the products pink or yellowish to dark brown. 


The old-fashioned furnaces with several 
decks, similar to pyrite-roasting kilns, are still 
used to a limited extent. They have the advan- 
tage of a slow calcination process at relatively 
low temperature which causes little damage to 
the structure. The kilns are loaded with moist 
crude kieselguhr, which is dried on the upper 
decks, calcined in the middle, and cooled on 
the lower decks. 

Fluidized-bed drying and calcination pro- 
cesses were tested as early as the 1920s, but 
were unsuccessful due to technical problerns. 
Nowadays modern fluidized-bed technology 
is also used for the processing of kieselguhr. 
Advantages include energy savings, short pro- 
duction times, mild treatment of the kiesel- 
guhr, and more compact design of the plants. 


Flux-Calcined Kieselguhr. In this process, 
dried or calcined kieselguhr powder is cal- 
cined with the addition of alkaline fluxes. So- 
dium carbonate is generally used as flux in 
amounts of 1-6%, either mixed with the kie- 
selguhr before calcination or continuously 
added during calcination. The calcination tem- 
perature is 1000—1200 °C. The addition of so- 
dium carbonate leads to the formation of a 
sodium silicate glass melt which binds the dia- 
tom frustules and their fragments into agglom- 
erates. Since the iron contained in the 
kieselguhr is also bound, a white product is 
formed. The degree of agglomeration can be 
controlled by varying the temperature, the 
type and amount of flux, and the reaction time. 
This process is also known as activation. The 
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high calcination temperatures in the presence 
of alkali lead to a partial transformation (up to 
65 %) of the amorphous silica into cristobalite, 
a crystalline silica modification. The porosity 
and the specific surface area are strongly de- 


` creased. The annealing and cooling processes 


are followed by grinding and classification, to 
give white filter kieselguhr (the main product) 
and a dust-like fine fraction which is used as 
white filler and auxiliary. . 


Commercially Available Forms, Products, 
and Producers. Powder kieselguhr is sold in 
paper sacks containing 15—25 kg as well as 
loose in big-bags and silo trucks. Granulated 
material is available in paper or plastic sacks 
containing 30 kg, sometimes also in big-bags 
or silo trucks. 

Examples of commercial products are: 
Celatom (Eagle-Picher Minerals Inc., Reno, USA) 
Celite (Celite Corp., Newark, USA) 
Clarcel (Ceca SA, Paris, France) 
Dicalite (Grefco Inc., Torrance, USA) 
Fina/Optima (Meyer-Breloh, Munster, Germany) 


Skamol (Skarrehage Molerverk a/S Nykøbing, Mors, 
Denmark) 


Table 48.19 lists the chemical and physical 
properties of several commercially available 
kieselguhrs. 


48.7.3.5 Analysis 


Chemical and physical testing begins with 
the crude kieselguhr in the mine, continues 
during the individual production stages, and 
finishes with the test certificate of the end 
product. The results of the crude kieselguhr 
tests determine the working plan for the differ- 
ent regions of an open-cast mine. 

The following analyses and tests are under- 
taken. 


Chemical Analysis. The contents of silica, 
iron, aluminum, calcium, magnesium, manga- 
nése, titanium, sodium, potassium, and, de- 
pending on requirements, also other elements 
are determined after alkaline dissolution or 
acidic extraction. Filter kieselguhrs for brew- 
eries are also tested for beer-soluble iron, cal- 
cium, and sometimes other elements [541]. 
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Physical Tests. Water content, loss on ignition 
(at 1050 °C), bulk density, tapped density, pH 
value (10% in water), water absorption capac- 
ity, and specific surface area are determined 
by conventional methods [541]. The particle- 
size distribution is determined by laser scatter- 
ing or air-jet screening. For the fine fraction, 
the sedimentation method is used. The wet 
density is the density in g/L of a filter cake 
flushed with water. Since the majority of kie- 
selguhr is used for filtration, the determination 
of the permeability is of major importance 
since it determines the performance and the 
retaining power of a filter kieselguhr. In gen- 
eral, the methods developed by the individual 
producers in which the rate of permeation of 
water is measured, are sufficient. The com- 
pany CECA (France) possesses a patent for a 
permeameter which allows fully automatic 
measurement. The EBC filter is of simpler 
construction and allows Darcy values to be 
precisely measured [542]. Apart from the rela- 
tive units used by the diverse producers, the 
Darcy has become generally accepted as the 
unit for the permeability of a filter agent. For 
filter materials with the permeability of 1 
Darcy the flow rate of a liquid of viscosity of 1 
mPa-s is 1 mLs'!cm? filter area for a filter- 
cake thickness of 1 cm and a pressure differ- 
ence of 0.1 MPa. Since the permeability can 
be determined rapidly, this is a suitable 
method for differentiating between fine, me- 
dium, and coarse kieselguhrs [541, 543—545]. 

The amorphous silica content of a kiesel- 
guhr is determined by the alkali solubility. 
This property is of significance for catalyst 
kieselguhrs, or for kieselguhrs which serve as 
a silica source in cement, or as chemical re- 
agents in other silica-containing products. The 
specific surface area is used to assess the po- 
rosity of a kieselguhr. It is generally deter- 
mined by nitrogen adsorption (BET method). 
The degree of whiteness is measured with a 
leucometer. 


48.7.3.6 Storage and Transport 


Processed kieselguhr is stored in steel or 
stainless steel silos, mostly with a circular 
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cross section and equipped with various dis- 
charge aids, since kieselguhr tends to form 
bridges. Material packed in sacks is stored and 
transported on wooden palettes in amounts of 
600—1000 kg enveloped by a shrink film, and 
also in big-bags made from plastic-coated 
webbing with a capacity of 600—1500 kg. 
Loose material is transported in silo road vehi- 
cles or rail containers with a capacity of 30—75 
m’. The kieselguhr is conveyed pneumati- 
cally or with screw and vibrational conveyors. 


48.7.3.7 Environmental and 
Health Protection 


Kieselguhr rarely contains toxic com- 
pounds. Since, however, it can contain crystal- 
line modifications of SiO, in addition to 
amorphous silica, dust safety measures are of 
special significance. This is especially true of 
white activated kieselguhrs, which can contain 
up to 6546 crystalline cristobalite. The MAK 
value for uncalcined kieselguhr is 4 mg/m? 
and for calcined kieselguhr, 0.3 mg/m?. The 
TLV for uncalcined kieselguhr is 10 mg/m’. 
The International Agency for Research on 
Cancer (IARC) published a monograph con- 
cerning crystalline silica in 1987 [546]. This 
summarizes the research results concerning 
the influence of crystalline silica on humans 
and concluded that apart from causing silico- 
sis it may also cause cancer (see also Section 
48.7.8). Hence, crystalline silica is classified 


in group 2A. As a result of this, the kieselguhr .· 


producers founded the International Diatomite 
Producers Association (IDPA), whose aims in- 
clude informing personnel working in the kie- 
selguhr industry and the consumer about these 
hazards, and to ensure adherence to the work 
protection regulations by increasing the infor- 
mation available [547, 548]. The regulations 
of individual countries concerning the han- 
dling of dusts containing crystalline silica dif- 
fer widely: 

United States: 29th Federal Statute book 
1910.1000 from 19.01.89, which classifies 
crystalline silica as a hazardous substance and 
specifies tolerance levels. 
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EC: Directive 67/548/EEC from 18.09.79 
concerning the classification, packaging, and 
labeling of hazardous substances. 

United Kingdom: Control of substances 
which damage health No. 1857 from 1988. 

Germany: UBG 119-4.86 Quartz: protec- 
tion against dust dangerous to health; .UBG 
1004.85, rule G.1.1.: concerning the health 
precautions; GefStoffV 8.86: labeling regula- 
tions. 

France: No. 50.1289 from 16. 10. 50 
changed into No. 63576 from 11.06.63 con- 
cerning medical precautions against occupa- 
tional silicosis. No. 11453 from 19.07.82 
determines the dust concentration in the air of 
the work place. No. 87-200 from 25.03.87 reg- 
ulates the content of safety data sheets for dan- 
gerous substances. L 231-6 from 10.10.83 lists 
dangerous substances and determines the 
packaging and labeling regulations. 

Spain: from 27.11.85 classification and la- 
beling of dangerous substances. 

Italy: No. 256 from 29.05.74, No. 927 from 
24.11.81, No. 141 from 20.02.88 concerning 
the classification, packaging, and information 
for hazardous materials. 


48.7.3.8 Uses 


The main uses of kieselguhr are the follow- - 


ing: 60% of world production is used as a fil- 
tration agent; ca. 25% as filler kieselguhrs, 
including carrier materials; and ca. 15% for 
other uses. 


Filtration Agents. Kieselguhr is used in both 
pressure and vacuum filters of various de- 
signs. Fine, medium, and coarse kieselguhrs, 
as well as mixtures thereof, are employed, de- 
pending on the desired clarity and flow rate 
[549]. Coarse kieselguhrs are used for precoat 
filtration in pressure filters in amounts of ca. 1 
kg/m? of filter area. Fine and medium kiesel- 
guhrs are added to the slurry to be filtered, 
usually in amounts of 100—200 g/m? filter 
area. For use as filter aids kieselguhrs must 
fulfil the following requirements: | 


e Good preservation of the diatom structure 
e Optimal particle-size distribution 
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e Low content of soluble components 


e High volume and therefore high capacity for 
materials causing turbidity 


e Formation of filter cakes with high perme- 
ability, low compressibility, and low ten- 
dency to form cracks 


The most important uses of kieselguhr are 
for the filtration of beer, wine, fruit juice, 
sugar cane juice, swimming pool water, sol- 
vents for chemical cleaning, wastewater, var- 
nishes, and paints etc. Large quantities of 
kieselguhr are used for the production of cel- 
lulose-based filter beds, filter candles, and 
special filter papers. 


Fillers. Kieselguhr is used as filler and auxil- 
iary, for example, to modify the rheological 
properties of polymers. It increases the ther- 
mal stability of bitumen, the Shore A hardness 
of silicone rubber, and is a reinforcing filler in 
plastics, rubber, and adhesives. Dust-like, 
white, activated kieselguhr is used as a delus- 
tering agent, for adjusting the viscosity of 
paints, and as an antiblocking agent for plastic 
films. 


Insulators. Loose kieselguhr has long been 
used for insulating double-walled kilns made 
from fireclay bricks, as well as for producing 
insulating sheets and bricks. Danish Moler is 
especially well suited for producing insulating 
bricks, since its clay content functions as a ce- 
ramic binder. The most recent development in 
the insulation sector is the VSI process (vac- 
uum super insulation), in which a special form 
of kieselguhr acts as a supporting and insulat- 
ing layer in double-walled elements that con- 
tain a high vacuum. Thus, extremely high 
insulation values are achieved. The VSI pro- 
cess is being tested for long-distance heat 
transport. 


Absorption Agents. Due to their high capac- 
ity for liquids, kieselguhrs are used to produce 
gas purification agents as well as absorption 
agents such as cat litter and drying agents. 
Kieselguhr is also used to ensure the flowabil- 
ity and to prevent clotting of foodstuffs, fire 
extinguisher powders, and seeds. 
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Figure 48.41: Flow sheet of thermal kieselguhr regeneration (Tremonis GmbH, Dortmund, Germany). 


Other Uses. Kieselguhr serves as a fine 
scourer in polishes and cleaners such as car 
polishes, toothpastes, and silver polishes. Kie- 
selguhr is employed as a catalyst support, for 
the production of pyrotechnics and matches, 
as a packing material for the transportation of 
hazardous liquids, and for the filling of acety- 
lene bottles. In some countries it is used as the 
silica source for the production of cement and 
calcium silicate. 


48.7.3.9 Recycling 


Attempts to regenerate kieselguhr have 
been undertaken for many years [550]. This is 
only economically viable for kieselguhrs 
loaded with organic residues, which can be 
purified by leaching or calcination. In Ger- 
many, the company Tremonis operates a ther- 
mal process for recycling filter residues from 
breweries. The flow diagram of the plant is 
shown in Figure 48.41. The regenerated kie- 


selguhr is classified as fine kieselguhr. It is 
added to the fresh kieselguhr for beer filtration 
in quantities of up to 50%. 


48.7.4 Colloidal Silica 


48.7.4.1 Introduction 


Silica sols are stable disperse systems in 
which the dispersion medium (or continuous 
phase) is a liquid and the disperse or discontin- 
uous phase is silicon dioxide in the colloidal 
state of subdivision. This state comprises par- 
ticles with a size sufficiently small (< 1 рт) 
not to appear affected by gravitational forces 
but sufficiently large (> 1 nm) to show marked 
deviations from the properties of typical solu- 
tions. | 


The limits given for the colloidal size range 
are not rigid since they depend to some extent 
on the properties under consideration [551]. 
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Figure 48.42: Formation of silica sols, gels, and powders by silica monomer condensation-polymerization followed by 
aggregation or agglutination and drying [552]. Growth of nascent colloidal particles with decrease in numbers occurs in 
basic solutions in the absence of salts. In acid solutions or in the presence of flocculating sols the colloidal silica particles 
form gels by aggregation into three-dimensional networks. Aerogels are made by drying wet gels under supercritical con- 
ditions, that is, above the critical temperature То. and critical pressure of the liquid. Cryogels are made by drying wet gels 
below the melting temperature T, of the liquid. Fumed or pyrogenic silicas are formed at high temperature by flame oxi- 
dation-hydrolysis of silicon halides. 











Figure 48.43: Tetrahedral configuration of crystalline (A) and amorphous (B) silica; (C) represents a silicon atom (filled 
circle) coordinated by four oxygen atoms (large atom spheres) [560]. 
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Silica sols are commonly known as colloi- 
dal silica. Although the ultimate particles that 
constitute silica gels, xerogels, cryogels, aero- 
sols, and pyrogenic (fumed), precipitated, and 
coacervated silica have lost their mobility by 
aggregation. They are also in the colloidal 
range of particle size and are therefore known 
as colloidal silicas. However, in this chapter 
the terms silica sol and colloidal silica are used 
as synonyms. Figure 48.42 illustrates the rela- 
tionship between silica sols, gels, and powders 
[552]. 


In commercial silica sols the disperse silica 
is amorphous and the dispersion medium in 
most cases is water (aquasols or hydrosols). 
Dispersions in organic solvents are also com- 
mercially available (organosols). Silica sols 
are fluid and stable toward gelation and set- 
tling. Most commercial sols are close to 
monodisperse and consist of dense discrete 
spheres with a diameter range between ca. 4 or 
5 nm and 100 nm. Also commercially avail- 
able in the form of sols or powders are grades 
with particles between 0.1 and ca. 1.5 рт. 
Particle size, particle-size distribution, and 
concentration of solids determine the appear- 
ance of sols. Silica sols look milky if the parti- 
cle size is large and the concentration is high, 
opalescent if the size is intermediate, or clear 
and almost colorless if the particles are of the 
smallest size range. 


Although there are earlier references to 
what are now known as silica sols, it was GRA- 
HAM [553] who coined the term colloidal in 
1862 to refer to products such as the one he 
obtained by reacting acid with silicate and re- 
moving the electrolytes by dialysis. Stable and 
relatively concentrated silica sols were not 
available until the 1930s when I. G. Farben- 
industrie first made 10% ammonia-stabilized 
silica sols [554]. However, the real break- 
through in colloidal silica technology came in 
1941 when Birp [555] patented a process for 
removing the alkali from a dilute solution of 
sodium silicate by ion exchange. The next 
landmark in the development of concentrated 
Silica sols was the first process for making col- 
loidal silica particles of uniform and con- 
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trolled size reported in 1951 by BEcurorp and 
Snyper [556]. 

By 1990 colloidal silica constituted a grow- 
ing market valued at an estimated $50 x 10° in 
North America [557] and DM 30 x 10° in Eu- 
rope [558]. Applications of silica sols are 
based on characteristics such as particle size, 
high specific surface area that gives them 
good binding ability, stability towards gelation 
and settling, and surface properties. These 
characteristics enable colloidal silica to be 
used in a wide variety of applications. Major 
uses are in investment casting, silicon-wafer 
polishing, and fibrous ceramics. 


48.7.4.2 Structure of Colloidal 
Silica Particles 


The building block of silica is the SiO, tet- 
rahedron, four oxygen atoms at the corners of 
a regular tetrahedron with a silicon ion at the 
central cavity or centroid [559]. The oxygen 
ion is so much larger than the Si^* ion that the 
four oxygens of a SiO, unit are in mutual con- 
tact and the silicon ion is said to occupy a tet- 
rahedral hole [559]. In amorphous silica the 
bulk structure is determined, as opposed to the 
crystalline silicas, by a random packing of 
[SiO,]^- units, which results in a nonperiodic 
structure (Figure 48.43). As a result of this 
structural difference amorphous silica has a 
lower density than the crystalline silicas: 2.2 
g/cm? versus 3.01, 2.65, 2.26, and 2.21 g/cm? 
for coesite, a-quartz, D-tridymite and D-cristo- 
balite, respectively. 

Figure 48.44 represents a two-dimensional 
random network of a dehydrated but fully hy- 
droxylated amorphous silica particle. 

Impurities such as Na, K, or Al, picked up 
during synthesis of silica aquasols in alkaline 
media, may be occluded inside the colloidal 
particles, replacing internal silanol protons 
(Na, K) or forming isomorphic tetrahedra (Al) 
with an additional negative charge on the sur- 
face or inside the particles (Figure 48.45). Sols 
obtained by hydrolysis of alkoxysilanes or by 
dispersion of pyrogenic silica in water or an 
organic solvent are pure and substantially free 
of alkali metals or aluminum. 
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Figure 48.44: Two-dimensional random network of a de- 
hydrated but hydroxylated colloidal silica particle. Four 
rules apply [561]: each oxygen ion is linked to no more 
than two silicon ions. The coordination number of oxygen 
ions about the central Si cation is 4 (the fourth oxygen not 
represented in the figure is directly above or below the Si 
cation). Oxygen tetrahedra share corners, not edges or 
faces. At least two corners of each tetrahedron are shared. 
Since the particle is fully hydroxylated each surface Si ion 
is bonded to one or two hydroxyl ions: the silanol number 
is 4.6 OH/nm?. Depending on the method of formation 
some internal Si ions may be linked to hydroxyl ions. Sur- 
face of occluded alkali-metal ion impurities may repláce 
surface or internal protons. Aluminum ion impurities or 
added modifiers may replace internal or surface tetrahe- 
dral Si. The particle surface may be esterified, silanized 
(silylated), or ion exchanged. The concentration of OH 


groups on the surface decreases monotonically with-in- - 


creasing temperature when silica is calcined. 
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Figure 48.45: Internal structure of an amorphous silica 
particle showing an internal silanol group and occluded 
Na and Al ions. 

Many of the adsorption, adhesion, chemi- 
cal, and catalytic properties of colloidal silica 
depend on the chemistry and geometry of its 
surface. In 1934 Horman [562] postulated the 
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existence of silanol (Si-OH) groups on the sil- 
ica surface. It is now generally accepted that 
surface silicon atoms tend to have a complete 
tetrahedral configuration and in an aqueous 
medium their free valence becomes saturated 
with hydroxyl groups forming silanol groups. 
Under appropriate conditions, silanol groups 
in turn may condense to form siloxane 
bridges: =Si-O-Si=. 

In the meantime most of the following pos- 
tulated groups have been identified on the sur- 
face or in the internal structure of amorphous 
silica (Figure 48.46). 

e Single silanol groups, also called isolated or 
free silanol groups 

e Silanediol groups, also called geminal sil- 
anols 

e Silanetriols, postulated but existence not yet 

generally accepted [563] 

e Hydrogen-bonded vicinal silanols (single 
or geminal), including terminal groups 

e Internal silanol groups involving OH 
groups, sometimes classified as structurally 
bound water (Figure 48.46B) 

e Strained and stable siloxane bridges 

e Physically adsorbed ELO, hydrogen- 
bonded to all types of surface silanol groups 

(Figure 48.46B) 

Silanol groups are formed on the silica sur- 
face in the course of its synthesis during the 
condensation polymerization of Si(OH), or by 
rehydroxylation of thermally dehydroxylated 
silica with water or aqueous solutions. 
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, The silanol groups on the silica surface may 
be classified according to their nature, multi- 
plicity of sites, and type of association [564]. 
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Figure 48.46: A) Possible types of silanol groups and siloxane bridges occurring on the surface of colloidal silica parti- 
cles. Characteristic bands in the infrared spectrum and Q^ site designation is included (n is the number of bridging oxy- 
gens bonded to the central silicon atom); B) Surface bound water and internal silanols. 
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Figure 48.47: Modified colloidal silica surface. 


An isolated silanol has an OH group suffi- 
ciently remote from neighboring hydroxyl 
groups that hydrogen bonding cannot occur (2 
0.33 nm). A silicon site of this kind is desig- 
nated as Q? in NMR Q" terminology, where n 
is the number of bridging oxygens bonded to 
the central silicon. The isolated silanol shows 
a sharp band at around 3750 cnr! in the IR 
spectrum [565, 566]. 

Geminal silanols are silanediol groups lo- 
cated on О? silicon sites. Their existence was 
postulated by Peri [565—567] but only con- 
firmed experimentally with the advent of 
solid-state ?Si cross-polarization magic angle 
spinning nuclear magnetic resonance (CP 
MAS NMR) [568]. - P 

Vicinal or hydrogen-bonded or associated 
silanols are SiOH groups located on neighbor- 
ing Si atoms such that the OH---O distance is 
sufficiently short for hydrogen bonding to oc- 
cur. Hydrogen bonding causes a reduction in 
the O-H stretching frequency, the magnitude 
of which depends on the strength of the hydro- 
gen bond and thus on the O—H---O distance 
[569]. The characteristic IR band of vicinal 
groups occurs at about 3660 cm”! [570]. 

Geminal Q? silanol sites bonded to a neigh- 
boring Q? silicon through a single siloxane 
bridge also result in a hydrogen-bonded pair. 
The remaining OH group experiences very 
weak hydrogen bonding. І 

Silano! groups are also found within the 
structure of the colloidal particles. These 
groups are designated as internal silanols and 
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in some cases are erroneously referred to as 
structurally bound water. The concentration of 
internal silanol groups depends on the synthe- 
sis temperature and other variables. 

Surface and internal silanol groups may 
condense to form siloxane bridges. Strained 
siloxane bridges are formed on the hydroxy- 
lated silica surface by thermally induced con- 
densation of hydroxyl groups up to about 
500 °C. At higher temperature, the strained si- 
loxane bridges are converted into stable silox- 
ane bridges [569]. 
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Strained siloxane groups undergo com- 
plete rehydroxylation on exposure to water in 
a matter of hours or a few days, depending on 
type of silica powder and conditions of expo- 
sure-[570]. Stable siloxane groups are rehy- 
droxylated at a slower rate. For example, a 
wide-pore sample of 340 m?/g calcined in air 
at 900 °C required five years of contact with 
water at room temperature for complete rehy- 
droxylation [571]. 

Surface silanol groups are the main centers 
of adsorption of water molecules [571]. Water 
can associate by hydrogen bonding with all 
types of surface silanols, and in some cases 
with internal silanol groups. 

‘Surface silanol groups of silica aquasols 
stabilized in an alkaline medium exchange 
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protons for ions such as Na*, K*, or NH; (Fig- 
ure 48.47). The surface silanol groups can be 
esterified, as in the case of silica organosols, 
or silanized (silylated) (Figure 48.48). Deriva- 
tization, that is modification of the silica sur- 
face, is the basis for the use of silica in 
analytical and process chromatography. 


The surface charge of pure silica aquasols 
is negative at a pH higher than ca. 3. The iso- 
electric point (IEP) is ca. 2. The IEP can be 
shifted by partial substitution of surface sili- 
con groups by tetrahedral aluminum (Figure 
48.47). In this way the pH range of stability of 
aquasols may be varied. The surface charge 
can be reversed by adsorption of octahedral 
aluminum ions such as those present in basic 
aluminum chloride [572] (Figure 48.47). 
Aquasols obtained in this manner are commer- 
cially available in various particle sizes and 
concentrations as positive sols. 


The concentration of silanol groups on the 
silica surface ооң expressed as the number of 
OH groups per square nanometer is the silanol 
number [571]. For a dehydrated but fully hy- 
droxylated amorphous colloidal silica powder 
Оон 18 4.6 [571]. 
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Figure 48.48: Silylated and esterified silica surface. 
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Figure 48.49: Effect of temperature on silanol groups on the surface of colloidal silica. 
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The threshold temperature corresponding 
to the completion of dehydration, that is re- 
moval of physisorbed water from the silica 
surface, and the beginning of dehydroxylation 
by condensation of surface OH groups, is esti- 
mated to be 190 + 10 °C [571]. 


The concentration of OH groups on the sur- 
face decreases monotonically with increasing 
temperature when silicas are heated under 
vacuum (Figure 48.49). Most of the phys- 
isorbed water is removed at about 150 °C. At 
200 °C all the water from the surface is gone 
so that the surface consists of single, geminal, 
vicinal, and terminal silanol groups and silox- 
ane bridges. At ca. 450—500 °C all the vicinal 
groups condense yielding water vapor and 
only single, geminal, and terminal silanol 
groups and strained siloxane bridges remain. 
The estimated ratio of single to geminal sil- 
anol groups on the surface is 85/15 [571] and 
is believed not to change with temperature, at 
least up to ca. 800 °C. Internal silanols begin 
to condense at ca. 600-800 °C and in some 
cases at lower temperatures. Complete evolu- 
tion of internal silanols occurs at higher tem- 
peratures. It appears that at temperatures from 


ca. 800 °C to ca. 1000—1100 °C, only isolated ` 


(single) silanol groups remain on the silica 
surface. - 

At a sufficient surface concentration, the 
OH groups make the silica surface hydro- 
philic, whereas a predominance of siloxane 
groups on the silica surface makes the surface 
hydrophobic. 


48.7.4.3 Physical and Chemical 
Properties 


Most commercial silica sols consist of 
dense, discrete, spheroidal particles typically 
4—60 nm in diameter and amorphous to X-ray 
or electron diffraction. Because they are amor- 
phous the silica particles are only slightly sol- 
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uble in water (100—150 ppm at 25 °C and pH 
2—8) and insoluble in alcohol or in inorganic 
acids except HF. They are soluble in organic 
bases such as tetramethylammonium hydrox- 
ide, forming water-soluble quaternary ammo- 
nium silicates, and, as opposed to crystalline 
silicas, are very soluble in hot sodium hydrox- 
ide solution. Specific surface areas vary with 
particle size, and for the common grades of 
silica sols are between 50 and 750 m?/g. Less 
typical grades have particle diameters be- 
tween 60 nm and 1.5 шп with specific surface 
areas much lower than 50 m?/g, depending on 
their particle diameter. The specific surface 
area A in m?/g of a system made of solid 
monodisperse amorphous silica spheres with a 
smooth surface and bulk density 2.2 g/cm’ is: 


A = 6000D/2.2 


where D is the diameter of the spheres in na- 
nometers. 

Table 48.20 lists typical properties of repre- 
sentative commercial silica aquasols. The ta- 
ble also shows the dependence of relative 
density and viscosity on the silica content. 
Viscosity also depends on particle size and de- 
gree of cross-linking of the particles. In 30% 
silica aquasols it is generally < 10 mPa-s. 

Silica sols obtained by dispersion of pyro- 
genic silica powders generally differ from 
those synthesized in solution. The dispersion 
of pyrogenic silica to a sol of separate, discrete 
ultimate units is difficult, even using intense 
mechanical shearing forces, due to the exten- 
sive coalescence of the particles. Thus, the 
disperse product consists mainly of short 
chain-like aggregates made up of small silica 
particles. Typical properties of commercial 
sols made in this way are listed in Table 48.21. 

Table 48.22 lists particle size, silica con- 
centration, and viscosity of commercially 
ayailable organosols. 
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Table 48.20: Typical properties of commercially available negative and positive silica aquasols (NA = not available) 


[573]. 


Negatively charged surface 
sodium stabilized 


alumina modified surface 
ammonium stabilized 
Positively charged surface 


chloride stabilized alumina 
surface 


Particle Specific sur- 
diameter,nm face area, m?/g 

4 750 
7 360 
12 230 
21 130 
60 50 
50-80 NA 
70-100 NA 
100 NA 
300 NA 
500 NA 
12 230 
21 130 
13-15 210 
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Silica, H NaO, Viscosity at- Relative den- 
% P %  25°C,mPa-s sity at25°C 
15 10.4 0.80 18 1.10 
30 9.9 0.56 6 1.22 
40 9.7 0.41 20 1.31 
50 9.0 0.21 35 1.40 
50 8.5 0.25 10 1.40 
40 9-10 NA NA NA 
40 9-10 МА МА МА 
20 9-10 NA NA NA 
20 5-10 NA NA NA 
20 5-10 NA NA NA 
30 8.9 0.24 11 1.21 
40 9.0 0.08 9 1.30 
30 4.4 NA NA NA 








Table 48.21: Typical properties of silica aquasols made of short chain-like aggregates of colloidal particles (NA = not 


available) [574]. 
Stabilizer Ultimate particle size,nm ` Solids, % 

NH; 7 12 
14 17 
14 12 
17 17 
30 20 

K* 17 18 
30 28 
30 30 

Na* 7 14 
8 15 
14 17 

Acidic medium 11-14 20 


Table 48.22: Properties of commercially available silica organosols (NA = not available) [575]. 
Viscosity at 25 °C, cP 





Liquid phase Particle diameter, um ` SO. % 

Methanol 0.01 
2-Propanol 0.01 
Water/2-propanol 0.02 
Ethylene glycol mono-n-polyether 0.01 
Dimethylacetamide 0.01 
Ethylene glycol 0.01 

0.18 + 0.03 
DMF 0.02 
Oil 0.02 

Ethylene glycol 0.28 + 0.03 

0.43 + 0.03 
0.50 

0.53 + 0.03 

0.73 + 0.03 

0.80 + 0.04 

0.90 + 0.05 

1.50 + 0.10 





pH 
7.5-7.8 
9.5—10.0 
5.0-5.5 
9.5-10.0 
5.0-5.5 


8.6-9.0 
7.5-7.8 
10.0-10.3 


10.0-10.5 
9.5-10.0 
9.5-10.0 


2.0-4.0 


Relative density 


1.07 
1.10 
1.07 
1.10 
1.12 
1.11 
1.18 
1.19 
1.08 
1.09 
1.10 


NA 


1-5 
3-20 
10 
5-20 
1-10 
10-20 


5 
80 


10-20 





Viscosity, mPa-s 


< 100 
< 250 
<100 
< 100 
< 100 


< 150 
< 200 
< 150 


< 100 
« 100 
« 100 


5-25 


Relative density 
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Figure 48.50: Maximum concentration versus particle 


size in stable aqueous silica sols at about pH 9.5: a) Con- 
centration in %; b) Concentration in grams SiO, per 100 
mL; c) Volume fraction of SiO, (x 100) [576]. 

Silica sols are said to be stable because they 
do not settle or aggregate for long periods of 
time. Aggregation and rate of settling, as well 
as color, appearance, viscosity, density, 
growth, and solubility in water are functions 
of particle size. At optimum pH, electrolyte 
and SiO, concentration, aquasols of particle 
size 4 to ca. 40 nm are extremely stable to set- « 
tling, whereas aquasols of particle size larger 
than ca. 60 nm tend to show some settling in a 
period of months. Particles larger than 100 nm 
settle on standing, leaving a clear upper layer. 
after a few weeks or days. When the concen- 
tration of the silica aquasol is > 10-15% the 
particle size can be judged visually by the tur- 
bidity. If the particles are smaller than ca. 7 nm 
in diameter the sol is almost as clear as water; 
from 10—30 nm there is a characteristic opal- 
escence or translucency when seen in bulk; 
above 40 or 50 nm the appearance is white and 
milky [554]. 

Commercial silica aquasols are stabilized 
near the optimum pH and are concentrated to 
the maximum concentration permitted by the 
particle size [576]: ca. 15% for 4—5 nm, ca. 
30% for 8-9 nm, ca. 40% for 14 nm, ca. 50% 
for 22 nm (Figure 48.50). 

When silica sols are gelled, dried, or frozen 
the original degree of dispersion cannot be re- 
stored without dissolution of the interparticle 
bonds that develop. Special dried grades are 
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made of particles with the surface esterified 
with primary or secondary C,-C,, alkoxy 
groups. These are organophilic and hydropho- 
bic and can be dispersed in organic solvents or 
in organic products such as elastomers or plas- 
tics. Silica sols surface-modified with organic 
base cations such as (CH4),N* can be evapo- 
rated to a dry powder that disperses spontane- 
ously in water [577]. 


48.7.44 Stability 


Three types of stability may be distin- 
guished in colloidal systems [578]: 


e Phase stability, analogous to the phase sta- 
bility of ordinary solutions. 


e Stability to change in dispersity [578], that 
is particle size or particle-size distribution. 
For example, commercial concentrated sil- 
ica sols, normally said to be 3 or 4 nm in 
particle size usually grow within hours or a 
few days to 5 nm or more on standing at 
room temperature. Concentrated sols nor- 
mally labeled 7 nm, if not substantially ho- 
modisperse, may grow within months to 8—9 
nm. This ripening effect also occurs for 
larger particle sizes, although at a much 
slower rate. À concentrated silica sol of 14 
nm particle size was found to grow to 17 nm 
in twenty years at room temperature [579]. 


e Aggregative stability [578], the central issue 
in colloidal silicas, and for that matter in 
colloidal systems in general. In this case 
colloidally stable means that the colloidal 
particles do not aggregate at a significant 
rate [551]. The term aggregate is used to de- 
scribe the structure formed by the cohesion 
of colloidal particles [551] 

Two mechanisms of sol stabilization are 
generally believed to exist: electrostatic stabi- 
lization and steric stabilization. Electrostatic 
stabilization is based on an interplay of elec- 
trostatic repulsion between electrically 
charged colloidal particles and van der Waals 
forces of attraction between particles. The 
DLVO theory (Derjaguin, Landau, Verwey, 
and ;/Overbeek) constitutes an attempt to de- 
scribe quantitatively this interplay. Steric sta- 
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bilization is generally caused by long-chain 
molecules or macromolecules adhering on the 
colloidal particle surface (e.g., by grafting or 
by physical adsorption), thus preventing the 
particles from aggregating [580]. 


Colloidal silica particles aggregate by link- 
ing together and forming three-dimensional 
networks as is the case in gelation, coagulation 
or flocculation, or by coacervation [581]. In 
coacervation the silica particles are sur- 
rounded by an adsorbed layer of material 
which makes the particles less hydrophilic but 
does not form bridges between particles [582]. 


When a sol is gelled it first becomes vis- 
cous and then develops rigidity, filling the vol- 
ume originally occupied by the sol. On the 
other hand when a sol is coagulated or floccu- 
lated, a precipitate is formed that settles out. A 
simple way to differentiate between a precipi- 
tate and a gel is that a precipitate encloses only 
part of the liquid in which it is formed [581]. 


Stability of silica aquasols against irrevers- 
ible gelation decreases with increasing silica 
concentration, increasing electrolyte concen- 
tration of the aqueous medium, decreasing 
particle size, and increasing temperature. Wa- 
ter-miscible organic liquids have a similar de- 
stabilizing effect on silica aquasols as added 
electrolyte. The variation of stability as a func- 
tion of pH and salt concentration is shown in 
Figure 48.51 [583]. 


According to Iter [584] the basic step in 
gel formation is the collision of two silica par- 
ticles with sufficiently low charge on the sur- 
face that they come into contact so that 
siloxane bonds are formed, holding the parti- 
cles irreversibly together. Formation of this 
linkage requires the catalytic action of hy- 
droxyl ions (or, as interpreted by some, the de- 
hydration of the surface of particles at higher 
pH). This is evidenced by the fact that the rate 
of gel formation in the pH range 3—5 increases 
with pH and is proportional to the hydroxyl 
concentration. 


Above pH 6, scarcity of hydroxyl ions is no 
longer the limiting factor on the rate of gel- 
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ling. Instead, the rate of aggregation decreases 
because of fewer collisions between particles 
owing to the increasing charge on the particles 
and thus decreases with higher pH. Lines in 
Figure 48.51 schematically represent the in- 
crease in the catalytic effects of hydroxyl ions 
with increasing pH, and the decrease in the 
number of effective collisions between parti- 
cles with increasing pH and particle charge. 
The net result of these two effects is a maxi- 
mum in rate of gelling at around pH 5. In the 
pH range 8—10, sols are generally stable in the 
absence of salts. 


There is also a region of temporary stability 
at about pH 1.5. Below pH 1.5, traces of HF 
catalyze aggregation and gelling [585]. In es- 
sentially all silicas, traces of fluoride ions, 
even less than 1 ppm, are present so that the 
concentration of HF increases with increasing 
acidity. THe fluoride effect is influenced by the 
aluminum impurities present, since these inac- 
tivate some of the fluoride by forming com- 
plex ions such as АІЕ2 and other species 
[586]. However, the gelling rate increases as 
the pH falls below 3 even when fluorine is ab- 
sent. 


Once the siloxane bonds have formed be- 
tween particles, further deposition of silica oc- 
curs at the point of contact owing to the 
negative radius of curvature. This occurs rap- 
idly above pH 5, and is slow at pH 1.5. 


Since the curves shown in Figure 48.51are -- 


constructed on the basis of irrefutable experi- 
mental evidence it is quite obvious that silica 
sols do not conform to the DLVO theory as 
originally formulated. For example, the 
DLVO theory predicts minimum stability at 
the point of zero charge (pH 2-3), whereas the 
experimental curve shows metastability. Also, 
the plot shows minimum stability in the pH 
range 4—7, whereas the DLVO theory predicts 
a continuous increase in stability in this pH 
range. Research is being conducted to study 
the possibility of modifying or amending the 
DLVO theory or developing a new theory of 
stability applicable to silica sols. 
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Figure 48.51: Effect of pH in the colloidal silica-water system [577]. 


In addition to common electrolytes such as 
NaCl, NCL and KF, silica aquasols are de- 
stabilized and gelled by positively charged 
sols. When frozen at ca. 0 °C or lower, silica 
sols gel irreversibly. Long-chain nitrogeri 
bases are effective flocculating agents for sil- 
ica aquasols that form planar rather than sphe- 
roidal aggregates. Flocculation may also result 
from the addition of water-miscible organic 
solvents to alkali-stabilized-silica sols. 

Commercial silica aquasols are stabilized at 
pH 8.5-10.5 by alkalies, usually sodium hy- 
droxide. Ammonia or potassium hydroxide is 
used when the presence of sodium ions is un- 
desirable. e 

Surface-modified silica aquasols made by 
coating the silica particles with tetrahedral 
aluminum (e.g., sodium aluminate) are much 
more stable towards gelling in the pH range 4— 
6 where unmodified sols gel most rapidly. Sil- 
ica sols modified in this manner are also less 
sensitive to salts [587]. 

Coating the negative silica surface with ox- 
ides of polyvalent metals such as Al, Cr, Ga, 
Ti, and Zr reverses the charge of the surface to 
produce positive aquasols stable at acid pH 
values [588]. An important characteristic of 
these sols is that they can be dried and repep- 


tized. Only polymeric hydrolyzed species 
such as Al,(OH),Cl and not the single Al** ion 
can cause charge reversal of silica sols [589, 
590]. 


48.7.4.5 Production 


The classic silica aquasols of particle size 


- 5—100 nm are prepared by nucleation, poly- 


merization, and growth in aqueous systems. 
The particle-size range can be extended to at 
least 300 nm by autoclaving. Silica organosols 
can be obtained by transferring aquasols to an 
organic solvent or by hydrolysis of a silane 
precursor in a mixture of alcohol/ammonia 
and sufficient water [591] followed by transfer 
to the solvent. 

"The most important processes to make sil- 
ica sols are based on neutralization of soluble 
silicates with acids, ion exchange, hydrolysis 
of silicon compounds, dispersion of pyrogenic 
silica, electrodialysis, dissolution of elemental 
silicon and peptization of gels [592]. 

Currently, most commercial silica sols are 
prepared by ion exchange of dilute solutions 
of sodium silicate. Several methods have been 
proposed since the pioneering work of BRD 
[555], Becutorp and Snyper [556], ALEX- 
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ANDER [593], ATKINS [594], WoLTER and ILER 
[595], Мімиск and Reven [596], and Dry- 
BERGER [597]. Sodium silicate can be deion- 
ized in a batch operation by adding 
simultaneously a dilute solution of sodium sil- 
icate and a cationic ion-exchange resin in the 
hydrogen form to a vigorously stirred weakly 
alkaline aqueous reaction medium in the pH 
range around 9, at 60-100 °C [595] (Figure 
48.52). Under these conditions the system is 
stabilized against aggregation and the onginal 
silica nuclei grow while the sol concentration 
increases to about 10-15% silica. Rate of ad- 
dition, pH, and temperature determine the par- 
ticle size and quality of the sol. 


After separation of the resin for regenera- 
tion, more sodium silicate is added to adjust 
the SiO./Na,O ratio as needed for further sta- 
bilization of the sol. The product is filtered 
and concentrated to the desired level. Sols of 
small particle size, such as 7 nm, may be used 
as “heels” to build up the particle size, for ex- 
ample, to 14 or 22 nm. 


An alternative method of deionizing so- 
dium silicate is to pass a relatively dilute solu- 
tion through a bed of ion-exchange resin to 
produce a sol which is then stabilized with al- 
kali and concentrated. The particles grow dur- 
ing evaporation. The addition of further 
deionized sol to the evaporating liquid allows 


lon- 


exchange Sodium 
ч кыр silicate 
silicate 


pH ca. 9.0 Ratio Filtration 


adjustment 


lon- exchange 
resin 
regeneration 


Figure 48.52: Ion-exchange process for silica aquasols. 
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silica to build up on previously nucleated раг. 
ticles resulting in larger particle size. 


Silica sols can also be made by dispersion 
of pyrogenic silica in water or in an organic 
solvent. Commercial pyrogenic silica, also 
known as fumed silica or aerosil, is made from 
silicon tetrachloride at high temperatures by a 
flame hydrolysis-oxidation process (see Sec- 
tion 48.7.6) [598]. The product is a highly ag- 
gregated silica powder. Pyrogenic silicas can 
be partially disaggregated and dispersed to ob- 
tain aquasols or organosols of relatively high 
silica concentration. The silica units in this 
case consist mainly of short chain-like aggre- 
gates composed of silica particles ca. 7-25 nm 
in diameter. 


Monodisperse silica sols of exceptionally 
large particle size can be prepared by hydroly- 
sis of tetraethoxysilane (TEOS) in a basic so- 
lution of water and alcohol [591]. It is claimed 
that the largest mean particle size that can be 
produced with TEOS is about 0.8 шп [599]. 
However, particles up to ca. 2 шп can be made 
by using tetrapentoxysilane [598], performing 
the reaction at low temperature [600]. or 
growing the particles by adding more alkoxide 
after the particles have formed [600]. Worr 
[601] has adapted the TEOS method to pro- 
duce commercial quantities of silica sols. 


Т. 2% SiO; 30-50% 510; 
60-100°C 


Evaporation 





Silicon 


Viable processes for making commercial 
silica sols are based on the electrodialysis of 
sodium silicate solutions to continuously re- 
move sodium ions until a sol is obtained. In 
the ILER [602] and the Bercna [603] processes 
there are three compartments separated by two 

arallel, closely spaced cation-exchange 
membranes between which the process or 
“heel” solutions of silica sol in dilute Na,SO, 
as a conducting electrolyte are rapidly circu- 
lated at a specified temperature. Sulfuric acid 
is circulated in the anode compartment and an 
alkali in the cathode compartment where so- 
dium hydroxide is generated. Dilute sodium 
silicate is fed to the third compartment to form 
SiO, by electrolysis. The silica or polysilicic 
acid that forms is deposited on the silica parti- 
cles of the “heel” solution, and circulation of 
the solution is continued until the desired par- 
ticle size is achieved. Sols of 2596 silica, 15 
nm particle-size can be prepared directly. Con- 
centrated sols of ca. 8 nm particle size with 
very narrow particle-size distribution can be 
obtained by seeding in a first step at a lower 
temperature and raising the temperature in a 
second step to accelerate silica deposition + 
[603]. 

Among the advantages of the electrodialy- 
sis process are that alkali, oxygen, and hydro- 
gen сап be recovered, and that there is much . 
less salt-containing wastewater to be disposed 
of. The disadvantages of the process áre 
higher electrical and maintenance costs. 


48.7.4.6 Analysis and 
Characterization 
Characterization of silica sols is aimed at 
identifying: 
e Physical and chemical properties of the sol 
e Compatibility and stability properties of the 
sol 
e Punty of the sol 
e Use-related characteristics 
, Selection of silica sols for commercial uses 
18 commonly based on the nature of the liquid 
phase (water or organic solvent), particle size, 
particle-size distribution, degree of aggrega- 
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tion, pH, silica and counterion (stabilizing 
agent) concentration, viscosity, relative den- 
sity, and specific surface area. 

However, to fully understand and predict 
the behavior of silica sols and derived pow- 
ders, it is necessary to determine other charac- 
teristics such as particle and particle surface 
structure; chemical composition including to- 
tal carbon, organic carbon, soluble salts of al- 
kali metals, total solids, nonsiliceous ash; and 
trace metals (especially Al and Fe); and physi- 
cal properties such as turbidity, percent S (the 
percent by weight of silica in the dispersed 
phase of a silica sol [604]), refractive index, 
light scattering, sedimentation rate by ultra- 
centrifugation, porosity, rate of dissolution of 
the particles, and coalescence factor of de- 
rived powders (the coalescence factor is the 
percent silica that must be dissolved to restore 
the light transmission under standard condi- 
tions of a silica powder redispersed in water 
[605]). In addition, most manufacturers of col- 
loidal silicas use special tests for specific uses. 

A new concept in the characterization of 
colloidal silica is the application of the fractal 
approach to sols and gels. The concept of frac- 
tal geometry, developed by MaupzrBnor [606] 
in the early eighties, provides a way of quanti- 
tatively describing the average structure of 
certain random objects. For the application of 
the fractal concept to colloidal silica, see [560, 
569]. 


48.7.4.7 Uses 


This section gives a brief description of the 
major industrial uses of silica sols. The many 
minor uses are too numerous to be discussed 
here, 

Colloidal silica is widely used as a binder in 
the modem version of the ancient lost wax 
process for casting metal [612]. In this pro- 
cess, known as shell investment casting, a Wax 
original or a cluster of originals is dipped in a 
slurry of colloidal silica and refractory pow- 
der. Excess slurry is drained from the wax 
parts,and a dry refractory sand is applied to the 
wet surface. The coating is then allowed to 
dry. ‘These coating steps are repeated until a 
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ceramic shell of sufficient thickness, usually 
about 5—10 mm, is built up around the wax. 


The wax is then melted out, and the ceramic 
shell fred to increase its strength and to re- 
move the last traces of wax. Molten metal is 
poured into the hollow left by the wax. When 
the metal has cooled, the shell is broken away 
and the metal, now an exact replica of the orig- 
inal wax shape, is recovered. 

This process is widely used to produce jet 
engine components as well as a large number 
of other metal parts. The tolérances of the fin- 
ished casting can be held very close to the fi- 
nal requirements, thus minimizing the need 
for additional finishing operations. 

Refractory fibers can be bonded with col- 
loidal silica to give insulators that have excel- 
lent high-temperature resistance. The process 
is similar to papermaking in that the fibers are 
suspended in water and the mixture passed 
through a screen which retains the fibers and 
allows the water to pass through and be recy- 
cled. The thickness of the fiber mat can vary 
from 0.1-10 cm depending on the insulating 
properties required. The screen is often con- 
toured to give a shaped insulator. Usually, vac- 
uum is used to assist the flow of water through 
the screen. 

Colloidal silica is used two ways in this 
process. It is often used in small quantities to- 
gether with starch in the original fiber suspen- 
sion to help flocculate the fibers and the starch 
for better drainage and retention on the screen. 
The starch acts as the binder in the unfired or 
green state. Additional colloidal silica is often 
added to the final shape to stiffen and 
strengthen it and provide additional strength 
when the part is heated and the starch is 
burned out. 


More recently, colloidal silica has been ap- 
plied to the papermaking process itself. By 
adding small amounts of high surface area col- 
loidal silica and a high molecular mass starch 
to the paper pulp, drainage rates and fiber and 
filler retention are improved. This allows for 
higher filler loadings, use of more recycled 
pulp. and in some cases, higher production 
rates [613—617]. 
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Small amounts of colloidal silica increase 
the coefficient of friction of surfaces. One of 
the earliest uses of colloidal silica was to di- 
minish the slipperiness of floor waxes while 


not affecting their gloss [618, 619]. It is - 


widely used today to improve the frictional 
character of paper and boxboard, which facili- 
tates handling and reduces breakage resulting 
from falling boxes [620]. 

Carpets and other surfaces coated with col- 
loidal silica resist soiling because the colloidal 
silica occupies the sites which would most 
likely retain visible soil. 

The strength and adhesion of latex-based 
adhesives and paints can be enhanced by the 
addition of colloidal silica. 

Silicon wafers cut from silicon single crys- 
tals must be polished to an almost atomically 
smooth surface before being used as substrates 
for electronic chips [621, 622]. Colloidal silica 
is the main component of the final polishing 
compounds for these materials. They act both 
as a fine, uniform abrasive and as a scavenger 
for reaction products of polishing additives 
that chemically attack the silicon. 

Colloidal silicas have been used to bond 
and improve the attrition resistance of catalyst 
powders used in streams of reacting gas or liq- 
uid. The silica provides sufficient strength and 
hardness to prevent the catalyst pellets from 
being broken down and swept away by the 
stream. Acrylonitrile is made from propylene 
and ammonia by such a fluidized bed reaction 
[623, 624]. Ammonia-stabilized colloidal sili- 
cas are generally used in these applications be- 
cause of the poisoning effect of sodium. 

Photographic films and papers often incor- 
porate colloidal silicas as grain growth regula- 
tors or dye receptors. 

Beverages, such as wine, beer, or fruit 
juices can be clarified using colloidal silica as 
an aid to the flocculation of the proteins which 
cause the materials to be hazy. 


48.7.4.8 Storage, Handling, and 
Transportation 


Colloidal silicas generally undergo irre- 
versible precipitation of the silica if frozen. 
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Therefore, they are generally stored in heated 
buildings. If outdoor bulk storage is required, 
tanks should be heated and insulated in cli- 
mates where freezing might occur. Heated 
trucks are typically used in cold climates for 
shipping colloidal silicas. 

Colloidal silica is sometimes freeze-stabi- 
lized by addition of organic substances such as 
glycols. The amount added is insufficient to 
prevent freezing, but does prevent irreversible 
precipitation. 

Storage in plastic, fiberglass-reinforced 
plastic, stainless steel or lined steel tanks is 
usually recommended. 

Typically, the main hazard associated with 
colloidal silicas is their alkalinity. However, 
since the pH of most commercially available 
materials is « 10.5 they may irritate the skin or 
eyes, but do not cause irreversible burns. In 
applications where a respirable mist can be 
formed, operators should be protected by en- 
gineering design or suitable respirators. Since 
colloidal silica is amorphous, it is less toxic 
than crystalline silica. 


48.7.4.9 Economic Aspects 


Major manufacturers of colloidal silica and 
their trade names are as follows: 


Bayer Baykisol (Germany) 

Du Pont Ludox - (United States 

Eka Nobel Bindzil (Sweden) 

Hispano Quimica Ніѕрасії (Spain) 

Monsanto Syton (United Kingdom) 
Nalco Chemical Nalcoag (United States) 


Nippon Shokubai ^ Seahostar ү (Japan) 
Nissan Snowtex (Japan) 
PQ Corporation Nyacol (United States) 
Estimates of the colloidal silica market dis- 
cussed in this section are based on [557, 558]. 
The U.S. market for colloidal silica is the 
largest in the world. The total market for 
North America is estimated at > 14000 t 
(100% silica basis) and valued at $50 x 10° 
[555]. These figures include ca. 1500 t con- 
sumed in Canada. Kline estimates that the to- 
tal West European market for colloidal silica 
was 5500 t (100% silica basis) in 1992, valued 
at over DM 30 x 105 [558]. In Japan colloidal 
silica production in 1988 was estimated at 
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4500 t (100% silica basis) and was expected to 
grow significantly [557]. 

The total annual capacity for the manufac- 
ture of colloidal silica in North America is es- 
timated at 16000-21000 t (100% silica 
basis). The total capacity in Europe is esti- 
mated at 6000 t. 

Nalco is the largest producer for the North 
American market followed by Du Pont and 
PQ Corporation. Eka Nobel of Sweden has a 
relatively small plant in the United States 
(ProComp Inc.). Alchem, a joint venture of 
C-I-L Inc. and Nalco in Ontario, is the sole 
Canadian producer. 

In the United States, Monsanto imports col- 
loidal silica from its plant in Wales and small 
amounts are also imported from Japan. Ex- 
ports from the United States are believed to be 
relatively small at about 1800 t/a. Nalco and 
Du Pont are the main exporters, and Japan, 
Taiwan, and Canada are the principal destina- 
tions. Some colloidal silica is also exported to 
Europe. 

The largest producers of colloidal silica in 
Western Europe are Bayer in Germany, Eka 
Nobel in Sweden, and Monsanto in the United 
Kingdom, followed by Akzo in the Nether- 
lands and Hispano Química in Spain. There 
are a few smaller producers in Italy and 
France. 

Western Europe imports some colloidal sil- 
1ca from the United States and exports rela- 
tively small amounts to the United States, 
Eastern Europe, the Far East, and the CIS. 

In 1987-1988 the North American market 
for Colloidal silica was expected to grow at an 
average rate of 5%/a, and the Western Euro- 
pean market at 3.596/a in volume. The author 
estimates that the actual growth for both mar- 
kets has been lower due to the world economic 
situation. 

Colloidal silica prices vary with grade, sil- 
ica concentration, volume purchased, and 
country in which it is sold. In the United States 
the price is about $1.80-1.95 per pound for 
electronic-grade material, and $1.15—1.40 per 
pound for other grades (100% silica basis). In 
Western Europe the prices vary in the range 
5.5-8.3 DM/kg (100% silica basis). 
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48.7.5 Silica Gel 


48.7.5.1 Introduction 


Silica gel has the nominal chemical for- 
mula SiO,-xH.O and is a solid, amorphous 
form of hydrous silicon dioxide distinguished 
by its microporosity and hydroxylated surface. 
The structure of silica gel 1s an interconnected 
random array of ultimate polymerized silicate 
particles, called micelles, which are spheroi- 
dal and 2-10 nm in diameter (resulting in high 
surface areas of са. 300-1000 m?/g SiO.). The 
properties of silica gel are a result of the silica 
micelles, their state of aggregation, and the 
chemistry of the micelle surface. 

Control of the surface area, porosity, and 
surface chemistry of silica gel has led to nu- 
merous and diverse uses. Examples include 
adsorbents for water or other species, abra- 
sives and thickeners in dentifrice, efficient 
matting agents in coatings, chromatographic 
media, and catalyst supports. The utility is re- 
flected in an estimated world production of 
90 000 t/a, excluding China, the CIS, and 
Eastern Europe [625]. 

The development of silica-gel science and 
technology began with the pioneering work of 
GRAHAM reported in 1861 [626], although ob- 
servations of gelation had been reported ear- 
lier (627, 628]. Commercial production began 
at the Silica Gel Corporation (now part of W. 
R. Grace & Co.-Conn.) with the process in- 
vented by Patrick in 1919 [629]. Commercial 
development and applications expanded 
worldwide [627], and the colloid chemistry of 
silica was explored further [630]. With the ap- 
plication of NMR spectroscopy, small-angle 
X-ray scattering, and fractal geometry [631], 
further fundamentals of silica gel chemistry 
are being elucidated. 


48.7.5.2 Structure, Properties, 
and Characterization 
Structure. Silica gel is prepared by the neu- 


tralization of aqueous alkali metal silicate with 
acid [627, 629, 630]; for example: 
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Na,0-3.3S8i0, + H,SO, —> №250, + 3.38101 + H,O 


A complete synthesis of silica gel by this typi- 
cal commercial route is outlined in Figure 
48.53. Alternatively, stable silica sols may 
also be gelled [630]. Another method involves 
the hydrolysis of silicon alkoxides with water, 
catalyzed by acid or base [631]. 

The neutralization of sodium silicate ini- 
tiates a polymerization of silicate tetrahedra in 
a random, amorphous manner to form small 
spheroids called micelles. The solution con- 
taining the micelles while still liquid is known 
as a hydrosol. 


Gel formation occurs when the interaction 


of separate micelles through hydrogen bond- . 


ing and eventual interparticle condensation 
becomes significant. The rate of gelation de- 
pends on many variables such as SiO, concen- 
tration, pH, temperature, and mixing; this is 
discussed in detail m [630, 631]. Polymeriza- 
tion and cross-linking continue after the hy- 
drosol has solidified into a hydrogel. The 
random, amorphous structure is reflected in a 
lower skeletal density for silica gel of 2.1-2.2 
g/cm? compared to quartz (2.65 g/cm?) and the 
lack of X-ray crystallinity. The micelle, which 
is the ultimate particle, consists of SiO, in its 
interior and Si-OH on its surface. Solid-state 
2951 NMR indicates tetrahedral geometry 
about the silicon atoms and confirms the pres- 
ence of bulk SiO, and surface Si-OH [632]. 
The micelle's size determines the specific sur- 
face area of the silica gel; a typical micelle 
size of ca. 2.5 nm in diameter corresponds to 
ca. 1000 m?/g. 


Once the gel network forms, several pro- 
cessing steps are performed to give the fin- 
ished gel [633]. First, washing is normally 
performed to remove dissolved salts. Because 
silica gel has a very low ion-exchange capac- 
ity for cations or anions at moderate pH, salt 
removal is a diffusion-controlled dilution pro- 
cess. Next, if desired, the interaction between 
micelles and micelle growth can be acceler- 
ated by aging in aqueous media under condi- 
tions where silica is slightly soluble. A process 
in which silica dissolves from regions of posi- 
tive curvature and redeposits at regions of 
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negative curvature reinforces the hydrogel 
network. Thus, a continuous gel structure is 
formed. 

During the drying process, the surface ten- 
sion of the solvent in the pores can act to 
shrink the hydrogel volume. In slow drying, as 
water is evaporated from a silica hydrogel, the 
structure collapses gradually due to the sur- 
face tension of water. Eventually a point is 
reached where even though water is still evap- 
orating the gel structure no longer shrinks. At 
this point the gel is called a xerogel. Fast dry- 
ing can minimize the shrinkage, and removal 
of water by solvent exchange followed by dry- 
ing has the same effect. Materials that are 
dried with negligible loss of pore volume are 
known as aerogels. 

Drying of silica gels can also be carried out 
under conditions where the solvent in the 
pores is above its critical point and is vented 
while maintaining temperature and pressure. 
KistLeR [634] dried gels supercritically after 
replacing the water of the hydrogel with alco- 
lol. Alternatively the liquid in the pores can 
be exchanged for liquid СО», which has more 
convenient critical-point properties [635,' 
636]. Considerable interest has been focused 
on such techniques recently due to the high 
porosity and mechanical properties achievable 
[631, 635, 637]. 

The resulting products from a scheme as.in 
Figure 48.53 are high purity silica gels with 
controlled porosity. Transmission electron mi- 
crographs show the pore structure of silica gel. 
Typical properties are as follows: 

Chemical analysis (dry basis) (96) : 


SiO, 99.71 

ALO, 0.10 

TiO, 0.09 

Fe,0, 0.03 

Trace oxides 0.07 
Physical analysis 

Total volatiles 5-6.5% 

Surface area 750—800 m?/g 

Pore volume 0.43 cm'/g 

Average pore diameter 2.2nm 

Apparent bulk density 0.72 g/cn? 

Skeletal density 2.19 gien? 

Specific heat 920 Jkg ! K^? 

Thermal conductivity 522 JmK ' K"! 


1949 


Refractive index 1.45 


Surface Chemistry and Stability. The physi- 
cal microporosity of silica gel is an important 
property, as is the chemistry of its bulk and 
surface species (Figure 48.54). Pure silica gel 
has a hydroxylated surface covered with sil- 
anol groups. These hydroxyl groups are nei- 
ther very acidic nor basic, with pK, = 6 and an 
isoelectric point at ca. pH 2. The hydroxylated 
surface is hydrophilic and adsorbs moisture 
readily. This adsorbed moisture can be des- 
orbed thermally at 100-200 °C leaving behind 
= 5.5 OH/nm? (or ca. 5% silanol groups on a 
300 m?/g silica). These silanols are more diffi- 
cult to remove but this can be done thermally 
by condensation to form siloxanes and water. 
Temperatures near 600-800 °C are required to 
dehydroxylate to ca. 1 OH/nm?. At this silanol 
concentration the surface is hydrophobic. 


Characterization. Numerous methods have 
been developed to characterize the porosity, 
structure, and chemistry of silica gels [630] 
and new methods continue to be applied [631]. 


With regard to porosity, differently pre- 
pared silica gels can be described on the basis 
of pore diameter d as microporous (d « 2 nm), 
mesoporous (d = 2—50 nm), or macroporous (4 
> 50 nm) [638]. The most generally useful 
methods for characterizing these structures 
with respect to surface area, pore volume, and 
pore-size distribution are nitrogen adsorp- 
tion/desorption techniques. The primary 
method for surface area is the BET procedure 
[639] (ASTM D3663-84 or DIN 66131). 
Methóds have been proposed to improve on 
the BET technique in small pores, such.as the 
t-plot method [640], and the a, method [641]. 
The related N, pore volume and pore-size dis- 
tribution (pore volume as a function of pore 
diameter) methods are ASTM procedures 
D4222-83 and D4642-87, respectively. The 
porosity of a silica gel, determined by N, po- 
rosimetry, is shown in Figure 48.55. Alterna- 
tive porosity measurement techniques include 
mercury porosimetry, water pore volume. and 
oil absorption. 
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Hydrosol 


Unwashed hydrogel 













Salt removal 


Washed hydrogel 





Slow drying 


Fast drying 


Aerogel 
Figure 48.53: Schematic of silica gel manufacture. 


Elemental analysis of silica gel focuses on 
trace elements in the range of « 1%. Induc- 
tively coupled plasma atomic emission spec- 
troscopy (TCP-ES) is becoming the preferred 
technique. pH measurement is performed on 
slurries and reflects the balance of residual 
trace elements (ASTM D1208, DIN ISO 787 
1X, JIS K 5101/24). 


The moisture content of silica gel is impor- 
tant to provide an anhydrous basis for chemi- 
cal analysis and because the hydration of the 
surface and pores (Figure 48.54) is important 
to performance in applications. Most stan- 
dards require two measurements: moisture 
loss on drying for 2 h at 105 *C (ASTM D280, 
DIN ISO 787/11, or JIS K 5101/21) and loss 
on ignition after this drying by heating for 2 h 
at 1000 °C (ASTM D 1208, DIN 55921, or JIS 
5101/23). Another method often used in the 
United States prior to analysis to provide a sol- 
ids basis is to measure total volatiles as a 
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H,0, Ма,50, 


Solvent exchange 
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weight per cent loss on heating for 1h at . 


954 *C. 

The surface hydroxyl groups of silica gel 
can be characterized by thermogravimetric 
analysis [630], vibrational spectroscopy [631, 
642], and nuclear magnetic resonance [631, 
632, 643]. The information obtained concerns 


hydroxyl concentration, hydrogen bond inter- ` 


action between hydroxyl groups, and distribu- 
tion of =Si-OH and =Si-(OH), species on the 
surface. The adsorptive properties of variously 
hydroxylated silica materials are an indirect 
means of characterizing the surface. 


Particle-size measurement is also important 
in silica-gel characterization (DIN 53206). 
The method for granular gel is standardized 
sieve screening (ASTM D4513). For particles 
less than ca. 0.1 mm in size, laser light scatter- 
ing (ASTM D4464) and conductivity methods 
are preferred. For particles less than 100 nm, 
light scattering, electron microscopy, and 
small angle X-ray scattering are used. 
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Figure 48.54: Schematic representation of the dehydration of a silica gel surface. 


00 


w 
c 
о 


b V/ Мп d«100 ———- 
= 8 





0 
75 10.0 12.5 15.017.520 25 30 35 40 50 
Pore diameter d nm ——» 
Figure 48.55: Nitrogen pore-size distribution of a silica 
gel similar to the fast dried sample of Table 48.23 (V = 
pore volume). 


48.7.5.3 Production 


Processes. The original production process of 
Patrick [629] as practiced by the Silica Gel 
Corporation starting in 1919 contains the main 
elements of modern processes using aqueous 
Silicate raw materials. The initial step is the 
batch neutralization of sodium silicate (1.185 
g SiOJ/cm?) at 35-80 °С with 10% НСІ to 
form a hydrosol. A hydrogel then forms after 
3-5 h at ambient temperature and is sized, 
washed with water to remove salts, and dried 


first at 75—120 °C then 300-400 °C. A typical 
small pore gel made by this process is de- 
scribed in Table 48.23. 

The Patrick gelation conditions, with rela- 
tively minor variation, have been the basis of 
most silica gel manufacture since. The next 
major change in silica gel products was the de- 
velopment of gels of higher pore volume and 
pore diameter by washing and aging hydrogels 
under basic conditions. Early references [644, 
645] refer to this technology but large scale 
commercial introduction occurred around 
1945. Base washing was a common industrial 
practice before 1950. In one example [646] a 
17% SiO, hydrosol gelled in about one hour. 
The hydrogel was broken up and washed with 
an aqueous ammonia solution of pH 9 for ca. 
45 h then tray dried. Similar conditions are de- 
scribed for intermediate-density gel [633]. 
Orie further variation involves fast drying 
[647] which increases the pore volume and di- 
ameter of such gels. Typical properties of 
acid-washed regular density, ammonia- 
washed intermediate density, and a flash-dried 
product are shown in Table 48.23. 
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Table 48.23: Typical properties of various silica gels. 


Regular density 
Property Slow dried 

Total volatiles* 5 
NaO dry basis, % «0.1 
SiO, dry basis, % «0.1 
ALO, dry basis, 96 0.05 
pH? 4.0 
Specific surface area, m7/g 750 
Pore volume, cm!/g 0.40 
Average pore diameter, nm 2.1 
Water adsorption, 96 

10% R.H. 7.5 

80% R.H. 35 
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Intermediate density 


Slow dried Fast dried 
6 6 
«0.1 «0.1 
«0.1 «0.1 
0.05 0.05 
7.5 4.0 
325 390 
1.1 1.8 
13.5 18.5 
2.0 
17.0° 





* Weight loss after heating in air at 954 °C. 
ъ РН of an aqueous slurry of the gel at 5% solids. 
> 90% water adsorption at 100% К.Н. 


Several methods of forming hydrogel, typi- 
cally into spherical shapes, have been devel- 
oped. Some methods employ a rapid gelation 
after mixing in a nozzle followed by spray set- 
ting [648-651], while others form beads in an 
oil phase immiscible with the hydrosol [652]. 
In some bead processes, recycled, dried, and 
powdered gel is mixed with the fresh sol to 
improve the physical integrity of the dried gels 
toward disintegration after contact with liquid 
water [653]. 

The supercritical preparation of aerogels 
has undergone a renaissance since earlier 
commercial production [654] because of re- 
newed interest in the insulation and light- 
transmittance properties of these materials. 
The shift in applications toward large panels 
has.created the need for what are described as 
aerogel monoliths [631]. One such process 
[635] forms a silica alcogel then exchanges 
the alcohol for liquid СО, before supercritical 
drying. The resulting monoliths show good 
light-transmittance properties. The monoliths, 
typically 500 x 500 x 2.5 cm, are used to fill 
the space in the middle of double-pane win- 
dows. 


Environmental Protection. In the sodium sil- 
icate/H.SO, processes the main environmen- 
tal concerns are the fate of by-product process 
chemicals, normally aqueous Na,SO, and 
small amounts of aqueous NH,, and pH con- 
trol of this stream. 


Quality Specifications. Typical quality crite- 
ria for silica gel are chemical purity, moisture 
content, and porosity. These properties depend 
on manufacturing conditions such as concen- 
trations, gelling and washing times, pH, and 
drying conditions. Typical properties of silica 
gels are reported in Table 48.23. Application- 
specific properties are often measured for cer- 


_tain end uses (see Section 48.7.5.4). 


Silica gel has been described by numerous 
organizations for the purpose of defining the 
quality necessary for use in food, cosmetic, 
and pharmaceutical applications. In the United 
States, monographs for silica gel are included 
in the Food Chemicals Codex (1981) and The 
United States Pharmacopeia The National 
Formulary (1990). In Japan it is described in 
the Japanese Pharmacopeia, Standard for Cos- 
metic Materials, and JIS Z 0701. It is also on 
the “Positive” list for use in food-grade poly- 
olefins. The EC is compiling permitted silica 
gel uses into a complete listing for member 
states. Until that listing is complete member 
states will maintain individual regulations. 


48.7.5.4 Uses 


Silica gel is used extensively in a wide vari- 
ety of applications; here, some major uses are 
described. 


Desiccants. The earliest well identified use 
for silica was as an adsorbent for water. The 
affinity of silica gel for water is affected by its 
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state of activation (or moisture loading) and 
the degree of saturation of the surrounding 
fluid by water vapor. À plot of the affinity of 
silica gel for water vapor as a function of equi- 
librium relative humidity at ambient tempera- 
ture is shown in Figure 48.56. The properties 
of two silica desiccants have been described in 
Table 48.23. 

Silica gel is widely used in the narrow pore 
form to keep enclosed spaces dry, such as in 
cable junctions, pharmaceutical containers, 
and consumer goods. Silica gel is also used for 
drying natural gas. The wider pore form of sil- 
ica is used to prevent local condensation in 
high-moisture environments and to absorb 
condensed mists of moisture. Another applica- 
tion is to use silica gel to maintain a constant 
humidity environment around art objects 
[655]. 

Desiccants have been described in several 
countries by standards Mil-D-3716B (United 
States), DEF STAN 80-22 (United Kingdom), 
and JIS Z 0701-77. These descriptions include 
standard properties and methods of analysis. 
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Figure 48.56: Water adsorption isotherms at room tem- 
perature as a function of relative humidity for several ma- 
terials: a) Granular Al,O,: b) Zeolite A (Na* form); c) 
Regular density silica gel; d) Spherical ALO;; e) Interme- 
diate density silica gel. 

Adsorbents. Silica gel can adsorb many spe- 
cies other than water, particularly polar sub- 
Stances [656]. In addition: to chemical 
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processing, silicas have many uses in food 
processing. Treatment of beer with hydrogels, 
hydrous gels, or xerogels to remove haze- 
forming proteins is one example [645, 657]. 
Another food use is the adsorptive purification 
of glyceride oils [658]. Silica gels also are 
used extensively in chromatography [659]. 


Dentifrice. Silica gels have long been compo- 
nents of dentifrice formulations [660] but 
more recently were employed more for their 
suitable abrasiveness for cleaning than simply 
as carriers or thickeners. Xerogels [661] and 
hydrous gels [662] are used, but must compete 
with precipitated silicas [663] in this applica- 
tion. The abrasiveness of a dentifrice can be 
measured [664] and generally correlates with 
how effectively it cleans the teeth. 


Coatings. Fine sized silicas (2-15 pun) are 
used extensively to control the reflectance of 
coatings [646, 647, 654]. By interrupting the 
surface of the coating the gloss of the surface 
(as measured by ASTM D 523) is reduced but 
particles too large can harm the appearance of 
the surface. The fineness of grind (ASTM 
D1210-79) can be measured and specified. In 
clear coatings, the refractive index of the silica 
is important to maintain clarity. A typical mat- 
ting agent has a particle size of ca. 10 um, a 
pore volume of ca. 1.8 cm?/g, and a fineness of 
grind on the Hegman scale of > 4 (ASTM 
test). 


Catalysts and Catalyst Carriers. The high 
surface area of silica gel makes it an attractive 
solid on which to effect catalysis. Silica itself 
does not catalyze many reactions of commer- 
cial‘significance. Silica aluminas have acidic 
catalytic properties best exemplified in cata- 
lytic cracking [627, 665]. Silica gel is also 
used as a support in olefin polymerization 
[666-668]. 


Suppliers. Silica gel suppliers (with trade 
names following in parentheses) are summa- 
nized: Akzo, Asahi, BASF (Silica-Perlen, Sil- 
ica-Pulver), Crosfield Chemicals, Unilever 
Specialty Chemicals Group (Gasil, Lucilite), 
Eagle, Fuji Silysia (Sylopute, Art Sorb), Glid- 
den (Silcron), W. R. Grace & Co.-Conn. (Sy- 
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loid, Sylobloc, TriSyD, Kali Chemie (KC- 
Trockenperlen), PQ (Bntesorb), and Uetikon 
(Diamantgel). 


48.7.5.5 Economic Aspects 


Silica gel is but one form of synthetic amor- 
phous silica. Published estimates of world 
production (excluding the Eastern bloc coun- 
tries and China) of all amorphous silicas (t/a) 
include: 


1974 415 000 [669] 
1988 650 000 [670] 
1990 1 000 000 [625] 


Only the 1990 estimate specifically identified 
the silica gel tonnage at 90 000 t/a. Between 
30-50% of silica gel is estimated to be used in 
desiccant applications. 


48.7.5.6 Legal Aspects 


Toxicology and Occupational Health. Silica 
gel is listed under TSCA in the United States, 
the Domestic Substances List (DSL) in Can- 
ada, the European Inventory of Existing Com- 
mercial Substances (EIECS), the Australian 
Inventory of Chemical Substances, and the 
Japanese Core Inventory (MITI). 


Silica gel is generally classified as syn- 
thetic amorphous silica. Epidemiological 
studies have indicated low potential for- ad- 
verse health effects in humans [671]. Silica gel 
is not listed on IARC, National Toxicology 
Program (NTP), or OSHA carcinogen lists. 

Animal tests conducted in 1976-1978 (18- 
month exposure at 15 mg/m?) showed silica 
deposition in respiratory macrophages and 
Iymph nodes, minimum lung function impair- 
ment, and no silicosis [671]. OSHA has estab- 
lished a PEL of 6 mg/m? and ACGIH has 
established a TLV of 10 mg/m’. 

Tests conducted for the U.S. DOT classifi- 
cation gave the following results for finely 
ground silica gel: 

1-h LC,, (rat) > 2 mg/L 

48-h oral LD., (rat) > 31 600 mg/kg (estimated) 
48-h dermal LD,, (rabbit) > 2000 mg/kg (estimated) 
Not considered an ocular irritant. 
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Tests conducted for United States FDA ар- 
proval for use in foods (see 21 CFR 160.105, 
160.815, and 172.480) showed: 

LD, (mouse) 8000 mg/kg (limit of test) 
LD, (rat) 4500 mg/kg (limit of test) 


6-month feeding tests (rat) at levels up to 1096 of diet pro- 
duced no effects. 


A long-term bioassay of chronic toxicity on 
mice and rats concluded that “proper dietary 
administration of micronized silica has proven 
to be generally safe with no long-term toxic 
effects" [672]. 


Storage and "Transportation. Silica gel 
should be stored in sealed containers to protect 
product quality, particularly to avoid moisture 
adsorption or desorption. Silica gel is not con- 
sidered a hazardous material by the Interna- 
tional Air Transportation Association (IATA 
Resolution 618, Attachment “A”, 1992), the 
U.S. DOT (49 CFR), or in EEC Council Di- 
rective 67/548/EEC. 


48.7.6 Pyrogenic Silica 


The term pyrogenic silica refers to highly 
dispersed silicas formed from the gas phase at 
high temperature. Nowadays, the most impor- 
tant production process is flame hydrolysis. 
The electric-arc process is of little and the 
plasma process of no economic significance. 
The designation pyrogenic used in this chapter 
therefore always refers to silica produced by 
flame hydrolysis. 


48.7.6.1 Flame Hydrolysis 


The flame hydrolysis process was devel- 
oped in the late 1930s and patented in 1942 
[673]. The original aim was to develop a 
“white carbon" as a reinforcing filler for rub- 
ber. However, for technical and economic rea- 
sons precipitated silicas were adopted for this 
use. 

In the meantime pyrogenic silica has found 
applications in numerous branches of industry. 

Capacities for pyrogenic silicas amounted 
to ca. 100 000 t worldwide in 1991. Producers 
are Degussa (Aerosil), Cabot (Cab-o-sil), 
Wacker (HDK), and Tokuyama Soda (Reolo- 
sil). : 
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Figure 48.57: General process scheme of flame hydrolysis: a) Vaporizer, b) Mixing chamber; c) Burner, d) Cooling sec- 


tion; e) Separation; f) Deacidification; g) Hopper. 


Production Process 


Silicon tetrachloride 1s the usual raw mate- 
rial for flame hydrolysis. It is continually va- 
porized, mixed with dry air and then with 
hydrogen, fed to a burner, and hydrolyzed: 


2H, + 0, > 29,0 
SiC, * 2H,O > SiO, + 4HCI 


The gases leaving the reaction chamber con- 
tain all of the silica in the form of an aerosol. 


The silica is separated almost quantitatively 


from the hydrochloric acid-containing off-gas . 


by cyclones (centrifugal separators) or filters. 
Treatment with steam and air in a fluidized- 
bed reactor is then carried out to.remove resid- 
ual hydrochloric acid adsorbed on the large 
surface of the silica. The hydrogen chloride is 
washed from the off-gases in adsorption col- 
umns to give hydrochloric acid in commercial 
concentrations. The hydrochloric acid formed 
can be reused by reacting it with silicon to pro- 
duce silicon tetrachloride and hydrogen. 

The properties of pyrogenic silica can be 
controlled by varying reaction parameters 
such as flame composition and flame tempera- 
ture. Thus, desired specific surface areas in the 
range 50 to 400 т?/е can be produced selec- 
tively, 
| The product, with a bulk density « 20 g/L, 
15 pneumatically transported to packing ma- 
chines, where the tapped density is increased 


to 50-120 g/L by compacting rollers or vac- 
uum packers. 

A schematic of the flame hydrolysis pro- 
cess is shown in Figure 48.57. 

It is also possible to use methyltrichlorosi- 
lane alone or mixed with silicon tetrachloride 
as raw material. In this case, however, simul- 
taneous hydrolysis and oxidation is required, 
which requires modification of the production 
process. 


Morphology 


Flame hydrolysis produces extremely fine, 
mostly spherical particles with diameters of 
ca. 10 nm. The size of the average primary 
particles, which can be measured by transmis- 
sion electron microscopy (TEM), ranges from 
7 tó 40 nm. The particle-size distribution be- 
comes narrower with decreasing primary par- 
ticle size (Figure 48.58). 

‘The small particles give rise to high spe- 
cific surface areas of ca. 50—400 m?/g. This 
consists almost entirely of outer surface, 
which 1s not formed by pores, and is readily 
accessible to diffusion processes. The specific 
surface areas determined by adsorption (e.g., 
by the BET method [674]) are in agreement 
with those determined by TEM within certain 
limits. Figure 48.59 shows the BET surface 
area as a function of the mean particle size 
measured by TEM. 
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Figure 48.58: Primary particle-size distribution of pyro- 


genic silicas with various specific surface areas: a) 300; b) 
200; c) 90; d) 50 mie, 
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Figure 48.59: Correlation of the average primary particle 
size with the specific surface area of different pyrogenic 
silicas. 

The primary particles do not occur in isola- 
tion, but form aggregates by intergrowth, and 
agglomerates through cohesion forces. In con- 
trast to precipitated silicas, pyrogenic silicas 
cannot be produced in the form of defined ag- 
gregates or agglomerates. The primary parti- 
cles can be identified by TEM, but it is not 
possible to distinguish aggregates from ag- 
glomerates [675]. 

The size of the agglomerates actually 
present in a liquid or powder mixture depends 
mainly on the dispersion and mixing intensity 
during preparation. 

Figure 48.60 shows a TEM photograph of a 
pyrogenic silica with an average primary par- 
ticle size of ca. 40 nm and a specific surface 
area of ca. 50 m’/g, while Figure 48.61 shows 
one with an average primary particle size of 
ca. 7 nm and a specific surface area of ca. 300 
m7/g. 
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Solid-State Properties 


Pyrogenic silicas are X-ray amorphous. For 
example, X-ray diffraction photographs with a 
detection limit of 0.2% for Aerosil 200, a hy- 
drophilic pyrogenic silica with a specific sur- 
face area of ca. 200 m?/g, show no crystallinity 
[676]. This fact is of considerable significance 
for industrial hygiene, since current experi- 
ences indicate that the development of silico- 
sis on inhalation of silica dust is associated 
with the crystallinity. 


The refractive index of 1.45 is similar to 
that of silica glass. The particle size and the 
surface chemistry have a small but measurable 
influence on the refractive index. Transparent 
mixtures can be prepared from pyrogenic sili- 
cas and most organic polymers. 


Pure pyrogenic silicas are thermally quite 
stable. Thus, heating for 7 d at 1000 °C results 
in no change of the morphology and no crys- 
tallization. The thermal stability is, however, 
significantly lower if other substances are 
present. Traces of alkali or alkaline-earth 
metal ions in particular act as mineralizers 
[677]. 


Since pyrogenic silicas are produced from 
readily vaporizable starting materials that can 
be easily purified by distillation, impurity con- 
centrations resulting from the raw materials 
are very low. Generally, the silicon dioxide 
content is > 99.8% after ignition for 2 h at 
1000 °C to remove chemically and physically 
adsorbed water. The content of hydrochloric 
acid by-product can be reduced to less than 
250 ppm by suitable measures, which is ade- 
quate for most applications. 


The purity of pyrogenic silicas is specified 
particularly for their use in pharmacy. The 
most important monographs conceming this 
are: 


e European Pharmacopeia 2 (Silica Colloida- 
lis Anhydrica) 


е DAB 10 (Hochdisperses Siliciumdioxid) 


e U.S.P/National Formulary XVII (Colloidal 
Silicon Dioxide) 
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Figure 48.60: TEM photograph of a pyrogenic silica with an average primary particle size of ca. 
surface area of ca. 50 т?/р. 
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Figure 48.61: TEM photograph ofa pyrogenic silica with an average primary particle size of ca. 7 nm and a specific sur- 


face area of ca. 300 mie, 
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Figure 48.62: Time dependence of the solubility of a py- 
rogenic silica in caustic soda. 
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Figure 48.63: Siloxane and silanol groups on the silica 
surface. 

Pyrogenic silicas are largely inert chemi- 
cally. They dissolve in strong alkali solutions 
with silicate formation and in hydrofluoric 
acid with the formation of silicon tetrafluo- 
ride. The solubility in pure water is similar to 
that of quartz (ca. 150 mg/L). Figure 48.62 
shows the solubility behavior of a pyrogenic 
silica with a specific surface area of 200 mg 
in the alkaline pH range. 


Surface Chemistry 


Siloxane and silanol groups occur on the 
surface of the silica particles. The former are 
hydrophobic while the latter are hydrophilic 
and make the pyrogenic silica wettable. The 
silanol groups can occur isolated, bridged, or 
geminal (Figure 48.63). 
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The silanol groups can be determined quan- 
titatively by reaction with lithium aluminum 
hydride and measurement of the amount of 
hydrogen formed. The densities lie between 
2.5 and 3.5 SiOH/nm? [678, 679]. The silanol 
groups are weakly acidic, which causes a zeta 
potential for the pyrogenic silicas of zero at a 
pH value of approximately two [680]. Pyro- 
genic silicas become preferably negatively 
charged by friction [681]. 

IR spectroscopy is important for the analy- 
sis of the surface chemistry of pyrogenic sili- 
cas [679, 682-685], although recent methods 
such as solid-state NMR spectroscopy prom- 
ise further results. The following IR bands are 


of significance: 

-O-D 2760 cm 
-C-H 2900-3000 cm”! 
—SiOH isolated 3750 ст! 
—SiOH bridged 3000—3800 cm? 
—SiOH combination band 4550 cm"? 

H,O adsorbed 5200 ст"! 


Immediately after production pyrogenic sil- 
icas show mainly isolated silanol groups. In 
the course of time, adsorbed water reacts with 
strained siloxane groups and forms bridged si- 
lanol groups. This aging can easily be fol- 
lowed by IR spectroscopy (Figure 48.64) 
[679]. 
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Figure 48.64: IR spectra of pyrogenic silica (200 mäi 
specific surface area) shortly after production (A) and af- 
ter storage for one year (B). 

The desorption energies of both the chemi- 
cally and physically bound water can be deter- 
mined by gravimetric adsorption апа 
temperature-programmed desorption [686]. 
Thus, the following energies were determined: 
50 kJ/mol, for water hydrogen bonded to a sil- 
anol group, and 84 kJ/mol for water bonded to 
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two neighboring silanol groups. The elimina- 
tion of water from neighboring silanol groups 


апа isolated silanol groups requires 122 


kJ/mol and 130 kJ/mol, respectively. 
The silanol groups undergo acid-specific 
reactions; examples include: 


e With hydride ions teg, LiA1H,) [678] 
=Sj-OH + H^ 2 -Si-O + H, 

e Deuterium exchange [679] 

-Si-OH + D.O > -Si-OD + HDO 

e Neutralization [687] 

-Si-OH + NaOH — -Si-ONa + H,O 

e Chlorination [688] 

=Si-OH + SOCI, э =Si-Cl + SO, + НСІ 

e Esterification with diazomethane [688] 
-Si-OH + CHN,  -Si-O-CH, +N, 


Summaries of the surface chemistry of 
finely divided silicas are given in [689, 690]. 


Surface Modification with Silicon 
Compounds 

Pyrogenic silicas are hydrophilic; how- 
ever, a hydrophobic character is more favor- 


able for some applications. This requirement 
can be met by reaction with dimethyldichlo- 


rosilane [691, 692]. The resulting silica thus is . 


no longer wettable by water and was intro- 
duced on the market in 1962 under the name 
Aerosil R 972. Apart from chloroalkylsilanes, 
mainly hexamethyldisilazane, alkoxyalkylsi- 
lanes, and polydimethylsiloxanes are used. 

Apart from methyl arid longer chain alkyl 
groups, organofunctional groups can also be 
anchored on the surface of pyrogenic silicas 
by using silanes. This form of modification 
was first used on a large scale for applications 
in dental materials. A pyrogenic silica with a 
low specific surface area is treated with ‘y-me- 
thylacryloxypropyltrimethoxy silane to give an 
active filler that can be chemically bonded to 
the polymethylmethacrylate matrix and pro- 
vides the dental material with very good me- 
chanical properties [693—695]. 

„Another use of pyrogenic silicas modified 
with organofunctional silanes is in toners. Un- 
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til recently photocopiers generally fixed the 
latent electrostatic image on a positively 
charged selenium layer An electrostatically 
negatively chargeable toner is required for de- 
velopment, which contains a hydrophobic py- 
rogenic silica to improve the flow behavior 
and chargeability. In more modern copier sys- 
tems the latent image is formed on an organic 
semiconductor layer, which is negatively 
charged and requires a positively chargeable 
toner. However, pyrogenic silicas tend to be- 
come negatively charged due to the presence 
of silanol groups even in hydrophobized prod- 
ucts. Hence, a surface modification is neces- 
sary to allow positive charging. This can be 
achieved by using aminofunctional silanes, 
which undergo hydrolysis-stable anchoring to 
the silica surface [696—698]. 


Characterization 


Pyrogenic silicas can be characterized well 
on the basis of chemical and physicochemical 
data; however, these do not allow a definite as- 
sessment of their suitability for a particular 
use, which requires application testing. The 
following test methods have proved useful to 
test the suitability for many uses and also for 
the quality control of hydrophilic, pyrogenic 
silicas: 

e BET surface area, m*/g (DIN 66131) 


e Drying loss, % (2 h at 105 °C; DIN ISO 
787/11) 


e pH value (4% aqueous suspension; DIN 
ISO 787/1X) 

e, Silicon dioxide content, % (fuming with hy- 
-drofluoric acid, relative to the substance 
` heated at 1000 °C for 2 h) 

For hydrophobic or surface-modified pyro- 
genic silicas it is advisable to determine the 
carbon content instead of the silicon content, 
since the former provides information on the 
extent of surface loading. 


Uses 


Reinforcing Fillers. Pyrogenic silica 1s used 
in large quantities as an active filler in silicone 
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rubber. In RTV silicone sealants, both hydro- 
philic and hydrophobic pyrogenic silica are 
used (ca. 1096) to modify mechanical proper- 
ties such as Shore hardness, tensile strength, 
and tear strength. High temperature vulcaniz- 
ing (HTV) silicone rubber requires ca. 3096 
pyrogenic silica to improve the mechanical 
properties. Hydrophobic pyrogenic silicas 
with strongly reduced thickening action are 
used in liquid silicone rubbers. Theories of the 
reinforcing action of pyrogenic silica in sili- 
cone rubber are discussed in [699—701 ]. 

Pyrogenic silicas are also used as active 
fillers in natural and synthetic rubber, particu- 
larly if extremely high mechanical properties 
are required, as in cable sheathing, seals, or 
conveyor belts. 


In fluoroelastomers, both hydrophilic and 
hydrophobic silicas improve the mechanical 
properties [702, 703], even under the action of 
aggressive gases. 


Thickening and Thixotropization. An im- 
portant application for pyrogenic silicas is the 
adjustment of the rheological properties of liq- 
uid systems such as paints, thermosetting res- 
ins, and printing inks. The increase in 
viscosity generally plays a minor role; thix- 
otropization and the development of a yield 
value are decisive in practice. These effects 
are generally attributed to the formation of a 
three-dimensional network of silica agglomer- 
ates, which fixes the liquid in “cells” and thus 
increases the viscosity. The silica particles in- 
teract via silanol groups. The spatial network 
is destroyed by mechanical stress (e.g., stir- 
Ting or shaking) to an extent which depends on 
the intensity and duration of energy input, 
whereby the viscosity decreases. The silica 
network regenerates when the stress is re- 
moved, and the original viscosity returns. This 
theory has proved suitable for simple, nonpo- 
lar liquids, but is not applicable to complex 
and/or polar systems, in which adsorption and 
solvation effects determine the rheological ac- 
tivity [704], especially in the case of hydro- 
phobic pyrogenic silicas. 


Handbook of Extractive Metallurgy 


Viscosity, mPa. s ——» 





0 2 4 6 
Concentration, % — —» 


Figure 48.65: Thickening effect of a pyrogenic silica with 
200 m*/g specific surface area (Aerosil 200) in various 
solvents: a) Xylene; b) Butylacetate; c) Diacetone alco- 
hol; d) Butanol. 


Hydrophilic pyrogenic silicas show the best ` 


thickening action in nonpolar liquids (Figur 
48.65). i: 
Antisettling Agents. Closely linked with the 
control of the rheological properties of liquid 
systems is the action of pyrogenic silicas as 
antisettling agents. The establishment of a 
flow limit hinders settling of suspended parti- 
cles, depending on their density, size, and 
shape. If settling does occur, pyrogenic silica 
generally prevents caking of the sediment and 
ensures easy dispersibility. 

This effect is mainly utilized in filler- or 
pigment-containing paints and plastics. Not 
only suspensions of lighter solids can be stabi- 
lized, such as silica-based matting agents, but 
also heavy anticorrosion pigments such as 
zinc dust or micaceous iron oxide. Both hy- 
drophilic and hydrophobic pyrogenic silicas 


can be used as antisettling agents. The most - 


suitable type must be determined for each in- 
dividual case, whereby additional effects, such 
as the water repellency of hydrophobic prod- 
ucts in corrosion protection systems, must also 
be taken into consideration [705, 706]. 


Dispersants. In solid-containing liquid sys- 
tems, pyrogenic silicas reduce the reagglomer- 
ation of the solid particles during the 
dispersion process, whereby a more favorable 
state of distribution is achieved. This effect is 
particularly important in pigment-containing 
systems, where both the gloss and also the 
tinting strength, and in the case of carbon 
black pigments also the jetness, can be im- 
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Ре by adding small quantities of pyro- 


genic silica [705]. 
Free Flow Agents. Some powders exhibit 
oor fluidity or they agglomerate on storage, 
particularly under the influence of pressure or 
moisture. The causes of agglomeration in- 
clude solid bridges, which form by drying or 
ressure sintering processes, liquid bridges. 
electrostatic charging, and van der .Waals 
forces [707, 708]. This can make use of the 
material difficult or even impossible. In many 
cases this can be remedied by the addition of 
hydrophilic or hydrophobic silicas. The rea- 
sons for this are complex. Thus, the small sil- 
ica particles can envelop the powder particles 
and act as “ball bearings", hydrophilic pyro- 
genic silica can adsorb moisture and “render it 
harmless", or hydrophobic pyrogenic silica 
can slow down the absorption of moisture. 
The significantly smaller silica agglomerates 
can decrease the van der Waals forces between 
two powder particles by acting as spacers 
[708, 709]. Pyrogenic silica is used in fire-ex- 
tinguisher powders, tablet mixtures, toners, 
powder coatings, and table salt. 


к 


Other uses of pyrogenic silica include: 
e Adsorbents 

e Antiblocking agents for plastic films 
e Coatings 

e Catalyst supports 

e Matting agents 
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e Grinding agents 

e Polishing agents 

e Raw materials for silica glasses 
e Thermal insulation 


e Additive carriers 


Industrial Hygiene and Safety 


Pyrogenic silica does not cause silicosis on 
inhalation. So far no indication for this illness 
has been found for those employed in produc- 
tion who undergo regular medical tests [710]. 
However, since it can lead to irritation of the 
respiratory tract due to the fine particles, a 
MAK of 4 mg/m? total dust in inhaled air was 
applicable in 1991. This MAK value is not ex- 
ceeded if suitable precautions are taken, e.g., 
lowest possible dust development upon han- 
dling or extraction of air (ventilation). Other- 
wise dust masks should be used. According to 
the findings so far pyrogenic silica is basically 
harmless by oral intake [711, 712]. Pyrogenic 
silica can cause a feeling of dryness on the 
skin, which can be easily remedied by wash- 
ing and creaming. 

Pyrogenic silica is susceptible to electro- 
static charging on handling. If it is likely to 
come into contact with combustible gases or 
vapors, it is necessary to take the correspond- 
ing safety measures, such as careful earthing 
and utilization of explosion-proof plants. 





i Silica 


Figure 48.66: Process scheme for the production of precipitated silicas: a) Precipitation; b) Filtration; c) Drying; d) Mill- 
ing; e) Storage: D Compacting: g) Granulation; h) Packaging. ; 
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48.7.6.2  Electric-Arc Process 


The reduction of quartz sand with coal in an 
electric-arc furnace gives gaseous silicon 
monoxide, which is oxidized to finely divided 
amorphous silica by atmospheric oxygen 
[713]: 

SiO, +С 2 SiO + CO 
SiO + CO * O, 2 SiO, + CO, 


In a vanant of this process the thickening 
effect of the electric-arc silica is increased by 
adding steam during oxidation followed by 
thermal treatment [714]. 

The matting agent TK 900 used in paints is 
a silica produced by Degussa using this pro- 
cess. 


48.7.6.3 Plasma Process 


Finely divided amorphous silicas can be 
produced in plasma bumers. In one case 
quartz sand is reduced to silicon monoxide 
with methanol at ca. 2000 °C. Subsequently, 
reduction with steam is carried out [715]. At 
present such silicas are not available commer- 
cially. A schematic of the plasma process can 
be found in [716]. 


48.7.7 Precipitated Silicas 


48.7.7. Introduction 


Precipitated silicas, like pyrogenic silicas 
and silica gels, are a synthetic, finely divided, 
white, amorphous form of silicon dioxide. 
Precipitated silicas have only been produced 
commercially since the 1940s. In the mean- 
time, they have become the most important 
group of silica products on the basis of the 
amounts produced. Worldwide production ca- 
pacity in 1990 was ca. 800 000 t, compared to 
ca. 400 000 t in 1970. Capacities in Europe, 
America, and Asia amount to 340000, 
260 000, and 200 000 t, respectively. 

The largest producers worldwide are De- 


gussa, Rhóne-Poulenc, Akzo, and Crosfield in ` 


Europe, as well as PPG and Huber in the 
United States. The Asian market is addition- 
ally supplied by numerous local producers. 
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Among these, the companies with the largest 
capacities are Nippon Silica and Tokuyama 
Soda in Japan, and Sam Yung and Kofran in 
Korea. 


48.7.7.2 Production 


Raw materials for the production of precip- 
itated silicas are aqueous alkali metal silicate 
solutions (e.g., water glass) and acids, gener- 
ally sulfuric acid [717—732]. Precipitation 
with hydrochloric acid [733, 734], organoha- 
losilanes [735, 736], carbon dioxide [737, 
738], or a combination of the latter with min- 
eral acids [739] are of minor economic impor- 
tance. 

In the reaction of alkali metal silicate solu- 
tion with mineral acid, the silica precipitates 
according to the following equation: 


М№а,0-3.3510, + H,SO, — 3.3SiO, + Na,SO, + H,O 


In contrast to silica gels, which are pro- 
duced under acidic conditions, in this case pre- 
cipitation is carried out in neutral or alkaline 
media. The properties of the precipitated sili- 
cas can be influenced by the design of the 
plant equipment and by varying the process 
parameters. 

The production process consists of the fol- 
lowing steps; precipitation, filtration, drying, 
grinding, and, in some cases, compacting and 
granulation (Figure 48.66). 

Numerous possibilities exist for carrying 
out the precipitation [717—739]. So far only 
batch precipitation processes have attained 
economic importance, although continuous 
precipitations have also been reported [732]. 
Generally, acids and alkali metal silicate solu- 
tion are fed simultaneously into water in a 
stirred vessel with the formation of silica 
seeds. In the course of the precipitation, three- 
dimensional silica networks are formed, ac- 
companied by an increase in viscosity. The 
networks are reinforced by further precipita- 
tion of oligomeric silica and grow further into 
discrete particles with a decrease in viscosity. 
The formation of a coherent system and thus a 
gel state 1s avoided by stirring and increasing 
the temperature. 
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. The properties of the silica can be influ- 
enced by varying important precipitation pa- 
rameters such as pH, temperature, duration, 
and solid concentration. Additionally, the rate 
of addition of the acid and the intensity of stir- 
ring, which can be supplemented by a shearing 
action, also influence the properties of the sil- 


ica. 

The separation of the silica from the reac- 
tion mixture and the washing out of the salts 
contained in the precipitate is carried out in fil- 
ter aggregates such as rotary filters, belt fil- 
ters, or filter presses (chamber, frame, and 
membrane filter presses). 


The solids content of the washed filter cake 
is 15-25% depending on the type of silica and 
filter, therefore, drying requires the evapora- 
tion of large quantities of water. Depending on 
the desired properties of the end product, dry- 
ing is carried out in turbine, plate, belt, or ro- 
tary driers. Special product properties can be 


achieved by spray drying the filter cake after’ 


redispersion in water or acid (722, 725, 740]. 


Figure 48.67 shows scanning electron mi- 
crographs of a spray-dried, unground silica 
and a conventionally dried, ground silica. 


To control the desired fineness of the parti- 


cles, various mills and, if required, separators , 


[741] are used. Special degrees of fineness can 
be achieved by air-jet or steam-jet mulling 
[722, 742]. The silica is separated from the air 
in cyclones or filters. 


Processes for the compression and granula- 
tion of precipitated silica have been developed 
[743, 744] to reduce the volume for transport 
and for certain uses and also to decrease the 
formation of dust on handling and processing. 


Bags, big bags, containers, or transport si- 
los are used for packaging and shipping. Infor- 
mation about the different methods of 
packaging and shipping is given in [745]; 
dust-free handling of precipitated silicas is de- 
scribed in [746]. In Germany the general dust 
limit of 4 mg total dust/m? air must be adhered 
to when handling precipitated silicas. Similar 
regulations apply in other countries. 
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Figure 48.67: REM photographs of precipitated silicas. 
A) Spray-dried unground silica; B) Conventionally dried, 
ground silica. 


48.7.7.3 Properties 


Physicochemical Properties 


‘Precipitated silicas consist mainly of spher- 
ical primary particles, generally intergrown in 
three-dimensional aggregates. These aggre- 
gates can pack together to form larger agglom- 
erates. The terms primary particle, 
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agglomerate, and aggregate are defined in 
DIN 53206. 


Some important physicochemical proper- 
ties of several precipitated silicas are listed in 
Table 48.24. 


The specific surface area is generally deter- 
mined by the BET method (DIN 66131), 
which measures both the outer surface and the 
surface of accessible pores. The specific sur- 
face area is of importance especially in rein- 
forcement and adsorption applications. 
Precipitated silicas can be produced with spe- 
cific surface areas of 25-800 mie, 


The mean agglomerate size is important in 
the use of precipitated silicas as flatting or an- 
tiblocking agents for paint systems and plastic 
films. The agglomerate size can be determined 
by various methods either on the powder or af- 
ter incorporation in a medium (e.g., water, 
paint, silicone rubber) [747]. 

The tapped density (DIN ISO 787/11) is a 
measure of the weight of the powder and thus 
gives indications of the spatial requirement for 
transportation and a general guide for han- 


Handbook of Extractive Metallurgy 


dling. The tapped densities of precipitated adi. 


cas lie in the range 50—500 keim? 

The loss on drying (DIN ISO 787/2) in. 
cludes the majority of the water physically 
bound to the silica and for precipitated silicas 
generally lies between 2.5 and 7% (on leaving 
the supplier). 


The loss on ignition (DIN 55921) includes 


the additionally chemically bound water (a si- 
loxane group is formed from two neighboring 
silanol groups with the loss of a water mole- 
cule). Ignition losses for precipitated silicas 
generally lie between 3 and 7%. | 

Generally the pH value (DIN ISO 787/9) of 
precipitated silicas is ca. 7. 

The dibutyl phthalate (DBP) absorption 
(DIN 53601) is a measurement of the adsorp- 
tive capacity and for precipitated silicas lies in 
the range of 175~320 g/100 g. The absorptive 
capacity is important for the conversion of liq- 
uids and pastes into powders. 

The determination of the sieving residue 
(DIN ISO 787/18) provides an indication of 
the amount of difficultly dispersible fractions 
in a precipitated silica. 


Table 48.24: Physicochemical data and chemical composition of several precipitated silicas. 


` : H b 
ZE Utrasil ҮМЗ Sipemat22 Siperaat pin окат  Sipemat 
Appearance < fluffy white powder · 3 
Behavior toward water < hydrophilic — hydrophobic 
BET surface area, m7/g 80 170 190 450 700 100 
Mean agglomerate size, ym 6* 100° 8° 3° 10f 
Tapped density, g/L 200 260 270 100 180 120 150 
Loss on drying?, % 6 6 6 6 6.5 ca. 5 3 
Ignition loss™ $, % 4 5 5 5 ca. 11.5 7 
pH value 6.5 6.3 6.3 6.5 6.0 ca.06 Ki 
DBP absorption", 2/100 g 260 330 : | 230 
SiO} 96 98 98 98 98.5 99 ca. 99 99.5 
Na 96 1 1 0.6 0.2 
Fe,0,!, % 0.03 0.03 0.03 0.03 0.03 
SO,. % 0.8 0.8 0.7 0.1 
Sieve residue’, 96 0.5 0.1 0.1 


*Flatting agent. 

* In water: methanol 1:1. 

* Coulter Counter, capillary 100-um. 

4 Alpine air-jet sieve. 

* Determined trom SEM photos. 

‘DIN ISO 787/18. 

* DIN ISO 787/2. 

* DIN 55921. 

‘Relative to substance dried for 2 h at 105 °C. 
IDIN ISO 878/9. 

*DIN 53601. 

l Relative to substance heated for 2 h at 1000 °C. 
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Figure 48.68: Schematic of the reaction of the surface silanol groups of a precipitated silica with dimethyldichlorosilane. 


Surface Chemistry and Surface 
Modification 


Precipitated silicas have two different func- 
tional groups on their surfaces: silanol (Si- 
OH) groups and siloxane (Si-O-Si) groups. 

These two groups substantially influence 
the surface properties and hence the applica- 
tion properties of precipitated silicas. The sur- 
face has 5-6 silanol groups per тип”, which 
results in the hydrophilic character of precipi- 
tated silicas. Whereas the siloxane groups are 
generally chemically inert, the reactivity of 
the silanol groups allows chemical surface 
modification [748] of precipitated silicas. 
Thus, the reaction with organosilanes [749- 


751] or silicone fluids [752, 753] leads to hy- 


drophobic precipitated silicas. à 

Hydrophobization is carried out industri- 
ally both by wet processes (e.g., addition of 
organochlorosilane to the precipitate suspen- 
sion; see Figure 48.68) and dry processes 
(e.g.. the reaction of precipitated silicas with 
silicone fluids). ү 

In coating processes, in contrast, no chemi- 
cal reaction takes place; the coating agents are 
adsorbed on the silica surface. Wax coating 
with wax emulsions has become industrially 
important [722, 754, 755]. Surface modifica- 
tion is advantageous for certain applications 
(е.р., free flow agents, defoamers, and flatting 
agents; see Section 48.7.7.4). 


Chemical Composition and Analysis 


. The chemical composition of precipitated 
Silicas (Table 48.24) is generally less impor- 


tant than the physicochemical data with regard 
to the application properties. Furthermore, 
commercially available precipitated silicas 
differ only slightly in their composition. 

The SiO, content is determined gravimetri- 
cally by fuming with hydrofluoric acid (DIN 
55921); the analysis of the metal-containing 
impurities is performed by atomic absorption 
spectrometry (AAS). The sulfate content is 
determined by complexometric titration (DIN 
38405/5), colorimetric titration (DIN 2462/8), 
or potentiometric titration. 

The carbon content of modified silicas is 
determined by converting the carbon-contain- 
ing component into СО,. 

A survey of the chemical analysis of pre- 
cipitated silicas is given in [756]. 


48.7.7.4 Uses 


Precipitated silicas can be tailor-made to 
meet the requirements of various uses. Only 
the most important of the numerous applica- 
tions (Figure 48.69) are mentioned here. 

Ld Shoe soles 40% 






Say Others 6% 


Paper and 

paints 8% 
Carrier/free ` Toothpaste 9% 

i flow 16% 


products 5% 


Figure 48.69: Worldwide consumption and use of precip- 
itated silica in 1990. 
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The oldest and most important use of pre- 
cipitated silicas is the reinforcement of elas- 
tomer products such as shoe soles, technical 
rubber articles, cable, and tire compounds 
[757, 758]. 

The addition of 20-100 parts by weight of 
precipitated silica to 100 parts by weight of 
natural or synthetic rubber improves the ten- 
sile strength, hardness, tear strength, and abra- 
sion resistance of the vulcanized material 
[759]. Furthermore, special precipitated sili- 
cas enable the production of transparent vulca- 
nized materials. 

The reinforcing effect of precipitated sili- 
cas is superior to that of natural or mineral fill- 
ers and, in contrast to carbon blacks, they 
allow the production of white and colored rub- 
ber articles. 

In cables, they are used mainly in sheathing 
compounds for cables that are not fixed and 
must be differentiated from the background by 
a colored exterior (e.g., mining or excavator- 
hauling cables). The high resistance of the ca- 
ble sheath to friction and tearing protects the 
inside of the cable from abrasion and damage 
[760]. 

A further important use of precipitated sili- 
cas is as reinforcing materials in tires. Further- 
more, they are constituents of certain adhesive: 
systems for the bonding of unvulcanized rub- 
ber to textiles (nylon, polyester) or steel tire 
cord. 

In more recent developments, sulfur-con- 
taining bifunctional silanes are used to form 
covalent bonds between the silica filler and 
the unvulcanized rubber. The improved static 
and dynamic properties are being increasingly 
exploited in tire compounds for the running 
tread, side walls, and carcasses of highly 
stressed special tires [761—763]. 

Precipitated silicas are also used as rein- 
forcing fillers in silicone rubber [764, 765], 
where they replace the more expensive pyro- 
genic silicas in certain formulations. 

In thermoplastics, precipitated silicas are 
used to improve specific properties. They act 
as antiblocking agents and are used to prevent 
plate-out effects in films and film production. 
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They are also used to improve the mechanical | 


properties of PVC flooring [766, 767]. 

A further major application is the use ag 
carrier silicas for materials and as free flow 
agents for powder formulations, particularly 


of hygroscopic and adhesive substances, Of . 


particular importance is high adsorptivity and 
good flowability of the silica, which can be 
achieved, for example, by spray drying. 

Such precipitated silicas absorb liquids or 


solutions to give powder concentrates that ` 
contain up to 70% of the liquid [768]. In this : 
way liquid materials are converted into a dry, · 


free-flowing form, which can be mixed in any 


ratio with other dry substances. This is of par- 4 


ticular importance in the animal-feed indus 
for the mixing of feed additives [769]. Materi- 
als converted into powder form include: cho- 


line chloride, ethoxyquin, molasses, and 


vitamin E acetate [770]. Fats can be converted 


into free-flowing powders for use as milk-sub- ` 


stitute feeds [768, 770], mainly for the fatten- 
ing of calves. 

Precipitated silicas are used as carriers for 
crop protection agents and insecticides [771], 
in toothpastes as cleaning agents, since they 
clean effectively with a minimum of scratch- 
ing [772, 773]. 

The surfaces of objects are matted for rea- 
sons of fashion but also to increase safety by 
avoiding dazzle. Special silica products have 
been developed for matting of paints and var- 
nishes (722, 741, 755]. The matting effect is 


the result of roughening of the surface on the . 


microscopic scale, whereby the light is dif- 
fused and no longer directionally reflected. 

In the paper industry precipitated silicas are 
used in the production of special papers to en- 
sure high depth of color and good contrast of. 
the printed papers [774]. Here the silica fills 


the pores of the paper and gives a smooth sur- ` 


face. 

Particularly, hydrophobic precipitated sili- 
cas are used increasingly in mineral-oil and 
silicone-oil antifoam agents to increase the an- 
tifoaming effect [775]. They are used as foam 
regulators in laundry detergents [776]. 

Further uses for precipitated silicas include 
additives in rolled asphalt and asphalt mastic 
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to increase the dimensional stability (777, 
778] the purification and stabilization of beer 
1779), and the analysis of blood [780]. 


48.7.8 Porosils 


| 48.7.8.1 Introduction 


- Porosils are crystalline porous silicas of the 
general composition SiO; M, where M is an 
organic Or inorganic guest molecule residing 
within the pores of the silica host framework. 
R. M. Barrer coined the name porosils to dif- 
ferentiate between porous aluminosilicate ze- 
olites and a new class of compounds of 
distinct composition [781]. Due to their po- 
rous crystal structure porosils have properties 
similar to the zeolites; however, differences in 
chemical composition are responsible for their 
specific properties in catalysis, sorption, and 
molecular sieving. 

Work in the field was initiated in 1978 by 
Fianican et al. [782] who reported on the syn- 
thesis and crystal structure of the siliceous an- 
alogue of the commercially most important 
zeolite ZSM-5. 

The guest species M can be expelled by 
thermal treatment to give the pure silica form 


of the porosil. Therefore, porosils are consid- , 


ered to be the porous polymorphs of the struc- 
ture family SiO. Up to now, 24 porosil 
structure types have been made, either by tem- 
plate-directed synthesis or post-synthesis 
treatment of aluminosilicate zeolites [783]. In 
the synthesis of porosils:the guest species М 
act as templates for the pores, defining their 
size and geometry [784]. During the post-syn- 
thesis treatment framework aluminum is sub- 
stituted by silicon, and M is atmospheric gases 
or sorbate molecules [785]. 

© Porosils are subdivided into zeosils and 
clathrasils according to the pore structure of 
the silica framework. Zeosils have channel- 
lype pores with pore openings larger than 0.4 
nm (F igure 48.70). The channels may intersect 
to give a two- or three-dimensional pore sys- 
tem. Clathrasils have cage-type voids with 
pore openings much smaller than the free di- 
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ameter of the cage and less then 0.45 nm (Fig- 
ure 48.70). 

With the exception of melanophlogite, a 
rare mineral formed by low-temperature, low- 
pressure metamorphosis in, e.g., serpentine 
veins [786], all porosil structure types are syn- 
thetic materials. The ever increasing number 
of new porosil structure types reflects the ef- 
forts in the systematic investigation of the 
mechanism of formation of zeolites, for which 
porosils represent a simplified system. Be- 
sides porosils, water (clathrate hydrates), 
AIPO, (AIPO’s), GaPO,, and other III-V ox- 
ides (e.g., arsenates) also form neutral inor- 
ganic porous framework structures when 
synthesized in the presence of structure-di- 
recting guest molecules [783]. 


48.7.8.2 Physical and Chemical 
Properties 


The physical and chemical properties of 
porosils are closely related to their crystal 
structure and composition. Porosils are color- 
less materials of hardness close to that of 
quartz. Since they are framework silicas, they 
exhibit no pronounced cleavage. Refractive 
indices vary systematically with the density of 
the silica framework [787]. This confirms that 
the nature of the Si-O bond accounts for most 
of the physical properties and is closely re- 
lated to the natural polymorphs of the SiO, 
structure family. The porosils are thermody- 
namically metastable and transform recon- 
structively to cristobalite at high temperature 
(e:g., melanophlogite: Т > 950 °C [788]). 

; Below 200 ?C structural phase transitions 
to lower symmetry space groups have been re- 
ported for melanophlogite [789], dodecasil 
3C [790], decadodecasil 3 R [791], silica- 
ZSM-5 [792], and silica-ZSM-11 [793]. 

For dodecasil 3 C, three consecutive phase 
transitions have been reported, with transfor- 
mation from cubic to tetragonal, orthorhom- 
bic, and finally monoclinic symmetry [794]. 
This reflects the flexibility of the silica frame- 
work. Several phase transitions are ferroic 
(6.р., ferroelastic) indicating interesting physi- 
cal properties for the material. 
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Figure 48.70: Skeletal projections of porosil framework structures. Si atoms are located in the nodes of the framework О 
atoms, which are close to the midpoint between 2 Si atoms, but are omitted for clarity. A) Projection of the AFI structure 
along the channel axis. The channel pore opening is confined by 12 Si atoms (12 MR); B) Projection of the FER, TON, 
MTT. MEL, and MFI structures along the straight channel axis. The channel pore opening is confined by 10 Si atoms (10 


MR); C) Projection of the dodecasil layer. Pentagonal dodecahedra are arranged in layers which аге the basic structural ` 


feature of DOH, MTN, DDR, and decadodecasil 3 Н; D) Compilation of types of cage as found in clathrasil structure 





types ([5!2] represents pentagonal dodecahedron, i.e., 12 five-membered rings). 


Since the composition of the host frame- 
work is SiO., porosils are electroneutral. The 
pores, therefore, contain only electroneutral 
guest species (1.е., ion pairs, molecules, and/or 
atoms). In contrast to aluminosilicate zeolites, 
porosils are hydrophobic [782, 795], preferen- 
tially sorbing aprotic organic molecules. The 
weak Lewis acidity of the electroneutral SiO, 
framework of the porosils reduces consider- 
ably their potential as materials for heteroge- 
neous acid catalysis, for which the 
isostructural aluminosilicate zeolites are 


widely used [796]. The pore geometry of the 


porosil structure types varies from zero-di- · 


mensional pores (1.е., cavities) to three-dimen- 
sional pore systems (ie. intersecting 
channels). The pore openings are confined by 
[SiO,] units arranged in a ring (Figure 48.70) 
(e.g., ten-membered ring, 10 MR: 10 SiO, 
units per ring). In general the sorption proper- 
ties of the materials are related to the largest 
pore opening of the structure, which provides 
for the release of guest molecules and the ac- 
cess of sorbates to the internal surface. In 
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clathrasils the maximum pore opening (6-8 
MR) is too small for the exchange of the oc- 


cluded species. The template-free material can 


be obtained only by calcination at > 600 °C. 
For 6 MR as maximum pore opening only 
very small atoms or molecules such as H, or 
He could be sorbed onto the silica framework. 


` Zeosils with pore openings of 8-12 MR аге 


calcined at lower temperatures and could be 
used for the selective sorption of, ep. n-al- 
kanes (8 MR materials) or p-substituted aro- 


` matic compounds (10 MR materials). Because 


of the uniform character of the pore opening 
and the possibility of tailoring the size of the 
pores. porosil-containing membranes, such as 
those already available for zeolites, could be 
useful for separation processes [797]. 


Zeosils 


Physical and chemical properties specific 
to zeosils are related to their crystal structure. 
The channel-like pores allow access to the in- 
ternal surface of the material for sorbates that 
meet the geometrical requirement of the pore 
window. В 

The free diameter of the individual materi- 
als, however, varies considerably due to the 
flexibility of the silica framework. Because of 


the hydrophobic properties of the silica frame- . 


work and the geometry of the internal pore 
system, zeosils are of particular interest for 
various applications. In the presence of water 
zeosils sorb selectively hydrophobic organic 
molecules in the vapor and liquid phase [798]. 
Sorption of monomers into the silica frame- 
work followed by polymerization leads to 
one-, two-, or three-dimensional polymeric 
filaments inside the zeosil framework, as al- 
ready demonstrated for zeolites [799]. The 
deposition of semiconducting materials [800] 
and metal atom clusters [801] inside, e.g., the 
zeosil cavity of silica-A or silica-faujasite cre- 
ates new materials with interesting properties 
due to the limited size of crystallites built 
within the pores. The sorption of polar organic 
molecules such as p-nitroaniline also leads to 
changes in symmetry and polarization of the 
host-guest composites, leading, e.g., to non- 
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linear optical properties [802]. For a review on 
new applications of zeosils, see [803]. 


Clathrasils 


The clathrasil structure types have cagelike 
pores. Species inside the cavities are too large 
to pass through the 4 MR, 5 MR, 6 MR, or 8 
MR windows without their decomposition. In 
general, clathrasils in the as-synthesized form 
have no exchange capacity or sorption proper- 
ties. After calcination at high temperature (7 
600 °C) the decomposition of the guest spe- 
cies may lead to a guest-free porosil with very 
narrow pores that is suitable for sieving and 
sorption processes. The properties of clath- 
rasils are, therefore, linked to properties intro- 
duced by the guest molecules clathrated in the 
formation process. Because of the high ther- 
mal and chemical stability of the silica host 
framework, clathrasils have been proposed as 
containers for radioactive gases (e.g., krypton) 
[804]. The synthesis of the clathrasil dodecasil 
3 C with a number of nonglobular guest mole- 
cules leads to a distortion of the cubic symme- 
try of the silica framework. At room 
temperature the materials have acentric sym- 
metry and, therefore, nonlinear optical proper- 
ties [805]. The temperature of the phase 
transition to the acentric space group depends 
on the nature and the concentration of the 
guest molecule in the silica framework and is 
in the range between slightly below room tem- 
perature and ca. 200 °C. 


48.7.8.3 Manufacture of Porosils 


¿With the exception of melanophlogite, all 
porosil structure types are synthetic materials 
made directly from an active form of SiO, or 
by dealumination of high-silica zeolites. 


Synthesis of Porosils 


Structure-directing templates play a key 
role in the synthesis of porous silicas [806]. 
Since the templates are occluded within the 
pores during synthesis, it is their size and 
shape which determine the size and shape of 
the pores of the silica framework. Organic 
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amines have proved to be the most efficient 
templates. Up to now ca. 100 different mole- 
cules have successfully been used for the syn- 
thesis of porosils [806—808]. Globular species 
such as xenon, quinuclidine, and 1-aminoada- 
mantane preferentially stabilize the cage-like 
voids characteristic of clathrasils. Chain-like 
amines such as the o,@-diamines of propane, 
butane, pentane, etc., stabilize channel-like 
voids. The size of the pore depends on the size 
of the template. Whereas pyrrolidine leads to 
preferential formation of dodecasil 3 C by oc- 
cupying a 16-hedral cage, l-aminoadaman- 
tane is occluded within a 20-hedral cage in 
dodecasil 1 H. Zeosil structure types with 10 
MR channels are formed in the presence of al- 
iphatic chain-like templates (o.,@-diamino-n- 
alkanes); 12 MR channels are formed with 
molecules containing sequences of p-substi- 
tuted heterocycles (e.g., 4,4’-trimethylenedipi- 
peridine). 


Dealumination of Aluminosilicate 
Zeolites 


Aluminum is selectively extracted from 
the silicate framework and replaced by silicon 
[809]. The dealumination procedure includes 
successive chemical and hydrothermal treat- 
ment of the material in order to extract and re- 
move the framework aluminum atom. A 
typical procedure is the calcination of the syn- 
thesis product at 300-500 °C to expel the or- 
ganic template, exchange of the cations with 
ammonium, and steaming at ca. 600 °C to re- 
move the aluminum. 


Formation of Melanophlogite 


So far melanophlogite is the only known 
natural porosil. In synthesis experiments the 
conditions of formation have been simulated 
and are of low temperature (ca. 100-200 °C) 
and low (autogenic) pressure. The material 
has been described as a trace occurrence from 
five localities in very different geological set- 
tings. However, the nature of the porosil struc- 
ture types and the wide range of structural 
features suggest that further natural variants 
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may exist, especially їп hydrothermally active 
areas (e.g., geysers). 


48.7.9 "Toxicology 


The effect of the dust that arises when: 
working with silica is of primary importance 
from a toxicological point of view, especially 
in the case of long-term exposure of severa] 
hours per day. This applies to naturally occur- 
ring and synthetic as well as to crystalline and 
amorphous. As far as industrial medicine is 


concerned, local contact with the skin and mu- 


cous membranes is important. In the case of 

inhalation of the dust, the effect on the respira- 

tory tract is significant. 
The effect of silica-containing dust on the 
respiratory tract depends on: 

e The physical and chemical properties (e.g., 
the particle or primary particle size and the 
specific surface area) 

e The concentration administered 


e The daily and total duration of exposure 


48.7.9.1 Experiences with Humans 


After long-term exposure at work, the ef- 
fects of crystalline or amorphous SiO, dust on 
the respiratory tract of humans are well known 
and have been widely reported (for reviews, 
see [810-813]). 


Crystalline Silica Dust. The classification 
into common, accelerated, and acute forms of 


silicosis [810] is based on the time interval be- ` 


tween the beginning of exposure to silica and 
the first appearance of silicotic changes that 
are detectable in a X-ray picture. A rapid man- 


ifestation and an accelerated course of the ds ` 


ease are caused primarily by long-term 
inhalation of higher concentrations of SiO; 
dust. 


The common form of silicosis (simple sili- . 


cosis) occurs róntgenologically after about 
twenty or more years of exposure. The content 
of crystalline SiO, in the dust that causes sili- 
cosis in workers is often less than 30% [810]. 
The accelerated form of silicosis (5-15 
years) develops after a shorter exposure to 
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higher concentrations of SiO, dust. Progres- 
sive massive fibrosis is often observed on the 
X-ray picture [810]. 

^. The acute form, also known as silicoprotei- 
nosis, develops in 1-3 years. The clinical 
symptoms include rapidly deteriorating func- 
tion of the lungs, which is always fatal. 


The progression of silicosis even after the 
termination of exposure is especially charac- 
teristic, and there is still no effective treat- 
ment. 

For this reason, it is essential that the legal 
regulations for working with crystalline SiO, 
are obeyed [814-816]. 


Amorphous Silica Dust. Amorphous Syn- 
thetic Silica. From experimental long-term in- 
halation tests on rats, it is known that high 
concentrations of some synthetic amorphous 
silicas can cause nodular (fibrotic) changes in 
the lungs of the animals during the exposure 
phase [817]. However, the regression of the 
nodules (fibrosis) in the lungs after the termi- 
nation of the exposure phase is characteristic 
of the biological action of these amorphous 
silica dusts. In a treatment-free, follow-up ob- 
servation phase of several months, a clear 
time-dependent regression of the changes in 
the lungs of the experimental animals could be 


detected after three, eight, and up to twelve : 


months (see below) [817, 818]. In the case of 
the neighboring lymph nodes, the regression 
of the morphological changes observed within 
the inhalation phase was established histologi- 
cally [817, 818]. 


In-depth investigations carried out by com- 
pany doctors over periods of up to 12 years 
[819] and from 1 to 32 years [820] have con- 
firmed that until now long-term contact with 
amorphous synthetic silicas has not resulted in 
a single case of silicosis. 

, Established MAK [815] and TLV regula- 
üons [816] must be complied with when 
working with amorphous synthetic silicas. If 
these fixed limiting values are exceeded—es- 
pecially for a longer period of time—an over- 
taxing of the respiratory passages and a 
corresponding biological defence reaction in 
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the brochial tubes and, especially, in the lung 
tissue must be expected. 


Virus et al. observed that fibrosis of the 
lungs was caused by exposure to flue dust con- 
taining silica with a wide particle-size distri- 
bution, such that as produced in the 
manufacture of ferrosilicon or quartz glass 
[821]. 

Amorphous Natural Silicas. A distinction is 
made between exposure to amorphoüs syn- 
thetic silica dust and exposure to natural amor- 
phous silica dust (kieselguhr). The latter can 
contain small amounts of crystalline SiO, and, 
according to some studies, can cause silicosis 
in humans on long-term exposure [811]. 


Carcinogenicity of Silica Dusts in Humans. 
In many cases, industrial workers exposed to 
silica dust exhibit a higher incidence of lung 
cancer. However, exposure to silica dust is of- 
ten complicated by other hazards such as poly- 
cyclic aromatic hydrocarbons, asbestos, and 
smoking, which makes a causal analysis ex- 
tremely difficult. According to богрѕмпн et 
al. [822], at least two studies show a strong as- 
sociation between silicosis and lung cancer: 
the analysis of the Swedish pneumoconiosis 
register by WESTERHOLM [823] and a similar 
study by FINKELSTEIN [824] in Ontario, Can- 
ada. However, the same authors [822] also 
stated that a completely convincing causal re- 
lationship cannot be concluded. A possible as- 
sociation between silicosis and lung cancer is 
also discussed in [825], based on data from a 
clinical cancer monitoring register. A relation- 
ship between tumors of the upper intestinal 
tract and the ingestion of quartz particles in 
food in North China has been suggested [826]. 
А correlation was made between the incidence 
of cancer of the esophagus and the consump- 
tion of plant products that contain silica frag- 
ments and fibers for a region in North China, 
in northeast Iran, and in Transkei. 


438.7.9.2 Animal Experiments 


Long-Term Inhalation of Silica Dust. In spe- 
cifically designed, practice-oriented long-term 
inhalation studies, various types of crystalline 
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and amorphous silica dust have been thor- 
oughly tested on rodents. Rats (817, 818, 827, 
828] were mainly used, but rabbits [818, 829, 
830] and guinea pigs [818] were also em- 
ployed. 

The elimination rate in rats has been deter- 
mined in an inhalation experiment with amor- 
phous highly disperse silica. In the case of 
Aerosil 200, for example, after the termination 
of inhalation, 65~75% of the dust was elimi- 
nated in one month, 80-90% in two months, 
and 95% in three to five months. It is possible 
that the rate of solubilization of these hydro- 
philic silicas also plays a role [817]. 

It was found in retention studies on rats 
[817] that 1n the case of longer term inhalation 
(28 times four hours in 36 days) of highly dis- 
perse amorphous silica dust, the continuous 
elimination during the exposure phase is very 
high. This means that the formation of large 
SiO, deposits in the lungs is improbable [817]. 
In contrast, in long-term inhalation experi- 
ments with quartz dust the tendency towards 
formation of deposits was higher [817]. 

After the termination of a long-term inhala- 
tion study on rats with Aerosil 200 (12 
months, 4 per day; concentration: 45 mg/m’), 
some of the animals were subjected to treat- 
ment-free observation for another 3 to 8 
months and then killed [817]. Subsequently, a 
histological investigation and chemical analy- 
sis of SiO, in the lungs and lymph nodes were 
performed. In the follow-up observation pe- 
riod, it was found that the nodules in the lungs 
were reduced to small residual foci The 
lymph nodes, which were still enlarged after 
three months, had greatly regressed after eight 
months. Similar observations have also been 
made in previous inhalation experiments with 
Aerosil. 

In a long-term inhalation experiment on 
rats with quartz [828] (12 months, 5 per day, 5 
per week; concentration: 10 mg/m?; standard 
quartz No. 12, Dórentrup quartz), some of the 
animals were subjected to treatment-free ob- 
servation for another 4 weeks to 6 months af- 
ter the termination of exposure and then killed. 
In this follow-up observation period, it was 
possible to detect silicotic reactions in the 
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lungs and reticulohistiocytic cells typical of 
quartz in the lymph nodes. There was an in- 
crease in the silicotic nodules in the lungs after 
six months and fibrosis of the mediastinal 
lymph nodes had clearly increased. 


The morphological changes in the lungs af- 
ter long-term inhalation of natural crystalline 
SiO, progress after the termination of expo- 
sure, whereas with synthetic amorphous silica 
dust the morphological changes regress after 
the termination of exposure (reversibility). 


Carcinogenicity of Silica Dusts in Animal 
Tests. Lymphomas have been found in rats af- 
ter intrapleural, i.p., i.v., and direct application 
in the thymus gland of various silica modifica- 
tions [831, 832]. The tumor incidence differed 
` for various species of rat, and no tumors were 
observed in mice and hamsters. A synergistic 
effect has been reported for silica dust and 
benzo[a]pyrene [833], as has been found for 
other dusts (e.g., coal, TiO5). This is presum- 
ably the result of chemicophysical surface ef- 
fects, which may also be involved in tumor 
promotion. Tests have shown that Min-U-Sil 
causes tumors in rats in the intratracheal test 
[834]. Tissue scarring has been discussed as 
the cause. Min-U-Silis strongly fibrogenic and 
extremely finely divided. 


Examination of lungs and accompanying 
lymph nodes of the individual groups of апі 
mals at various time intervals showed that in 
the case of quartz, a long residence time in the 
lungs must always be expected, but that де. 
posits of finely divided amorphous silica are 
relatively quickly and extensively eliminated ` 
[817, 828]. This is true of amorphous silicas 
with a specific surface area of > 100 mj?/, 
[817]: : 


Injection of Silica Dust. The tissue reaction 
typical of a particular silica dust can be deter- 
mined in animal experiments by means of a 
single intratracheal or intraperitoneal injec- 
tion. 


The intratracheal injection of a high dose of 
quartz resulted in a massive local accumula- 
tion of dust [828]. The tissue reaction caused 
by an injection of this type is similar to the 
picture of acute silicosis. Fast reactions of this ` 
kind in the lung tissue—comparable with the 
exposure of workers to high concentrations of 
quartz [819]—can also be produced in animal 
experiments with very high inhalation concen- 
trations (400 mg/m?) [828]. 


The general effect of a particular dust 
(acute toxicity) and the local harmful (cyto- 
toxic) effects are deduced from the tissue reac- ` 
tion observed in rats after intraperitoneal SiO, 
injections. Cytotoxicity can occur in the form 
of nodular fibrosis (dust nodules) or surface fi- 
brosis that leads to extensive coalescence of 
the abdominal organs [817]. 
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the periodic table. Boron is пої found free in 
nature but is always bound to oxygen. It oc- 
Gurs as orthoboric acid and as alkali-metal and 
alkaline earth metal borates. The most impor- 


1986 


tant sources of boron are the minerals rasorite 
and kemite, which are found in extensive de- 
posits in California in the Mojave desert. 
There are also large ore deposits in Turkey and 
the former USSR. Although widespread in na- 
ture, boron constitutes only about 3 ppm of the 
earth's crust [9]. 


Boron was discovered concurrently by the 
French chemist Gay-Lussac and the English 
chemist Si Humpury Davy in 1808. Немк 
Moissan [10] first obtained considerable 
quantities of boron (of 86% purity) by reduc- 
tion of boric oxide with magnesium in 1895. 
The Moissan process is still the basis for com- 
mercial production of amorphous low-purity 
boron. 


In 1909 Wemrraus [11] succeeded in pre- 
paring 99% pure boron by decomposition of 
ВСІ, in an electric arc. Since then numerous 
methods have been developed, but still re- 
search continues to find methods for produc- 
ing commercial quantities of pure boron. 


49.1.1 Occurrence 


In nature boron always occurs in the oxy- 
genated state, mainly as borates. The structure 
of these covalently bonded boron—oxygen 
compounds consists of either planar BO, units 
with 120° between bonds or tetrahedral BO, 
units. In addition, boron is the only light ele- 
ment having two abundant isotopes, !°В 
(18.8%) and В (81.2%). 


Boron is found in the earth’s crust at an av- 
erage concentration of about 10 ppm. Large 
deposits of commercially valuable boron min- 
erals are only found in a few localities, usually 
sites of earlier intense volcanic activity. There 
are about 150 known boron-containing miner- 
als [12], and of these only tincal, colemanite, 
ulexite, kernite, probertite, and szaibelyite are 
of significant commercial importance (Table 
49.1). 


The Arabic word for borax, baurach, is 
found in old manuscripts from ancient Persia 
and Arabia dating 2000 years ago. Tincal, the 
mineral name for borax decahydrate, derives 
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from tincana, the Sanskrit word for borax. Bo- 
rates were known before Babylonian times to 
be useful as a flux for welding gold and have 
been found in enamels from China as early as 
300 B.C. At the end of the 13th century Marco 
Polo brought borax from Mongolia to Europe, 
This became the primary European source for 
use as a soldering and enameling agent. In 
Turkey borates have been known since the 
13th century but have been little used until re- 
cently. In 1772 boric acid or sassolite was dis- 
covered in hot springs located in Tuscany, 
Italy. About 1836, borates were discovered in 
Chile and Argentina, and these deposits 
quickly became the major source of world bo- 
rates until the end of the century. By 1864 bo- 
rates had been discovered in California and 
Nevada (USA). 


The large sodium borates deposit of United 
States Borax & Chemical Corp. was discov- 
ered in California in 1913. Production began 
in 1927, and this has become the principal 
world source of refined sodium borates and 
boric acid. Reserves include tincal, kernite, 
and ulexite. American Borate Corp. near 
Death Valley 1n California produces coleman- 
ite and ulexite. Kerr McGee Chemical Corp. 
extracts borates from brines located at Searles 
Lake in California. 


Reserves and production of borates in Tur- 
key are operated by Etibank, a government 
controlled corporation [13]. A large sodium 
borates deposit found at Kirka has reserves of 
tincal and kernite, estimated at 500 x 10° t, 
which are very similar to the deposit in Cali- 
fornia. The Kirka reserve is by far the largest 
known borate deposit. A new refinery de- 
signed to produce sodium borates is near com- 
pletion at Kirka. Much smaller deposits of 
colemanite are found at Bigadic, Keatelek, 
and Hisarcik. Ulexite is also found at Bigadic. 
Colemanite and ulexite are the principal min- 
erals mined and sold today. However, major 
expansion for production of refined products 
is reported to be under construction. 
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i 1 ——————— Locati 
Mineral Formula BO, Ho cation 
Tincal, borax Na,O-2B,0,: 10H,O Na,B,O;: 10H;,O 36.5 47.2 Boron, California, USA; 
Turkey; Argentina 
Tincalconite Na,O-2B,0,:5H,0 Na,B,0,:5H;0 47.8 30.9 California, USA; Turkey; 
Argentina 
Kernite Na,0-2B,0,-4H,O Na,B,0,-4H,O 50.9 26.4 Boron, California, USA; 
Argentina 
Ulexite Na,O-2CaO-5B,0,°16H,O NaCaB,O,-8H,O 43.0 35.6 California, USA; Nevada, 
4 USA; Argentina; Chile; 
. Peru; Tibet; Turkey 
Colemanite 2CaO-3B,0,:5H40 ` Ca,B,O,,-5H,0 50.8 21.9 Turkey; California, USA; 
Nevada, USA; Mexico 


Pandermite, priceite 4CaQ-5B,0,-7H,O 


Са,В,;0,,:79,0 49.8 181 Turkey 


Hydroboracite CaO-MgO 3B,0,:6H,O CaMgB,O,,: 6H;0 50.5 26.2 Caucasus, Russia; Argentina 
Inyoite 2CaO-3B,0,:13H,0 Ca,B,O,,-13H,0 37.6 42.2 Kazakhstan; Argentina 
Ascharite, szaibelyite 2MgO:B;,O,: HO Mgj;B,0O,: HO 41.4 10.7 Former USSR; China 
Datolite 2CaO-B,O,28i0,H,O ^ CajB,Si,O, HO 21.8 5.6 Kazakhstan 
Meyerhofferite 2СаО:ЗВ,О, :7Н,О Са,В,О,, 79,0 467 28.2 Turkey 

Inderite 2MgO-3B,0,-15H,0 Mg,B,O,-15H,O 373 483 Argentina 

Howlite 4СаО- 5B,0,°2Si0,-5H,O Ca,BySi.0.°5H,O 444 11.5 Mexico; Turkey 

Probertite Na,O-2CaO-5B,0,:.10H,O NaCaB,O,-5H,0 49.6 25.6 California, USA 

Sassolite B,0,:3H,0 H4BO, 56.3 43.7 Tuscany, Italy 

Boracite 5MgO-MgCl,-7B,0, Mg,B,0,,Cl 622  — Turkey 


Both tincal and ulexite are found in Argen- 
tina and ulexite is found in Peru. Borate Te- 
serves in Kazakhstan are found in the Inder 
district, and consist principally of szaibelyite 
and hydroboracite. Although production in the 
former USSR is relatively small, reserves are 
believed to be extensive. Ascharite, a magne- 
sium borate, is the source of most borates pro- 
duced in China. 


49.1.2 Structure and 
Polymorphism 


There are several allotropic forms of boron. 
Well established are amorphous boron, a- 
rhombohedral boron, and B-rhombohedral bo- 
ron. In addition, four tetragonal forms have 
been described. However, these are probably 
stabilized by small amounts of nitrogen or car- 
bon [4]. 


The B-rhombohedral form is the thermody- 
namically stable modification at all tempera- 
tures. Amorphous boron slowly converts to 


the B-rhombohedral form at = 1200 °C and to 
a-rhombohedral boron above 1500 °C. Any 


type of boron recrystallizes in B-rhombohedral 


structure when heated above the melting point 
and cooled. 


The unit cell of B-rhombohedral boron con- 
tains 105 boron atoms grouped 84B + 2 x 10B 
+ 1B in a complex arrangement. The structure 
of a-rhombohedral boron can be described as 
a slightly deformed cubic close packing of 
B12 icosahedra. The unit cell contains 12B at- 
oms at the vertices of the icosahedron. 


` Amorphous boron exhibits broad reflec- 
tions in the x-ray diffraction pattern. It is be- 
lieved to be a frozen-in intermediate between 
the o and B-modifications or a microcrystal- 
line deposit of B-rhombohedral boron [4]. 
Amorphization can be achieved by intensive 
milling of B-rhombohedral samples [14]. 
Structures of the other polymorphs are too 
complex to be described in a few words; how- 
ever all boron structures have been discussed 
thoroughly elsewhere [4]. 
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49.1.3 Physical Properties 


Determination of precise physical proper- 
ties of boron is made more complicated by the 
structural polymorphism and purification 
problems. Some recent values, rather arbi- 
trarily collected from the literature, are listed 
below. І 


Atomic number 5 
Relative atomic mass 10.811 
Melting point (°C) ^ 2050250 
Sublimation point (°C)2550 
Density (20 °C) 2.3 ` amorphous 
(в/ст?) 2.35 B-rhombohedral 
2.46 a-rhombohedral 
2.99 liquid at mp 
2.13 solid at mp 
amorphous, o-rhombohedral, fi- 
rhombohedral, four tetragonal 
Hardness (Knoop) 2390 crystallized from melt 
(kg/mm*) 2690 vapor deposited 
Electrical resistivity 7.5 х 10° amorphous 
(300 К) (Ост) 7х 105  p-rhomb., single crystal 
105-10"  B-rhomb., polycrystal- 


Crystal structure 


line 
Heat capacity C, 12.054 amorphous at 300 К 
(JKmol*) 11166 — B-rhomb. at 300 К 


33.955 solid at mp 
39.063 liquid at mp 
Entropy S (298 K) 6.548 amorphous 


(К mot" 5.875 B-rhombohedral 
Enthalpy of fusion 50.2 - 

AH, (kJ/mol) 
Enthalpy of sublima- 572.7 

tion AH, (kJ/mol) 


Boron is the second hardest element, the di- 
amond allotrope of carbon being the hardest. 
a-Rhombohedral boron is red to brown; B- 
rhombohedral boron lustrous gray black; and 
amorphous material is brown to gray. The 
electrical resistivity changes drastically with 
temperature, varying from 10! Ост at 
—160 °C to 10° Ост at 20 °C and to 0.1 Ост 
at 700 °C [4] for polycrystalline B-rhombohe- 
dral boron, behavior characteristic of a semi- 
conductor Detailed information about optical, 
magnetic, electrical, thermodynamic, and 
other properties of the various boron polymor- 
phs are given in the literature [4, 5]. 

Boron is composed of two stable isotopes, 
10B and "В. Their nuclear properties are sum- 
marized in Table 1. The nuclear spin permits 
NMR spectroscopy. The high value of thermal 
neutron cross section of the isotope !°В makes 
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boron useful as a neutron absorber in nuclear 
power plants. 


49.1.4 Chemical Properties 


: The chemical properties of boron are deter- 
mined to a large extent by its small atomic ra- 
dius (0.25 nm) and high ionization potentials, 


Ionization energy (kJ/mol) 





BoB 798 (8.27 eV) 
BY В?” 2426 (25.15 eV) 
В” ә В" ` 3658 (37.92 eV) 
Standard electrode potential -0.73 V 
B-*3H, = OH,BO, + 3H, + 3e7 
Electron affinity (kJ/mol) 32 (0.332 eV) 
Electronegativity 2.04 (Pauling) 
2.01 (Mulliken) 
Ionic radius (nm) 0.25 
Atomic radius (nm) 0.80-0.95 (depending 
on type of bonding) 
Standard enthalpy of formation ` 
(kJ/mol) 
BF, -1136 
ВСІ, —402 
Dr, —239 
B;O, —1269 
BN j -256 


The electronic configuration 2522р! dictates 
predominant trivalency. However, simple B?* 
ions do not exist. 

Because boron has more orbitals available 
for bonding than electrons (4 orbitals, 3 elec- 
trons), it is an electron-pair acceptor, a Lewis 
acid, and it has a tendency to form multi-cen- 
ter bonds. Other dominant characteristics are 
the high affinity for oxygen and the tendency 
to combine with most metals to give refractory 
alloylike metal borides. 


Table 49.2: Nuclear properties of boron. 


Nuclide 
Property 10B ив 
Relative atomic mass 10.0129 11.0093 
"Natural abundance, 96 19.8 80.2 
Nuclear spin +3 3h 
Magnetic moment, nuclear 
magnetons” 1.80063 +2.68857 

Quadrupole moment, bam" — 40.074 0.036 
Cross section for (п,о), bam’ 3837 0.005 





з 1 nuclear magneton = 5.0508 х 107 Am, 
t1 bam = 1075 m. 
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. The chemical behavior of elemental boron 
depends upon the morphology and particle 
size. Generally speaking, crystalline boron is 
rather unreactive, whereas amorphous boron 
does react more readily. At room temperature 
all modifications of boron are relatively resis- 
tant to chemical attack. 

No direct reaction occurs with hydrogen, 
but indirect synthesis leads to a variety of bo- 
ron hydrides. í 

The halogens react to form the trihalides: 


2B+3X, > 2BX, 


Fluorine reacts spontaneously at room tem- 
erature; chlorine, at 500 °C; and bromine, at 
600 °C [15]. 

Reaction with oxygen starts at = 600 °C but 
is restrained by the formation of a glassy liq- 
uid В,О; film on the boron particles [16]. Bo- 
ron reacts with sulfur to form glassy B.S, and 
with Se to form B,Se;, both at = 600 °C. There 
is no reaction with Te. With nitrogen, boron 
nitride, BN, is formed at 1100 °C. Phosphorus 
reacts completely at 1000 °C to give BP. Ar- 
senic forms BAs at 800 °C under pressure. 

Boron and carbon react to give B,.C3 above 
2000 °С; with silicon, B,Si and B,Si are 
formed. Heterocyclic compounds containing 
C, N, S, O, and boron have interesting struc- 
tures and properties. There is also a large vari- 
ety of organoboroncompounds [17]. —— 

When it does react, elemental boron is an 
effective reducing agent. Water vapor is re- 
duced at 800 °C to give H, and B4O,. Carbon 
monoxide is reduced at 1200 °C; boron burns 
in carbon dioxide at red, heat. Nitrogen oxides 
are reduced to give BN and В,О,. Sulfur diox- 
ide is also reduced. When transition metal ox- 
ides like Ее,О,, Ti0,, and Cr;O, are reacted 
with elemental boron, BO, and metal borides 
form. Up to 1400 °C alkaline-earth oxides and 
aluminum oxide do not react with boron. 

Boron is not attacked by aqueous NaOH 
but reacts completely with molten Na,CO, or 
molten mixtures of sodium carbonate and so- 
dium nitrate. 

Boiling nonoxidizing acids, such as HF, 
HCl, HBr, or dilute sulfuric or phosphoric 
acid, do not attack boron. However, vigorous 


1989 


reaction occurs with concentrated HNO, or 
with HNO,-H,O, mixtures. 

The chemical properties of boron are sum- 
marized in [19]. 


49.1.5 Production 


A variety of preparative methods have been 
described. The following are the most impor- 
tant methods [6]: 

e Reduction of boric oxide with magnesium 


e Reduction of boron halides or fluoroborates 
with sodium or another metal 


e Reduction of boron halides with hydrogen 


e Thermal decomposition of boron com- 
pounds, especially boron halides and hy- 
drides 

e Electrolysis of molten borates or fluorobo- 
rates 

The modification of boron formed depends 
primarily on temperature and reaction time, 
only secondarily on the method [20]. As a rule 
of thumb, temperature below 900 ?C and short 
reaction time produce amorphous boron; tem- 
perature above 1400 °C and long reaction time 
produce B-rhombohedral or the tetragonal 
modifications. The optimum conditions for 
formation of a-rhombohedral boron are in be- 
tween. 

The usual method for commercial produc- 
tion of large quantities of amorphous boron is 
the reduction of boron trioxide with magne- 
sium in a thermitelike reaction [21-23]. The 
principles of this method date back to the work 
of Henri MorssaN [10]. 

BO, +3Mg — 2B + 3MgO 


i ‘Simultaneously MgO reacts with excess 
В,О;: 

МвО + B,O > Mg(BO,), 

MgO + 2B,0 2 MgB,O, 

The reduction is very quick and highly exo- 
thermic; finely divided material may react ex- 
plosively [7]. 

Reaction is smoother if there is an excess of 
В,О, [7, 24]: 
2B,0, + 3Mg > 2B + Mg(BO,), 
ав,о, + 3Mg — 2B + 3Mg(BOj), 
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The optimum ratio В,О;: Mg is about 1.8:3 
[7]. Reaction is carried out in vertical steel re- 
torts shielded from oxy gen by a flow of argon. 
It is initiated by electric spark and igniter mix- 
ture or by external heating. 

After cooling, the reaction mass is crushed 
to 1-mm particles and leached twice with hy- 
drochloric acid. Crude amorphous boron of 
86-88% purity is obtained [23]. This material 
can be upgraded by treatment with B,O, [24] 
or KHF, and KBF, [25, 26], subsequent leach- 
ing with acid, and final heating in a vacuum to 
remove boron suboxide and metals (27]. The 
boron content is then 90-92 or 95-97%, ade- 
quate for use in pyrotechnics and fluxes. 


Reduction of KBF, by sodium 
KBF, * 3Na э 3NaF + КЕ + B 


was used for the commercial production of bo- 
ron in Germany until the end of the 1950s 
[28]. 

A common problem of metallothermic ге- 
duction is incomplete reaction and formation 
of nonremovable metal borides. 

Samples of very pure boron, > 99% B, can 
be obtained by reduction of boron halides with 
hydrogen, especially BBr, [29, 30] and ВСІ, 
[31—34]. This is also the method of choice for 
laboratory synthesis [29, 31]. The halides can 
be purified by distillation prior to reduction [4, 
29]. However, the efficiency of the hydrogen 
reduction process is rather low [21], yields of 
5-25% being the usual. Unreacted boron ha- 
lide must be recycled [32], washed out, or re- 
moved by ‘other methods [35]. This 
complicates the process and makes it expen- 
sive. 

Very pure boron is also obtained by thermal 
decomposition of BI, [36, 37], BBr, [38], or 
boron hydrides [39, 40] on tungsten wires or 
another type of incandescent filament. Boron 
of 99.9999% (six nines) purity was obtained 
by decomposition of diborane and subsequent 
zone melting [41]. 

Electrolysis of molten borates or КВЕ, [42] 
is not an important method for commercial or 
laboratory preparation although it has been 
mentioned in numerous articles. 
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Boron can be refined either by zone melting 
[6, 37, 41, 43, 44] or volatilization of impuri- 
ties in high vacuum or hydrogen at 2000 °c 
[27, 37]. 


49.1.6 Chemical Analysis, Storage, 
Safety 


Analysis. Boron content in elemental boron is 
generally determined quantitatively by de- 
composition to borate with fused carbonate in 
a platinum crucible subsequent acid leaching 
neutralization addition of mannitol and titra- 
tion of boric acid. The mixture HNO,-H,0, 
also decomposes boron samples. Metal impu- 
rities in boron, such as Mg Na and Fe are de- 
termined by atomic absorption or emission 
spectrometry after decomposition of the sam- 
ple [45]. Chlorine and fluorine are determined 
by titration [46]. The elements O, N, H, P, Si, 
and C are difficult to determine. However vac- 
uum hot extraction and combustion methods 
[44, 45] or spark source mass spectrography 
[37, 47] can be used. 

A sensitive qualitative test for boron is the 
green flame test. The sample is usually de- 
composed to methyl borate by heating a mix- 
ture of the sample sulfuric acid and methanol 
to ignition. | 
Storage. Dry boron is not very sensitive to ox- 
idation. It is packaged in airtight metal drums, 
cardboard or ply wood containers, or glass bot- 
tles [48]. Boron powder, like other combusti- 
ble material, presents a dust explosion hazard. 
The lower explosive limit was determined to 
be 125 g/m? in air [49]. | 

Вогоп ignites in air at 600—800 °С but does 
not burn violently because of the formation of 
a glassy boric oxide film that prevents the ma- 
terial from oxidizing rapidly [16]. Burning bo- 
ron should be covered with sand, aluminum 
oxide, sodium chloride, or the like. Water 
must not be used, because of the formation of 
inflammable hydrogen. Boron is an explosion 
hazard when mixed with strong oxidizing 
agents, such as nitrites, chlorates, lead diox- 
ide, and silver fluoride. Such mixtures can re- 
act violently and even explode [15, 16, 18]. 
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Safety. Elemental boron is considered to be 
nontoxic because of its chemical inertness and 
insolubility. In contrast, most boron com- 
pounds, especially the hydrides, are extremely 
toxic [50]. During the production process 
leading to boron the possible formation of any 
toxic boron hydrides must be either avoided or 
controlled. 


49.1.7 Uses, Economic Aspects 


Relatively large quantities of amorphous 
boron (90 and 9594 B) are used as additives in 
pyrotechnic mixtures, especially in flares, ig- 
niters, and delay compositions; solid rocket 
propellant fuels [51]; and explosives [52]. 
Some boron is needed for the preparation of 
refractory metal boride additives for cemented 
carbides. Boron is also a useful reducing addi- 
tive in fluxes for soldering stainless steel. 

Use of boron in electronics is limited to 
high-purity boron (> 99.99%). It is used as a 
ppm additive for germanium and silicon to 
make p-type semiconductors [53]. Crystalline 
high-purity boron is used in thenmistors [54, 
55] and delay lines [56]. Boron filaments have 
been developed as reinforcing material for 
light-weight, stiff composites for use in com- 
mercial and military aircraft [57]. Epoxy res- 


ins [58], polyamides, aluminum, magnesium, . 


and other materials are the matrix [59, 60]. 
However, today graphite filaments havé re- 
placed boron filaments in many applications. 

In nuclear technology thin films of boron 
are used in neutron counters [54]. Boron pow- 
der dispersed in polyethylene castings is used 
for shielding against thermal neutrons [61]. In 
addition, composites of boron with Al or Fe, 
especially when enriched in '°B, are used as 
neutron shields and absorbers in nuclear reac- 
tors [61]. 

Boron is an effective deoxidizing agent, 
€.g., for production of pure copper [62]. It also 
is important in the preparation of amorphous 
magnetic metals and alloys [63]. Boron, as 
ferroboron, is used in microalloyed steel 
(0.00196 B). This steel exhibits excellent re- 
Sistance to stress cracks as well as improved 
tensile strength and hardness. 
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Amorphous boron of 90-92% purity costs 
about DM 250—300 (= $100) per kg (1984). 
Material of higher purity is much higher in 
price: very pure boron (> 99.99%, four nines) 
may cost up to DM 10 000 (= $3500) per kg 
and more. Boron enriched in !°В costs $9-10 
per gram [61]. 

The leading producers are H. C. Stark, Gos- 
lar, Germany, and Ker McGee Chemical 
Corp. Oklahoma, United States. There are 
further production facilities at Degussa AG, 
Frankfurt am Main; Elektroschmelzwerk 
Kempten, München; Union Carbide Chemi- 
cal Corp, New York; NL Industrial Corp., 
Wilmington, Delaware, United States; Murex 
Ltd., Rainham, United Kingdom; and 
Kawecki-Billiton Corp., Arnhem, the Nether- 
lands [64]. Boron is also produced in the 
former Soviet Union. 

Total production is estimated to be 30—50 
t/a. 


Table 49.3: Physical properties of boron halides (69, 70]. 
BF, DCL ВВ, ВІ, 


mp, °C -1271 -107  -46 499 

bp, °C -999 125 913 210 

Density, g/mL 157 1.359 2618 — 

H? fusion, kJ/mol -1136 .-403 -240  -47 
(at 25 °C) DU [2 (73 [71 

AS), Jmol K! 254 290 324 — 
(at 25 °C) [71] 

£o Tmol K^! 505 626 680  — 

at 25 °C) 

Electron affinity, «0 0.53 1.31 1.81 

x 107? J [73] [73] [73] [7] 


B-X Bond energy, 1543 106.1 880 63.7 
kJ/mol 

B-X Bond length, 0.129 0.175 0.187 0.210 
nm 

* AL-100 °С, 


49.2 Boron Halides 


49.2.1 Physical Properties 


Boron forms trihalides, sometimes called 
tnhaloboranes, with fluorine, chlorine, bro- 
mine, and iodine. The trifluoride, BF, and 
trichloride, BCl, are gases at room tempera- 
ture. The tribromide, BBr,, is a liquid, and the 
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triiodide, BI,, is a solid. All four trihalides are 
colorless, but the tribromide and triiodide dis- 
color on exposure light. A summary of some 
physical properties of these compounds is 
given in Table 49.3. 

All four compounds have trigonal symme- 
try with X-B-X angles of 120°C. A crystal 
structure has been reported for a metastable 
phase of BF, at 142 K in which boron atoms 
are trigonal prismatic with B—X,, bond lengths 
of 0.126—0.131 nm and B-X,, bond lengths of 
0.268-0.271 nm [74]. 


49.2.) Chemical Properties 


Trivalent boron halides are coordinatively 
unsaturated and their chemistry is dominated 
by the unfilled boron p. orbital The com- 
pounds are Lewis acids and readily form ad- 
ducts with a variety of electron donors. 
Overlap of the unfilled boron p. orbital with 
nonbonding filled orbitals on the halides de- 
creases the electron acceptor ability of the 
molecule but increases the strength of the B—X 
bonds. The B—F bond in BF, is the strongest 
single bond known. The boron-halide p, over- 
lap decreases with increasing size of the ha- 
lide. Thus, the acceptor strength increases as 
BF, < ВСІ, < BBr, < BI, However, the 
strength of the B—X bond decreases from BF, 
to DI. Boron trifluoride chemistry is domi- 
nated by Lewis acid base reactions, whereas 
BBr, and BI, adducts are relatively unstable 
and halide displacement reactions predomi- 
nate. 


49.2.2.1 Exchange Reactions 


All of the boron halides undergo halide ex- 
change reactions, but of the mixed halide spe- 
cies only ВВг, and ВВг1„ have been isolated. 
Exchange reactions are also known with tri- 
alkyl, triaryl, trialkoxy, and triaryloxy bo- 
ranes: 

BX, + 2BR, > 3BXR, 


Exchange reactions between BF, and metal 
halides may be used to prepare other boron tri- 
halides: 


3KCI +4BF, — 3KBF, + ВСІ, 
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AIBr, + BF, > BBr, + AIF, 


49.2.2.2 Halide Displacement 
Reactions 


Boron halides, with the exception of boron 
trifluoride, react readily with compounds that 
have active hydrogen atoms, including water, 
alcohols, thiols, amines, phosphines, and ars- 
ines. Because of the strength of the boron-flu- 
orine bond, halide displacement reactions 
occur to a lesser extent with BF, than with 
other boron halides. Boron trifluoride reacts 
with water to give a number of partially hydro- 
lyzed — fluoroborate species ^ including 
BF,OH , BE;(OH);, and BF(OH);, in addi- 
tion to boric acid and the fluoroborate anion, 
BF; Two hydrated species, ВЕ,:Н,О and 
ВЕ, (H,O), can be isolated at low tempera- 
ture. The dihydrate is formulated as 
BF,OH,-H;O based on recent structure analy- 
sis [75]. 

In contrast to the slow substitution reac- 
tions of ВЕ,, other boron trihalides react vig- 
orously with water: 

BX, + 3H,0 — B(OH), + 3HX 


The reaction of BBr, or BI, with water may be 
explosive. 

Most halide displacement reactions with 
BF, require either elevated temperature or an 
active nucleophile, such as a Grignard re- 
agent: 
2BF, + 6RMgBr — 2BR, + 3MgBr, + 3MgF, 


Halide displacement reactions between 
other boron halides and compounds with ac- 
tive hydrogen atoms are quite facile. The first 
step is often the formation of an adduct, which 
may be isolated at low temperature, followed 
by the elimination of the hydrogen halide: 

BX, +3ROH — B(OR), + 3HX 


-20*C 
CH,SH+BCl, ә BCI,-CH,SH 


2-20?C 
— CH,SBCI, + НСІ 


In general the reactivity of boron trihalides to- 
ward compounds with active hydrogen atoms 
increases with decreasing B—X bond energy, 
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in the order BF3 < BCI, < ВВг,. Side reactions 
leading to alkyl halides and boric acid rather 
than simple halide displacement are more 
common with the triiodide and sterically hin- 


dered alcohols. 


49.2.2.3 Boron Trihalides as 
Lewis Acids 


Boron trifluoride forms adducts with a 
large number of electron donors including 
ethers, alcohols, ketones, amines, phosphines, 
arsines, thiols, and selenides. Those com- 
plexes with large electron donor atoms or ster- 
ically hindered bases tend to be less stable. 
Boron trichloride also forms many stable com- 
plexes with electron donors, but these are 
more prone to halide displacement reactions 
than are the BF, adducts. Few stable adducts 
are known with ВВг, or BI}. 


49.2.2.4 Reduction Reactions 


Reaction of boron halides with hydrogen, 
hydrides, or alkali metals often yields boron 
subhalides or elemental boron. If hydrogen or 
a hydride is used, boranes may result, e.g., in 
the following convenient preparation of dibo- 
rane: 
6LiH + 8BF,-O(C,H,), > В.Н, + 6LiBF, + 8(C,H,),0 


49.2.3 Production 


Boron Trifluoride. Boron trifluoride was first 
prepared by the reaction of boric acid and flu- 
orspar (CaF) at red heat [76]. Commercially, 
BF, has been produced by the stepwise addi- 
tion of hydrofluoric acid and sulfuric acid to 
anhydrous borax (sodium tetraborate): 


Na,B,O, + 12HF — Na,O-(BF,), + 6H,O 
Na,0-(BF,), + 2H,SO, — 4BF, + 2NaHSO, + H,O 


Another method involves addition of sulfuric 
acid and fluorspar and a source of boron, such 
as anhydrous borax or boric oxide (B4O,). 

Recently, Polish workers have developed a 
process in which BF, is obtained by the reac- 
tion of HF and boric acid, using oleum as a de- 
hydrating agent [77]. 
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H,BO, + 3HF 2 BF,+3H,O 


Boron trifluoride is now made commercially 
in the United States by a proprietary process 
from boric acid and hydrofluoric acid. 

A variety of synthetic routes are available 
for the production of small quantities of ВЕз, 
including thermal decomposition of diazo- 
nium fluoroborate. 

The diethyl etherate adduct, BF,- О(С,Н;),, 
produced by bubbling BF, into diethyl ether, 
provides a convenient source of BF, for many 
synthetic applications. 


Boron Trichloride. This compound can be 
prepared by the reaction of boric oxide, a re- 
ducing agent, and chlorine in a melt at high 
temperatures, for example: 


B,O, + 3C + 3Cl, — ЗСО +2BCl, 


The product ВСІ, is recovered by fractional 
condensation. Sodium tetraborate М№а,В,О, 
can be used in place of В,О,. Molten sodium 
chloride, formed as a by-product, settles to the 
bottom of the reactor [78]. A molten combina- 
tion of aluminum chloride and an alkali-metal 
chloride has also been used as a medium for 
reductive chlorination of borates [79]. 

Free-radical chlonnation of borate esters 
also yields DCL 


B,O, +3C + 3Cl, -? ЗСО + 2BCI, 


A modification of this process, in which a 
free-radical initiator is used, has recently been 
reported [80, 81]. A low reaction temperature, 
40-90 °C, and the use of an initiator decrease 
thé consumption of Cl, and prevent the forma- 
tion of phosgene, COCI,. | 

i Commercially, boron trichloride is pre- 
pared by the reaction of boron carbide with 
chlorine in a borate melt. This reaction can 
also be done with dry B,C in a fluidized-bed 
reactor using a transition metal halide as a cat- 
alyst [82]. 

Contamination of ВСІ, with COCL, from 
the chlorination of carbon oxides is a serious 
problem in ВСІ, manufacturing. Because of 
similar vapor pressure-temperature curves, 
ВСІ, and COC], cannot be separated by frac- 
tional distillation. Thermal or photochemical 
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conversion of COC], to CO and Cl, followed 
by fractional distillation has been used to pu- 
rify BCL 

Boron trichloride can be prepared in the 
laboratory by the reaction of boron trifluoride 
and aluminum chloride. 


Boron Tribromide. This compound can be 
prepared by the reaction of boric oxide, car- 
bon, and bromine, or from boron carbide and 
bromine analogous to the chlorine reactions. 

Small quantities of BBr, can be made by 
the reaction of boron trifluoride and aluminum 
tribromide. A five-fold excess of AIBr, in- 
creases the yield of BBr,. 


Boron Triiodide. Boron triiodide can be pre- 
pared by the reaction of a borohydride and io- 
dine: . 

3MBH, + 81, — 3BI, + 3MI + 4HI + 4H, 


where M is lithium, sodium, or potassium. 

The reaction between sodium borohydride 
and iodine in dimethylformamide (DMF) re- 
sults in BI,-4DMF [83]. Boron tniodide can 
also be made by exchange reactions between 
All, and BF, or between Lil and LiBH,. Con- 
trary to an earlier report, boron triiodide can 
be prepared from the elements by the reaction 
of amorphous boron with iodine at 870 °C 
[84]. 


49.2.4 Quality Specifications, 
Chemical Analysis 


Boron trifluoride is available in quantity as 


a 99% pure gas. Boron trichloride is typically ` 


sold as a 99.9% pure liquid. Boron tribromide 
is offered in grades up to 99.999994 for elec- 
tronic applications. 

Common impurities in BF, include air, sili- 
con tetrafluoride, and sulfur dioxide. The ma- 
jor impurities in boron trichloride are 
phosgene and chlorine. Boron tribromide typi- 
cally contains traces of bromine. 

The boron halides may be analyzed by hy- 
drolysis followed by analysis of DO. and the 
halide, or by base titration. The concentration 
of phosgene (СОСІ,) in ВСІ, may be deter- 
mined by infrared spectroscopy. The trifluo- 
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пае, trichloride, and tribromide may be 
purified by fractional distillation. 


49.2.5 Sources, Handling, and 
Transportation 


Allied Corp. is the major producer of boron 
trifluonde. Boron tnifluonde complexes with 
monoethylamine, phenol, and diethyl ether are 
also available in large quantities from Allied, 
Complexes of BF, with water, dimethylamine, 
monoethylamine, phosphoric acid, and piperi- 
dine are available from Harshaw/Filtrol. Kerr- 
McGee Corp. is the major producer of DCL 
and BBr,. Boron trifluoride and trichloride are 
available in steel cylinders. Boron tribromide 
is available in glass bottles. Boron tribromide 
for use in electronics is supplied by J. C. Schu- 
macher Co. in specially sealed glass vessels 
equipped with teflon valves. Boron triiodide is 
available in small quantities from the Ventron 
Division of Morton-Thiokol Inc. 

Boron trifluoride and boron trichloride sold 
for $6.83/kg  ($3.10//5b) and  $8.38/kg 
($3.80/1b) in bulk in 1984. The 1982 price for 
BBr, was $57/kg ($ 26ЛЫ) in large quantities 
from Kerr-McGee. 

Boron trifluoride is the largest volume bo- 
ron halide. The total annual production of BF, 
and its adducts is about 2300-4500 t/a. The 
annual production of ВСІ, is about 225-450 
t/a. The annual production rate of BBr, is sig- 
nificantly less than that of DCL, 

The boron irihalides are nonflammable. 
But because they hydrolyze easily, care should 
be taken to avoid exposure to moisture. The 
DOT classification for ВСІ, and BBr; is corro- 
sive liquid; BF, is classified as a nonflamma- 
ble gas. Equipment for conveying the 
compounds should be flushed with dry air 
prior to use. Stainless steel lines and valves are 
suitable for use with all dry boron halides. 


49.2.6 Uses of Boron Trihalides 


Boron Trifluoride. Boron trifluoride is the 
most widely used boron halide. Most applica- 
tions take advantage of its strong Lewis acid- 
ity. The most important uses are in organic 
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syntheses. Boron trifluoride is commonly used 
as a catalyst for Friedel-Crafts alkylation reac- 
tions. It also is used to catalyze the cleavage of 
ethers to alcohols, to catalyze esterification re- 
actions, and in the nitration and.sulfonation of 
aromatic compounds. Many olefin polymer- 
ization reactions use BF, as an initiator, in 
conjunction with a proton donor, such as wa- 
ter, Also BF; is used to catalyze the isomeriza- 
tion of alkenes and alkanes and in petroleum 
cracking and desulfurization. Amine com- 
plexes of BF; are used as epoxy curing agents. 


Boron Trichloride. One of the most impor- 
tant uses of BCI, is in the preparation of boron 
fibers. Typically an electrically heated tung- 
sten filament is passed through a chamber 
containing ВСІ. and hydrogen. The BC], is re- 
duced, and boron is deposited on the filament, 
producing a stiff, strong boron fiber. 

Boron trichloride, like the trifluoride, has 
been used as a Lewis acid catalyst in organic 
synthesis in the polymerization of olefins and 
phosphazines, as well as in catalysis of other 
organic reactions. Boron trichloride is also 
used in plasma etching of aluminum and sili- 
con, in semiconductor manufacturing, and asa 
source of boron for chemical vapor deposi- 
tion. Steel is boronized by contacting it with a 
reactive mixture of hydrogen, hydrocarbons, 
and ВСІ, at high temperatures. 


Boron Tribromide. The pnmary use of boron 
tribromide is as an initiator for the polymer- 
ization of olefins and as a catalyst in other or- 
ganic reactions. It is also used in the 
electronics industry as a source of bromine for 
ion implantation in semiconductors, and for 
plasma etching in semiconductor device man- 
ufacturing. 


Boron Triiodide. There are no important 
commercial uses for boron triiodide. 


49.2.7 Pollution Control, Toxico- 
logy, and Occupational Health 

Boron halides are not major pollution 
sources. Fluoride, from the hydrolysis of BF,, 


can be precipitated from waste water as CaF, 
by the addition of a calcium salt [85-87]. 


1995 


Aqueous boron (boric acid or borates) can be 
precipitated by the addition of calcium salts at 
high pH. Г 

Boron halides are quite toxic and contact 
with skin or eyes should be avoided. A TLV 
ceiling limit of 1.0 ppm, 3 mg/m? (TWA), has 
been set for BF, by the ACGIH. The MAK 
values are the same. For BBr,, the adopted 
TLVs are 1 ppm, 10 mg/m^(TWA); 3 ppm, 30 
mg/m? (STEL). The LCs in air for BF, and 
DCL in male rats (1 h exposure) are 387 and 
2.54 ppm, respectively [88]. These com- 
pounds are not known to be carcinogenic. 


49.2.8 Fluoroboric Acid and 
Fluoroborates 


49.2.8.1 Physical and Chemical 
Properties | 


In the older literature and in some commer- 
cial usage, HBF, and its salts are referred to as 
fluoboric acid and fluoborates. Nomenclature 
based on fluoroboric and fluoroborates has 
now become generally accepted in the litera- 
ture and is used throughout this chapter [93]. 

The fluoroborate anion, BF}, is essentially 
the adduct of BF, and Е. The ion is tetrahe- 


; ага], with B—F bond lengths of about 0.140— 


0.145 nm compared to a B-F bond length of 
0.129 nm in BF,. 

The fluoroborate anion hydrolyzes in wa- 
ter in a stepwise manner to give first hydroxy- 
fluoroborates, then boric acid: 


BF, H,O — (HO)BF; + H + F- 

(HO)BF; + H,O (НО),ВЕ; + Н" + F- 

(НО),ВЕ; + H,O — (HO), BF- + Н? + F 

(HO),BF- — B(OH); + F- 

Concentrated solutions of alkali-metal fluo- 
roborates are stable toward hydrolysis; the an- 
ion is more easily hydrolyzed in solutions of 
transition-metal fluoroborates. Concentrated 
aqueous solutions of fluoroboric acid, tetraflu- 
oroboric acid, HBF,, can be made, but HBF, 


has not been isolated. Solvated species have 
been crystallized, including H,O-BF,, 
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H,O,-BF,, and [H(CH4OH),]-BF, [94]. The 
term fluoroboric acid, as used commercially, 
always refers to an aqueous solution of HBF ,. 


Many transition-metal fluoroborates are 
quite soluble in water. Alkali-metal salts are 
less soluble. Ammonium, sodium, and potas- 
sium fluoroborate crystallize as anhydrous 
salts. Transition-metal salts all crystallize with 
various degrees of hydration. Many metal flu- 
oroborates are also soluble in methanol and 
ethanol. Silver and copper(II) fluoroborate 
are soluble in diethyl ether and aromatic sol- 
vents. 


Solid fluoroborate salts decompose upon 
heating, evolving BF. The heat of dissocia- 
tion increases with cation size for the alkali- 
metal fluoroborates [95]. The reaction has 
been used as a convenient source of BF, for 
laboratory applications: 


NaBF, — NaF + BF, 


49.2.8.2 Production 


Fluoroboric acid is usually made by the re- 
action of hydrofluoric acid and boric acid in 
water: 


АНЕ + B(OH), — HBF, + 3H,O 


The reaction is exothermic. 


Most of the commonly used fluoroborate 
salts can be prepared by reacting metal oxides, 
hydroxides, or carbonates with fluoroboric 
acid. 


Ammonium fluoroborate can be made from 
ammonia and fluoroboric acid. Fluoroborate 
salts can also be prepared by the reaction of 
BF, with a metal fluoride in a nonaqueous, in- 
ert solvent, such as HF, BrF, or SO,. 


49.2.8.3 Quality Specifications, 
Chemical Analysis | 


Fluoroboric acid is available from Har- 
shaw/Filtrol in two grades, Electropure and 
Fluopure, a lower purity material. Specifica- 
tions for Electropure fluoroboric acid are 
given in Table 49.4. 
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Table 49.4: Specifications for Harshaw/Filtrol Electro- 
pure fluoroboric acid. 


Component Specification Typical average 
HBF, 48-50% 48.5% 
H,BO, ` 0.5-1.5% 0.75% 

Fe 10 ppm max. 4 ppm 

Cu 1 ppm max. <1ррт 
РЬ 1 ррт тах. <1 ppm 
Zn 1 ppm max. <1 ppm 
Ci 3 ppm max. <3 ppm 
SO, 50 ppm max. < 50 ppm 
Ni 2 ppm max. <1 ppm 


Solid alkali-metal fluoroborates may con- 


tain some hydroxyfluoroborates and boric : 


acid as contaminants. Metal fluoroborate solu- 
tions may contain free boric acid or fluorobo- 
ric acid as well as trace amounts of metallic 
impurities. 


Fluoroboric acid can be analyzed by һу- 


drolysis, followed by precipitation of fluoride · 


with calcium and titration for the borate. Metal 
fluoroborates have been analyzed by electro- 
lytic reduction followed by mannitol titration 
for boric acid [96]. A BF} ion selective elec- 
trode is available from Orion. The tetrafluo- 
roborate ion can also be analyzed by ion 
chromatography [97, 98]. 


49.2.8.4 Sources, Handling, and 
Transportation 


Fluoroboric acid is available from Allied 
Corp., Harshaw/Filtrol, C.P. Chemicals, Fidel- 
ity Chemicals, Harstan, and Ozark-Mahon- 
ing. A variety of fluoroborate salts is produced 
by C.P. Chemicals, Harstan, Allied, Harshaw/ 
Filtrol, and Fidelity Chemicals. Transition- 
metal fluoroborates are commonly sold as 
aqueous solutions. They may contain a slight 
excess of boric acid, added as a stabilizer. In- 
formation on commercial fluoroborates is 
given in Table 49.5. 


Fluoroboric acid and solutions of fluorobo- 
rates are corrosive and are shipped in plastic 
drums or polyethylene pails. Glass vessels 
should not be used for containing these solu- 
tions. 
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Table 49.5: Commercial fluoroborates. 
Compound Formula Commercial form 


Tino HBF, 49% solution 


Fluoroboric acid 
Alkali-metal salts 


Ammonium NH,BF, crystalline solid 


i КВЕ crystalline solid 

um 4 
Sedi NaBF, solid 
Transition-metal salts | 
Апішопу(Ш) Sb(BF,); solution - 
Cadmium) Cd(BF,), 50% solution ` 
Cobalt(II) Co(BFj, solid . 
Copper(1I) Cu(BF,), 45% solution 
Indium(Il1) In(BF4), solution | 
ont? Fe(BF,), 41% solution 
Lead(1I) Pb(BFj. 51% solution 
Nickel(II) Ni(BF,). 45% solution 
Silver(1) AgBF, powder | 
Tin(Il) Sn(BF,). 50% solution 
Zinc(II) Zn(BF,), 40% solution 


Solutions of fluoroboric acid and fluorobo- 
tates are classified as corrosive materials for 


shipping. 


49.2.8.5 Uses 


The primary use of fluoroboric acid is in 
the preparation of other fluoroborate salts. 
Fluoroboric acid is also used in electroplating 
and in dipping solutions for surface treating of 
aluminum. It has been recommended as a 
pickling agent for hot rolled steel [99], and has 
been patented for use as an etchant for silicon 
and glass in the electronics industry [100, 
101]. j 

Molten alkali-metal and ammonium fluo- 
roborates are good solvents for metal oxides 


and are commonly used in fluxes for soldering - 


and brazing. Ы 

A mixture of LiF and NaBF, has been stud- 
ied as a nuclear reactor coolant [102] and as a 
solvent for fissionable materials. Mixtures of 
NH,BF, with nitro compounds are useful as 
explosives [103]. 

Alkali metal fluoroborates and fluoroboric 
acid have also been used as catalysts in or- 
ganic synthesis and in polymerization reac- 
tions. 

Lithium fluoroborate is used as an electro- 
lyte in lithium-sulfur batteries. 

The fluoroborate anion is similar to per- 
chlorate, CIO, in its size, shape, and lack of 
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ability to form coordinate bonds with transi- 
tion metals. Fluoroborates are often used in 
transition metal chemistry where a noncoordi- 
nating anion is required. 

The primary use of transition metal fluo- 
roborates is in electroplating. The fluoroborate 
ion is electrochemically inert and solutions of 
fluoroborates are highly conductive. Metals 
plated from fluoroborate solutions include 
cadmium, copper, indium, iron, lead, nickel, 
silver, tin, and zinc. 


49.2.8.6 Pollution Control, 
Toxicology 


Aqueous solutions of fluoroborates can be 
hydrolyzed and treated with calcium com- 
pounds to precipitate calcium fluoride for pol- 
lution control [104—106]. Reverse osmosis has 
also been used to purify waste streams con- 
taining potassium fluoroborate [107]. 

Protective equipment used with hydrofluo- 
ric acid should also be used when handling so- 
lutions of fluoroboric acid or fluoroborates. 

Little information is available in the litera- 
ture on the toxicity of fluoroborates. Fluorob- 
orate given intravenously to rats depressed 
levels of L-thyroxine [108], and ammonium 
fluoroborate was shown to be nontoxic to 
fresh water minnows at concentrations less 
than 600 mg/L [109]. 


49.2.9 Boron Subhalides 


All of the compounds, B,X,, where X is Е, 
СІ, Br, or I, are known. The tetrafluoride is the 
most stable, but all four compounds decom- 
pose at room temperature to BX, and other bo- 
ron halides. The compounds are Lewis diacids 
and form 1:2 complexes with amines and 
other Lewis bases. Boron tetrachloride, which 
is the most commonly used of these tetraha- 
lides, can be prepared by reduction of ВСІ, in 
an electrical discharge apparatus. The most 
important use of B,X, compounds is in dibo- 
ration reactions, i.e., the addition of DX, to 
unsaturated organic molecules. These reac- 
tions are analogous to hydroboration reactions 
with diborane. Some of the decomposition 
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products of B,Cl, have been characterized. 
They include DC, BCl, and B,Cl,. 


49.3 Boron Sulfide 


49.3.1 Physical and Chemical 
Properties 


Boron sulfide, В,5,, is a colorless com- 
pound normally obtained as an amorphous 
glass. It is extremely difficult to purify and of- 
ten contains traces of silicon (from glass ves- 
sels), oxygen, or sulfur, which may impart a 
yellow color to the material [110]. The amor- 
phous form does not have a well-defined melt- 
ing point but begins to sublime at about 
300 °C. Some of the physical properties are 
given in Table 49.6. 

Table 49.6: Physical properties of B,S,. 


mp (crystalline form), °C 563 [111] 

Flow point (amorphous form), °С 310 [110] 

bp, °C = 300, sublimes [110] 
Density p, g/cm? 1.92 [112] 

B-S bond energy. kJ/mol 360 [113] 

Heat of fusion, kJ/mol 150 [110] 

Heat of vaporization, kJ/mol 252 [114] 


Average B-S bond length, nm 0.1808 [112] 


An X-ray analysis of crystalline B.S, indi- 
cates it is composed of (BS), and (BS), rings 
linked through bridging sulfur atoms in a two- 
dimensional lattice [112]. 

Boron sulfide reacts with a variety of pro- 
tonic reagents [115]: 

B-S, + 6H,0 — 2B(OH), + 3H,S 
B,S, + 6ROH — 2B(OR), +3H,S 
B,S, + 6R,NH ~ 2B(NR,), + 3H,S 


The reaction with water is quite violent. 

Boron sulfide inflames in chlorine, and is 
oxidized at high temperature by carbon diox- 
ide or by oxygen [115]. At high temperature it 
also readily attacks quartz and silicate glass 
[110]. Boron sulfide reacts with sulfur to give 
BgS,& a planar molecule [116]. A variety of 
other higher molecular mass boron sulfides is 
also known [117]. 

Boron sulfide can also act as a sulfidizing 
agent [118] and can be used to replace a termi- 


nal oxygen atom with a terminal sulfur atom in ` 
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both organic and inorganic systems (119, 
120]. 


49.3.2 Production 


Boron sulfide is difficult to prepare in a 
pure form. The reaction of boron hydrides or 
metal borides with sulfur or sulfur compounds 
yields impure B.S, [110]. Higher purity prod- 
uct is obtained by the reaction of amorphous 
boron with Н, or sulfur. Other preparative re- 
actions that have been reported are: 


700 *C 
3FeS*2B A B,S,+3Fe [111] 


600-800 °C 
AgB,S, э BS, [112] 


The recommended route for the synthesis of 
pure B.S, is the decomposition of (ХВ), 
where X is Cl, Br, or I [110, 115]: 


HS BX, 
BBr, > (SBSH), 2 (XBS), — В,8, 


49.3.3 Uses 


Boron sulfide has been used in organic syn- 
thesis to reduce sulfoxides to thiols [121], and 
to convert ketones to thioketones [119, 122]. 
Recently it was found that the sulfide glasses, 
M,S-B,S,, where M is Li or Na, have electri- 
cal conductivities 10? times greater than the 
corresponding oxide glasses [123]. Electri- 
cally conducting boron sulfide glasses have 
also been made incorporating Lil [124] and 
other glass-forming sulfides [125, 126]. These 
glasses have potential as electrolytes in batter- 
les or fuel cells. 

Boron sulfide is available in research quan- 
tities from the Alfa-Ventron Division of Mor- 
ton-Thiokol (USA). 


49.4 Вогапеѕ 


49.4.1 Diborane and Higher 
Boranes 
Introduction. ALFRED Stock and co-workers 


began working on the hydrides of boron in 
1912 [127]. From then until 1936, he discov- 
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ered a series of boron hydrides of the composi- 
tion B,H,,4 and Be which he named 
boranes. 

Research on boron hydrides was started in 
the United States by Н. I. ScurEsmaER, who 
with A. Bure published а new preparation of 
diborane in 1931 [128]. Impetus was added by 
government sponsorship of various military 
programs to develop high-energy fuels for 
rockets and aircraft during World War П. Bo- 
ron fuels (alkyl penta- and decaboranes) cre- 
ated great interest because they possessed 
much higher heats of combustion than con- 
ventional hydrocarbon fuels. Large quantities 
of boron fuels were manufactured under 
projects HEF (Olin Matheson Chemical 
Corp.) and ZIP (Callery Chemical Co.). 


Attention has been expanded to other 
chemical properties of the boranes since 1956, 
when H. C. Brown discovered hydroboration 
procedures [129] (1979 Nobel Prize). His 
work has opened new avenues of research, one 
of which was to obtain chiral and optically 

specific compounds required in biological ac- 
tivity. 


Progress in borane research was thwarted 
by inconclusive theories of structure and reac- 
tivity until the second half of the century, 
when W. LiescoMB and co-workers defined the 
structural and theoretical aspects of the boron 
hydrides through X-ray diffraction studies 
[130] (1976 Nobel Prize). This breakthrough 
in borane chemistry gave new impetus to bo- 
ron research and to the discovery of the most 
thermodynamically and: kinetically stable 
class of boranes, the polyhedral anions, carb- 
aboranes, and metalloboranes. 


Collectively, boranes are compounds of 
very complex structure with В-Н°-В and 
(open or closed structured) В-В”-В tricen- 
tered bonds, with Н” equal to linking hydro- 
gen atoms. Explanation of structures and 
unusual bonding of these compounds has fur- 
thered the theory of chemical bonding [131]. 
Nomenclature of these compounds has been 
confusing, however, and recommendations to 
clarify their structures have been made by 
IUPAC and ACS [132]. 
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Table 49.7: Physical properties of boranes. 
ò bp,°C AH’ fusion, 
Fomula тр,°С — véi Kai кул 

В.Н, —164.9 -92.6 35.5 
BD, -120 18 66.1 
BH, -46.6 48 732 
BH, 99.7 213 31.5 


49.4.1.1 Physical and Chemical 
Properties 


The lower boranes are very reactive to oxy- 
gen and moisture. Diborane(6), В,Н,, and air 
mixtures containing 75-98% diborane deto- 
nate in air when sparked, and concentrations 
over 0.5 vol% can lead to explosions in air or 
oxygen even without an ignition source. For 
recent investigations of oxidation see [133— 
135]. Pentaborane(9), DD. a volatile liquid, 
reacts readily with air and moisture. Solid de- 
caborane(14), DH, should be handled in an 
inert atmosphere; exposure should be avoided 
because of the compound's toxicity (see Table 
49.8). Solutions of B,,H,, and carbon tetra- 
chlonde are explosive and more shock sensi- 
tive than nitroglycerine [136]. Some physical 
properties of the most commercially available 
boranes are given in Table 49.7. 

As a Lewis acid, the borane(3), BH,, group 
complexes with Lewis bases, analogous to co- 
ordinate compounds of the Wemer type; the 
ligands HD. NHR, and NR, are common to 
the two cases [137]. The Lewis acid BH, com- 
bines with another borane (Lewis acid) A give 
the relatively stable borane(6); hence borane 
groups may be considered as operational 
"electron-deficient" bases as well as Lewis ac- 
ids: How the nature of the base or nucleophile 
affects the cleavage of diborane is controver- 
sial and has been discussed [138]. With neu- 
tral bases the two modes of cleavage, 
symmetric or unsymmetric, may occur to give 
molecular or ionic fragments as shown in Fig- 
ure 49.1. Generally with large bases or weaker 
donor atoms symmetric cleavage occurs. 
Base displacement reactions readily occur and 
the relative stability of the complexes is: 

Group V: P2 N 
Group VI: § > О 
Group V > Group VI 
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Figure 49.1: Cleavage of diborane. * L is any ligand. 
** Modes of cleavage. 

Lewis bases react with decaborane, without 
deprotonation, evolving hydrogen with the 
ligands coordinating at the 6,9 position. This 
species, Duc), Ja is a key intermediate in the 
synthesis of the very stable and useful c/oso- 
boranes, [В,,9,] 2 and carbaboranes (where 
carbon is inserted in the 1,2 position of the 
polyhedron, i.e., 1,2-С,В,,Н;,). 

Bridge hydrogens of the boranes are acidic 
as demonstrated by titration of B,,H,, and by 
deuterium exchange [139, 140]. Abstraction 
of a proton forms hydropolyborate anions, 
such as В;Н,. They are useful intermediates in 
the formation of higher boranes, heterobo- 
ranes, and metalloboranes. These anions, con- 
taining a B-B edge bond, can be reacted with 
diborane to expand the polyhedron [141]. 


49.41.2 Production 


Diborane(6) is available from Callery 
Chemical Co., Callery, Pennsylvania (USA). 
The method preferred for the commercial 
preparation is the addition of boron trifluoride 
to a stirred solution of sodium borohydride in 
diethylene glycol dimethyl ether (diglyme): 


Diglyme 
3NaBH,-4BF, - .2B,H,+3NaBF, 


Currently, diborane is shipped either as a com- 
pressed gas (ambient) or as a liquid (cylinder 
over packaged with dry ice). It is packaged as 
a hàzardous material regulated by the DOT 
[142]. 

Tetraborane(10), DD, can be obtained by 
the action of acid on borides [143—145]. It has 
been prepared from the decomposition of dib- 
orane at 120—180 °C [146] and under pressure 
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[147]. Tetraborane can also be prepared from 
the reaction of acid on commercially available 
ВЭН; salts, e.g., NaB,H,. 


Pentaborane is obtained by passing dibo- | 


rane through a hot tube. Careful control of 
temperature, pressure, and flow are required to 
obtain good yields and avoid further pyrolysis 
to higher hydrides. 

Decaborane can be produced by several 
procedures, none of which give high yields; all 
require extensive preparatory time or equip- 
ment. It is best produced by the pyrolysis of 
diborane between 120—240 °С. The solids 
thus produced are removed from the reactor 
by dissolution and further purified by sublima- 
tion. 


49.4.1.3 Uses 


Most of the boranes are highly reactive. 
This property makes them useful and impor- 
tant chemicals, but also necessitates special 
care in their application. 

Diborane serves as a strong but selective re- 
ducing agent in organic chemistry. It is an 
electrophilic reagent and reacts markedly dif- 
ferent from the nucleophilic alkali-metal bo- 
ron and aluminum hydrides. The rates of 
reduction with diborane were found to de- 
crease in the order: carboxylic acids > olefins 
> ketones > nitriles > epoxides > esters > acid 
chlorides [148]. Reductions of several other 
organic substrates have been studied, for ex- 
ample, oximes [149], perfluorinated olefins 
[150], diene polymers [151], and organic acid 
amides [152]. 

Hydroboration, the addition of diborane or 
borane to olefins, has found great significance 
in preparative chemistry [129]. Hydroboration 
is applicable to multiple bonds between C-C, 
C-O, C-N, N-N, N-O. Diborane catalyzed by 
the presence of an ether adds, in an anti- 
Markownikoff mode, virtually quantitatively 
to the carbon-carbon double bond of olefins, 
forming an alkyl borane. 

Other important derivatives of diborane 
are Lewis base adducts, carbonyl adducts, and 
oxygen-containing products. Further areas of 
application for diborane are the doping of 
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semiconductor silicon and germanium. Dibo- 
rane is readily decomposed at high tempera- 
ture (600-700 °C) [153] to give fine-powder, 
high-purity elemental boron. Copyrolysis of 
diborane with hydrocarbons yields boron car- 
bide, and with NH, yields boron nitride. These 
materials, deposited on metal substrates as 
thin, hard layers, are used in ceramics, tools, 
and wear-resistant parts. Boron fibers are 
formed from the decomposition of diborane 
on substrates and used for light-weight struc- 
tural components. : 
The large cross-sectional area of the !°В 
isotope for neutron capture makes these com- 
pounds especially useful in nuclear applica- 
tions. Borane is also supplied as stable liquid 
adducts (CH4),S: BH, (Callery Chemical Co., 
Aldrich Chemical Co.), and as a 1 M solution 
in tetrahydrofuran (THF) (Aldrich Chemical 
Co., Ventron Div. of Morton-Thiokol Inc.). 


49.4.2 Borohydrides 


Of the borohydrides or hydroboron ions, 
the most common and most completely stud- 
ied is the tetrahydromonoborate(1—). The oxi- 
dation state of the central atom in the higher 
hydroboron ions is fractional in ions contain- 
ing several boron atoms and the charge 15 
listed as a suffix in parentheses [154]. Gener- 
ally, the borohydrides are: highly polarizable 
[155] and the bonding may vary from essen- 
tially ionic to essentially covalent. 

All of the alkali-metal tetrahydroborates 
have been prepared and are white crystalline 
solids with markedly different solubilities. So- 
dium tetrahydroborate(1—), NaBH,, is stable 
in dry air, reacting slowly with moisture. Hy- 
drolysis is catalyzed by acid, but can be termi- 
nated with sufficient sodium hydroxide П 56]. 
Salts of the ions ВЗН, В.Н’, Blo and 
B,-H# are all white crystalline solids. The lat- 
ter two salts are extremely stable thermally, 
especially their halo derivatives В.Х, 
D 


Production. Sodium tetrahy droborate is made 
by the addition of methyl borate to hydroge- 
nated sodium in mineral oil (157, 158]: 
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oil 


4Na + 2H, + B(OCH,), , 2, NaBH, + 3NaOCH; 


Separation of the sodium methoxide from 
NaBH, was accomplished by such methods as 
extraction with amines [159], and extraction 
with water followed by a counterextraction 
with a solvent, such as 2-aminopropane [160]. 
Sodium borohydride is produced commer- 
cially by Ventron Div., Morton-Thiokol 
(USA) [161]. 

A simple preparation for D.H: adaptable to 
large scale, involves the addition of BD to 
NaBH, in diglyme at 100 °C [162]. Further 
addition of BH, to the BH; at higher temper- 
ature yields BH% [163]. 


Uses. A concentrated aqueous solution of 
NaBH, stabilized by NaOH is used to reduce 
hydrogen sulfite to dithionite in the bleaching 
of ground wood pulp [164]. Also, NaBH, has ` 
extensive and important use as a reducing 
agent in organic synthesis. Other hydroborates 
can be obtained by reaction with NaBH, to 
give different reductive capabilities (e.g., 
NaBH,CN) [165]. 

Additional applications are extensive, e.g.. 
electroless plating [166], blowing agent for 
cellular plastics [167], removal of heavy met- 
als from waste streams [168], polymerization 
catalyst [169], and hydrogen source for fuel 
cells [170]. The B4Hg, Blo, and Duc: 
may also find use in the latter application. The 
quaternary ammonium salt of BH, is used as 
a fogging agent in photographic film [171]. 
Chloro derivatives of B,gH?5 and Duc: lith- 
їшїп salts have been used as battery electro- 
lytes [172]; Bj;Hi SH” was useful in a study 
of neutron-capture therapy in brain tumors 
[173]. 


49.5 Toxicology and 
Occupational Health 


The toxicology of boron compounds has 
been reviewed recently [174]. Experimental 
animal toxicity data, cases of human expo- 
sures, industrial hygiene, and medical treat- 
ments are discussed. There are also other 
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readily accessible sources of information Toxicity of carbaboranes depends maini Table 49.9: Binary compounds of boron. 
[175, 176]. on the nature of the substituents [174, 187] Main group elements 
Diborane(6) is primarily a pulmonary irri- | НВ ЕЕ (B,,O BN BO BF, 
tant [177]; TLVs and MAKs are given in Table 49.6 Metal Borides Ee? Be;B (ВС) Bo, 
49.8 [178]. Overexposure causes respiratory LiBu BS ВС, BO, 
tract injury, and secondary infections may fol- Boron combines with a large number of (Bel, BO, 
low [180]. Prolonged exposure to low concen- metals and semimetals to form binary or | a aa 
trations causes headaches and other central higher solid compounds, the so-called borides, NaB, Мав, Apo (880 | Bop By ` всі, 
nervous system (CNS) effects [181]. Diborane ` Most binary borides, especially those formed NaBys (Mg " Dt BP ` В,5, 
is a flammable gas and must be handled ina from transition metals having high melting MgB; Bes 
closed system. points, are metallic high-temperature materi- MgB.) B.S, 
Pentaborane(9) and decaborane(14) affect als that can be grouped with the carbides, ni- KB, сав, Ee ув BBr, 
the CNS and can have effects that may be de- tides, and silicides as refractory hard metals Сав; Аз = FON 
layed for up to 48h [181]. TLVs have been set [188]. Although a great number of metal ке BI, 
(Table 49.8) [178]. Pentaborane(9) is a liquid apro йл by Motssan around the SE am 
. e 6 
which should be treated as pyrophoric and e m arsit a they е estab- е» 
must be handled in a closed System. Decabo- od ешзе уез ш modern ce! ову to the Kee inte compound indicate that the existence of the compound has not been confirmed. 
А й same extent as the refractory metal carbides. ae 
rane(14) is a solid but has sufficient vapor ; Я eS NM LC CQ E 
. Thus it has not been possible to develop metal Transition metals 
pressure at room temperature to make it a haz- . : М B Co.B Ni.B 
à e boride materials that combine the extreme ScB TiB У,В, CR Mn,B Fe, Os Е 
ard by inhalation, as well as by the dermal and hardness of refractory borides with tou ghnes ScB. TiB VB. CrjB, MnB FeB Со,В NLB 
ess 12 2 B Ni 
$ ч VR CrB Mn,B Co “В; 
oral юше [182]. | | in analogy with cemented tungsten carbide. ув: CrB, MoB, NiB 
Animal toxicity testing of amine boranes Neverthel AL bondes H VP, CrB, MnB, 
. evertheless, met ondes have some VB, CrB, e 
has shown that they also affect the CNS [183]; А rti d ed i 2 B рав AgB,) 
however, no TLVs or MAKs have been set for we x uu rd Ki NL i эш YB, мВ, MAC Мор. ЛЫН "e ee dB G 
Pen d кз cialized fields of modern industry, especially YB, Zb, NbB MoB Tc;B, Bu, Be  Rh,B, Ра; 
them. Toxicity is affected by the number and when the requirements cannot be met by other YB, Nb,B, MoB, ТВ, ec RhB ВоВ: 
i i i Ж : { : NbB MoB. d 2 
fund gr шын а. уле, пон com- materials. More information about metal vet i Mo, В, : RuB, 
pounds that are highly toxic to those with low borides is available in [190, 191, 195-203]. : HB Тв МВ Be, ОВ ЕВ. РВ (АВ) 
toxicity [183, 184]. HfB, TaB, WB Ве,В; pens Hr m 
ЕЕ А . В, ReB. 5 К E 
The few toxicity studies on borohydrides 49.6.1 Properties ге MT eB, 2 1з ол 
show that they are corrosive to the skin апа Së TaB, W, „В, 
eyes [185]. When ingested, sodium borohy- Metal borides are unique in the number of e 
А . К è * ° "m D ` 
dride produced death from gas embolism in stoichiometries; compositions corresponding Lanthanides and actinides . 
animals. | | fo at Inst 24 M:B ratios between 5:1 and * LaB, CeB, PrjB, №,В, PmB, Sm,B, EuB, gus i тр, DR em EN me we Ve 
The lower trialkylboranes aye some toxics -1:66 ате пома. However, tte tost common EE a GdB, * ТЫВ, DyB, HoB, ErB,, ТВ, YbB, LuB,, 
D D D e D dck I. 4 Е - - 
ity to small rodents at nonpyrophoric concen- — 87€ the monoborides, MB; diborides, MB; tet 0 S NdB,, SmBeg Сав, TbB,, DyB,, HoB,, ЕгВ ТВ, YbB,, LuBg, 
trations in air [174, 186]. eiu uns ed m e GdB ТЫВ Dë HoB gg YbBgg 
caborides, MB,,; and hectoborides, MB,,. The D ThB UB, NpB, PuB, AmB, CmB, 
Table 49.8: Maxirnum concentrations in the work envi- binary compounds of boron are given in the ThB, UB, NDB, PuB, AmB, CmB, 
ronment [178, 179]. form of a periodic table in Table 49.9. As can Tu UB NP Pub toy) (CUI) 
E Э. : NpB,, РоВ,, In Dg 
gE PES MANC be seen, many metal-boron systems contain Deh PuB, S 
ppm my ppm my ppm pd three or more intermediate phases. 
Diborane(6) 01 O01 — -— O01 Qi A classification of borides was first given 


Pentaborane(9) 0.005 0.01 0.015 0.03 0.005 0.01 
Decaborane(14) 0.05 0.3 0.15 09 0.05 03 


by Kmsst mc [204] on the basis of boron struc- 
tural elements typical for various M: B ratios. 
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Table 49.10: Physical properties of some refractory 
borides [191]. ` 


2 А Electrical Кпоор 
Boride Den LP маса. resistivity, hardness, 
gm рої! тр. А 10%Qm load 0.1 kp 


TiB, 4.52 3470 9-15 2600 
71В,; 6.09 3520 7-10 1830 
ZrB, 3.61 2520 .60-80 2580 
HfB, 112 3650 10-12 2160 
VB, 5.10 2670 16-38 2110 
NbB, 721 3270 12-65 2130 
TaB, 12.60 3370 14—68 2500 
CrB, 5.20 2170 21-56 1100 
Мо,В, 7.48 2370 18-45 2180 
WB. 13.1 2470 21-56 2500 
Fe,B 732 1663 — 1800 
FeB 7.15 1820 30 1900 
CoB 732 1535 26 2350 
NiB 7.39 1325 23 — 

LaB, 5.76 2985 7-15 2010 
EuB, 491 2890 80-170 1870 
UB, 9.38 2768 30 1850 
UB; 5.65 2500 22 2630 
CaB, ` 246 2540 160 1650 
SiB, 2.43 2140 2x10 2140 
B,C 2.52 2720 105—107 3000 
p-B 2.35 2420 10 2600 


With increasing M:B ratio the tendency to 
form boron-boron bonds increases, and pairs 
(М,В,), zigzag chains (MB), branched chains 
(M,,B,), double chains (М,В,), plane nets 
(МВ.), and finally three-dimensional arrays of 
boron atoms, including cross-linked nets 
(MB,), interconnected В, octahedra (MB,), 
B,.-cubo-octahedra (МВ,,), and intercon- 
nected B,,-icosahedra (MBgg) all are found. 


: The most characteristic properties of the 
metal borides are their high melting points, ex- 
treme hardness, and in many cases high elec- 
trical and thermal conductivities, fair 
corrosion resistance, good wear resistance, 
and thermal shock resistances supenor to 
those of oxide ceramics. Some physical prop- 
erties of the most common and typical metal 
borides are given in Table 49.10. The most sta- 
ble binary borides at high temperatures are the 
diborides of titanium, zirconium, and 
hafnium, each melting above 3000 °C. The 
melting points of the boron-rich borides MB,, 
n 2 2, are generally higher than those of the 
parent transition metals. On the other hand, 
melting points of metal-rich borides are often 
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as low as those of their parent metals. Most of 
these borides are paramagnetic. Knoop hard. 
ness numbers HK-0.1 usually fall in the range 
of 1100-2600 for diborides, 1650-2100 for 
hexaborides, and 2300—2600 for dodeca- ang 
hectoborides [205]; therefore, many borides 
are harder than WC or a-ALO,, two cutting 
and grinding materials widely used. Hardness 


and high melting points reflect the properties · 


of the rigid, three-dimensional boron frame. 
works. 


The electrical characteristics, however 
cover the entire spectrum: semiconductors, the 
МВ, MB, and MB,, phases of Be, Mg, Ca, 
Eu, Al, and Si; metallic conductors, ТІВ,, 
ZrB, and the majority of transition-metal 
borides; superconductors, NbB, YB, and 
Z1B,>. 

In addition, LaB, and other lanthanoid and 
actinoid borides (ҮВ,, ТЬВ,, GdB, etc.) be- 
long to the best-known high-temperature elec- 
tron emitters. Most of these borides are 


intensively colored: for example, ZrB,, is ` 


pink, GdB, is blue, LaB, is purple, and ThB, is 
scarlet [191, 205]. 


The metal borides display resistance to oxi- ` 


dation in air at elevated temperatures, most of 
them up to 1000 °C, and to attack by molten 
metals, basic slags, and molten salts. Except 
for alkali-metal and alkaline earth metal 
borides, which are saltlike and ionic, they are 
not readily attacked by nonoxidizing acids and 
aqueous alkalis. Resistance to oxidation is 
greatest for the transition metal diborides and 


is lower for greater boron contents. The con- ` 
trolling factor is the surface layer of parent bo- - 


ron and transition-metal oxides, which 
prevents further oxidation up to temperatures 


at which boric oxide has appreciable volatility. . 


Most metal borides are inert in hydrogen, ni- 
trogen, and carbon, even at high temperatures. 
Chlorine and fluorine react vigorously with all 
borides, fluorine even at 400 °C. All types of 
borides are readily attacked by oxidizing mol- 
ten salts such as nitrates and carbonates and 
hydroxides in the presence of air, and this is a 
usual method of decomposition for chemical 
analysis [206]. 
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. 49.6.2 Production 


Metal borides can be prepared by the fol- 
lowing hi gh-temperature reactions [191]: 
1. Synthesis from the elements by melting, 
sintering, or hot-pressing 
Borothermic reduction of metal oxides 
4. Aluminothermic, silicothermic, or mag- 
` mesiothermic reduction of metal oxide bo- 
ric oxide mixture | 
4. Carbothermic reduction of metal oxide- 
boric oxide mixtures, e.g., 
TiO, + BO, + 5C > TiB, + 5CO 
5. Reduction of metal oxide with carbon 
and/or boron carbide, i.e., the boron car- 
bide method e.g., 
22:0, +B,C * 3C 2 2ZrB, + 4CO 
Eu,0, +3B,C — 2EuB, + 3CO 
6. Electrolysis of fused salts containing 
metal oxide and boric oxide 
7. Auxiliary-metal bath method, M + B be- 
ing dissolved in molten Al, Cu, Sn, or Pb 
8. Deposition from the vapor phase involy- 
ing coreduction of a metal halide-boron 
halide mixture by hydrogen, optionally as 
a plasma [207] 


Reactions 1, 2, 6, 7, and 8 give pure prod- ү 


ucts but are almost always restricted to thelab- 
oratory. For large-scale production, borides 
are prepared by reactions 4 and 5 followed by 
purification. These reactions are usually car- 
ried out in electric furnaces much like those 
for production of boron carbide. Molten metal 
borides often contain up to 3% carbon and bo- 
ron carbide, although these impurities can be 
scavenged with additional metal oxide or bo- 
ric oxide on reheating the powdered mixture 
above 1400 °C under a partial vacuum. After 
cooling, the metal boride is crushed and milled 
to its final grain size. Monolithic boride 
shapes usually are fabricated from commer- 
cial boride powders by powder metallurgy 
techniques: 


e Cold forming — isopressing, slip casting, 
etc. — followed by pressureless sintering of 
the powder compact [207—210]. 
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e Axial hot-pressing [211—214] and hot isos- 
tatic pressing [210, 215] 


49.6.3 Uses 


The principal use for metal diborides is as a 
crucible material for nonferrous metals, espe- 
cially for aluminum, copper, magnesium, zinc, 
tin, and lead. Monolithic shapes of dense TiB, 
[216] are used for the electrolytic production 
of aluminum with the Hall-Hérouit cell [217]. 
Their inertness to molten aluminum and cryo- 
lite and excellent electrical conductivity sug- 
gest titanium diboride and zirconium diboride 
as cathode leads, electrodes; and thermocou- 
ple sheaths in aluminum metallurgy [218]. Re- 
lated uses are TiB,-BN-AIN hot-pressed 
composite crucibles, so-called evaporation 
boats, for the continuous evaporation of alu- 
minum metal for vacuum metallizing [219]. 
The world production of TiB, is = 100 t/a, 
much of this for the manufacture of these re- 
sistance-heated boats. The price of ТІВ, pow- 
deris $15—35 per kg. 


Calcium hexaboride, CaB,, is used as a 
deoxidizer for high-conductivity copper [220- 
222]. A major established use of NiB, CrB, 
and CrB, is the production of welding and 
hard facing alloys based on nickel-chro- 
mium-boron-silicon, called colmonoy [223]. 


The hardness and wear properties of 
borides are utilized economically as thin coat- 
ings on metal surfaces, prepared by the so- 
called boronizing process. Lanthanum 
hexaboride is useful as a high-current-density 
electrode for electron microscopes, electron- 
béam furnaces, and other devices of highest 
electronic emissivity. The lifetime of LaBg 
electrodes is reported to exceed that of tung- 
sten cathodes by two orders of magnitude 
[224—225]. 

The refractory hexaboride of europium was 
suggested as a neutron absorber to control the 
power of fast breeder reactors. As a neutron 
absorber EuB, is equivalent to 35 mol% !?B- 
enriched boron carbide, and its nuclear worth 
is = 15% higher than europium sesquioxide 
(189, 192, 193]. 
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49.7 Boric Oxide 


Boric oxide (В,О,) exists as vitreous glass 
and as two crystalline forms. The vitreous 
form is a colorless, hard, tough, glasslike 
solid, commonly prepared by dehydration. of 
boric acid. The most common crystalline В,О; 
has a hexagonal or a-form and is crystallized 
at 200—250 °C at ambient pressure. A less 
: common monoclinic B-form can be crystal- 
lized at 4000 MPa and 600 °C [226]. 


49.71 Physical Properties 


Vitreous B,O, is difficult to obtain in a 
completely anhydrous state even when heated 
at > 1000 °C [227]. Many physical properties 
of B,O, are sensitive to small amounts of re- 
sidual water. Very dry В,О, can be prepared 
by heating at 200-400 °С in high vacuum 
[228]. Vitreous B,O, softens between 325 and 
450 °C and the melt is still quite viscous at > 
1000 °C. The dynamic viscosity of the melt is: 


t, °C п, Das t, °C п. Das 
300 4.4 x 109 800 26 
400 1.6 x 10? 900 12 
500 3900 1000 74 
600 480 1100 43 
700 85 


The density (p) of the vitreous form is de- 
pendent on both its thermal history and mois- 
ture content. Commercial boric oxide has a 
density of 1.84 g/cm?, whereas very dry BO, 
has a density of 1.82 g/cm? at 20 °C. The den- 
sity at high temperature has been investigated 
[229]. Annealed В.О; has a greater density 
compared to rapidly cooled melt (1.53 g/cm? 
when quenched from 1000 °C), implying a 
higher degree of molecular order in the an- 
nealed material [230]. The heat of formation 
of amorphous B,O, glass is 1260 kJ/mol 
[231]. 

Crystalline hexagonal or a-form, mp 
450 °С, р 2.42-2.46 g/cm?; monoclinic or B- 
form, mp ca. 510 °C [232], p 2.95 g/cm’, the 
B-form is much more resistant to attack by wa- 
ter and dilute HF than the a-form. 

The heat of formation for crystalline B,O; 
is 1274 ki/mol. Its heat capacity increases 
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with temperature from 1.05 Jg K^! at 100 °С 
to 1.82 Jg !K"! at 275 °С [233]. The heat of 
vaporization is calculated as 391.6 kJ/mol at 
1800 °C [234], and the heat of sublimation is 
431.4 kJ/mol at 25 °C [235]. The electrolytic 
conductivity (к) is only 5 x 10“ Siem at 
300 °C [236]. The refractive index (л) varies 
between 1.4502 and 1.4633, depending on the 
thermal history [228]. The vapor pressure of 
В.О; melt is (232, 237]: 

tC 1163 1270 1673 1810 2000 2146 
Pa, kPa 0.0005 0.005 L5 57 24 80 

The vapor composition (by mass spectrom- 
etry) is predominantly BO: with about 7% 
each of B,0 and BO* and 2% В“. Boric oxide 
has been observed to be more volatile in steam 
than in a dry atmosphere. The green color of 
В.О» in a flame has been attributed to BO, as 
the emitting species. 

Historically there has been considerable 
controversy over the molecular structure in 
liquid and vitreous В,О,. The structure is be- 
lieved to consist of a random network of trigo- 
nal BO, units and boroxol rings with short- 
range localized order. There is disagreement 
over the relative amounts of these two struc- 
tural units. A summary of the structural data 
has been reported [238]. 


e 
B o^ 
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Apparently the structure interpretation can 
be influenced by the presence of residual 
moisture. 


49.7.2 Chemical Properties 


Molten В,О; is corrosive to most metals 
and alloys at temperatures exceeding 1000 °C. 
This is because of the fluxing character of 
В,О,, which keeps the metal surface clean and 
vulnerable to attack by oxygen in the air. Mo- 
lybdenum and nickel alloys are resistant to 
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corrosion below 1000 °C, whereas silicon car- 
pide is resistant above 1200 °C. 

Reduction of B,O, at high temperatures by 
aluminum, Magnesium, or alkali metals pro- 
duces ВО; and other boron suboxides. 
Above 900 °C carbon reacts with В,Оз in a ni- 
trogen atmosphere to form boron nitride, 
which can also be made by reacting BO, with 
ammonia at 600—900 °C. | 

Vitreous B,O; reacts exothermically with 3 
mol of water to form crystalline boric acid, 
with a heat of hydration of —76.5 kJ/mol [239]; 
heat of hydration of crystalline B,O, 15 — 82 
kJ/mol. Above 135-140 °C boric oxide reacts 
with water to form metaboric acid. 

Sodium hydride reacts with B,O, at 330- 
350 *C to give sodium borohydride in about 
60% yield [240]. Reaction of either В.О; or 
boric acid with anhydrous H,SO, or oleum 
forms the acid HB(HSO,), [241]. 


49.7.3 Production 


High-purity B,O, (99%) is made by fusing 
refined boric acid. A 96% grade of В,О, is 
made commercially by fusing a mixture of so« 
dium tetraborate plus sulfuric acid at 800 °C. 
Two molten layers are formed, an upper layer 
of boric oxide and a lower layer of sodium sul- 
fate. The molten BO, layer is separated and 
cooled on chill rollers. The resulting glass 15 
ground, sized, and packaged іп moisture-proof 
containers. The product BO, contains 3-4% 
sodium sulfate. 

Boric oxide can also be prepared by thermal 
decomposition of ammonium pentaborate, 
NH,B,O,:4H,O, at 500-900 °С and through 
direct reaction of boron with oxygen [242]. 


49.8 Boric Acid 


Boric acid can be viewed as a hydrate of 
boric oxide and exists both as a trihydrate, 
orthoboric acid (B404:3H,O or Н,ВО;), and 
as a monohydrate, metaboric acid (DC. HA) 
or НВО,). Only the more stable orthoboric 
acid form is of commercial importance and is 
usually referred to simply as boric acid. The 
terms “pyroboric acid" and “tetraboric acid" 
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are sometimes encountered in the literature, 
but these acids do not actually exist as solid- 
phase compounds. 


49.8.1 Physical Properties 


Boric acid crystallizes from an aqueous so- 
lution as odorless, white, waxy platelets. Crys- 
talline orthoboric acid (mp 170.9 °C, heated in 
a closed space) is monoclinic, having a sheet 
lattice structure. Sheets consist of coplanar 
B(OH), molecules linked by hydrogen bonds. 
These sheetlike layers are held together only 
by van der Waals forces. This allows easy 
cleavage into flakes which feel slippery. 
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Figure: 49.2: Solubility diagram for the system B,O;- 
H,0. 

The three known crystalline modifications 
of metaboric acid are shown in the В,О;-Н,О 
solubility phase diagram (Figure 49.2) [243]. 
Orthoboric acid slowly dehydrates at 100— 
130 °C to form flaky crystals of orthorhombic 
НВОҲШ) (a-form, d 1.784, тр 176 °C). Af- 
ter disappearance of the residual H,BO, at 
temperatures up to 160 °C, a coarsely crystal- 
line monoclinic HBO,(II) (B-form, d 2.044,. 
mp 201 °C) is formed. At yet higher tempera- 
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tures (200—250 °C) a highly viscous liquid is 
formed from which cubic HBO.(1) (y-form, d 
2.486, mp 236°C) slowly crystallizes. With 
` about 1% moisture remaining, HBO,(I) acts 
as seed for crystallization of hexagonal (о) bo- 
ric oxide. The structures of these metaborate 
forms range from all trigonal borons in 


НВО), to one-third tetrahedral borons in 
НВО, (1), to all tetrahedal borons in НВО (Т). 


The solubility of boric acid in water is in- 
creased by addition of salts, such as KCl, 
KNO,, RbCl, K,SO,, and Na,SO,, whereas 
addition of LiCl, NaCl, and CaCl, tends to 
lower the solubility. 


Table 49.11: pH values of aqueous boric acid and borate solutions as a function of concentration. 





pH at % of compound 
Compound ss To  —_—— 

°С 0.1 0.5 1.0 2.0 4.0 10.0 15.0 
B(OH) 20 6.1 5.6 5.1 4.5 39 
Na,B,O,-10H,O 20 93 9.2 9.2 9.2 9.3 
Ba,B,0,: 5H,O* 23 8.5 8.4 8.1 7.6 73 
Na,B,O,;°4H,O 20 8.5 8.5 8.1 7.6 73 
К,В,О,:4Н,О 25 92 . 91 9.1 9.2 9.3 
KB,O,:4H,O* 25 8.4 8.4 8.4 8.1 79 
(МН,),В,О,:4Н,О 25 8.8 8.9 8.8 8.8 8.8 8.9 
NH,B,0O,: 4H,O 25 8.5 8.4 8.3 8.2 79 73 
NaBO,-4H,O 20 10.5 10.8 11.0 11.2 11.4 11.7 11.9 


1 Saturated solution at 20 °C, pH 3.7 at 4.7%. 
* At 40 "C, pH 6.9 at 2096, pH 6.5 at 3096. 
“РН 7.6 at 5.0%. 


Table 49.12: Solubility of boric acid and borates in water. 
Solubility, % (anhydrous salt), at temp., °C 


Compound oS 

0 10 20 30 40 50 60 70 80 90 100 
LiBO,-8H,O° 0.9 14 25 46 9.4 
LiBO,-2H,O 74 78 84 95 106 119 134 
Li,B,0,-3H,O0 2.5 28 30 32 3.5 38 41 44 49 54 
LiB,O,: 5H,O* 179 187 20.9 243 280 320 366 4142 
NaBO,-4H,0° 145 170 200 236 279 341 
NaBO,-2H,O 383 409 437 474 52.4 
М№а,В,О,:10Н,0* 1.0 16 25 3.8 59 95 160 
М№,В,О,:5Н,О 164 195 234 281 34.6 
М№а,В,О,:4Н,0" 14.2 147 -170 197 230 272 
NaB,O,:5H,O 58 75 106 137 175 217 269 350 381 443. 510 
B(OH), 24 35 47 62 88 103 130 158 191 233 27.5 
KBO,-4H,Of 342 382 438 
KBO,:1.3H,0* 35.5 444 45.5 464 475 485 496 506 516 
K,B,0,-4H,O 63 90 121 156 194 240 285 33.3 382 433 484 
K,B,,0,°5H,O 232 249 269 286 31.0 325 33.8 
KB,0, 4H, L6 21 28 38 51 69 90 17 147 183 233 
КВ,0,-2Н,0! .20 26 32 38 50 64 78 92 106 139 153 
Na,B,0,,:4H,O L9 3.7 78 181 229 264 289 393 37.4 

(75 °C) (94°C) 

(NHj),B,0,:4H,O 3.8 53 76 108 15.8 212 272 344 43.1 52.7 
NH,B,O,°4H,O 40 54 71 91 IA 144 182 224 264 303 


* Transition of the 8-hydrate to the 2-hydrate at 36.9 with 7.2% LiBO). 

* Incongruent solubility below 37.5 or 40.5 °C. 

* Transition to the 4-hydrate to the 2-hydrate at 53.6 °C with 36.9% NaBO,. 
*Transition of the 10-hydrate to the 5-hydrate at 60.7 °C with 16.6% Na,B,O,. 
* Transition of the 10-hydrate to the 4-hydrate at 58.2 °C with 14.6% Na,B,O;. 
f Transition of the 4-hydrate to the 1.3-hydrate at 24 °C with 43.8% KBO,. 

* Metastable below 24 °C. ` 

"Моге stable below 46 °С. 

“More stable above 46 °C. 
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Table 49.13: Solubility of boric acid and sodium tetraborate hydrates in organic solvents. 
C Solubility, % 
E D 
оа! й B(OH), Na,B,0,10H,O NajB,O;5H,0 Man, 

l 20 20.68 
MEM | 25 19.9 16.9 16.7 
Ethanol 25 94.4 
Aqueous ethanol (46.596) 15.5 2.48 
n-Butanol 25 42.8° 
n-Propanol 25 59.4 
2-Methylbutanol 25 35.3? 
Isoamyl alcohol ` 25 2.39 б 
Ethylene glycol 25 18.5 41.6 31.2 15.5 
Propylene glycol 25 15.06 21.9 g 
Diethylene glycol 25 13.6 18.6 10.0 
Glycerol (86.596) 20 21.1 47.2 
Glycerol (98.5%) 20 19.9 52.6 
Glycerol 25 17.55 
Mannitol (10%) 25 6.62 
Acetone 25 0.6 0.6 
Methy! ethyl ketone 20 0.7 
Methyl butyl ketone 20 0.23 
Ethyl acetate 25 1.5 0.14 
Acetic acid (glacial) 30 6.3 
Diethyl ether . 20 0.008 
Dioxane 25 = 15% 
Aniline 20 0.15 
Pyridine 25 = 70° 
Ammonia (liquid) 25 1.88 : 
Formamide 25 40.6 
Fueloil 25 2.46 А 
Water 25 5.46 

20 4.72 
*Finely divided solid. 
t Solubility, g/L. 
* Viscous solution. 
Boric acid behaves as a weak acid in aque- он ge Leg 
r- 
ous solutions, pK, of 9.23 at 25 *C [244]. As mom R =R s +2H,0 
shown in Table 49.11, pH decreases as con- dr O^ "OH 
centration increases. This is because of forma- | 
D - H A. e А D 

tion of trimeric and tetrameric species. The pH о © OH eH со 005 
also increases with temperature. The solubility ve on FR = Ra 2 E a a 


of boric acid in water is shown in Table 49.12. ` 


The solubility of boric acid in many organic 
solvents is shown in Table 49.13. Boric acid is 
particularly soluble in polyhydric alcohols ca- 
pable of forming complexes. Normally, boric 
acid is too weak an acid to titrate directly. Use 
of a polyhydric complexing agent, such as 
mannitol, enhances the acidity of boric acid 
sufficiently to allow accurate titration using 
phenolphthalein as the indicator. 


where Ё -(-CHOH-),- (mannitol). 

The vapor pressure of boric acid is prima- 
rily due to water from dehydration equilibria. 
Vapor below 160 °C is composed of water and 
boric acid molecules. At higher temperatures, 
НВО, 15 also found in the vapor phase, and 
above 940°C (HBO,); becomes significant 
[245]. 

‘Boric acid is volatile with steam. Distillate 
from a boiling saturated solution contains 
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about 0.18% of boric acid [246]. Boric acid is 
particularly volatile from concentrated solu- 
tions made acidic by strong acids. The volatile 
loss from low molecular mass alcohol solu- 
tions can be attributed to ester formation. 


49.8.2 Chemical Properties 


Boric acid reacts with strong bases to form 
metaborate ion, B(OH);, and with alcohols to 
form borate esters. Boric acid reacts with fluo- 
ride ion to form tetrafluoroboric acid and with 
hydrofluoric acid to form trifluoroboric acid 
H(F4BOH), which can be distilled at reduced 
pressures (58.5-60.0 °C at 0.16 kPa) [247]. 


49.8.3 Production 


Boric acid is manufactured industrially 
from borate minerals and brines [248]. Alkali 
and alkaline-earth metal borates, such as bo- 
rax, kernite, colemanite, ascharite, ulexite, or 
hydroboracite, react with strong mineral acids 
to form boric acid. In the United States boric 
acid is made primarily from sodium borate 
minerals, whereas in Europe it is made from 
colemanite imported from Turkey. In Kazakh- 
stan magnesium borates from the Inder region 
are used to make boric acid. Borates found in 
saline lake brine in California at Searles Lake 
are extracted and recovered as boric acid. 

The world’s largest and most modern boric 
acid plant was constructed by U.S. Borax in 
1981 at Boron, California. Crushed kernite 
(Na,0-2B,0,-4H,0) ore is reacted with sul- 
furic acid in recycled weak liquor (contains 
low concentration of borates) at 100 °С. 
Coarse gangue is separated by rake classifiers 
and fine particles are settled in a thickener. 
The boric acid strong liquor (high borate con- 
centration) is nearly saturated with sodium 
sulfate. Complete solubility of sodium sulfate 
is maintained throughout the process by care- 
ful control of pH and temperature. The strong 
liquor is filtered at 98 °C and boric acid crys- 
tallized in two stages using continuous evapo- 
rative crystallizers. The temperature is 
dropped to 70 °C in the first stage and to 35 °C 
in the second. Crystals are filtered and washed 
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with progressively weaker liquor in a counter- 
current fashion. The final product is dried in 
rotary driers and screened for packaging. 
Weak liquor at 35 °C, nearly saturated in so- 
dium sulfate, is heated to 100 °C and returned 
to the reactor. Sodium sulfate is removed from 
the process as solid in gangue and in effluent 
from a second-stage thickener, and is pumped 
to sealed solar ponds. The plant has a capacity 
of 113 000 t/a (expressed as B,O,). ; 

In Europe boric acid is produced from 
crushed colemanite (2CaO-3B,0,-5H,O) ore 
by reaction with sulfuric acid at 90 °С. By. 
product gypsum (CaSO,) and gangue are fil- 
tered and the hot mother liquor cooled to crys- 
tallize boric acid. The weak liquor is recycled 
to the reactor. 

Magnesium borate ores, primarily of 
ascharite (szaibelyite, 2MgO-B,0,-H,0), 
and hydroboracite (CaO-MgO-3B,0,- 6H,0), 
are finely ground and decomposed to boric 
acid with sulfuric acid at 95 °C. Insoluble gyp- 
sum and gangue are filtered and the mother li- 
quor is cooled to 15 °С to crystallize boric 
acid. The weak liquor is nearly saturated in 
magnesium sulfate (MgSO,°7H,0), which is 
crystallized by concentration of the liquor at 
elevated temperature; the concentrated liquor 
1s then recycled to the reactor. 

Datolite (2CaO-B,0,:2SiO,-H,O) is the 
most common silicoborate mineral. Ore con- 
taining 5% В,О, is finely ground and digested 
with sulfuric acid. Silica in the mother liquor 
is coagulated upon heating to 95 °C. The re- 
sulting boric acid solution is nearly free of si- 
licic acid. 

At Searles Lake, California, borax is found 
in brine at a concentration of about 1.5% (ex- 
pressed as anhydrous borax); a number of 
other salts are also present. A process using 
liquid-liquid extraction is used to separate bo- 
rax selectively from brine. Borax is extracted 
into a water-insoluble solvent, such as kero- 
sene, by use of an aromatic polyol that effi- 
ciently complexes the borate ion, e.g., 3- 
chloro-2-hydroxy-5-isooctylbenzenemetha- 
nol. The organic phase is isolated and acidi- 
fied with sulfuric acid, giving an aqueous 
solution of boric acid and sodium sulfate. Af- 
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ter concentrating by evaporation, the liquor is 
cooled to crystallize boric acid. 
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HO 
CH, 
Ci CCH, CHO, 
CH, 


3-Chloro-2-hydroxy-5-isooctylbenzenemethanol 
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Figure 49.3: Distribution of borate polyanion species in 
aqueous solution: В; = B;0,(OH);; B? = В,О(ОН);; B; 
= B,O,(OH);; Bi = B,O,(OH), [243]. 
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49.9 Aqueous Borate 
Solutions 


Dilute borate solutions contain only mono- 
meric species. Solutions of boric acid below 
0.1 M contain monomeric boric acid mole- 
cules, B(OH),, and solutions of metaborate 
salts contain monomeric metaborate ions, 
B(OH);. Solutions made from mixtures of bo- 
ric acid and metaborate salts contain a mixture 
of B(OH), molecules and B(OH); ions. 


` Polymeric boraté anions form in more con- 
centrated borate solutions. In addition to mo- 
nomeric B(OH), and B(OH);, concentrated 
borate solutions contain the  polyions 
B,0,(OH),, B,0,(0H)7, B,O«OH), and 
B,0,(OH); (Figure 49.3). These polyion spe- 
cies are all in rapid dynamic equilibrium and 
their distribution is dependent on ће Na,O- 
BO. molar ratio, temperature, and borate salt 
concentration, but is essentially independent 
of the cation [249]. 
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The pH of borate salt solutions varies with 
both concentration (see Table 49.11) and tem- 
perature as a consequence of these polyions. 
At the isohydric point the pH value is indepen- 
dent of borate concentration. This occurs at a 
pH of 8.9 and a №а,О-В,О, molar ratio of 
0.41 for a sodium borate solution. Borate solu- 
tions with a Na,O-B,O, molar ratio less than 
0.4 become more acidic at higher concentra- 
tions, whereas solutions with a Na,O-B,O, 
molar ratio greater than 0.4 become more al- 
kaline with increasing concentration (Figure 
49.4). Borax, with a Na,O-B,O; molar ratio of 
0.5 makes an excellent buffer solution. 





0 
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Figure 49.4: pH values in the system Na,O-B,O,-H.O at 
25°С [250]. 
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. 49.10 Sodium Borates 


The lack of a uniform system of nomencla- 
ture for naming metal borate salts has led to 
ambiguities in the past. Today metal borates 
are most commonly described by an empirical 
formula with the number of cations and boron 
atoms in the simplest stoichiometric units. The 
descriptive name is derived from this formula. 
In addition, an oxide formula is also in com- 
mon use with the derived portions of metal ox- 
ide, boric oxide, and water in the simplest 
molar ratio. Many metal borates are also de- 
scribed using the mineral name, e.g., tincal for 
borax, Na,B,0,-10H,O. Although useful for 
cataloging metal borates these formulas give 
no indication of the molecular structure of the 
borate anion found in the solid crystals. The 
solubilities of the borates descnbed in this 
chapter are summarized in Table 49.12. Of the 
sodium borates discussed, only borax decahy- 
drate and borax pentahydrate are sold in large 
commercial volume. 


Sodium tetraborate decahydrate, borax, tin- 
cal, Na,O-2B,0,-10H,;O ог Na,B,0O,- 
10Н,О, crystals are odorless, white, mono- 
clinic prisms with a relative density of 1.715. 
Based on the crystal structure, borax is best 
represented by the formula Na,[B,0.(OH),]- 
8H,O, with 2 mol of water existing as hy- 
droxyl groups and 8 mol as water of crystalli- 
zation [251]. The water in borax can be 
maintained at exactly 10 mol by storage in a 
closed container with a relative humidity pro- 
duced by a solution saturated in both sucrose 
and salt [252]. 


Borax decahydrate slowly dehydrates at 
ambient conditions, depending on the relative 
humidity, to a water content of about 7 mol. 
The dehydration path is dependent on the ther- 
mal history of the sample [252]. Freshly сгуѕ- 
tallized borax previously heated to about 
50 °C has a vapor pressure of 1.33 kPa at 
19.8 °C and follows a stable dehydration path. 
That is, it dehydrates reversibly to borax pen- 
tahydrate at ambient temperature with a heat 
- of dehydration of 54.17 kJ/mol. Further dehy- 
dration under vacuum produces an amorphous 
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product containing 2 mol of water. Freshly 
crystallized borax decahydrate maintained be- 
low 50 °C has a vapor pressure of only 0.22 
kPa at 20 °C and follows an unstable dehydra- 
tion path. At ambient pressure and tempera- 
ture over H,SO, it undergoes irreversible 
dehydration leading directly to the amorphous 
hydrate (2 mol H,O), bypassing borax pen- 
tahydrate. This hydrate can rehydrate first to 
borax pentahydrate and then to borax decahy- 
drate. 

Borax heated in a closed container melts in 
its own water of hydration at about 60 °C. Bo- 
rax loses 5 mol of water by heating from 50 to 
100 °C and loses an additional 3 mol up to 
160 °С (determined by thermal gravimetric 
analysis). The remaining 2 mol of water are 
slowly lost during heating to about 400 °С. 
Anhydrous borax fuses at 742 °C forming a 
clear glass. | 

Rapid heating of borax decahydrate causes 
puffing [253]. Puffed borax consists of small 
glassy hollow spheres with a void volume as 
high as 90% and a bulk density of about 0.07 
g/cm? 

Borax has a heat of formation of —6264.3 
kJ/mol [254], and a specific heat of 1.611 kJ 
kg !K"! at 25-50 °С [255]. 

Borax decahydrate crystallizes from aque- 
ous solution below 60.8 °C, the decahydrate- 
pentahydrate transition temperature (Figure 
49.5). This transition temperature is lowered 
by addition of either boric acid or sodium hy- 
droxide [256]. In a solution saturated with so- 
dium sulfate this transition temperature drops 


to 49.3 *C; with sodium chloride it drops to 


39.6 °С; and when saturated with sodium 
chloride and potassium sulfate it drops to 
35.5 °C. The solubility of borax in organic sol- 
vents is shown in Table 49.13. 

The pH value of a borax solution increases 
slightly with increasing concentration (Table 
49.11), and drops slightly with increasing tem- 
perature [257]. 


Sodium tetraborate pentahydrate, tincalco- 
nite, Na,O-2B,0,:5H,O or №,В,О,:5Н,0, 
crystals have rhombohedral symmetry and re- 
semble octahedra; their relative density is 
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1.880. This pentahydrate has the same polyan- 
jon structure as borax decahydrate and is best 
represented by the formula Na;[B ООН) DL 
ЗН,О, with 3 mol of water of crystallization 
and 2 mol of water exisüng as hydroxyl 
groups. Pure borax pentahydrate actually con- 
tains 4.75 mol rather than 5.0 mol of water be- 
cause of apparent vacancies in the crystal 
structure [258]. | 

Вогах pentahydrate rapidly crystallizes 
from aqueous solution above 60.8 *C (F igure 
49.5). Solid pentahydrate in equilibrium with 
its saturated solution is metastable to kernite at 
all temperatures above 58.2 °C. When a-solu- 
tion saturated with borax pentahydrate is 
heated for one day or more, kernite crystals 
slowly form [259]. The solubility of tincalco- 
nite in organic solvents is shown in Table 
49.13. 
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From thermogravimetric analysis 3 mol of 
water are lost on heating borax pentahydrate at 
160 °C. The last 2 mol are slowly lost up to 
about 400 ?C. Pentahydrate dehydrates revers- 
ibly to an amorphous dihydrate on heating at 
80 °C and 0.3 kPa pressure or at 140 °C in air. 


Like borax decahydrate, borax pentahy- 
drate puffs when rapidly heated [253]. 


The heat of formation for borax pentahy- 
drate is 24784 kJ/mol [254] and the specific 
heat is 1.318 kJkg ! K^! [255]. 


Production. Refined borates are almost ex- 
clusively produced as a sodium salt, with a mi- 
nor amount of potassium salt and even smaller 
amounts of lithium and ammonium salts. 


The largest source of refined sodium borate 
products in the world is currently located at 
the U.S. Borax mine and refinery in Boron, 
California. 
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Figure 49.5: Solubility versus temperature curves for borate hydrates [256]. 
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Sodium borate ore consisting primarily of 
tincal and clay is crushed, mixed with Trona, 
and dissolved in weak liquor at 100 °C. The 
coarse gangue is separated on a screen and 
strong liquor and fine insolubles are trans- 
ferred to a primary thickener. Clarified strong 
liquor is used to produce borax pentahydrate 
in continuous vacuum crystallizers at a tem- 
perature above the borax penta-decahydrate 
transition temperature of 60.8?C. Borax 
decahydrate product crystallizes below this 
transition temperature. Crystals are filtered us- 
ing a continuous centrifuge and dried in rotary 
driers. Borax crystals are washed with a weak 
boric acid solution leaving a very thin surface 
coat of pentaborate, which inhibits caking. 
Thickened underflow from the primary thick- 
ener is washed in a countercurrent fashion 
through four thickener stages with progres- 
sively weaker liquor in each stage. Fresh water 
is added to the last stage thickener. Liquid ef- 
fluent is pumped to sealed solar ponds. The 
plant B4O, capacity is 2030 t/d. 

Calcium and sodium calcium borate ores 
were once a major source for borax produc- 
tion, but since the discovery of the high-grade 
borax deposit in California they are of less im- 
portance. Ulexite (Na,O-2CaO -5B404: 6H40) 
is preferred over calcium borates and borosili- 
cates because less alkali is required and less 
insoluble calcium salts are produced. Ulexite 
(са. 38% B,O,), which is finely ground and 
preferably calcined at 390 °C, is heated with 
aqueous sodium carbonate and sodium hydro- 
gen carbonate to a near boil for several hours. 
The insoluble calcium carbonate is filtered ` 
and borax crystallized from the mother liquor 
in about 91-96% yield. 

Borax is recovered from upper lake brines 
by Kerr McGee at Searles Lake in California 
by heating and evaporating water to precipi- 
tate NaCl, Na,CO,, and Na,SO,. The hot li- 
quor, which is nearly saturated in KCI, is then 
rapidly cooled in a vacuum crystallizer to pre- 
cipitate KC]. The cool mother liquor, which is 
supersaturated with borax, is treated with 
NaHCO, to crystallize crude borax pentahy- 
drate. This crude material is washed with brine 
and recrystallized as either borax deca- or pen- 
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tahydrate. In a carbonation process borax is re- 
covered from the lower brines by treatment 
with purified flue gas, causing NaHC О, to 
precipitate. The filtrate is neutralized with raw 
brine and cooled to crystallize crude borax. 

A very pure grade of borax can be produced 
by reacting refined boric acid with hot NaOH 
solution and crystallizing the resulting borax. 


Anhydrous sodium tetraborate, anhydrous 
borax, Na,0-2B.0, or Na;B,O;. Fused borax 
forms an amorphous glass when rapidly 


cooled (density 2.36 g/cm?) When slowly 


cooled orthorhombic crystals (a-form) are ob- 
tained. A B- and y-form also exist [260]. The 
a-form is the most stable form with а congru- 
ent melting point at 742.5 ?C. Its heat of for- 
mation has been calculated as —3290 kJ/mol 
[261], and its vapor pressure is 0.73 kPa at 
1200 °C, 1.73 kPa at 1250 °C, and 3.39 kPa at 
1300 °С. Anhydrous borax dissolves more 


slowly in water than hydrated forms, giving . 


off a large amount of heat; heat of hydration is 
161 kJ/mol. The integral heat of solution in 
water to give a 2.5% solution is —192.6 J/g at 
51.5 °C and 190.5 J/g at 60 °C. The solubility 
in several organic solvents is shown in Table 
49.13. 

The melt attacks most refractories at 
800 °C. Many metal oxides are soluble in bo- 
rax glass giving characteristic colors. Anhy- 
drous borax reacts with carbon at 1200 °C in 
the absence of oxygen to form B,C, and 
Na.C,, and reacts with metallic sodium to 
form elemental boron. 

Production. Anhydrous borax is produced 
commercially by dehydration of hydrated so- 
dium tetraborates in large fusion furnaces to 
form a borate glass. Anhydrous borax melts at 
742 °C and this melt readily supercools to an 
amorphous glass. A crystalline form can be 
obtained by prolonged annealing or by seed- 
ing. The melt is very corrosive to furnace re- 
fractories and methods have been devised to 
keep borax away from the furnace walls [262]. 


Sodium metaborate tetrahydrate, Hai: 
B,0,:8H,O or NaBO,-4H,0, crystals are tri- 
clinic with a density of 1.743 g/cm?. From X- 
ray studies the structure is best represented by 
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the formula NaB(OH),:2H.0,. containing 
B(OH); ions [263]. Crystals begin to melt in 
their own water of hydration at 53.5 °C. At 
low humidity water is lost forming the dihy- 
grate. By differential thermal analysis (DTA) 
1 mol of water is lost at 130 °C, a second at 
140 °C, and a third at 280 °C; the remaining 
water is slowly lost up to 800 °C. Heat of hy- 
dration is 52.51 kJ/mol. | 

Sodium metaborate tetrahydrate is the sta- 
ble solid phase in contact with its saturated so- 
lution between 11.5 and 53.6 °C. Solutions are 
easily supersaturated. Both crystals and solu- 
tions absorb carbon dioxide from air forming 
borax and sodium carbonate. The pH of aque- 
ous solutions increases with concentration 
(Table 49.11). 

Production. Sodium metaborate tetrahy- 
drate is made commercially by crystallization 
(< 30°C) from a solution containing borax 
and a slight excess of sodium hydroxide. 

A solution of sodium metaborate, prepared 
from borax pentahydrate and sodium hydrox- 
ide, is reacted with hydrogen peroxide on a 
large commercial scale to produce sodium 
perborate —tetrahydrate, Nep, AHA) ог 
Na,0-B,04:2H,0,:6H,O0, containing about 
10% available oxygen. Sodium perborate 
crystallizes in transparent monoclinic crystals, 
which are comparatively stable in air [264], Its 
aqueous solution slowly decomposes; decom- 
position is accelerated by catalysts or elevated 
temperature. 
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Sodium metaborate dihydrate, Na,0-B,0,° 
4H,O or NaBO,-2H,0, crystals are triclinic 
with a relative density of 1.909. The dihydrate 
is crystallized from aqueous solutions at 53.6- 
105°C.’ When solutions are cooled rapidly 
very small needles, which are difficult to filter, 
form. Large platelike crystals form over sev- 
eral days during slow crystallization at 54— 
80 °C [265]. 
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Sodium metaborate dihydrate slowly loses 
water at ambient temperatures and becomes 
sticky when heated. The heat of dehydration is 
58.2 kJ/mol [266]. A monohydrate can be pro- 
duced by dehydrating the dihydrate or by crys- 
tallization from highly basic solutions above 
40°C. Anhydrous sodium metaborate, 
NaBO,, formed by heating to 350 °C, is very 
hygroscopic. At 966°C it melts forming a 
clear glass. : 


Sodium pentaborate pentahydrate, sborg- 
ite, Na,0:5B,0,4:10H,0 or №аВ,0,:5Н,0, 
crystals are triclinic with a density of 1.713 
g/cm?, The heat capacity, heat content, and en- 
tropy and other thermal functions have been 
reported from 0 to 345 K [267]. 

Sodium pentaborate is stable in contact 
with its saturated solution between 2 and 
50.5 *C. Below 2 ?C borax forms, and above 
59.5 °C, 2Na,0-9B,03°11H,0, Taylor's bo- 
rate (d 1.903), slowly crystallizes if seeds are 
present. Supersaturated aqueous solutions. of 
Taylor's borate easily form up to the boiling 
point. Still lower hydrates of 4, 2, 1, and 0 mol 
of water crystallize at temperatures above 
100 °C under pressure [268]. 

Production. Sodium pentaborate can be 
made by gradually heating borax and boric 
acid (1:6 molar ratio) in a rotary drier from 30 
to 66 °C [269]. It is also made by spray drying 
a borate solution of the appropriate composi- 
tion. 


Disodium octaborate tetrahydrate, Na,O- 
4B,0,:4H;0 or Na,B,0,3°4H,0, is a spray- 
dry product. It is an amorphous solid, and is 
sold under the trade name Polybor; boron con- 
tent is high (67.1% B,O,), as is solubility in 
water. It is easily dissolved in cool water to 
give supersaturated solutions of considerable 
concentration. Above 60 °C, concentrated so- 
lutions become quite viscous. In aqueous solu- 
tion the pH decreases with concentration 
(Table 49.11). 


Disodium tetraborate tetrahydrate, kernite, 
Na,0-2B,0,:4H,0 or Na,B,0,°4H,0, forms 
monoclinic crystals (d 1.908) consisting of in- 
finite linear chains of the  polyanion 
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[B,O«OH),]2 made up of fused six-mem- 
bered nngs [270]. The heat of formation at 
24 °C is -4489.0 kJ/mol [254]. Crystal cleav- 
age forms long fibrous needles. 


Borax pentahydrate is metastable to ker- 
nite when in contact with its saturated aqueous 
solution above 58.2 °C (Figure 49.5). How- 
ever, the rate of crystallization and of dissolu- 
tion of kernite is very slow compared to borax 
pentahydrate. Calcined kernite dissolves at a 
considerably faster rate compared to the tet- 
rahydrate. 


Кепше hydrates irreversibly to borax 
decahydrate under ambient conditions. It de- 
hydrates reversibly to the dihydrate, metaker- 
nite, over DO. in a vacuum or by heating at 
100-120 ?C. Further dehydration by heating 
to 190°C causes irreversible dehydration 
forming an amorphous monohydrate. Rehy- 
dration of this monohydrate forms borax 
penta- and decahydrate. 


Heating kernite to 180 °C results in the loss 
of 3 mol of water (DTA). The last mole of wa- 
ter is slowly lost up to 400°C. > 


49.11 Other Metal Borates 


49.11.1 Calcium and Calcium 
Sodium Borates 


Calcium and calcium sodium borates are 
next to sodium borates in commercial impor- 
tance. This includes the minerals colemanite, 
ulexite, and probertite. 


Colemanite, 2CaQ-3B,03°5H,O or 
Ca4B40, :5H50, is the most widely occurring 
calcium borate mineral. Crystals of pure cole- 
manite are monoclinic with a relative density 
of 2.42 and heat of formation of —3469 kJ/mol. 
Its crystal structure is represented by the for- 
mula Ca,B,0,(OH),°2H,O and is made up of 
polymeric chains of [B,0,OH),]* anions 
[271]. The solubility in water at 25 °C is about 
0.18% as B,O, and 0.38% at 100 °C. At about 
350 °C, colemanite decrepitates violently los- 
ing all its water of hydration. 
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Ulexite, 
М№аСаВ,О,:8Н,О, forms triclinic needles 
with a density of 1.955 g/cm’. The crystal 
structure consists of discrete pentaborate rings 
and is represented by the formula 
NaCaB.0,(OH),: 5Н,0 [272]. By DTA ulex- 
ite dehydrates losing 4 mol of water at 70— 
90 °С, and another 8 mol between 100 and 
120 °C; the remaining water is gradually lost 
up to about 400 °C. 

The solubility of ulexite in water is about 
0.49% as NaCaB,O, at 25 °C. Calcination at 
200—500 °C increases the solubility to 9-13 
g/L [273]. 

Ulexite can be prepared by reacting borax, 
calcium metaborate, and water at 20 °С for 
119 d or at 40 °C for 60 d [259]. Also moist- 
ened probertite heated at 80—100 °C forms ul- 
exite in about four weeks [274]. 


Probertite, Na,O-2CaO-5B404:10H,O ог 
NaCaB;0,:5H5O, exists as monoclinic crys- 
tals with a density of 2.14 g/cm?. It has a crys- 
tal structure of NaCaB,O;(OH),:3H;O and is 
made up of pentaborate rings linked in poly- 
meric, chains [272]. Probertite is a commonly 
found scale in borax refineries. By DTA 2 mol 
of water are lost at about 100 ?C, 4 mol more 
between 100 and 180 ?C, and the last 4 mol 
are slowly lost up to 400 ?C. Probertite can be 
prepared by heating borax and calcium metab- 
orate for 8 d at 105 °C [229]. 


49.11.2 Lithium, Potassium, and 
Ammonium Borates 


Borates of lithium, potassium, and ammo- 
nium are of much smaller commercial volume 
than those described in Section 49.11.1. 


49.11.2.1 Lithium Borates 


Lithium metaborate octahydrate, 11,0: 
B,O,°16H,0 or LiBO,-8H,O, with a trigonal 
crystal structure, is the stable solid in contact 
with saturated aqueous solutions below 
36.9°C [275]. Heating the crystals causes 
rapid loss of 6 mol of water below 70 °C, 
forming orthorhombic crystals of a dihydrate, 
Li,0-B,0,°4H,O or LiBO,:2H,0, with a 


Na,0-2CaO-5B,03°16H,O o 
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density of 1.825 g/cm?. This dihydrate is the 
stable solid in contact with its saturated solu- 


tion above 36.9 °C. 


Lithium pentaborate pentahydrate, Luo: 
5B,0,: 10H;O or LiB;O,'5H;O, has ап incon- 

‘ent solubility reported as both < 37.5°C 
and 40.5 °C. By DTA the solid loses 3.7 mol 
of water when dehydrated between 110 and 
200 °C and an additional 0.8 mol are lost up to 
300 °C; it becomes anhydrous at 450 eC, 


Dilithium  tetraborate trihydrate, 11,0: 
2B.0,:3H;0 or Li,B,O7-3H20, has a density 
of 1.88. g/cm. When crystallized from an 
aqueous solution, a variety of hydrates form; 
when boiled the trihydrate forms (275]. Dehy- 
dration occurs at 260°C and fusion at about 


890 °C. 


49.11.2.2 Potassium Borates 


Potassium tetraborate tetrahydrate, К.О: 
2B,0,°4H,O or K4B,0,:4H40, is the most 
common of this class. Crystals are orthorhom- 
bic, having a relative density of 1.92 and a bo- 


vote anion structure similar to borax [276]. The 


solid loses 2 mol of water between 112 and 
180 °С, with a heat of dehydration of 86.6 
kJ/mol; the last 2 mol are gradually lost be- 
tween 180 and 420°C. Potassium tetraborate 
is more soluble than the corresponding sodium 
tetraborate. In contact with its saturated Solu- 
tion above 56 °C, itis metastable to tetrapotas- 
sium decaborate pentahydrate, 2K,0-5B,05- 
5H.O or Auger's potassium borate. This Au- 
ger's form is very slow to.crystallize in the ab- 
sence of seed. The pH value of aqueous 
potassium tetraborate solutions increases 
slightly with concentration (Table 49.11). 

Potassium tetraborate can be crystallized 
from aqueous solutions of potassium hydrox- 
ide and boric acid with a B,0;-K,O molar ra- 
tio of 2.0. It can also be crystallized from 
borax solutions by addition of potassium chlo- 
ride. , 


Potassium pentaborate, K,O:5B.O4:8H;0 
or KB,O,:4H40, crystals are orthorhombic 
with a relative density of 1.74, mp 780 °C, and 
heat capacity of 330.5 Jmol'K™ at 298 К 
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[267]. The heat of dehydration is 110.8 kJ/mol 
between 106 and 134 ?C. Potassium pentabo- 
rate is less soluble than the sodium analog. 
The pH value of its aqueous solution de- 
creases with concentration (Table 49.11). Po- 
tassium pentaborate can be crystallized from a 
solution of potassium hydroxide and boric 
acid with a B,O,-K,0 molar ratio of about 
5.0. 


49.11.2.3 Ammonium Borates 


Ammonium  pentaborate ` octahydrate, 
(NH44O-5B,0,:8H,;O or NH,B;0,°4H,0, 
exists in two crystalline forms: an orthorhom- 
bic a-form with a relative density of 1.567 and 
heat capacity of 359.4 Jmol?K" at 301.2 К, 
and a monoclinic Q-form. The crystal structure 
of ammonium pentaborate has the same borate 
ion (BOOT found in sodium and potas- 
sium pentaborates. Unlike diammonium tet- 
raborate the pentaborate is very stable to 
ammonia loss. At 150 °C all but 2 mol of wa- 
ter are lost, with less than 196 ammonia loss 
[250]. At 200 °C and 0.1 kPa one more mole- 
cule of water is lost with only 2% ammonia 
loss. | B 

Ammonium pentaborate tetrahydrate can 
be crystallized from an aqueous solution of 
ammonia and boric acid with a B,0;-(NH,),0 
molar ratio of 5.0 [277]. To determine its solu- 
bility in water, long equilibration Des are re- 
quired. For this reason ‘solubility data 
published prior to 1966 are suspect [278]. The 
pH value decreases with solution concentra- 
tion (Table 49.11). [ 


Diammonium  tetraborate tetrahydrate, 
(NH,),0:2B,03°4H,0 or (NH,)2B,0;° 4H,0, 
has a crystal density of 1.58 g/cm’. The solid 
is somewhat unstable, with an appreciable va- 
por pressure of ammonia at ambient pressure 
and temperature. It is crystallized from a solu- 
tion of ammonium hydroxide and boric acid 
with a B,O,-(NH,),0 molar ratio of about 2.0. 
Aqueous solutions up to 10% concentration 
have an invariant pH of 8.8. The crystal struc- 
türe can be described by the formula 
(NH,)B,05"(OH)4°2H,0 [279]. 
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Other metal borates are of comparatively 
smaller commercial volume. They are gener- 
ally prepared by reacting an aqueous solution 
of boric acid or alkali metal borate with a 
metal oxide or soluble metal salt. 


49.11.3 Zinc Borates 


Several hydrates of zinc borate are known. 
These include 2ZnO0-3B,0,-3.5H,O or ZB 
2335, which has a crystal density of 2.69 
g/cm? and thermal stability to dehydration up 
to 290—300 °C [280]. It is made commercially 
from an aqueous boric acid solution with zinc 
oxide above 70 ?C in the presence of product 
zinc borate seed. An induction period of 1~2h 
1s followed by a highly exothermic reaction. 


A zinc borate of composition 
2ZnO-3B40,:7 to 7.5H,0 or ZB 237, has a 
crystal density of 2.44 g/cm’, and, from its X- 
ray structure, has the formula 
Zn[B,0,(OH),]-H,O [281]. Six mol of water 
are lost when ZB 237 is heated from 120 to 
170 *C. 


The nine hydrate, 27п0:3В,0;:9Н,О or 
ZB 239 is made using the same conditions as 
for ZB 2335 below 70 °C. 


The zine borate, ZnO-B,0,-2H,O or ZB 
112, is thermally stable to dehydration up to 
190 °C. Several hydrated zinc borates are of 
commercial importance as fire retardant and 
smoke suppressant agents for polymers and 
coatings, most notably in PVC, halogenated 
polyesters, and nylon. For example, ZB 2335 
is sold under the trade name Firebrake ZB or 
ZB 2335 (U.S. Borax & Chemical Corp., 
USA); it has a mean particle size of 5-10 pm. 
Its high-thermal stability is an important phys- 
ical property because of the high temperatures 
required in some plastic processing. The zinc 
borate ZB 112 is sold by Humphrey Chemical 
Co. (USA) and Storey Brothers (U.K.). In ad- 
dition Humphrey sells zinc borates described 
as ZB 235 and ZB 237, which are prepared by 
dry mixing boric acid with zinc oxide. The re- 
sulting product is actually a mixture of zinc 
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borate 2210 :3B,0,:9H,O or ZB 239 and un. 


reacted starting materials. 


49.12 Borate Glasses 


Various alkali-metal oxides, when fused 
with boric oxide, form a viscous melt, which 
on supercooling readily forms glasses. Mix- 
tures of alkali-metal borates, boric acid, and 
alkali-metal carbonates or hydroxides can be 
used. Many physical properties of these 


` glasses have maxima and minima with in- 


creasing alkali-metal oxide to borate ratio. 
This has been termed the boron anomaly, and 
has been observed in such properties, as vis- 
cosity, density, thermal expansion, and heat 
content [264]. This anomaly has been shown 
to be a result of structural changes in the glass, 
and of the variation in proportion of tetrahe- 
dral coordination of the boron in BO, groups 
and trigonal coordination in BO, groups. 


The viscosity of Na,O-B,O, and K,O- 
В.О» glass has a maximum value at 20—25 
mol% metal oxide below 900 °C [282], and 
the density increases from 1.85 g/cm? in pure 
В.О; to a maximum of 2.36 in mixtures con- 
taining 27-33 mol% metal oxide at 900 °C 
[283]. Maximum hardness is achieved with a 
composition of 25% М№а,О [284]. Thermal ex- 
pansion reaches a minimum up to about 13 
vol% Na,O. The index of refraction (715) is 
1.48 at 6 vol% Na,O, and 1.51 at 24 vol% 
Na,0. 


Silica is quite soluble in molten sodium bo- - 


rate, giving a viscous liquid. The use of boric 
oxide in silica glass imparts many desirable 
properties. Borosilicate glass approaches the 
desirable properties of quartz glass, except the 
melting range and workability of the glass 
melt is significantly improved. Addition of 
boric oxide to alkali-metal silicate glass im- 
parts increased hardness and decreased expan- 
sivity, lowers the melting range, and increases 
furnace production and durability of the glass. 
In ceramic glass, DO. improves resistance to 
weathering and chemicals. | 
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49.13 Miscellaneous Data for 


49.13.1 Quality Specifications 


ificati boric oxide, bo- 
Product specifications for b : 
ric acid, and borax are listed in Tables 49.14 


and 49.15. 


49.13.2 Uses 


` The glass and ceramic industry in the 
United States consumes about one-half of the 
total domestic B,O3. This includes borosili- 
cate glasses, insulation fiberglass, textile fi- 
berglass, porcelain enamels, and ceramic 
glazes. The largest market is for insulation fi- 
berglass, with typically 5-7% of contained 
В,О; from borax pentahydrate, ulexite, or 
probertite, whereas textile fiberglass typically 
has 8-996 of contained DC, from boric acid 
or colemanite. Borosilicate glass has 12-15% 
of contained В.О; largely from borax pen- 
tahydrate. Borates are used as a flux in the 
manufacture of porcelain enamels and ce- 
ramic glazes. Of the total United States do- 
mestic В„О» consumption, about 15% is used 
in the form of boric acid and metal borates as 


fire retardants in cellulosic insulation апа 


plastics; 4% as soluble borates in agriculture 
as a fertilizer to amend boron-deficient soils 
and as a herbicide at high dosages; 10% from 
borax decahydrate and sodium perborate for 
cleaning and bleaching of laundry products; 
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and 2% as corrosion inhibitors in aqueous sys- 
tems, especially automotive antifreeze. 

In Western Europe about one-half of the 
B,O, is used in the manufacture of glass-re- 
lated products. Sodium perborate accounts for 
about one-third of the total boron consumption 
as a bleach in high-temperature laundry prod- 
ucts. 

In Japan 70% of В.О» consumption is used 
in glass-related products. . 

Other minor uses of boric acid and metal 
borates are listed below. 

e Boric acid 

— Flux in welding and brazing 

— Bacteriostat and fungicide 

— NF grade as a mild, nonirritating antisep- 

tic 

— Cockroach control 

— Protection of wood products against in- 

sect damage 

— Use in nuclear reactor cooling water 

— Manufacture of refractories and abrasives 


— Catalysts for air oxidation of hydrocar- 
bons 


Table 49.14: Specification for commercial B,O,. 


% Maximum * Typical 

MEG ү 00057 7 
SiO, 0.21 0.15 

ALO 0.14 0.08 

Fe.O, 0.02 0.009 

CaO -0.03 0.013 

MgO 0.15 0.05 

SỌ, 0.41 <0.20 


fett E 


Table 49.15: Maximum specifications for grades of boric acid, borax, and borax pentahydrate. 





Table 49.15: Maximum speci ic БАСЕ 
Boric acid ) Borax Borax pentahydrate 
technical ^ special quality technical ` special quality technical 
.9 

—Na4B4,0,- 10H,O > 99.5 > 99.9 > 99.5 >99 
D ОРА 0.10 0.00015 0.06 0.0001 0.08 
PO, — ` 0.001 0.001 0.001 — 
Ci ` 0.01 0.00004 0.07 0.00004 0.05 
Fe,0, 0.0007 0.0002 0.003 0.00028 0.004 
Heavy metals as Pb 0.0002 — 0.001 = 
Mn З — 0.0001 — = 
As — 0.0005 — 0.0002 — 
Ca = 0.005 foo 0.005 — 
Na — 0.001 | — — — 
Water insolubles — 0.001 ; 0.02 0.001 


Water eier 00% оо о 
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o Sodium borates, Calcium borates 
~ Manufacture of refractories and abrasives 
~ Metallurgical flux (smelting) 
— Neutron absorber in nuclear reactors 
e Sodium metaborate 
~ Photographic chemical 
~ Herbicides 
~ Detergents and cleansers 
~ Textile-finishing compounds 
— Adhesives 
e Potassium borates 
— Nonsodium alkaline borate source 
— Lubricant component | 
— Solvent for casein 
— Weiding and brazing flux for stainless 
steels and various nonferrous metals 
e Ammonium tetraborate 
- Nonalkaline metal borate source 
e Ammonium pentaborate 


— Component in electrolytes for electrolytic 
capacitors 


— Flameproofing formulations 
— Paper coating 

e Lithium meta- and tetraborates 
~ Glass-making 

e Barium borates 
— Fire retardants 


~ Mildew inhibitor in latex, paints, plastics, 
textile, and paper products 


— Preservative in protein-based glues 
e Copper metaborate 
~ Rot and mildew inhibitor 


— Fungicide in lumber and other cellulosic 
materials 


— Oil pigment 
e Manganese borate 
— Printing ink drier 


49.13:3 Economic Aspects 


The estimated world reserves of borate 
minerals and world production of boron prod- 
ucts for 1980 through 1982 are listed in Table 
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49.16. Of the total world borates the United 
States produces 6295, Turkey 29%, and all 
other sources 994, based on BO. World bo. 
rate consumption in the United States is 30% 
Western Europe 37%, Japan 5%, and al] other 
countries 28%. The European and Japanese 
borate requirements are served through ‘im. 
ports largely from the United States and Tur- 


key. Almost all B.O, production in Turkey and . 


about one-half the production in the United 
States is exported. 

Nearly 99% of the sales volume of borate 
products consists of borax pentahydrate, borax 
decahydrate, boric acid, boric oxide, anhy- 
drous borax, colemanite, and ulexite. Borax 
pentahydrate is the highest volume commer- 
cial borate, 

Until mid-1984, U.S. Borax exported a 
crude borax pentahydrate, trade name Ra. 
Sorite-46, containing less than 1% clay. This 
product is now exported without day as borax 
pentahydrate. Prices of the primary borate 
products are shown in Table 49.17. 


Table 49.16: Estimated world borate reserves and mine 
production (as B,O,). 


Reserves Production, kt 
Country 9 
kt 1980 198] 1982 


United States 70 000 710 670 550 


Turkey 70 000 339 320 320 
South America 35 000 — — — 
Argentina — — 30 27 
Chile — — I 4 
Peru — — 3 3 
Soviet Union 65 000 — 40 40: 
China 30 000 — 5 3 
World total 


270000 1049 1069 949 
Table 49.17: Borate prices [285]. | 


Product Su 

Borax, decahydrate, technical, granular, 

99.5%, bulk carlots 193* 
Borax, pentahydrate, technical, granular, 

99.5%, bulk carlots 222° 
Borax, anhydrous, technical, 99%, bulk 

carlots 622? 
Boric acid, technical, granular, 99.9%, 

bulk carlots 609? 
Tincal 148-185 . 
Ulexite 120-170* 
Colemanite, glass quality 255-325 
Colemanite, refining grade 160~190° 


*FOB (free on board) rail cars in California, United States. 
*FOB ship Bandirma, Turkey, 
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There has been a significant decline in pro- 

tion of anhydrous products because of the 
SCH crease in fuel costs. In addition there is 
ide use colemanite for the manufacture 
a 


of textile fiberglass. 


49.13.4 Toxicology and 
Occupational Health 


is ent in animal tissue at about 1 
He pe known essential biochemical 
Se [286]. Humans absorb about 10-20 
mg of boron in a normal daily diet, mainly 
from fruits and vegetables. Inhalation of boric 
acid and borate dust causes only кеше 
without permanent injury. It is not absor : 
when contacted with healthy skin, but ge e 
toxic when used on large areas of burne : 
abraded skin. The handling of boric acid an 
sodium borates is not generally considered 
ardous [289]. 
gc es has an acute oral D (rats) of 4 
g/kg; for borax the oral LD; (rats) is 6 g/kg. 
The TLV and MAK data are given in Table 
49.18 [287, 288]. $ 
Boron is an essential trace element in 
higher plant nutrition [290]. At high levels bo- 
ron becomes toxic, with damage manifested in 
deformation of leaves, which curl at the edge, 
often accompanied by necrosis. F ertilizers 
with calcium tend to reduce this damage 
[254]. | 
Table 49.18: Maximum concentrations in the work envi- 
ronment. 


TWA, STEL, MAK, 


Substance mg/m3 mg/m3 mg/m3 





Sodium tetraborates 
Anhydrous 
Decahydrate 
Pentahydrate 


Boron oxide 10 


ka ar = 


Bil 
alli 


49.14 Pigments 


49.14.1 Borosilicate Pigments 


Borosilicate pigments usually contain cal- 
cium or zinc ions in a matrix of silicon dioxide 
and boron trioxide, x(Ca, Zn)-ySiO,:zBO,. 
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Aqueous slurries of this white pigment are al- 
kaline (pH > 9). Borosilicate pigments are гес- 
ommended as nontoxic alternatives to basic 
lead silicate. Their main field of application is 
in waterborne binders and electrodeposition 
coatings [291—293]. " | 

A trade name for calcium borosilicate is 
Halox CW291, -2230 (Halox Pigments, 
USA). 


49.14.2 Borate Pigments 


Banum metaborate, BaO-B,0,-H,O 
[294], and ‘zinc borophosphate, ZnO BD, 
yP,0,°2H,O, are colorless pigments. Their 
properties are listed in Table 49. 19. They both 
have a relatively high water solubility. Banum 
metaborate is coated with silica to reduce this. 


Table 49.19: Properties of metal borate pigments. 


Barium Zinc 
Property metaborate borophosphate 
Density, g/cm? ca. 3.3 2.8 
pH 9-10 8 
et е 0.4 1-1.5 
Use primer, topcoat primer 


The anticorrosive effects of these pigments 
depend mainly on their ability to maintain 
high pH values in the coating. They are most 
effective in the initial phase of corrosion pro- 
tection. The borate ion neutralizes acidic for- 
eign ions and binder decomposition products, 
but is also thought to act as an anodic passiva- 
tor, forming a protective film. The effective- 
ness of metal borate pigments in aqueous air- 
dried anticorrosive coatings is described in 

[295]. | 
The metal borate pigments are classified as 
having a relatively low toxicity [296, 297]. 
Examples of trade names are Butrol (Buck- 
mann Laboratones, USA) for barium metabo- 
rate and Sicor BZN (BASF, Germany) for zinc 
borophosphate. 
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50.1 Introduction 


Lithium (from the Greek word for stone, 
11909), A, 6.941, is the lightest element that is 
solid at normal temperature. Its natural iso- 
topes i; A, 6.015, natural abundance 7.42% 
and "Li, A, 7.016, natural abundance 92.58%, 
are not radioactive. The artificial isotopes *Li, 
8r i, and °Li have half-lives of 10 ?!, 0.855, and 
0.17 s, respectively. The electronic configura- 
tion of the free atom is 15? 251. The atomic ra- 
dius is 0.155 nm (in the metal), and the ionic 
radius is 0.086 nm [1]. 

Lithium is a member of group 1 of the peri- 
odic table and thus has a valence of 14. In 
many respects (e.g., the strong alkalinity of 
lithium hydroxide solutions and the reactivity 
of the metal) it has the character of an alkali 
metal, but it also exemplifies the diagonal re- 
lationship in the periodic table in its resem- 
blance to magnesium: the metal forms only 
the oxide on combustion (not the peroxide), 
and with nitrogen it forms the nitride directly. 
Lithium carbonate, fluoride, and phosphate 
are very slightly water soluble. In contrast to 


sodium chloride, lithium chloride is soluble in 
polar organic solvents such as methanol. 


50.2 History 


The lithium minerals petalite and spo- 
dumene were discovered between 1790 and 
1800 by José pg ANDRADA in an iron ore de- 
posit on the Swedish island of Utó. In 1817 
AUGUsT ARFVEDSON discovered the element 
lithium in this petalite deposit after finding 
discrepancies in his analytical values. BERzE- 
LIUs named the element lithion to indicate its 
occurrence in a stone. In 1818 Davy and 
BnawpÉ first prepared lithium metal in ex- 
tremely small amounts by electrolysis of lith- 
ium oxide with a voltaic pile. At about the 
same time, GMELIN discovered the red flame 
coloration produced by lithium salts. In 1825 
BerzeLws determined the lithium content of 
various mineral sources. The first preparation 
of the metal in gram quantities was achieved 
іп 1854 by Bunsen and МАТТНІЕЅЅЕМ by elec- 
trolysis of molten lithium chloride. 
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For a long time, lithium and its compounds 
were of only minor interest (e.g., in pharma- 
ceutical applications and as additives to 
glazes). Only after World War I did an appre- 
ciable demand for lithium develop, owing to 
its use in lithium-containing (0.0496) lead- 
based alloys (Bahnmetall) for bearings. This 
was the reason for the first industrial produc- 
tion of lithium carbonate and lithium metal in 
1923 based on the mineral zinnwaldite by the 
Hans-Heinrich works of the Metallgesell- 
schaft in Langelsheim, Germany. The avail- 
ability of lithium carbonate in tonnage 
quantities made its industrial use possible, at 
first mainly in the ceramic industry. In 1929, 
the Maywood Chemical Works in the United 
States began production of lithium metal and 
lithium compounds based on German know- 
how. Lithium production in the United States 
increased substantially during World War II 
due to the use of lithium hydride as a conve- 
nient source of hydrogen, especially for small 
balloons carrying transmitter aerials for emer- 
gency use by ships and aircraft in distress and 
by lifeboats. This has been followed in the last 
50 years by increasing use of lithium-based 
soaps in multipurpose lubricating greases for 
automotive and industrial use. A further up- 
surge in demand came from the nuclear indus- 
try: the isotope ‘Li yields tritium when 
subjected to a neutron flux. 

The world market for lithium and lithium 
compounds is now supplied mainly from pro- 
duction facilities in the United States, from the 
Salar de Atacama in Chile (Cyprus Foote Min- 
eral, formerly Foote Mineral, Lithium Corpo- 
ration of America), and from production by 
Chemetall GmbH (a subsidiary of Metallge- 
sellschaft), Frankfurt/Main in Europe. In addi- 
tion, China and the former Soviet Union 
export some lithium carbonate and hydroxide 
and, to a lesser extent, lithium chloride and 
lithium metal. The small production facilities 
in Japan are for domestic use only. Between 
1960 and 1964, lithium carbonate was pro- 
duced by Québec Lithium in Canada. Other 
minor producers of lithium carbonate and hy- 
droxide, e.g., Maywood Chemical Works, 
Montecatini in Italy, Rhóne-Poulenc in 
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France, and Associated Lead Manufacturers in 
the United Kingdom, have all since ceased 
production for economic or technical reasons, 


50.3 Properties 


50.3.1 Physical Properties 


Lithium, a silvery white metal, is the least 
dense of all known solids at room temperature, 
mp 180.54?C, heat of fusion 431.4 J/g, bp 
1342 °C. It has a very low Mohs hardness of 
0.6 and is therefore very easy to form. 

The density at 20 °C is 0.534 g/cm?, and the 
density of the liquid between 200 and 1600 °C 
is given very accurately by the equation [2] 

р = 0.515 — 1.01 x 107 (t — 200) 


The vapor pressure at the melting point is 
calculated to be 1.88 x 10 Pa, Between 800 
and 1400 °C, it is given by the relationship [2] 
logy = 10.4038 — 8283.1/T — 0.7081 logT 


The heat of vaporization is 22 705 J/g. The 
dynamic viscosity at 180.5 *C is 0.599 x 103 
Pa-s; between this temperature and 1000 ?C, it 
follows the equation [2] 
logn = 1.5064 — 0.7368logT + 109.95/T 


The surface tension с at the melting point is 
398 mN/m and, between 500 and 1600 °C, is 
given by [2] 

с =0.16(3550 — 7) —95 


The mean linear coefficient of thermal ex- 
pansion am between 273 and 368 K is 56 x 
10-5 K^, and the mean coefficient of cubical 
expansion B,, between 291 and 453 К is 180 x 
105 K7. Lithium melts with a volume change 
of *1.596. The volume of the molten metal be- 
tween 185 and 235 °C is given by [3] 


к= Kall + 174.106 x 10-5 (T — 453)] 

The specific heat cy of lithium metal be- 
tween 20 and 180 °C is 3.34.2 J/g. For the 
molten metal at 450 °C, a value of 4.2 Jg K^! 
is quoted. Between the melting point and 
421.8 *C, the following equation is valid: 


= 1.083 —2.00 x 1071 
and from 421.8 to 895.3 *C: 
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с = 1006 - 1.73 x 10? t 
Р 
itical data are as follows: 7, = 3223 + 
dos Kp = 68.9 MPa; У, = 66 + 19 mL/mol; 
and p, = 0.120 0.033 в/от? _ ge 
The thermal conductivity, in 7ш К, 
between 250 and 950 °C is given by 


№= 423+ 123х105, 

The enthalpy, in J/g, between 500 and 
1300 *C is given by [2] 
АН = 21.248 + 4.1902 x t — 21.658/t 

The ionization energy is 5.37 eV, and the 
electrode potential of the half cell (Li Li + 
e) is 3.024 V. 

Values in the range 0.23-0.31 nm have 
been quoted for the radius of the hydrated ion 


Metallic lithium has good electrical con- 
ductivity. The resistivity at O?C is 8.55 
uQcm; and between 200 and 1000 °C it is 
given by | р 
R= 18.33 +3.339 x 1091—6795 x 105 P? 


The electrical resistance increases with in- 
creasing density under pressure [3]. , 

Between —180 °С and the melting point, 
lithium crystallizes in a body-centered cubic 
system (а = 0.35 nm at 20 °C). At ca. 190 °C, 
an allotropic transformation of o-lithium into 


a hexagonal modification with densest close 


packing occurs. oe 

Very thin lithium films are reddish brown 
by transmitted light, a color similar to that ob- 
served with colloidal dispersions of lithium in 
inert liquids. Pure lithium vapor emits a red 
light. The arc spectrum of lithium between 
607.82 and 230.22 nm exhibits more than 42 
lines, the strongest of which is the red line at 
670.8 nm; the orange line at 610.3 nm is also 
excited in a Bunsen flame. The red spectral 
line at 670.8 mn can be used to detect lithium 
chloride in amounts as low as 1.26 x 10° mg. 


50.3.2 Chemical Properties 


Lithium metal is very reactive, though con- 
siderably less so than other alkali metals. The 
presence of sodium as an impurity, even in 
amounts of 0.5-1%, increases its reactivity, 
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e.g., for the formation of lithium alkyls from 
lithium metal and organic halides. 

A freshly cut surface of lithium metal has a 
silvery lustei. At room temperature in dry air 
with a relative humidity of less than 1%, the 
surface remains shiny for several days, al- 
though a very thin passive surface layer is 
formed that is hardly visible to the naked eye 
and consists mainly of lithium carbonate and 
oxygen-containing compounds [5]. Lithium 
metal can therefore be processed in dry air. 
However, in moist air a dull gray coating, con- 
sisting mainly of lithium nitride, lithium ox- 
ide, and lithium hydroxide, forms within a few 
seconds. If lithium ingots are allowed to re- 
main in contact with air for some weeks, the 
reaction with atmospheric nitrogen extends 
into the interior of the metal with the forma- 
tion of reddish brown lithium nitride and can 
lead to ignition. Even at room temperature dry 
nitrogen reacts slowly with lithium metal. 

Protective gases for lithium metal include 
the noble gases, dry carbon dioxide, or pure 
sulfur hexafluoride up to 225 °C. Mineral oil 
is also suitable as a protective medium. | 

Lithium burns with a very luminous white 
flame, forming a dense white smoke consist- 
ing mainly of lithium oxide; the flame temper- 
ature is almost 1100 °C. " 

Burning lithium metal reacts with silicates 
(e.g., sand and concrete) and carbon dioxide. 
These substances are therefore unsuitable as 
fire-fighting agents, as is sodium hydrogen 
carbonate. Powdered limestone (calcium car- 
bonate) and fire-extinguishing powders based 
on sodium chloride are suitable for fighting 
lithium fires. Another suitable material is 
Graphex (from the company CECA), a graph- 
ite-sulfate complex whose volume increases 
many times at high temperature, thereby effec- 
tively smothering the burning lithium. | 

Lithium reacts with water with formation 
of hydrogen, which ignites under normal con- 
ditions only if the metal is finely divided. Mol- 
ten lithium reacts explosively with water. 
Lithium reacts with hydrogen to form lithium 
hydride. This reaction is carried out on an in- 
dustrial scale at 600—1000 °C. Lithium reacts 
with gaseous ammonia at elevated tempera- 
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ture to form lithium amide. The vigorous reac- 
tion with halogens produces incandescence. 
Organic compounds containing active hydro- 
gen or halogen usually react with lithium to 
form the corresponding organolithium deriva- 
tive. 

Lithium also reacts with boron, silicon, 
phosphorus, arsenic, antimony, and sulfur 
upon heating. 

A suitable container material for molten 
lithium metal is low-carbon steel, which has 
good resistance up to ca. 700 °C. Because lith- 
ium reacts with carbides, carbon-steel vessels 
in contact with liquid lithium are destroyed by 
decarburization. Up to 1000 °C, niobium, tan- 
talum, or molybdenum can be used; nickel is 
satisfactory up to 225°C. Aluminum, cal- 
cium, magnesium, silver, platinum, and gold 
are attacked by molten lithium. 

Lithium metal dissolves readily in liquid 
ammonia, the concentration of the saturated 
solution at —33.2 °C being 9.8%. A saturated 
solution of lithium in ammonia has a density 
of 0.477 g/cm? at 19 °C, and is thus the light- 
est known liquid at this temperature, The con- 
centrated solution has a bronze color, whereas 
dilute solutions show the blue color typical of 
alkali metals. Solutions of lithium in ammonia 
are used to produce lithium acetylide and for 
Birch reductions in organic chemistry. 


50.4 Occurrence 


Lithium is present in the earth’s crust to the 
extent of ca. 0.006%; it is the 27th most abun- 
dant element. Approximately 150 lithium 
minerals are known. Lithium enrichment in 
minerals took place in geological time by the 
fractional crystallization of molten magma. 
Lithium migrated to the low-viscosity molten 
phase which eventually solidified as pegma- 
tite. Sometimes lithium ore deposits are also 
formed in the pneumatolytic phase, as shown 
by the frequent association of lithium minerals 
with pneumatolytically formed cassiterite. 
Typical examples of this are provided by the 
spodumene deposit at Manono in Zaire and at 
Kamativi in Zimbabwe. The lithium found in 
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mineral water sources in magmatic zones was 
probably formed in a similar manner. 

The four most important lithium minerals 
are amblygonite, spodumene, petalite, and 
lepidolite. Of these, spodumene and petalite 
are used directly in the form of ores or concen- 
trates, especially in the glass industry, whereas 
spodumene concentrate is used in the produc- 
tion of lithium carbonate. 

Natural brines with a high lithium chloride 
content, which are the end result of a natural 
leaching and evaporation process, are also im- 
portant in the industrial production of lithium. 
Given the technology currently available, sea- 
water, which has a lithium content of only ca. 
0.17 ppm, cannot be regarded as a viable raw 
material for economic lithium production. 


50.4.1 Minerals 


Analytical data for the commercially im- 


portant lithium minerals are given in Table 
50.1. 


Table 50.1: Typical analyses of lithium minerals, 96. 


Spo- Spo- 
Ambly- dumene dumene, 4, Lepido- 
gonite concen- glass- Petalite "te 
trate grade 
Li,O min.7  min.7 min.4.8 min.4 min.3.5 
K,O ca 0.2 ca 0.7 0.12 ca0.2 8-12 
NaO 0.4-1.1 0.5-0.8 0.09 0.4-1.4 0.3-1.1 
ALO, 34-37 26-29 17-18 16-18 20-28 
810, са. 2.5 60-65 74-80 74-78 49-55 
Е са. 3.5 са. 0.2 тах. 0.1 са. 0.1 4—6 
FeO, са 0.2 0.5-2 0.1-0.2 0.03-02 0.1-2 
Р.О, 44.5-50 са 0.5 тах 0.1 са. 0.3 са. 0.5 
СаО са. 1 0.19Р0.5 са. 0.06 са. 0.4 са. 0.4 
MgO ca.0.1 0.1-1 са.0.05 0.2-0.4 ca.0.2 


50.4.1.1 Lithium Aluminum 
Silicates 


Spodumene (triphane), 11А191,0,, has a theo- 
retical Li,O content of 8.0396, but usually 
contains 6-7.5% because of partial replace- 
ment of Li* by Na* and K*. Spodumene has a 
monoclinic pyroxene structure consisting of 
— $104- chains linked together by aluminum 
ions, with the balance of the positive charge 
provided by lithium ions..Spodumene some- 
times occurs in the form of large single crys- 
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tals. Its color varies from white to gray-green 
to reddish. Very pure and transparent single 
crystals are regarded as semiprecious stones 
(kunzite). The high hardness value of spo- 
dumene (6.5-7 on the Mohs scale) leads to 
considerable abrasive effects when the mate- 
rial is worked. At ca. 1000 °C, naturally oc- 
curing ` o-spodumene undergoes ап 
irreversible phase change to B-spodumene, 
whereby the volume increases greatly and the 
density decreases from 3.2 to ca. 2.4 ріст”. 
Spodumene ores consist of pure spodumene 
combined with quartz or feldspar, the 11,0 
content ranges from less than 1% to more than 
5%. 

Petalite, LiAISi,O,9, has a theoretical Li,O 
content of 4.9% but usually contains only 3.5— 
4.5%. It crystallizes in the form of monoclinic 
prisms and is white, gray, or reddish in color. It 
has a density of 2.4 g/cm® and a Mohs hard- 
ness of 6.5. Petalite decomposes at 1100 °C 
into B-spodumene and 510,. This transforma- 


tion (and that of a-spodumene) is important in 


digestion of the ore. 


Eucryptite, LiAlSiO, is a relatively rare lith- 
ium mineral that occurs mainly in combina- 
tion with petalite, e.g., in Bikita, Zimbabwe. It 


has the highest Li,O content (11.1%) of the 


lithium aluminum silicates. 
The three minerals are distinguished by 
their SiO, content: 
Eukryptite: Li O- Al,O,-2Si0, 
Spodumene: Li,O- Al,O,: 4SiO; 
Petalite: Li,O- ALO;: 8810, | 
Thus, thermal transformation of petalite 
into B-spodumene and quartz can be regarded 
as a decomposition reaction. 


50.4.1.2 Micas 


The mica minerals form a subgroup of the 
aluminosilicates. They are sometimes formed 
by direct crystallization from molten magma 
but often owe their origin to pneumatolytic de- 
composition. 


Lepidolite, K[Li, AI[Al, Si],O,o[F. ОН] 
lithium mica, is the most important represen- 
tative of this group. Depending on its origin 
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and the weathering it has undergone, lepidolite 
can contain between 3.3 and 7.74% 11,0. 
Economic deposits contain 3—4% Li;O. The 
mineral is often pink to grayish violet and fre- 
quently contains 3—5% rubidium and cesium 
oxides. 


Zinnwaldite, which has the general formula 
KILL Al, Fe],[Al, Si]jO;4[F. OH], can be re- 
garded as a variety of lepidolite with a high 
iron content. The Li,O content varies with the 
actual composition of the mineral. The deposit 
in Zinnwald (Erzgebirge) contains 2-3% 
11.0. Zinnwaldite is silvery to grayish brown, 
sometimes also tinged with red. The emerald 
green variety known as cryophyllite, found in 
Massachusetts, contains up to 5% Li,O. 


50.4.1.3 Lithium Phosphates 


Commercial amblygonite is a complex 
phosphate with the general formula (Li, Na) 
AIF, OH)PO, Its principal constituents are 
pure amblygonite, LiAIFPO,, with a theoreti- 
cal Li,O content of 10.1%, and its hydroxyl 
substitution product, montebrasite, АКОН) 
PO, with 10.3% 11,0. Amblygonite is milky 
white to gray in color, sometimes also with a 
brown or green tinge; it may have a sheen re- 
sembling a solidified stream of molten glass or 
a pearly luster. Deposits suitable for mining 
have an Li,O content of 7-9%, the highest of 
the commercially exploited lithium ores. 
However, ambly gonite is never found in large 
accumulations but is widely distributed in 
small, usually lenticular deposits, often asso- 
ciated with other lithium minerals. Although 
amblygonite once was an important source of 
lithium, it is no longer regarded as a suitable 
source of raw material for today’s large-scale 
lithium carbonate production plants. 

Triphyline, LiFePO,, апа lithiophilite, 
LiMnPO,, have a theoretical Li,O content of 
9.5%. The known deposits yield a raw mate- 
rial with 8-9% Li,O; however, they have not 
been commercially exploited because of their 
small size. 
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50.4.1.4 Other Minerals 
Lithiophonte, [Li, AI] MnO;(OH),, is often 


found in veins of manganese ore. 

Hectorite, which has the approximate com- 
position LiNaMg;(S1,0,94[F, OH], and con- 
tains ca. 1.2% LiO, is the only lithium 
mineral that occurs in sedimentary rock and 
clay; it is classified in the montmorillonite 
group. 

The unusual mineral zhabuyelite [6] was 
discovered recently in salt deposits in the Zha 
Buye lake in Tibet. It consists of colorless, 
transparent, monoclinic crystals of almost 
pure lithium carbonate. 


50.4.2 Reserves [7,8] 


The only mineral used as a raw material for 


the production of lithium compounds at 
present is spodumene, the largest known de- 
posits of which are at Manono in Zaire. Re- 
serves have been estimated to be over 2 x 1061 
of lithium [9, 10]. New investigations by Lith- 
ium Australia into their own pegmatite depos- 
its in Greenbushes (Western Australia) [11] 
have revealed reserves with 7 x 10? t of lith- 
ium, of which ca. 1096 is in the form of spo- 
dumene with more than 496 Li,O, ca. 50% 
with more than 2.5% 11,0, and ca. 40% with 
са. 1.5% Li,0. 


The U.S. producers Cyprus Foote Mineral 
and Lithium Corporation of America base 
their operations on deposits in the “tin~spo- 
dumene belt" of North Carolina, which may 
contain as much as 2.8 x 10$ t of lithium (9, 
10]. 


The Canadian deposits at La Corne, which 
provided raw material for Québec Lithium, 
are estimated to contain 10? t of recoverable 
lithium, with potential reserves of about twice 
this amount. Deposits belonging to Tantalum 
Mining Co. at Bernic Lake amount to ca. 60 x 
10? t. The total known reserves in Canada are 
quoted as 6 x 10? t of lithium [12]. 
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The deposits at Bikita in Zimbabwe consist 
mainly of petalite and lepidolite with some 
spodumene and eukryptite. They contain be- 
tween 7.5 x 104 and 10? t of lithium. Russia 
has deposits of spodumene and lepidolite at 
Krivoj Rog and in Chita in Transbaikal. Other 
lithium minerals occur in the Altai mountains 
and on the Kola peninsula. No details are 
available concerning the extent of these re- 
serves. 


In northwest China, considerable reserves 
of spodumene containing ca. 1.5% Li,O have 
been reported in the southern slopes of the Al- 
tai mountains in the Koktohay—Aletai region, 
This provides raw material for lithium carbon- 
ate and hydroxide production in Urumchi. No 
details are available. 


In addition to the principal reserves de- 
Scribed above, a number of smaller ones exist 
in the United States, Canada, Australia, Zim- 
babwe, and China. Lithium minerals have also 
been found in Afghanistan, Argentina, Brazil, 
India, Madagascar, Mali, Mozambique, 
Namibia, and South Africa [13, 14]. 


The reserves in Europe are all of minor im- 
portance and so far have not proved worth 
mining. This is also true for the spodumene 
deposit that has recently been investigated in 
the Koralpe of Austria [15]. This contains 5 X 
106 t of ore with an average of 1.7% 11,0. 
Spodumene has also been found in Lalin and 
near Caceres in Spain, Dublin in Ireland, and 
Tammela in Finland. Lepidolite deposits exist 
in France (Massif Central), Portugal, the is- 
land of Elba, Sweden, and central Finland. 
Petalite also occurs on Elba and at Utó in Swe- 
den. 


The confirmed lithium reserves based on 
pegmatite in the Western world are estimated 
at 3 x 10° t of lithium if recent figures from 
Greenbushes are included [16]; potential re- 
serves amount to an additional 4 х 10$t [9]. 


Lithium ores are used directly or as flota- 
tion concentrate (sometimes mixed with other 
materials), e.g., in the glass industry or as slag 
formers in the foundry industry. | 





50.4.3 Lithium in Natural Brines 


Recently, lithium-containing brines have 
become important raw materials. Their indus- 
trial exploitation began at Searle's Lake, Cali- 
fornia, in 1938 by Kerr-McGee Chemical, and 
in Clayton Valley, Nevada in 1966 by Foote 
Mineral (now Cyprus Foote Mineral). 


In 1984, production of lithium carbonate 
from the brines of the Salar de Atacama in 
Chile was started by the Sociedad chilena de 
litio ltda (SCL), now a 100% affiliate of Cy- 
prus Foote Mineral [17]. At the same Salar 
also, Minsal S.A., a subsidiary of the Chilean 
mining company Sociedat quimica y minera 
de Chile S.A. (SQM Soquimich) started its 


commercial lithium carbonate production , 


based on brines. 7 р 

In Argentina, at the Salar de hombre 
muerto, FMC Corp. is in the process of build- 
ing a brine-based lithium extraction plant. 
This project is set for a start-up in 1997. 


Because of the extremely high solubility of 
lithium chloride in water, the basic concentra- 
tion process for lithium-containing brines is 
natural evaporation such as occurs only in dry 
regions of the earth in particular geological 
formations [18]. The evaporation process 
leads first to increased lithium content in salt 
lakes, such as the Dead Sea or the Great Salt 
Lake. Further enrichment of lithium then takes 
place if the surface of the lake is completely 
dried out as in Searle's Lake and Clayton Val- 
ley. This enrichment also occurs in the last 
brines to’ be formed, which are enclosed in 
cavities. The surrounding salts can be practi- 
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50.2: Typical analyses of brines, %. 
Table Li Na* K* M SI Ca” S OF Cr Br 
da 0.02 7.5 1.0 0.03 0.05 0.75 11.7 

Cade ТДА 0.15 7.6 1.8 0.96 0.03 1.78 16.00 trace 
Sech de Uyuni (Bolivia) 0.024 9.42 0.51 0.44 0.05 0.72 15.91 trace 
à E del Hombre Muerto (Argentina) 0.06 9.8 0.6 0.09 0.05 0.82 15.9 trace 
Hs del Rincón (Argentina) 0.05 10.8 0.7 0.4 0.12 0.7 16.7 trace 
SE e Lake (Tibet) 0.12 14.17 3.96 0.001 trace 4.35 15.63 0.6 
пана Qinghai (China) 0.02 10.6 0.4 1.3 aa p 1 

^ 4.0 0. i Ў . 

Israel/Jordan) 0.002 3.0 0.6 j 
е (Utah) 0.004 "^ 7.0 0.4 0.8 0.03 1.5 140 . 
Sie ville (Utah) 0.007 9.4 0.6 0.4 0.12 0.5 16.0 
Se 0.000017 18 0.038 0.013 0.04 0.027 194 0.0004 


cally lithium free or can contain up to 1500 
ppm of lithium. 

Important reserves of lithium-containing 
brines are found in western North and South 
America and in western China (Tibet and 
Qinghai Province) [6, 19, 20]. Their lithium 
contents vary greatly (Table 50.2). 

The reserves of lithium in these brines are 
sometimes considerable. It is estimated that 
the Salar de Atacama in Chile contains more 
than 1.1 x 105 t of lithium, Clayton Valley 7 x 
105 t of lithium, and the Great Salt Lake 4.5 x 
10? t of lithium. The quantities of lithium that 
can be recovered economically from these re- 
serves are, however, much smaller. For the 
Clayton Valley they are estimated to be 4 x 10^ 
t of lithium and for the Great Salt Lake, with 
coproduction of other salts, 2.6 x 10? t [9]. On 
the other hand, the amount of recoverable lith- 
ium from the Salar de Atacama, because of the 
higher concentration, is considerably larger 
(up to 8 x 105 t). A study by Атах Exploration 
of-the recovery of 15 x 10? t/a of lithium car- 
bonate as a coproduct with potassium chlo- 
ride, potassium sulfate, and boric acid has 
been completed [21]. 

Not only is the lithium yield from brines re- 
duced due to dilution caused by replacement 
of the withdrawn brine by fresh water, lithium 
is also lost through inclusion in salt crystals 
that form upon evaporation and in the sludge 
produced when magnesium is precipitated 
with lime. 

; The verified reserves of lithium from salt . 
lakes are estimated to be 1.8 x 10° t, and the 
potential reserves 18 x 10° t. 
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The recovery of lithium from material of 
low lithium content is also interesting, be- 
cause of the importance of lithium to nuclear 
technology. An example is the proposed ex- 
traction from the Dead Sea by precipitation as 
lithium aluminate, LiH(AIO,),-5H,O [22]. 
Also under investigation is the recovery of 
lithium from seawater [23] which, although it 
contains only 0.17 ppm of lithium (Table 
50.4), represents a total lithium reserve of 2.5 
x 10! t | 

Another potential source of lithium is pro- 
vided by subsurface brines associated with 
mineral oil. The brine lies beneath the oil layer 
and is often recovered at the same time as the 

ol In Texas, the brines contain up to 692 mg 

of lithium per liter, but only rarely does the 
lithium content exceed 100 mg/L [24]. How- 
ever, the high magnesium content presents a 
serious technical problem. For example, in the 
Smack-over brines in Arkansas the magne- 
sium concentration is 20 times that of lithium. 
Given the other lithium resources available, 
industrial exploitation of the lithium in these 
brines does not appear to be considered any- 
where at present. 


50.5 Production of Primary 
Lithium Compounds 


50.5.1 Mining of Ore and 
Production of Concentrate 


Lithium ores are recovered by quarrying or 
open-cut mining according to their location. 
Because the veins of ore are often only a few 
meters thick, the mining operation has to fol- 
low the veins, or open-pit mining must be 
used, which involves the removal of relatively 
large volumes of overburden. The ratio of 
overburden to ore is usually 3:1-5:1. An im- 
portant exception is the Greenbushes deposit 
in Australia, which has veins of ore up to 250 
m thick. 

If the lithium minerals are largely separated 
from the accompanying rock, preliminary 
sorting can be carried out by hand on a con- 
veyor belt. In this way, it is possible to pro- 
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duce spodumene containing 4-5.5% Lio 
from raw material containing 1-1.5% Li,O. A 
mechanical separation process, based on the 
difference in reflective properties between ore 
and gangue material, can also be used. This 
can give good results if the material is first 
suitably reduced in size. 

The concentration of lithium ores by 
heavy-medium  separatien always entails 
large losses of lithium and has therefore not 
been used commercially. | 

A flotation process is employed on an in- 
dustrial scale especially for spodumene [25]. 
The material is first ground to a grain size of 
less than 0.3 mm by using rod mills. Material 
finer than 0.075 mm is then removed (e.g., by 
hydrocyclone) because it would result in 
lower recoveries in the flotation process. Flo- 
tation agents such as anionic fatty acids in al- 
kaline medium and sulfonated oils in acid 
medium are recommended. The use of cat- 
ionic surfactants in hydrofluoric acid solution 
has also been proposed. The flotation process 
is carried out in a series of stages. Quartz, feld- 
spath, and mica are concentrated in the foam 
and spodumene 1s floated off. The spodumene 
concentrate contains 5.5-7.5% 11,0. It can be 
sieved into fractions with different lithium 
contents; the coarser fractions have the higher 
lithium contents. The yield of lithium from the 
raw mineral after concentration by flotation is 
60-80% depending on the milling conditions 
used. 


50.5.2 Ore Digestion and 
Production of Lithium Compounds 


The digestion of lithium ore can be carried 
out with acid or alkali, or by an ion-exchange 
process using salts. Various processes are re-. 
viewed in [26]. Depending on the process and 
the digestion agent, the product obtained is 
lithium carbonate, lithium hydroxide, or lith- 
ium chloride. 

Although ambly gonite, triphyline, and lepi- 
dolite can be treated directly with the appro- 


priate digestion agent, spodumene and petalite 


require pretreatment (decrepitation) to convert 
a-spodumene to B-spodumene, and petalite to 
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-spodumene and quartz. Decrepitation is car- 
ried out in rotary kilns at 1000-1 100 °C. It re- 
sults in a 30% increase in the mineral’s 
volume and a considerable improvement in its 


grindability. 


50.5.2.1 Acid Digestion 


The sulfuric acid digestion process can be 
used for all lithium ores. It is usually carried 
out at 250-400 °C, although 850-900 °C 15 
recommended for amblygonite because this 
leads to the formation of insoluble aluminum 
phosphate which facilitates removal of the in- 
soluble residue. 

Sulfuric acid digestion gives a product that 
contains an insoluble residue, together with 
lithium sulfate which is leached from the 
crushed product with hot water. To remove al- 
kaline-earth metals, aluminum, and iron, the 
solution is neutralized with lime and soda and 
then filtered. Lithium carbonate is precipitated 
by adding concentrated sodium carbonate so- 
lution. This is carried out near the boiling 
point, to take advantage of the decreasing sol- 
ubility of lithium carbonate at higher tempere- 
ture. 

The sulfuric acid process gives good yields 
of lithium (ca. 90%) and has a relatively fa- 


vorable energy balance compared with other . 


processes for the production of lithium com- 
pounds from ores. Digestion by hydrochloric 
acid or hydrogen chloride gas at 935 °C has 
been suggested for the production (by subli- 
mation) of lithium chloride from lepidolite. 
This process has, however, little significance 
compared to the sulfuric acid process. 

The production of lithium carbonate from 
spodumene (petalite) by using sulfuric acid is 
described in detail in [25]. The flow sheet for 
the process is shown in Figure 50.1. The ore is 
first crushed to a particle size of 20~80 mm. 
Alternatively, flotation concentrate, which is 
already finely divided, is used. The crushed 
ore is fed into an oil-, coal-, or gas-fired rotary 
decrepitation kiln, which attains the required 
temperature (1050—1100 °C) over at least 10 
m of its length. The spodumene takes ca. 4 h to 
pass through the rotary kiln, the dwell time in 
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the decrepitation zone being 15-30 min, 
which results in practically complete transfor- 
mation into B-spodumene. 

The heat efficiency is improved by using a 
countercurrent flow of material and hot gas. 
The exhaust gases are used to preheat the ore, 
to heat the roasting furnace, and to concentrate 
the liquors by evaporation. The spodumene is 


. quite hot as it leaves the rotary kiln, and some- 


times a rotary cooler, which can also be used 
to preheat the combustion air, is necessary. 


u-Spodumene 
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Figure 50.1: Flow sheet for lithium carbonate production 
from spodumene. 

If the starting material is in lump form, the 
B-spodumene produced by decrepitation is 
crushed to a grain size of less than 0.1 mm. 
Sulfuric acid (93%, in 35% excess) is then 
added either by a mixer conveyor or by spray- 
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ing onto a band conveyor fitted with a deflec- 
tor plate. The digestion process, in which 
lithium in the ore is converted into soluble 
lithium sulfate, is carried out at ca. 250 °C ina 
lined rotary furnace or on a conveyor heated 
by exhaust gases, which carries the Spo- 
dumene through a tunnel directly to the leach- 
ing stage. Digestion is usually complete in less 
than 1 h. 


The lithium sulfate formed is leached out of 
the reaction product with hot water in Pachuca 
tanks agitated by compressed air or in stirred 
vessels. A continuous leaching process, in 
which the material and the water move coun- 
tercurrently through several stirred vessels in 
series, has proved advantageous. After leach- 
ing, aluminum silicate residues are removed 
by a rotary vacuum filter, and the filtrate is 
treated with lime and soda to precipitate alka- 
line-earth metals and iron. After repeated fil- 
tration, the solution is neutralized with 
sulfuric acid. During neutralization and in the 
subsequent evaporation, which concentrates 
the solution to 200-250 gL of lithium sulfate, 
aluminum hydroxide precipitates and is re- 
moved together with any purifying additives 
(e.g., activated charcoal). 


The precipitation of lithium carbonate by 
concentrated sodium carbonate solution is car- 
ned out near the boiling point. Lithium car- 
bonate is removed by filtration or 
centrifugation and washed with hot water to 
remove the adhering mother liquor (mainly 
sodium sulfate). It is then dried with a vacuum 
plate dryer, a band dryer, or a vacuum screw 
conveyor dryer. 


The particle size of lithium carbonate de- 
pends strongly on the concentration during 
precipitation, the temperature, and the rate of 
addition of sodium carbonate. 


Mother liquor from lithium carbonate pre- 
cipitation always contains ca. ] g of lithium 
per liter and is therefore recycled. Before the 
liquor is returned to the leaching stage, sodium 
sulfate is removed by crystallization at low 
temperature. This is a valuable by-product and 
improves the economic viability of the pro- 
cess. 
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The use of fluidized-bed furnaces has re. 
cently been proposed for the decrepitation 
process, enabling it to be carried out under 
mild conditions (Figure 50.2). Recycling of 
excess sulfuric acid from the dissolution pro- 
cess has also been proposed [27]. 


50.5.2.2 Alkali Digestion 


Spodumene and lepidolite can also be di- 
gested by reaction with quicklime. Decrepita- 
tion of spodumene, calcination of limestone 
and digestion are carried out in a single opera- 
tion. Three parts of limestone are wet milled 
with one part of lepidolite, or 3.5-4 parts of 
limestone with one part of spodumene. The 
mixture is dried in a rotary furnace and then 
heated to the clinker point to give calcium 


orthosilicate and lithium aluminate together - 


with excess lime. 





Figure 50.2: Schematic of a fluidized-bed reactor for spo- 
dumene decrepitation: a) Fluidized-bed reactor, b) Cy- 
clone; c) Oversize return; d) Raw material feed and fuel 
supply; e) Countercurrent cyclone cooler; f) Product 
offtake; g) Heat exchanger (waste-heat boiler); h) Electro- 
static precipitator. 
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The process is critically dependent on the 
temperature; lepidolite requires ca. 900 °C, 
and spodumene ca. 1040 °C. If the tempera- 
ture is too high, a glassy clinker is formed, 


-` which severely hinders subsequent leaching of 


lithium hydroxide; too low a temperature 
leads to incomplete reaction. Control of the 
kiln is complicated because of caking and 
building up of the reaction mixture. In the case 
of lepidolite, the. clinker obtained must be 
quenched immediately so that no reverse reac- 
tion occurs. Spodumene clinker may be 
cooled slowly, but quenching produces a clin- 
ker with better grindability. 

After the clinker has been ground in ball 
mills, lithium hydroxide is leached out with 
water in several stages. The residues are then 
separated, and the solution is concentrated in 
multistage vacuum evaporators to crystallize 
lithium hydroxide monohydrate. The process 
has a relatively high energy requirement and 
gives a lithium yield appreciably below that of 
the sulfuric acid process. The lower yield is 
due to the problem of precisely controlling the 
kiln. For this reason, only the sulfuric acid 
process is used in the Western world. It fs 
sometimes followed by the conversion of the 
lithium carbonate into lithium hydroxide. The 
production of lithium chloride by sublimation 
from spodumene mixed with calcium chloride 
and calcium oxide in a one-stage process with 
decrepitation at 1100 °C also has not become 
established. 


50.5.2.3 Ion-Exchange Processes 


Ion-exchange processes involve heating a 
lithium ore with a sodium or potassium salt. 
This leads to replacement of Li* ions in the ore 
by Na* or K* and formation of the soluble lith- 
ium salt of the anion used. 

The digestion of lepidolite by potassium 
sulfate at 825-875 °C has attracted much in- 
terest. Lithium is leached out as lithium sulfate 
and then separated from excess potassium sul- 
fate. After evaporation, potassium sulfate is 
crystallized, and lithium carbonate is precipi- 
tated by addition of sodium carbonate to the 
solution. The potassium sulfate is then reused 
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in the dissolution stage [28]. However, the loss 
of potassium in the form of potassium alumi- 
num silicate in the insoluble residues is far 
from negligible, and for this reason the pro- 
cess is no longer used. If lithium production 
from lepidolite were to be resumed, the sulfu- 
ric acid process would probably be favored 
over ion exchange, because it also produces 
aluminum sulfate as a by-product and is there- 
fore more economical. . 

The digestion of B-spodumene with sodium 
or potassium acetate is carried out at ca. 
400 °C [29]. It produces lithium acetate from 
which lithium carbonate is precipitated by ad- 
dition of sodium carbonate; the resulting so- 
dium acetate is recycled. In theory, the process 
consumes an amount of sodium carbonate 
equivalent to the lithium carbonate produced, 
the sodium acetate acting only as a carrier and 
remaining in the system. However, so far, the 
process has apparently been operated only on 
a pilot-plant scale. 

The Québec process of the Québec Lithium 
Corporation is a modification of the acetate 
process in which B-spodumene is treated with 
aqueous sodium carbonate solution (3096 ex- 
cess) at ca. 200 °C and 5 MPa for at least 10 
min. À slurry of sodium aluminum silicate and 
lithium carbonate 1s formed, and subsequent 


. treatment with carbon dioxide at low tempera- 


ture dissolves the lithium, forming the soluble 
bicarbonate. The insoluble residue is a sodium 
zeolite that can be marketed. Lithium carbon- 
ate is precipitated from the solution by heating 
to the boiling point. The carbon dioxide gener- 
ated is used again for the dissolution of lithium 
carbonate [30]. 

- This process was used on an industrial scale 
until 1966. It requires considerably more en- 
ergy than the sulfuric acid process because of 
the repeated heating of large quantities of wa- 
ter. Furthermore, sodium carbonate is lost 
through formation of sodium hydrogen car- 
bonate during dissolution of the lithium car- 
bonate with carbon dioxide. 

In a further development of the Québec 
process, pressure digestion of B-spodumene is 
carried out at 250°C with aqueous sodium 
chloride solution made alkaline by the addi- 
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tion of 0.1-0.2% calcium hydroxide. Lithium 
carbonate can be precipitated from the result- 
ing liquor by addition of sodium carbonate. 
Alternatively, lithium chloride can be isolated 
by solvent extraction (e.g., with n-butanol) 


[31]. 


50.5.3 Production of Lithium 
Carbonate from Brines 


The lithium in brines is at present extracted 
commercially only at Clayton Valley and the 
Salar de Atacama. In Clayton Valley, the 
brines are pumped from wells up to 100 m 
deep into a series of solar ponds, in which the 
lithium concentration increases continuously 
while the accompanying salts precipitate due 
to oversaturation. The production process re- 
quires the lithium concentration to be at least 
5000 ppm. If the initial concentration is 200 
ppm, the enrichment factor must be at least 30 

: to obtain solutions suitable for the production 
process, because lithium losses take place by 
inclusion in precipitated salts and by seepage 
of the solution through the solar ponds. This 
means that at least 95% of the water in the 
original brine must be evaporated. Such a pro- 
cess can only be operated economically where 


C 


Lithium chloride | 
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solar energy is sufficient to provide high rates 
of evaporation, 1.e., in hot, dry regions of the 
earth. Brines containing 100 ppm of lithium 
can be concentrated economically if the mag- 
nesium content is low. The concentrated brine 
is purified and then sodium carbonate solution. 
is added at high temperature to precipitate lith- 
ium carbonate, which is separated and dried. 


Brines containing less than 100 ppm of lith- 
ium (e.g., from Searle’s Lake) require a differ- 
ent process to recover the lithium, e.g., by 
precipitating it first as lithium sodium phos- 
phate, Li,NaPO,. This lithium concentrate, 
known as licon, which contains 20-21% Li,O 
is then treated with concentrated sulfuric acid, 
converting it to phosphoric acid and a solid 
mixture of lithium and sodium sulfates. This is 
dissolved, and lithium carbonate is precipi- 
tated from the solution by addition of sodium 
carbonate. The yield of lithium in this process 
is ca. 88%, which is very good in view of the 
low starting concentration. The economic via- 
bility of the process depénds on the recovery 
of associated by-products such as potassium 
chloride, sodium sulfate, sodium carbonate, 
borax, phosphoric acid, and bromine [32]. 
Lithium production at Searle’s Lake was aban- 
doned in the 1970s. 


Cross section A-B 


Figure 50.3: Schematic of an electrolytic cell for the production of lithium: a) Steel casing; b) Ceramic lining; c) Cathode 
with Supporting arm: d) Anode; e) Diaphragm: f) Annular collection zone with riser pipe and overflow for lithium; g) 
Dome for chlorine collection and removal; h) Cathode conductor rail; i) Anode conductor rail. 





Lithium 


50.6 Lithium Metal and 
Lithium Alloys 


50.6.1 Production of Metal 


Lithium metal is currently produced only . 


by the electrolysis of molten lithium chloride, 
whose melting point of 614 °C is lowered by 
addition of potassium chloride. The lithium 
chloride potassium chloride eutectic, with 
44.3% lithium chloride, melts at 352 °C. The 
salt mixtures used in industry contain 45-55% 
lithium chloride, which allows electrolysis to 
be carried out at 400-460 °C. 

The electrolytic cells most commonly em- 
ployed (Figure 50.3) resemble the Downs cell 
used for the production of sodium [33]. _ 


Air + Cl, 
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Figure 50.4: Schematic of an American lithium electroly- 
sis cell: a) Graphite anode; b) Steel cathode; c) Melt; d) 
Ladle; e) Heating chamber; f) Insulation. 

The cell and the cathode are constructed 
from steel, whereas the anode is made of 
graphite. Four cathode tubes are combined to 
form a unit, with each tube enclosing an anode 
cylinder. The anodes enter the electrolysis 
space from below, and the cathodes are sup- 
ported by arms attached to the cell sides. The 
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anode and cathode are separated by a wire- 
mesh steel diaphragm. The cell is equipped 
with an insulating inner lining, because both 
electrodes are introduced below the surface of 
the melt. Lithium metal is formed at the cath- 
ode, rises to the top, and is collected under an 
argon atmosphere. 


In the United States, lithium cells are some- 
times operated without a diaphragm or ce- 
ramic insulating lining (Figure 50.4) [34]. 
This greatly prolongs the lifetime of the cells 
but results in greater power consumption. 


Another recently developed lithium elec- 
trolysis cell (Figure 50.5) has neither ceramic 
insulation nor a diaphragm [35]. In this cell, a 
molten salt mixture containing the lithium 
metal formed rises continuously in the elec- 
trode space and is collected in an annular 
trough at the top of the cathode near the sur- 
face of the melt. It is then transferred through a · 
siphon-like tube to a separation vessel con- 
nected to the cell, but isolated from the chlo- 
rine gas. 

Here, the lithium metal is separated from 
the electrolyte under an inert-gas atmosphere; 
the electrolyte is recycled, and the lithium 
metal is recovered. 


The output of an individual cell is usually 
200—300 kg of lithium metal per day. The de- 
composition voltage of lithium chloride is ca. 
3.68 V, but in practice 6.0—6.8 V is usually re- 
quired. The theoretical power consumption is 
14.2 kWh/kg of lithium, but the actual figure 
is 28-32 kWh/kg of lithium. The current effi- 
ciency is ca. 90%. 


; Lithium metal is shipped in steel drums or 
cans under an argon atmosphere or under a 
coating of oil. Lithium metal can be stored in- 
definitely in the absence of air. 


Molten lithium can be cast in low-carbon 
steel molds without special precautions. Its 
low hardness enables it to be easily extruded 
orrolled. However, to maintain the silvery lus- 
ter of lithium, the operation must be carried 
out in air of very low moisture content or un- 
der an inert-gas atmosphere. 


2042 





Figure 50.5: Schematic of a special electrolytic cell for 
production of lithium: a) Electrolysis cell; b) Cover plate; 
c) Cathode; d) Collecting trough; e) Graphite anode; f) In- 
sulating material; g) Anode connection; h) Cathode con- 
nection; i) Openings in cathode wall; j) Charging pipe for 
lithium chloride; k) Chlorine outlet; 1) Separating cylin- 
дег; m) Cover plate; n) Openings in wall of separating cyl- 
inder, o) Pipe connecting trough to separating cylinder; p) 
Agitator; q) Inlet for inert gas; r) Outlet pipe for lithium; s) 
Solidified melt. 


50.6.2 Uses 


The largest application of lithium metal is 
the production of organolithium compounds, 
principally butyllithium, and lithium hydride. 

. Lithium is used as a reducing agent in or- 
ganic chemistry, as a solution in liquid ammo- 
nia for Birch reductions, and in the synthesis 
of vitamins [36]. 


A rapidly growing application of lithium : 


metal is in sacrificial anodes in batteries. Lith- 
ium has a high electrochemical equivalent 
(3.86 A-h/g) and a low electrochemical poten- 
tial (-3.045 V). The main advantages of lith- 
ium batteries are high power output, 
extremely good storage properties (low rate of 
self-discharge), and relatively small power 
loss at low temperature. Commercially pro- 
duced primary cells have counterelectrodes 
made of manganese dioxide, chromium oxide 
(CrO,), or graphite loaded with sulfur dioxide 
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or thionyl chloride, and electrolytes consisting 
of lithium salts dissolved in organic solvents ` 
such as propylene carbonate or dimethoxy. 
ethane. They have cell voltages up to 3 V ang 
energy densities up to 300 Wh/kg [37]. Sec. 
ondary lithium cells, some based on aluminum 
lithium alloys, are currently being investigated 
extensively [38, 39]. 

Lithium metal is becoming increasingly 
important as an alloying component; it is also 
used as a deoxidizing and desulfurizing agent, 
especially for copper, nickel, and alloy steels, 

Lithium and its compounds play a number 
of important roles in the nuclear industry, e.g, 
in the production of tritium, as a heat-ex- 
change cooling medium, as a shielding mate- 
rial, and in the form of a molten salt mixture, | 
as a solvent for other nuclear fuels. 

These applications depend on the ex- 
tremely large difference in neutron capture 
cross section and absorption distance between 
the two stable lithium isotopes (Table 50.3) 
[40]. i 
Table 50.3: Thermal neutron absorption cross section с 
and absorption distance A for lithium. 


Absorbent G,x 107* cm? A. mm . 
Natural isotopic mixture 71 3 | 
SLi 945 0.2 
4 0.0033 8000 
*Distance at which radiation energy has decayed to 1/е of the orig- 
inal intensity. 

Table 50.4: Thermonuclear reaction energies. 
Reaction Energy, MeV 

SL i(n, T) He 4.8 

"Li(n, nT)'He 2.5 

T(p, ү'Не) 19.7 

T(D, nie 17.6 

TCT, 2n)*He 11.3 


Production of Tritium. The extremely large 
amount of energy released in thermonuclear 
reactions (Table 50.4) is illustrated by the hy- 
drogen bomb, in which tritium or its parent 
substance lithium in the form of SLi?D reacts 
with deuterium nuclei. Several fusion reac- 
tions have been proposed for power genera- 
tion. Of these the reaction between deuterium ^ 
and tritium 

?D +°Т 2 He +n € 17.6 MeV 


^. Lithium 


has the best prospect of success because it re- 


quires the lowest plasma temperature [41]. 
The tritium required for the reaction is pro- 
duced from ‘Li by irradiation with thermal 
neutrons: 
Six n *Не+°Г+ 4.8 MeV 

The overall equation for the fusion reaction 
is [42]: 
ais 7D э 2'He + 22.4 MeV 

This reaction takes place with loss of neu- 
trons; therefore, neutron multiplication геас- 
tions (n, 2n) are used to breed tritium, e.g., 
based on beryllium or using "Li as the starting 
material according to the equation 


"Li - n 2 ‘He 4?T + n - 2.5 MeV 


` Calculations based on this reaction show that 


1 kg of natural lithium could produce 5 x 107? 
J of energy. 


Coolants. In addition to helium at ca. 5 MPa, 
the following coolants have been proposed for 
the cooling jacket of a fusion reactor: molten 
lithium metal, molten LiF-BeF,, and molten 
lead containing 17 atom% lithium. In the lat- 
ter materials the tritium breeding reaction cari 
take place [41, 43]. An important parameter is 
the product of density and specific heat which 
shows that, compared with sodium as a cool- 
ant, a lower circulation rate of lithium metal 
(by a factor of 1.9) can be used. For LiF-BeF, 
this factor is 4.5 [44]. 


Solvents for Nuclear Fuels. Owing to the low 
neutron capture cross section of 'Li, a mixture 
of "LiF (72 mol%), beryllium fluoride (16 
mol%), thorium fluoride (12 mol%), and ura- 
nium tetrafluoride (< 1 mol%) has been pro- 
posed as a molten salt fuel for breeder 
reactors. In these reactors, which are envis- 
aged as small power plants (e.g., in aircraft), 
the LiF-BeF, molten salt mixture acts as a sol- 
vent for the nuclear fuel [45]. 


Isotope Separation. The nuclear powers from 
time to time offer on the world market rela- 
tively large quantities of lithium hydroxide in 
which the natural Li content is reduced by ca. 


50%. Separation of the lithium isotopes is car- 


nied out either by an isotope-exchange reac- 
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tion between lithium amalgam and a lithium 
compound in solution [46] or by continuous 
ion-exchange chromatography of lithium salt 
solutions on special ion-exchange resins [47]. 
The isotopes ТА and "Li can be purchased 
with purities of 95-96% and up to 99.9% re- 
spectively. 

Lithium isotopes are supplied by the Iso- 
topes Sales Department of the Oak Ridge Na- 
tional Laboratory and the US Energy Research 
and Development Administration. 


50.6.3 Alloys 


Lithium readily forms alloys with other 
metals such as lead, copper, silver, magne- 
sium, boron, and aluminum [48]. Lithium of- 
ten. completely changes the properties of 
metals to which it is added, e.g., the hardness 
of aluminum and lead, or the ductility of mag- 
nesium. 

The lead alloy Bahnmetall, which was de- 
veloped in Germany in 1918 and contained 
0.04% lithium, is no longer important, it was 
used as a bearing metal for railroad cars until 
ca. 1955. A eutectic mixture of lead with 17% 
lithium is used in nuclear fusion technology as 
a breeder and cooling medium. 

The first aluminum-lithium alloy, contain- 
ing 0.1% lithium, was developed in 1924 in 
Germany under the name Skleron. In the 
United States in 1957, the alloy X-2020 (4.5% 
Cu, 1.3% Li, remainder Al) was used in the 
wings and horizontal tail surfaces of naval air- 
craft. During the 1980s, aluminum lithium al- 
loy$ have been developed continuously, 
especially by Alcoa, Alcan, and Pechiney. The 
low density of these materials, compared with 
the usual aluminum alloys, is of great interest 
to the aircraft industry. They will probably be 
used in the foreseeable future for military and 
large passenger aircraft, despite competition 
from carbon fiber-reinforced plastics. 

Lithium is the only element, apart from be- 
ryllium, that simultaneously reduces the den- 
sity of aluminum and increases its modulus of 
elasticity; furthermore, formation of the Al,Li 
phase gives improved strength. Modern alu- 
minum lithium alloys are now based almost 
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without exception on the system Al-Li-Cu- 
Mg-Zr [49]. The alloy 8090, for example, has 
the composition 2.396 lithium, 1.396 copper, 
0.896 magnesium, 0.1296 zirconium, and the 
remainder aluminum. Such alloys have a den- 
sity about 10% lower, and a modulus of elas- 
ticity ca. 10% higher, than aluminum. - 

Aluminum-lithium alloys with the compo- 
sition 50 mol% aluminum and 50 mol% lith- 
ium are used in primary thermal batteries in 
which the electrolyte (a mixture of salts) is 
melted before the battery 1s used. 


50.7 Compounds [50] 


Lithium amide, LiNH,, р 1.18 g/cm?, mp 
373 °C, is a colorless compound that forms 
cubic crystals. It is converted to lithium imide, 
Li,NH, above 400 °C, with loss of ammonia. 


Production. Lithium amide is produced in- 
dustrially by heating lithium metal or lithium 
hydride in a stream of ammonia. It also forms 
slowly when lithium metal dissolves in liquid 
ammonia. 

Uses. Lithium amide 1s now used in many 
reactions in preference to sodium amide for 
safety reasons, and because it often shows 
greater selectivity. It is used as a catalyst for 
Claisen and aldol condensations; as an alkyla- 
tion catalyst for amines, nitriles, ketones, and 
monosubstituted alkynes; and as a polymer- 
ization catalyst for acrylonitrile and methyl 
methacrylate. 


Lithium acetate, CH,COOLi, is available 
commercially in the anhydrous form or as the 
dihydrate. Both are colorless powders that dis- 
solve readily in water to give slightly alkaline 
solutions. 


Production. Lithium acetate 1s produced by 
reacting lithium carbonate or lithium hydrox- 
ide with acetic acid. 


Uses. Lithium acetate is used to a limited 
extent in pharmaceuticals. The technical grade 
is used as a component of catalysts for the pro- 
duction of polyesters [poly(ethylene tereph- 
thalate)] or as an additive to improve their 
physical properties. It is also added to organ- 
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opolysiloxanes and acrylic polymers to pre- 
vent adhesion of ice. 


Lithium benzoate, C;H;LiO,, is used in the 
production of some synthetic polymers (eg. 
to harden polyepoxides) [51]. 


Lithium citrate, C,H,Li,O,, is commercially 
available mainly as a di- or tetrahydrate and is 
used in the treatment of certain types of 
manic-depressive illness. i 


Lithium bromide, LiBr, mp 547 °C, p 3.463 
g/cm?, is a colorless, highly hygroscopic salt. 
The saturated aqueous solution at 20 °C con- 
tains 59.8% lithium bromide and, at 100 °C, 
69.9%. The vapor pressure of water above 
aqueous 52% lithium bromide is 0.53 kPa at 
25 °C, 4.98 kPa at 65.6 °C, and 48.1 kPa at 
121 °C [52, 53]. 

Production. Lithium bromide is produced 
by treating an aqueous suspension of lithium 
carbonate with hydrobromic acid or by react- 
ing lithium hydroxide with bromine. The latter 
reaction also produces lithium hypobromite, 
which is reduced to lithium bromide with for- 
mic acid or ammonia. 


Uses. A 50-60% aqueous solution of lith- 
ium bromide is used in air conditioners operat- 
ing by the absorption principle. Solid lithium 
bromide is a component of oxidation and hy- 
droformylation catalysts. It is also used for 
deprotonation and dehydration of organic 
compounds having acidic protons. Mixtures of 
lithium bromide and lithium carbonate in dim- 
ethylformamide are used to carry out mild de- 
hydrohalogenation reactions [36, 54]. Lithium 
bromide is also used for the purification of ste- 
roids and prostaglandins, with which it revers- 
ibly forms complexes [55]. 


Lithium carbonate, Li,CO;, p 2.11 g/cm?, 
crystallizes as colorless monoclinic prisms 
that melt with slight decomposition at 732 °C. 
The technical product is a fine white powder 
with a bulk density of ca. 0.8 kg/L. Carbon di- 
oxide dissociation pressures over lithium car- 
bonate are as follows: 


Temperature,°C 610 620 740 840 1000 1200 
Pressure, КРа 0.1 0.3 19 3.8 92 30.4 
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Lithium carbonate is only slightly soluble 
in water; its solubility decreases with increas- 
ing temperature. 

Temperature, °C > 0 20 40 60 80 100 
Solubility, g/100 g water 1.54 1.33 1.17 1.01 0.85 0.72 

Lithium carbonate dissolves in aqueous 
carbon dioxide to form lithium hydrogen car- 
bonate. Concentrations of 70 g/L of lithium 
carbonate at 20 °C and 0.1 MPa carbon diox- 
ide pressure can be reached. Lithium hydro- 
gen carbonate cannot be isolated. Aqueous 
solutions decompose on heating to form lith- 
ium carbonate and carbon dioxide. This reac- 
tion is used in the Québec process and for the 
purification of technical-grade lithium carbon- 
ate. Lithium carbonate reacts with acids stron- 
ger than carbonic acid to form the 
corresponding salts. Reaction with calcium 
hydroxide yields lithium hydroxide. 


Production. Lithium carbonate 1s produced 
entirely from minerals or naturally occurring 
brines. The solution of lithium salts initially 
obtained (lithium sulfate, lithium chloride) is 
reacted with sodium carbonate solution and 
lithium carbonate is precipitated, or lithium 
hydrogen carbonate is formed first and then 
decomposed thermally. 


Uses. Lithium carbonate is the starting ma- 
terial for the industrial production of all other 
lithium compounds and isitself used in indus- 


` try in large quantities. It is an additive in glass, 


enamels, and ceramics [56, 57] (as are many 
lithium ores, e.g., spodumene and petalite). 
The lithium oxide generated by lithium car- 
bonate is a very active flux for silica. It is in- 
creasingly replacing fluorspar (CaF,) for 
environmental reasons. Its function is gener- 
ally based on reduction of melting point (par- 
ticularly important for enamels), reduction of 
viscosity of molten glass (leading to higher 
throughput and smaller wall thickness), in- 
creased surface tension (giving improved re- 
flexivity to enamels and glazes), and 
improved chemical resistance. Lithium alumi- 
num silicates with compositions in the range 
LiAISiO,-LiAISi,O,, are produced that have 
extremely low or negative thermal expansion 
coefficients. These compounds and high-lith- 
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ium glasses are used in heat-resistant oven- 
ware. 

The addition of lithium carbonate to ce- 
ment or concrete leads to quicker setting. 
Amounts of 1—5 % are used to control setting 
times [58]. In quick-setting tile adhesives, 
faster adhesion of the tiles 1s achieved. 

Lithium carbonate is also used as an addi- 
tive to molten salt baths for the electrolytic 
production of aluminum. It reacts with alumi- 
num trifluoride in the melt to form lithium flu- 
oride. The concentration used is 2-5%, 
preferably 3.5%, of lithium fluoride. The fol- 
lowing effects are produced: reduction of 
melting point (by 10-25 °C), density, and vis- 
cosity of the melt and an increase in electrical 
conductivity of ca. 10%. This results in a re- 
duced operating temperature, reduction in flu- 
orine emission (up to 50%), and savings in 
energy (2396) and anode carbon (ca. 2%). It 
is possible to operate existing electrolytic cells 
at higher loading (ca. 10%), thus increasing 
capacity without additional capital invest- 
ment [59-62].- 

Specially prepared high-purity lithium car- 
bonate (conforming to the national pharmaco- 
poeias, e.g., U.S.P, DAB, E.P, B.P., ЈР) is 
used increasingly for the treatment of manic- 
depressive conditions [63-65]; daily doses of 
ca. 150—500 mg of lithium carbonate are used. 
The successful treatment of herpes, alcohol- 
ism, and cancer by lithium carbonate assisted 
chemotherapy has also been reported [65]. 
Mixtures of lithium and potassium carbonate 
are used as electrolytes in molten carbonate 
fuel cells (MCFCs). The MCFC, operating at 
high temperatures (600—650 ?C), is especially 
suited for 2151-сепішу coal-fired’ baseload 
electric utility plants or in natural gas units. 
The high-quality waste heat can be used for in- 
dustrial cogeneration or internal reforming 
[82]. 


Lithium chloride, LiCl, mp 614°C, bp 
1382 °С, p 2.07 g/cm, crystallizes in a cubic 
system. Its solubility in water is as follows: 


Temperature, °C 20 40 60 80 100 
Solubility, 2/100 р water 83.2 89.8 98.4 111.9 128.3: 


j Its solubility in ethanol at 25°C is 2.5 
g/100 g, and in methanol, 17 g/100 g. 
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Production. The known methods of pro- 
ducing lithium chloride from lithium ores 
have not been adopted commercially. At 
present, it is produced exclusively by reaction 
of lithium carbonate and hydrochloric acid, 
with special steel or nickel equipment because 
of the extreme corrosivity of lithium chloride. 
Concentration of the solution (e.g., in a vac- 
uum evaporator) causes lithium chloride to 
crystallize. It is then separated from the 
mother liquor, dried, and packed in moisture- 
proof containers. 


Uses. Lithium chloride is extremely hygro- 
scopic; thus, like lithium bromide, it is used 
for drying gases and in air conditioners of the 
absorber type. Because molten lithium chlo- 
ride readily dissolves metallic oxides, it is 
used as a component of fluxes and dipping 
baths for welding and brazing aluminum and 
light metal alloys. Most of the lithium chloride 
produced is used as starting material for the 
production of lithium metal by molten salt 
electrolysis. 


Lithium cobalt), LiCoO,, p 5.16 g/cm’, 
can be used as cathodic material in secondary 
lithium ion batteries [83]. The active dark ma- 
teral with a theoretical specific capacity of 
137 Ah/g is prepared by sintering Li,CO, with 
CoCO, at 900 °C. The first cells with a cylin- 
drical design have been commercialized by 
Sony Corp. [84] 


Lithium hypochlorite, LOCI, is produced by 
reacting either chlorine with lithium hydrox- 
ide solution, or calcium hypochlorite (bleach- 
ing powder) with lithium sulfate. Unlike 
sodium hypochlorite, it may be obtained in 
solid form (e.g, by spray drying), although 
overheating must be avoided because oxygen 
is liberated above 100 °C. 


Lithium hypochlorite is increasingly used 
as a disinfectant and bleaching agent for 
swimming pools and in food preparation areas 
(e.g., dairies and butcher shops). Its action in 
swimming pools is analogous to that of the 
cheaper calcium hypochlorite, but it does not 
increase the hardness of water and is com- 
pletely soluble. 
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Lithium perchlorate, LiClO,, p 2.428 g/cm}, 
crystallizes from aqueous solution as the trihy- 
drate (mp 95.1 °C), which is converted into 
the anhydrous compound at 130-150 °C via 
the dihydrate stage. Anhydrous lithium per- 
chlorate melts at 236 °C and is stable up to 
400 °C. Like lithium chloride, it is readily sol- 
uble in water (56.3 g/100 g water at 20°C; 
196.9 g/100 g water at 95.1 °C). 

Lithium perchlorate is produced by reac- 
tion of lithium hydroxide or lithium carbonate 
with perchloric acid. It is used as a conducting 
salt in electrolytes for lithium batteries. 

Forther on, solutions of LiClO, in polar 

aprotic solvents (e.g., diethyl ether) produce a 
dramatic acceleration of Diels-Alder reac- 
tions due to the Lewis acid character of the 
lithium ion [85]. 
Lithium tetrafluoroborate, LiBF,, p 2.04 
g/em*, and lithium —hexafluoroarsenate, 
LiASsF, are of potential interest as conducting 
salts for the electrolytes in lithium batteries. 


Lithium hexafluorophosphate, LiPF,, dec. 
130 °C, is highly soluble in aprotic solvents 
like ethers, carbonates, etc., and decomposes 
slowly in water nunder formation of HF. Due 
to its high solubility and electrochemical sta- 
bility, it is the most preferred conducting salt 
for secondary lithium batteries [86]. 


Lithium chromate, Li,CrO,, is used as a cor- 
rosion inhibitor in air conditioners that contain 
lithium chloride or bromide solutions. It is 
made from lithium hydroxide and chromic 
acid, 


Lithium fluoride, LiF, p 2.6 g/cm?, mp 
870 °C, is used as a flux for enamel and glass, 
and for brazing and welding light metals. 


Lithium hydride, LiH, p 0.82 g/cm3, is used 
increasingly as a selective reducing agent for 
polar groups (e.g., esters, amides, nitriles) in 
organic compounds, although the complex hy- 
drides are of much greater importance: e.g., 
lithium tetrahy dridoaluminate, lithium alumi- 
num hydride, LiAIH,, and lithium tetrahydri- 
doborate, lithium borohydride, LiBH,. It can 
be used for the hydrogenolysis of Si-Cl bonds, 
e.g., in the production of monosilane (SiH4) 
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by the Sundermeyer process [66] or SiH-con- 
taining polymers [87]. 

Lithium hydroxide monohydrate, LiOH: 
Н.О, p 1-83 g/cm, loses water on heating to 
form anhydrous lithium hydroxide, LiOH, p 
1.46 g/cm?, тр 462 °C. 

Production. The production of lithium hy- 
droxide monohydrate by digestion of spo- 
dumene with lime has been replaced for 
economic reasons by the reaction between 
lithium carbonate and calcium hydroxide: 


Li CO; + Ca(OH), > CaCO, + 2LIOH 


This yields solutions containing up to 3.5% 
lithium hydroxide. Attempts to work at higher 
concentration lead to loss of lithium carbonate 
in the calcium carbonate residue, because the 
solubility of lithium carbonate is reduced by 
the presence of lithium hydroxide. The reac- 
tion between these sparingly soluble starting 
materials requires intensive agitation and 
gives yields just over 95% after many hours. 
The insoluble residue (mainly calcium car- 
bonate) is removed, and lithium hydroxide 


monohydrate is crystallized from the mother, 


liquor by evaporation, under vacuum if re- 
quired. It is then separated and dried at 130— 
140 °C. Further heating to 150—180 °C pro- 
duces calcined lithium hydroxide (LiOH). The 
removal of water can be accelerated by use of 
vacuum. | г 

Other production processes that have been 
proposed include the reaction of lithium sul- 
fate solution with barium hydroxide and the 
reaction of lithium carbonate with silicic acid 
in the molten state followed by hydrolysis of 
the lithium silicate formed. These processes 
are, however, of little more than academic in- 
terest. 

The solubility of lithium hydroxide mono- 
hydrate in water is as follows: 


Temperature °C 20 40 60 80 100 
Solubility, g/100 g water 21.6 22.0 23.1 25.6 29.6 


Uses. Lithium hydroxide is used mainly for 
the production of lubricating greases. Over 
50% of the greases used today in motor vehi- 
cles, aircraft, and heavy machinery contain 
lithium stearates, mainly lithium 12-hydroxy- 
stearate. These greases have good viscosity 
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properties up to 200 °C and are practically in- 
soluble in water. 


Lithium hydroxide is also used in the pro- 
duction of dyes [67]. It has attained some im- 
portance as an additive to nickel-iron 
accumulators and, in its calcined form (98% 
LiOH), as an absorbent for carbon dioxide in 
breathing apparatus, especially for crews of 
submarines and space vehicles. One gram of 
anhydrous lithium hydroxide absorbs 450 mL 
of carbon dioxide, so that ca. 750 g of lithium 
hydroxide is sufficient to absorb the carbon di- 
oxide generated by one person in one day. 
Lithium hydroxide is also used in the building 
industry. As additive to the mix water, it helps 
to prevent the so-called “alkali—silica reactiv- 
ity”, that is a source of distress (cracking). 


Lithium iodide, Lil, p 4.0 g/cm’, is a yellow- 
ish crystalline powder that is prepared by reac- 
tion of lithium hydride with iodine in diethyl 
ether. It is used in organic syntheses to accel- 
erate the aldol condensation of ketones with 
enolizable or nonenolizable aldehydes [68] 
and to cleave methyl esters and oxides[69]. 
Lithium iodide is also of interest for the manu- 
facture of rapid solid ionic conductors [70]. 
Lithium iodide trihydrate, Lil- 3H,O, p 2,5 
g/cm}, is prepared by reaction of lithium hy- 
droxide with hydriodic acid. 


Lithium manganese oxide, LiMn,O,, р 4.28 
g/cm?, is a ternary spinel-type double oxide 
commonly prepared by sintering a manganese 
oxide (MnO, or Mn,O,) with Li,CO, at high 
temperatures. This salt is a possible low-price 
candidate for cathodes in high-power second- 
ary lithium ion batteries. Practical specific ca- 
pacities are between 90-120 mAh/g [83, 89]. 


Lithium nitrate, LINO, p 2.37 g/cm’, is 
used, with other salts, to produce eutectic mol- 
ten salt baths for vulcanization [71]. A salt 
mixture consisting of lithium and potassium 
nitrate is available under the trade name “Sa- 
balith®” [88]. Unless conventional nitrite (e.g. 
NaNO.)-containing salt mixtures, Sabalith® is 
not classified as a toxic substance and helps to 
redüce emissions of nitrous gases and carcino- 
genic nitrosoamines. 
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Lithium nitride, Li,N, p 1.38 g/cm’, could at- 
tain industrial importance as a solid ionic con- 
ductor It is also used together with 
magnesium boride and hexagonal boron ni- 
tride to prepare cubic boron nitride [72]. 


Lithium oxide, Li,O, p 2.01 g/cm, is formed 
when lithium hydroxide is heated to 800 °C in 
vacuum. It is also obtained by the reaction of 
lithium metal with oxygen, which proceeds 
without formation of lithium peroxide. 


Lithium peroxide, Li,O;, p 2.297 g/cm’, is 
formed by reaction of lithium hydroxide solu- 
tion with hydrogen peroxide; it can be isolated 
by careful evaporation in vacuum. It has some 
importance as a hardener for the formation of 
special polymers and for air purification in 
sealed spaces (submarines, breathing appara- 
tus, space travel). One gram of Li,O, produces 
0.348 g of oxygen and absorbs 0.96 g of car- 
bon dioxide. 


Lithium double oxides are also known as 
lithium ceramics, and are used to a small ex- 
tent in the ceramic and enamel industries. 
They include lithium aluminate, LiAlO,,; lith- 
ium borate, LiBO,; lithium cobaltite, LiCoO,; 
lithium manganite, Li MnO; lithium molyb- 
date, Li1,.MoO,,; lithium silicate, 11,510; lith- 
ium titanate, Li,TiO,; and lithium zirconate, 
Li ZrO}. 

Lithium aluminate is of some importance 
as a construction material in fusion reactors 
[73] and fuel cells [74]. 


Lithium tetraborate, Li,B,0,, either pure or 
doped with beryllium or strontium as an inter- 
nal standard, is used as a flux in X-ray spec- 
troscopy and optical emission spectral 
analysis. It also has limited application in the 
manufacture of special. lithium-containing, 
high-performance lubricating greases. 


Lithium phosphate, Li,PO,, p 2.537 g/cm’, 
is sparingly soluble in water (ca. 0.04%). It is 
prepared by precipitation from solutions of 
lithium salts by addition of phosphates or 
phosphoric acid. It has some importance as a 
component of protective optical heat filters, in 
the corrosion protection of vessels for polyes- 
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ter production, and in the catalytic production | 
of allyl alcohol. 


Lithium sulfate, Li,SO,, p 2221 g/cm?, mp 
860 ?C, is a colorless salt produced from lith- 
ium carbonate and sulfuric acid. It is used in 
the anhydrous or hydrated form for the treat. 
ment of manic-depressive conditions [40]. It 
has also been considered for the production of 
quick-setting cements. 


Other Lithium Salts. Lithium azide, borate. ` 
cyanide, molybdate, and salicylate, are pre- 
pared by reaction of lithium carbonate or lith- 
ium hydroxide with the corresponding acids, 
Lithium niobate and lithium tantalate single ` 
crystals are used as ferroelectric materials and ` 
also have acousto-optical properties that can . 
be utilized in optical data transmission sys 
tems. 


tandard. Lithium hydroxide and organolith- 
н compounds сап be determined easily by 
SCH methods. Indirect methods for the 
determination of lithium salts are also used, 
` e£. separation of the lithium by ion exchange 
followed by titration of the acid produced and, 
“for lithium salts of organic acids, by titration 
with perchloric acid in nonaqueous media 
[77]. ‘ | 
Analysis of lithium hydrides сап be carried 
out by measuring the volume of gas evolved 
on hydrolysis. For low concentrations of lith- 
jum, ion-exchange- chromatography is most 
suitable [78]. 


50.9 Toxicology and 
‘Occupational Health 





The lithium ion is considerably more toxic 
than the sodium ion; for example, 5 g of lith- 
ium chloride can cause fatal poisoning. On the 
other hand, lithium salts have received wide- 
spread clinical use for over 30 years in the 
treatment of manic-depressive illness. Thus 
therapeutic dosis of 170-280 mg/d Li in the 
form of mainly lithium carbonate are adminis- 
tered over long periods. 


50.8 Quality Specifications - 
and Analysis 


Lithium metal of standard grade has a pu- 
rity in excess of 99%, and contains ca. 0.596 
sodium. Battery grade lithium contains less 
than 200 ppm of sodium. Standard quality lith- 
ium is usually produced in the form of bricks 
or cylinders 0.1—1 kg in weight, rods with a di- 
ameter of 10-20 mm, or granules with a diam- 
eter of ca. 2.5 mm. Battery grade lithium is ` 
supplied as foil with a thickness down to 0.05 ` 
mm. | 

Lithium is detected qualitatively by its: 
characteristic red flame coloration; this is also ` 
used for quantitative determination by flame 
emission spectroscopy, in which the emission 
line at 670.8 nm is measured. Analysis is car- 
ried out by using diffraction or refraction spec- 
trometers. In the presence of interfering ions, 
especially other alkali metals, a calibration 
curve should be used to obtain adequate accu- 
тасу (+ 196) [75]. 

Lithium can also be determined by gravi- 
metric, titrimetric, and colorimetric methods, 
after precipitation as the periodate, phosphate, ` 
zinc uranyl acetate, aluminate, or fluoride 
[76]. Lithium sulfate can be used as a primary 


Lithium is an environmental trace element, 
the background exposure is estimated to be 
about 2 mg/d Li and to have beneficial effects 
[90]. 

In Europe and in the United States, there 
are no special regulations concerning lithium 
in waste waters. Lithium is included as a part 
of the allowed salt emissions. 


No industrial disease caused by ingestion 
of lithium compounds has been reported thus 
far. Lithium hydroxide has caustic properties 
similar to those of other alkali-metal hydrox- 
ides; the caustic action of lithium hydride and 
lithium aluminum hydride is due to the lithium 
hydroxide formed by hydrolysis. Details of 
the toxicity and therapeutic possibilities of 
lithium are given in [63, 65]: 
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50.10 Economic Aspects 


The information available concerning 
world production of lithium ores is incomplete 
[79]. Including those amounts used for lithium 
carbonate production, it can be estimated at 6 
x 10° t/a. 

In 1992, estimated consumption of lithium 
minerals in the Western World for direct use 
(e.g., in the glass, ceramics, and metallurgical 
industries) was 8.55 x 10^ t/a (corresponding 
to about 1.2 x 10* t lithium carbonate equiva- 
lents). An additional 1.5-2.0 x 10? t were used 
in the production of lithium chemicals. 

The bulk prices (FOT Amsterdam) in May 
1995, in U.S. dollars per ton, were 
Petalite (4.2% Li,O) 147 
Spodumene concentrate (> 7.5% Li,O) 385 
Glass-grade spodumene (5% 14,0) 175 

The consumption of lithium compounds 
(calculated as lithium carbonate) in the West- 
ern world was ca. 3.2 x 10* t in 1989, with an 
annual rate of increase of ca. 3-4%. Approxi- 
mately 40% of the lithium production was 
consumed by the United States, where, to- 
gether with Chile, the main ore and brine de- 
posits are to be found. The capacity available 
at present together with the projected expan- 
sion will ensure that the market remains satis- 


' fied. About 25% of the lithium produced is 


used in the lubrication industry, 2596 in the 
aluminum industry, 2596 in the enamel, glass, 
and ceramic industries, and the rest for miscel- 
laneous uses such as chemicals, pharmaceuti- 
cals, catalysts for the rubber industry, 
additives for welding materials, and absorbers 
in air conditioners. 

; Bulk prices in the United States in Novem- 
ber 1996, in U.S. dollars per kg, were: 


Lithium carbonate 4.25 
Lithium hydroxide monohydrate 5.73 
Metallic lithium 89.51 
Lithium chloride 8.91 
n-Butyllithium 47.18 
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51.1 Introduction 


Sodium is the best-known alkali metal. The 
amount of sodium metal produced industrially 
exceeds that of all other alkali metals. It is a 
member of group 1 of the periodic table, with 
the relative atomic mass 22.9898 and the 
atomic number 11. 

Sodium has only one naturally occurring 
isotope, ?Na. Several artificial isotopes are 
also known [1]. The isotope ?^Na is used as a 
tracer in industrial and medicinal applications. 

Few basic chemicals are used in as many 
areas as sodium metal. Elemental sodium can 
be considered both a fine chemical whose 
properties make it indispensable for industrial 
applications ranging from pharmaceuticals to 
heavy inorganic chemicals, and a readily liq- 
uefied metal with a wide range of metallurgi- 
cal and physical uses. A large number of 
products derived from sodium metal are used 
in the chemical industry. 


51.2 History 


The German name Natrium is derived from 
the Egyptian neier, meaning sodium carbonate 
[2-4]. while the English name sodium 1s de- 
rived from soda [3]. Sodium was discovered in 
1807 by Davy, who electrolyzed molten so- 
dium hydroxide in a platinum dish, by contact- 
ing it with a platinum wire using a voltaic pile 
as the source of electricity [3]. 

However, this electrolytic process could 
not be used for industrial production at that 
time, because no economic source of direct 
current was available. Powerful d. c. genera- 
tors first became available after the discovery 
of the dynamo principle by №. Sremens in 
1867. 

The history of the industrial production of 
sodium, which extends over more than 100 
years, can be divided into four periods, in 
which four different processes were used [5]. 

Thermochemical reduction processes were 
used between 1854 and 1890. A mixture of so- 
dium carbonate, wood charcoal or coal, and 
quicklime was heated to > 1100 °C, and the 
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sodium vapor formed was condensed (Sang. 
CLARE DEVILLE, Paris, 1854). An annual pro- 
duction of 5-6 t of sodium was achieved by 
this process. In a later development, sodium 
carbonate was replaced by sodium hydroxide, 
and the wood charcoal or coal by a mixture of 
iron and coal (CasrwER, 1886). Using this pro- 
cess, the Aluminium Company Limited in 
Oldbury produced ca. 150 t/a sodium between 
1888 and 1890 [4]. 


Between 1891 and 1920, sodium was pro- 
duced by electrolysis of molten sodium hy- 
droxide, to which sodium chloride and sodium 
carbonate were added to lower the melting 
point (Castner process). The Castner process 
[6] was the only important industrial process 
for producing sodium during this period. 

In the 1900s, attempts were made in Swit- 
zerland (Ciba), Germany (Degussa), and the 
United States (Róssler & Hasslacher Chemi- 
cal Co.) to use the cheaper starting material 
sodium chloride in a molten salt electrolysis 
process. In 1921, Downs succeeded in con- 
structing a cell for electrolyzing sodium chlo- 
ride [7], the basic principle of which is still 
used today. The electrolyte used from ca. 1925 
onward for industrial production was a mix- 
ture of sodium chloride and calcium chloride. 
Since ca. 1950, a modified Downs cell has 
been used, with an electrolyte consisting of a 
ternary mixture of NaCl, BaCl,, and CaCl.. 
This process has since become established 
worldwide. 


The industrial use of sodium has also un- 
dergone a change. The only demand for large- 
scale production of sodium in the mid-1800s 
came from the aluminum industry, where it 
was used for reducing aluminum trichloride. 
However, around 1890, aluminum producers 
began to switch to a molten salt electrolysis 
process. Sodium was also used in the produc- 
tion of sodium cyanide (for extracting gold 
from its ores) and sodium peroxide. It was 
later used in the production of lead-containing 
antiknock agents for gasoline and special met- 
als such as titanium. 





Sodium 


513 Properties 


A vue) Properties. The properties of so- 
иш directi} related to its structure [8]. 
The electronic configuration of sodium 15 157 
2s pf 351. The atomic volume is therefore 
large, and the cohesive forces in the sodium 
lattice are relatively low. Thus, like all alkali 
metals, sodium has a lower density than the al- 
kaline-earth metals, as well as lower hardness; 
lower melting and boiling points; and lower 
energies of sublimation, vaporization, and dis- 
sociation [5. 9]. | 

Sodium crystallizes from the melt with a 
body-centered cubic crystal lattice. It has typi- 
cal metallic properties, including high thermal 
and electrical conductivity, the electrical con- 
ductivity of sodium at 20 *C being about one- 
third that of copper. Ít is liquid over a wide 
temperature range from 97.8 to 881.4 °C and 
has a fairly low vapor pressure, which is an 
important requirement for production in an 
electrolytic cell [10]. 

Alkali metals give characteristic flame col- 
oration. Their outer electrons can easily be 
raised to an excited state, which is the basis for 
their analytical determination by flame pho- 
tometry and atomic absorption spectroscopy. 
Sodium and sodium salts color the flame of a 


Bunsen bumer yellow. The sodium D doublet 


at 589 and 589.6 nm is due to the 35—3p! tran- 
sition in sodium atoms formed by the reduc- 
tion of Na* in the flame [9]. 

Sodium is monoatomic in the vapor state, 
although dimers and tetramers have also been 
reported [10]. 

Some physical properties of sodium are 
listed below [8, 10]: 


Atomic number 11 
Relative atomic mass 22.98977 
Melting point 97.83 *C 
Heat of fusion 113 J/g 
Volume expansion on melting 2.796 
Boiling point 881.4?C 
Heat of vaporization 3750 Vg 


Atomic radius in metallic lattice 189.6 pm 
Tonic radius 95-98 pm 
Ionization potential 5.139 V 
Standard electrode potential 2.714 V 
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Electrical resistivity at 20 °C 4.71 x 10° Qm 
Critical temperature 2508.7 + 12.5 К 
Critical pressure 25.64 + 0.02 MPa 
Critical density 206 kg/m? 
Specific heat capacity at 20°C 1.22 18'К" 
Thermal conductivity at 20 °C 132.3 Мік"! 
Density 5 

at 20 °С 0.968 g/cm 

at 120 °C 0.927 g/cm! 


The density (kilograms per cubic meter) of 
solid sodium in the range 273-370.98 К is 
given by the following equation [8]: 


рг= 972.5 – 20.11 x 10°(T -273.15)x 107(T ~ 273.15) 


For liquid sodium in the range 370.98- 
1644.24 K, the following equation applies [8]: 
pr= 1011.8 —0.22054T — 1.9226 x 10 T° 

+ 5.637 х 10° T? 


The specific heat capacity (Jg EK ) as a func- 
tion of temperature at 273.15-370.98 К is 
given by [8] 
e, = 1.1987 + 6.4894 x 10“(T — 273.15) 

+ 1.053 x 10(T – 273.15) 
In the range 370.98-1173.15K, the following 
equation applies [8] 
c, = 1.4361 — 5.8024 x 107(T — 273.15) 

44.621 x 10 (T — 273.15} 


The thermal conductivity (Wm'^K ) from 
370.98 to 1173.15 K is given by [8] 


1291.8—43x10*(T - 273.15) 


The vapor pressure (kilopascals) at 300-2500 
K is [8] 
logp = 10.182516 — 5693.8776/T — 1.0948logT 

Ў +8.5874946х 10^ T 


Tlie viscosity (mPa:s) at < 773 К is given by 
[8] 

т = (0.1235 + 0.0018) x (р/1000)'° x gi697 £9) (1000 
Above 773 K, the equation is [8] 

т = (0.0815 + 0.0013) x (р/1000)' x g 1040 + 1910007) 


The surface tension (newtons per meter) in the 
range 370.98-1300 К is given by [8] 


р 206.7 x 10-3 — 1.0 x 10 (T — 273.15) 


Figure 51.1 shows some properties of sodium 
as a function of temperature. 
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Figure 51.1: Some properties of sodium as a function of temperature [11]. A) Density; i ity; 
g me 1 ; y; B) Specific heat capacity; C 
Thermal conductivity; D) Viscosity; E) Surface tension; F) Vapor pressure. Р елы, ы), 


Chemical Properties. The reactivity of so- 
dium can be illustrated by the following equa- 
tions (12, 13]: 


2Na + Н, = 2NaH 


4Na + ТЇСЇ, = Ti+ 4NaCl 


2Na + 2NH 2 2NaNH, + Н, 
2Na + О, — Na,O, 

2Na + 48 > NaS, 

2Na + X, — 2NaX (X = halogen) 
Na + ROH > RONa + "H, 





Sodium 


2Na*2RX > R-R +2Мах 
(х= halogen, К = alkyl group) 

The high reactivity of sodium is a result of its 
electronic configuration [14]. Sodium, like the 
other alkali metals, has only one s electron in 
its outer shell, which is very weakly bound 
due to shielding from the atomic nucleus pro- 
vided by the completely filled rare gas shells. 


e Sodium reacts with hydrogen at ca., 200- 
300 °C to form sodium hydride. In NaH, hy- 
drogen is present as hydride ion. In organic 
syntheses, sodium hydride has little reduc- 
ing action [15], its most important chemical 
property being high basicity. Sodium hy- 
dride reacts as a strong base not only with all 
acids, but also with all organic and inorganic 
compounds that contain an active hydrogen 
atom. Sodium hydride is more strongly ba- 
sic than sodium amide [16]. However, in 
molten NaOH or eutectic salt baths, NaH 
behaves as a strong reducing agent toward 
metallic salts and oxides [17]. The system 
М№а-Н,-МаОН-Ма,О has been investigated 
extensively [18, 19]. 


e Titanium was first produced in large quanti- 
ties in 1910 by Hunter, who reacted tita- 
nium tetrachloride with sodium in an 
evacuated steel bomb. In 1956, ca. 1500 t of 


titanium sponge, representing ca. 10% of, 


the total world output, was produced by ICI 
by reducing titanium tetrachloride with so- 
dium [20]. Also, Reactive Metals, Inc., of 
Ashtabula, Ohio, until recently, used sodium 
as the reducing agent in the production of ti- 
tanium. However, by far the largest amount 
of titanium has been produced by the mag- 
nesium-based Kroll process. More recently, 
the electrolysis of DCL, has become impor- 
tant. 

The Hunter process is representative of 
many reactions in which the halides of most of 
the metals in periods 4—6 of the periodic table 
can be reduced with sodium to the metal, with 
formation of the corresponding sodium salt. 
Examples include the production of aluminum 
by using sodium as the reducing agent (Dev- 
ille and Bunsen process, 1854) [4] and of tho- 
rium from thorium tetrachloride [4, 21—23] or 
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K.ThCl, [24]. The elements potassium, beryl- 
lium, magnesium, boron, and aluminum can 
also be produced by this method. The reduc- 
tion of KCl by sodium appears to go against 
the normal order of reactivity (K > Na). At 
850-880 °C, the following reaction takes 
place: 


+ e 4 D 
Nagas) + Канша 7 Маана) + Rag 


Since potassium is more volatile, it is more 
readily distilled, so the equilibrium is shifted 
to the right and the reaction proceeds [9]. 

e Sodium amide is produced industrially by 
the reaction of molten sodium with ammo- 
nia at 300-400 °C. 

Sodium dissolves in liquid ammonia to 
give a blue color that changes to a coppery red 
with increasing concentration. Solutions of al- 
Kali metals in liquid ammonia are powerful 
and selective reducing agents. Aromatic sys- 
tems are reduced smoothly to cyclic mono- or 
dialkenes, and alkynes are stereospecifically 
reduced to trans-alkenes [9]. 

Sodium does not react with molecular ni- 
trogen under normal conditions. Hence, nitro- 
gen is a suitable protective gas, even at high 
temperature, for the production, storage, and 
transport of sodium [10]. | 

Sodium azide, NaN,, can be prepared by 
the reaction of dinitrogen oxide with sodium 
amide at 200°C. The existence of Na,N is 
very doubtful. The heavier alkali metals do not 
appear to form compounds of this type, possi- 
bly for steric reasons [9]. 

, Prior to the 1960s (1.е., before modern cata- 
lytic methods for producing hydrogen cyanide 
became available [12]), sodium cyanide was 
produced via sodium amide and sodium cyan- 
amide by the Castner process [12]: 
2Na + 2NH,  2NaNH, + H, 


2NaNH, + C 2 NaN.C + 2H, 
Na4N,C + C -э 2NaCN 


2Na * 2NH, +2C э 2NaCN * 3H, 


Metallic silver and gold form complexes with 

NaCN in a smooth reaction under mildly oxi- 

dizing conditions. This 1s used in the extrac- 

tion of these metals from ores or gold-bearing 
È 

sand [12]. 
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With carbon, sodium forms compounds of 
the acetylide type, M,C., and with graphite it 
forms a layered compound [8]. Sodium acetyl- 
ide can be produced by the reaction of sodium 
with acetylene or by the thermal decomposi- 
tion of NaHC, in a vacuum. Sodium acetylide 
can be used in the preparation of alkynes. 

The reaction between graphite and sodium 
gives an intercalation compound with the ap- 
proximate formula C «Na [8]. 

Sodium formate or oxalate can be produced 
in the reaction between carbon dioxide and so- 
dium. Burning sodium reacts explosively with 
solid carbon dioxide; thus CO, extinguishers 
are unsuitable for sodium fires [10]. Alkali 
metals in liquid ammonia react with carbon 
monoxide to form colorless crystals of 
Na4,C40,, which contain linear groups, NaOC 
zCONa, linked together to form chains [9]. 


e Sodium reacts with oxygen to form the fol- 
lowing oxides: monoxide (Na.O), peroxide 
(М№а,О.), and hyperoxide (NaO.). The ozo- 
nide NaO, is also known [25]. 

The reactions to form the monoxide and the 
peroxide are exothermic. The peroxide is 
manufactured in a rotating drum reactor. In the 
first stage, sodium reacts with air to form so- 
dium monoxide, which reacts with oxygen or 
oxygen-enriched air in the second stage to 
form sodium peroxide [25]. 

The structure and chemical properties of 
the oxygen compounds of alkali metals have 
been investigated thoroughly [26]. 

In normal atmospheric air, molten sodium 
can ignite at > 115 °C, but higher temperature 
is necessary in dry air. Combustion is exother- 
mic, with the evolution of much smoke, and an 
intense white-yellow light is emitted with the 
formation of Na.O and Na4O. [10]. 

Sodium reacts with water to form sodium 
hydroxide and hydrogen. If the hydrogen 
evolved mixes with air, the gas mixture 
formed can explode with great violence [10]. 
The reaction of excess sodium with high-pres- 
sure steam in the absence of air gives sodium 
hydroxide and sodium hydride [8]. 

The heats of reaction of the individual reac- 
tion steps are given below [8]: 
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Nap + H,Og, > NaOH, 
AH og = —145 KJ/mol 


NACH 


Nag, + Н.О, э NaOH p +'/,H, 
AH в =—185.4 kJ/mol 


2Na + H,O,,, э NaOH, + NaH, 


Aa —195.3 kJ/mol 

Nay, + '/,H, — МН 
A, —56.4 kJ/mol 

Nag, + NaOH, > NaO + '/,H, 
AH og = +10.7 kJ/mol 


2Na + HO, => Na,O,. + Ha 
AHYy=-128.1 kJ/mol 
2Na,, + NaOH,,, — Na,O,,, + Nal, 


АН, = —45.7 kJ/mol 


e Molten sodium reacts with stoichiometric 


amounts of molten sulfur under an inert at- · 


mosphere to form disodium tetrasulfide. 
2Na + 45 — NaS, 


Disodium tetrasulfide is used industrially for ` 


the production of organofunctionalized silanes 
[27] by reaction with 3-chloropropyltrialkoxy- 
silanes. In a nucleophilic reaction, the tetrasul- 
fide anion displaces the chlorine atoms and 
links two propyltrialkoxysilane molecules 
with formation of a sulfur bridge [27]. 
2(RO);-Si-(CH,),-Cl + Na,S, > 
(RO),Si{CH,),-S,(CH,),~Si(OR), + 2NaCI 


e Halogens react with sodium with varying | 


degrees of vigor. With fluorine, ignition 
takes place at room temperature, but no re- 
action occurs in liquid chlorine. With gas- 
eous, dry chlorine, negligible reaction takes 
place at room temperature, but molten so- 
dium burns in a stream of chlorine to form 
sodium chloride. This reaction takes place 
to a small extent in the Downs cell. Sodium 
is fairly stable toward bromine. Sodium and 
iodine can be melted together without reac- 
tion [10]. 

Lower and primary alcohols react readily 
with sodium to form alkoxides. Higher and 
branched alcohols generally react very 
slowly due to the decreasing acidity of the 
hydroxyl group. The reaction velocity can 
be increased by raising the temperature and 





Sodium 


‘ng finely divided sodium. Alkoxides 
by t eondensation agents of high basicity, 
used in the alkylation of carbon, nitrogen, 
and oxygen atoms (e.g.. the mono- and di- 
alkylation of malonic esters, acetoacetic es- 
ters cyanoacetic esters, benzyl nitrile) and 
for base-catalyzed rng closure reactions to 
form nitrogen-containing heterocyclic com- 
pounds. Alkoxides аге used as synthetic 
building blocks in the Williamson ether syn- 
thesis [11]. 

é The reactions of alkali metals with alkyl ha- 
lides (Wurtz reaction) are heterogeneous 
and probably very complex [28]. Alkanes 
are formed when the alkylsodium com- 
pound initially formed displaces the halogen 
atom from an alkyl halide molecule: 


R-X +2Na —> R-Na* + NaX 

R+RX>R-R+X 

Organometallic compounds of group IV A 
metals can be prepared by a variation of this 
synthetic method. For example, tetraethyllead 
can be prepared by reacting chloroethane with 
a lead-sodium alloy [29]: 

4C, H,CI + 4Na-Pb — (C.H;),Pb + 3Pb + 4NaCI 


51.4 Occurrence 


Sodium is strongly electropositive, very re- 
active, and does not occur in nature in the ele- 
mental state, but always in cationic form 1n 
salts. Sodium is the seventh element in order 
of abundance in the Earth's crust (2.27%). It 
occurs in several minerals in association with 
other alkali metals. Extensive deposits of rela- 
tively pure sodium salts were formed by the 
evaporation of prehistoric lakes, a process that 
can still be observed [e.g., in the Great Salt 
Lake (Utah) and the Dead Sea]. 

Industrially important naturally occurring 
sodium compounds include rock salt (sodium 
chloride), trona (sodium carbonate), Chile 
saltpeter (sodium nitrate), mirabilite (sodium 
sulfate), and borax or kernite (sodium borate). 
Sodium chloride (NaCl) is the most used raw 
material in the inorganic chemical industry 


[9]. 
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51.5 Production 


51.5.1 Chemical Processes 


Sodium can be obtained from many of its 
compounds by high-temperature reduction 
[4]. In the older thermochemical methods, so- 
dium carbonate or sodium hydroxide was re- 
acted with charcoal or coal, sulfur, or iron. 
Other compounds of sodium, such as the chlo- 
ride, sulfide, sulfate, and cyanide were also 
used. A serious disadvantage of thermochemi- 
cal methods was that reverse and secondary 
reactions occurred. Despite these problems, 
patents were applied for, covering many varia- 
tions of the thermochemical methods of pro- 
duction [10]. In a Du Pont patent, sodium 
carbonate or sodium hydroxide was reduced 
with coal. The gases formed in the reaction 
were passed through molten tin, which ab- 
sorbed the sodium vapor. Sodium was then re- 
covered from the tin in an additional process 
step. According to a patent of Pechiney 5. A. 
NaCl vapor is passed over calcium carbide at 
800—1000 °C, and the sodium formed is col- 
lected in oil. In a Dow Chemical Co. process, 
sodium carbonate is reduced with coal at 7 
1200 °С. The sodium vapor formed is con- 
densed in liquid sodium [10]. 


51.5.2 Electrolytic Processes 


51.5.2.1 Development of Molten 
Salt Electrolysis of NaOH and NaCl 


| Using the same principle by which Davy 
discovered sodium, Castner developed a pro- 
cess for producing the metal on a large scale 
from molten sodium hydroxide in an electro- 
lytic cell (Figure 51.2). This process was oper- 
ated at Niagara Falls (United States) and 
Rheinfelden (Germany), and was the only 
practical method for sodium production from 
1881 to the mid-1920s. Cheap hydroelectric 
power was available at both locations. 
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Figure 51.2: Production of sodium by the Castner process 
(1891). 

The Castner process yields sodium, hydro- 
gen, and oxygen: 


4Na* + 427 — 4Na (cathode) 
40H” 2 2Н,0 +0, + 47 (anode) 
2Н,0 + 2Na — 2NaOH + H, 

The overall reaction is: 
4NaOH — 2Na + 2NaOH + H, + О, 


Thus the current efficiency cannot exceed 
5096. In practice, current efficiencies of « 
45%, were achieved. d 

Before sodium can be produced by this 
method, sodium hydroxide must first be ob- 
tained (e.g., by electrolysis of aqueous sodium 
chloride). Much research was therefore aimed 
at producing sodium by direct electrolysis of 
sodium chloride, which has the following ad- 
vantages over sodium hydroxide as a starting 
material: 


e Higher current efficiency during sodium 
production 


e Cheaper raw material 
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e Easier handling 


e Production of chlorine as by-product 
Its disadvantages are: 


e The need to install a plant for chlorine puri- 
fication and sometimes also for chlorine liq- 
uefaction 


e Increased technical problems associated 
with chlorine 


e Higher melting point 


Many cells were developed at this time, but 
only the Downs cell solved the problems en- 
countered with other cells. With the Downs 
cell, the foundations were laid for large-scale 
sodium production. Along with the Hall alu- 
minum cell and the Dow magnesium cell, this 
15 one of the most successful molten salt elec- 
trolysis cells ever developed [30]. 

In the Castner cell (Figure 51.2) a cylindri- 
cal nickel anode surrounds the copper cathode 
concentrically. If NaOH is replaced by a mol- 
ten salt containing NaCl, the collection and 
containment of the chlorine evolved cause 
problems, which are solved only when the po- 
sitions of the anode and cathode are reversed, 
as in the Downs cell in which the anode is sur- 
rounded concentrically by the cathode. 


Figure 51.3: The Downs cell (original form): a) Steel ves- 
sel: b) Ceramic lining: c) Iron cathode; d) Graphite anode; 
2) Wire gauze diaphragm; f) Dome for collecting chlorine 
gas; g) Insulating lid: h) Channel with riser pipe for col- 
hd sodium; i) Sodium overflow; j) Sodium holding 
Vessel. 
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Figure 51.3 is a schematic of the Downs 
cell in its original form [13, 31]. It consists of 
a lined steel vessel in which the graphite an- 
odes pass through the floor, and the two elec- 
trical conductors connected to the cathodes 
pass through the walls. The anode is sur- 
rounded by the cylindrical iron cathode. . 

The Downs process used a mixture of 60% 
CaCl, and 40% NaCl at an operating tempera- 
ture of 560—585 °C. This composition repre- 
sents a compromise between the melting point 
of the salt mixture and the sodium content. 
The eutectic mixture, which contains 66.896 
CaCl, and 33.2% NaCl, melts at ca. 505 °C. 
Although increasing the CaCl, content re- 
duces the melting point of the binary mixture, 
it also decreases the concentration of sodium 
in the cathode space due to the equilibrium 


2Na + CaCl, = 2МаС1 + Ca 


The operating temperature of ca. 580 °C is 
well below the temperature of maximum solu- 
bility of sodium in the molten salt. The density 
of the salt is 1.89~1.94 g/cm’. Along with so- 
dium metal, calcium (ca. 3.54%) is deposited 
at the cathode. Because of the high melting 
point of calcium (804 °C) and its low solubil- 
ity in sodium, the alloy phase Na-Ca can ac- 
cumulate in the sodium and cause blockages 


sodium from the cell. These solid deposits 
must be scraped off the walls of this équip- 
ment. Most of the calcium can react with NaCl 
in the melt (by the above reversible reaction), 
again forming calcium chloride. A further 
quantity of calcium is removed from the so- 
dium by filtration at 110 °C. The sodium puri- 
fied in this way contains « 400 ppm calcium. 
Some of the early cell types used for sodium 
production (e.g., the Castner, Ciba, McNitt, 
and Downs cells) are described in detail in [4, 
13]. 


51.5.2.2 Description and 
Operation of NaCl Molten Salt 
Electrolytic Cell 


Large sodium production plants have 40— 
50 d.c. electrolytic cells connected in series to 


in the equipment for continuous removal of | 
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achieve optimum efficiency. The voltage of 
each cell depends on the operating conditions 
(current, temperature, melt composition, so- 
dium production rate) and changes with time. 

Today, electrolytic cells are usually oper- 
ated at up to 45 KA, with outputs of up to 800 
kg/d sodium. For problem-free operation, the 
individual electrolytic cells, with their associ- 
ated equipment, must be electrically insulated 
from neighboring cells and from the ground. 
The graphite used to make the anodes in the 
electrolytic cell is resistant to nascent chlorine 
in the chloride melt even at high temperature, 
and its electrical conductivity is adequate at 
the operating temperature. However, all oxy- 
gen-containing compounds must be removed 
from the salts used to prevent corrosion of the 
graphite. Salts of heavy metals and salts of 
aluminum and magnesium also cause prob- 
lems in molten salt electrolysis. 

Because of the requirement for high-purity 
raw materials, extensive facilities are required 
to purify the salt used in the electrolytic pro- 
cess [5]. Sodium chloride is first dissolved in 
water to give a saturated brine. Barium chlo- 
ride and sodium carbonate are added, mainly 
to remove CaSO, The precipitate of BaSO4 
and CaCO, forms a sediment together with 
clay minerals present in the crude salt. The fil- 
tered solution is then evaporated to crystallize 
the salt, which is recovered by centrifugation 
and dried to a water content of « 600 ppm, 
which is important for optimum operation of 
the electrolytic cells [5]. A process for the pu- 
rification of sodium chloride by recrystalliza- 
tion alone, without the use of precipitating 
agents, has been reported recently [32]. A 
schematic of a sodium production process is 
given in Figure 51.4. 

At the melting point of sodium chloride 
(808 °C), chlorine would severely corrode all 
the cell components that come in contact with 
it. Also, the vapor pressure of sodium is high 
at this temperature (50 KPa), and its solubility 
in molten salt is also high (4.296). Therefore 
lower melt temperatures must be used. A ter- 
nary salt mixture is normally employed 
(NaCl-BaCl,-CaCl,). The temperature of the 
molten salt in the cell is ca. 600 °C. 
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Figure 51.4: Flow sheet of sodium production: a) Dissolution vessel; b) Filter; c) Precipitation vessel; d) Vessel for pure 
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ter; 1) Sodium storage; m) Sodium tank: n) Casting; o) Chlorine purification; p) Chlorine compressor; q) Liquefier; r) 





Chlorine storage vessel. 


From this molten salt mixture, ca. 1% cal- 
cium is deposited on the cathode with the so- 
dium. The crude sodium removed from the 
cell also contains 0.3% calcium oxide, 0.3% 
sodium oxide, and small quantities of en- 
trained molten salt. A product of marketable 
quality [10] is made by cooling the sodium to 
са. 120°C and removing the impurities that 
separate with the aid of a candle filter 
equipped with gauze. The filter cake obtained 
consists of calcium, sodium, chlorides, and 
oxides. Various methods of recovering cal- 
cium or calcium alloys from the filter cake 
have been proposed, but none has had com- 
mercial success [1, 33, 34]. 


In modern cells (Figure 51.5) tbe cathode 
and anode are subdivided into four pairs of 
electrodes. Four steel tubes, welded together, 
surround the four cylindrical graphite anodes 
concentrically. The cell design has been devel- 
oped over the course of time [13, 35—40]. 


The anodes usually take the form of a hol- 
low cylinder with slits in the wall [41, 42]. Al- 


ternatively, anode blocks can be made with 
conical central holes, which increases the pro- 
portion of graphite and decreases the resis- 
tance along the length of the anode [43]. 


The four steel cathodes are connected to the 
electrical supply by two conducting rods that 
pass through the side walls of the cell. The an- 
nular gap between the anode and the cathode 
is < 50 mm wide. A cylindrical iron mesh is 
placed in this gap, forming a diaphragm to 
separate the products, sodium and chiorine. 
The cylindrical diaphragm is attached to a de- 
vice that collects sodium and chlonne from 
the four electrode pairs. Above the cathode 
space (between the cathode and the dia- 
phragm) is a channel with a closed roof to col- 
lect the liquid sodium that rises through the 
melt in the form of droplets. Four shafts lead 
gaseous chlorine from the four anode spaces 
upward into a dome. Chlorine collects in the 
dome above the surface of the melt and is re- 
moved via an outlet at the top. 
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Figure 51.5: Modified Downs cell: a) Anode; b) Cathode; c) Molten salt; d) Diaphragm: e) Chlorine dome. 


2063 








2064 


The chlorine pipe leading from the top of 
the dome is fitted with an access cover that is 
used to monitor the extraction of chlorine 
from the cell into the collection device. This 
cover can be provided with a tongue-and- 
groove seal to prevent intake of air into the 
chlorine [44]. 

The roof of the sodium-collecting device 
usually slopes upward, so that sodium flows 
smoothly into the vertical riser pipe. The de- 
vice for collecting the sodium and chlorine 
may also include a tube for promoting circula- 
tion of the melt. The chlonne bubbles that 
form and rise at the graphite anodes improve 
the circulation of the melt in the anode space. 
The rising gas bubbles cause the surface of the 
melt to rise in the chlorine collection hood, so 
that the salt level is higher inside the hood than 
outside. Circulation of the molten catholyte is 
improved by the upward flow of the sodium. 
Downward flow of the catholyte takes place 
by natural convection at the inactive outer 
walls of the cathodes. By including a circula- 
tion tube, the flow of the catholyte can be im- 
proved, enabling the electrolyte from the 
chlorine-collecting hood to flow downward 
into the central cathode space [45]. 


Sodium flows from the riser pipe of the col- 
lecting device into a closed collection vessel 
[6]. The calcium dissolved or suspended in the 
sodium separates as a solid on the inner walls 
of the riser pipe. Blockage is prevented by 
means of an agitator inside the riser pipe that 
scrapes calcium from the walls. Since the den- 
sity of calcium is higher, it sinks down through 
the sodium to the salt level, where partial reac- 
tion with NaCl of the ternary salt mixture oc- 
curs to form calcium chloride and sodium. 
Various designs of this agitator mechanism in 
the riser pipe have been descnbed [46, 47]. 
Calcium, oxides (e.g., Na,O. and СаО), and 
entrained melt settle at the bottom of the col- 
lection vessel, which is therefore equipped 
with a stirrer [48]. A design has also been de- 
scribed in which this stirrer is combined with 
the agitator in the riser pipe [49]. 


A characteristic of another possible design 
[49] is, that the open overflow is replaced by 
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an overflow pipe between riser pipe and col- 
lecting vessel (Figure 51.5). 
If the overflow pipe is at the correct height, 


the hydrogen liberated occasionally at the - 


cathode and the chlorine diffusing into the 
cathode space do not enter the collector. The 
gases that collect above the sodium in the gas 
space of the nser pipe are removed by a stream 
of inert gas (e.g., nitrogen) [50]. 

An overview of the procedures for starting 
up a Downs cell is given in [51]. 


The salt used for the initial melting opera- - 


tion can be a solid salt mixture or a powdered, 
solidified melt. Melting is achieved by short- 
circuiting the electrodes with so-called starter 
blocks. A number of these starter blocks are 
wedged between the anode and cathode, and 


the cell is then filled with salt mixture. In or- ` 


der to melt the mixture, a low electric current 
is passed through the cell. When sufficient salt 
has melted, the starter blocks are removed, the 
current is increased to the normal operating 
level, and the diaphragm is inserted. 

In an improved technique, the cell is filled 
with solid powdered electrolyte or salt mixture 
until the level is just below the top of the elec- 
trodes [52]. The part of the cathode that is not 
covered is then heated to a temperature well 
above the melting point of the salt mixture. If 
a small amount of liquid melt is introduced 
from another cell, a low electric current can be 
passed between the electrodes. While solid 
salt mixture is being added, the electric current 
is slowly increased until the cell is filled with 
molten salt mixture to the correct height. The 
diaphragm is then introduced. A further im- 
provement in the procedure for starting up a 
cell has now been developed, in which the cell 
is preheated, and sufficient liquid melt from 
neighboring cells is added to enable the dia- 
phragm to be introduced and the electric cur- 
rent to be applied immediately to the cell [51]. 
Sodium production can then begin without the 
need for the complicated procedures described 
above. 

Cells normally used today have a capacity 
of ca. 8.4 t molten salt with a density of ca. 2.7 
g/cm’. Cells have a working life of about three 
years. They are normally taken out of commis- 





|: Downs molten salt cell are [5]: 
` ` Operating temperature 
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when the cell voltage and hence the en- 
consumption become too high due to 
the anodes. Operating data for a 


sion 
ergy 
wear of 


590-610 *C 


Lifetime of cell SC d 

Cell voltage DIA 

Cell current = E 
80-9095 


ent efficiency 
Geet of electrical energy 9.8-10.5 KWh/kg Na 


The voltage required for the electrolysis of 
sodium chloride is ca. 3.4 V, which is ca. 50% 
of the cell voltage. | | | 

In the course of a working life, various 
changes in the operating conditions of the 
Downs cell take place that lead to increased 
energy consumption. These. changes are 
mainly a result of loss of graphite from the an- 
odes due to corrosion and erosion, and buildup 
of impurities in the melt, leading to the accu- 
mulation of precipitated material on the cell 
floor [53]: A cell that consumes ca. 280 kW 
per day to produce 700 kg sodium uses ca. 116 
kW for decomposing the NaC] to sodium and 
chlorine, which corresponds to a power effi- 
ciency of ca. 41%. Heating the charge of NaCl 
from room temperature to the operating tent- 
perature requires 9.9 kW, and an additional 
11.1 kW is required for melting, amounting to 
ca. 8% of the total power consumption. To 


maintain a constant melt temperature, a cool- · 


ing power of 143 KW is required (1.е., са. 5] % 
of the total power consumption). The diffi- 
culty in operating a cell consists in maintain- 
ing an optimum balance of the continually 
changing rate of heat production due to the 1n- 
temal resistance of the céll, recombination of 
sodium and chlorine to form sodium chloride, 
and the rate of removal of excess heat. Here, 
care must be taken that the flow pattern and 
hence the cell resistance are not disturbed by 
the adjustments made to control the cooling 
[53]. 

Electricity consumption figures for large 
installations for the production of sodium by 
molten salt electrolysis are given in [54]. The 
consumption of electrical energy for the elec- 
trolysis is 9.8-10.5 kWh/kg pure sodium, de- 
pending on the length of time that the cell has 
been in operation. If the associated equipment 
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(ventilation, heating of vessels, and equip- 
ment) is included, this increases to 11.5-12.0 
kWh/kg pure sodium. If a plant for purifying 
the raw salt and a plant for the purification and 
liquefaction of the chlorine produced is taken 
into account, the total energy consumption 15 
12.0-13.0 kWh/kg pure sodium. 


51.5.2.3 Properties of the 
Electrolyte 
The electrolyte consists of a mixture of 


NaCl, CaCl», and Bal, Some properties of 
these salts are listed in Table 51.1. 


Table 51.1: Physical properties of salts used in the Downs 
cell. 


Property NaCl CaCl, BaCi, 
e ei  ————— 
Melting point, °C 5845 110.99 208.27 
Density of molten salt at mp, 

pur 1.6 2. 32 
Electrical conductivity of the 

molten salt at тр, Ост! 3.6 2.0 2.0 
E eege x эе ын с сы сыш ш ш > 


The melting point of the ternary eutectic of 
these salts is 450°C. However, the eutectic 
mixture is not suitable as a working electrolyte 
since the CaCl, content of ca. 50% would re- 
sult in an unacceptably high proportion of cal- 
cium in the sodium product. A mixture of 28% 
NaCl, 25% CaCl,, and 47% BaCl, (51 mol% 
NaCl, 24 mol% CaCl, 25 mol% BaCl) is 
suitable. This mixture melts at 570 °C, and the 
calcium content of the sodium produced is ca. 
196. 

If the rate of sodium chloride addition var- 
ies during electrolysis, the NaCl content of the 
mixture and its melting point fluctuate, but the 
BaCl.-CaCl, weight ratio remains practically 
constant at 1.88. For example, melting points 
of the mixture are 550 °C for 26% NaCl and 
600 °C for 32% NaCl. ' 

The current efficiency would be 100% if 
pure sodium were deposited at the cathode, 
and no back reaction of sodium with chlorine 
occurred to form sodium chloride. The dia- 
phragm prevents sodium droplets formed at 
the cathodes from reacting with the chlorine 
bubbles formed at the anodes. 

; However, another possible mechanism for 
the back reaction, associated with the slight 
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solubility of sodium in the melt, causes the 
melt to become a partial electronic conductor 
[55]. The dissolved sodium dissociates into 
sodium ions and electrons [56]. The electrons 
and surrounding cations form color centers, 
called F-centers, that impart a bluish appear- 
ance to the melt. 

If dissolved sodium is present in the cath- 
ode compartment, electrons migrate in the 
electric field from the cathode across the dia- 
phragm where they react with sodium ions to 
form sodium. This sodium recombines with 
the gaseous chlorine present in the anode com- 
partment, which decreases the current effi- 
ciency. 

To remove dissolved metal (mainly so- 
dium) from the electrolyte, two methods of re- 
generation have been proposed. In both of 
these, regeneration of the melt takes place out- 
side the cell. The melt can be melted repeat- 
edly and allowed to solidify, so that the 
dissolved metals coagulate and separate from 
the salt melt (57], or the dissolved metals can 
be oxidized by passing air through the salt 
melt [58]. 

Under some circumstances (e.g., during a 
plant shutdown), the sodium production rate 
of a cell may have to be reduced for a period of 
time without interrupting the ohmic resistance 
heating of the cell. To achieve this, 0.1-0.5% 
aluminum oxide can be added to the melt [59]. 
Solid bndges of aluminum form between the 
cathode and the diaphragm, and the latter 
starts functioning as the cathode. Recombina- 
tion of sodium with chlorine is no longer pre- 
vented and the current efficiency is drastically 
decreased. Since the melting point of alumi- 
num (660 °C) is above the operating tempera- 
ture of the cell the aluminum bridges do not 
melt. To restore the current efficiency to its 
normal value, the bridges are broken by shak- 
ing the diaphragm or replacing it. 


51.5.2.4 Other Electrolytic 
Processes 
Sodium can be deposited electrolytically on 


a molten lead or mercury cathode to form an 
alloy [31]. Using this principle, Аѕнсвоғт has 
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designed a double cell, in whose primary cel] 
an amalgam is formed by electrolysis of aque- 
ous NaCl with a mercury cathode. Alterna. 
tively, molten sodium chloride is electrolyzed 
with a molten lead cathode. The alkali-metal 
alloy is then transferred to the secondary cell 
where the molten salt electrolyte (mp ca, 
200 °C) is NaNH,, NaCN, or an NaOH-KOH 
mixture. In the secondary cell, the alloy is an- 
odically decomposed into its constituents, 
whereby the alkali metal is deposited on the 
cathode and the alloying metal is returned to 
the primary cell. However, the Ashcroft pro- 
cess could not compete with other electrolytic 
processes. 

In the Szechtman process, a sodium-lead 
alloy is produced by electrolysis of molten so- 
dium chloride with a molten lead cathode. The 
sodium is then recovered from the alloy 
formed by distillation [31]. 

Sodium can be recovered by electrolysis of 
the amalgam produced in the chlor-alkali elec- 
trolysis process. Several electrolytic methods 
have been developed for recovering sodium 
from the amalgam, but they have not been 
used commercially (e.g., the Tekkosha process 
(10, vol. 17, p. 151]. 

Reference [60] describes the use of a solid 
ceramic that conducts sodium ions (as used in 
the sodium-sulfur battery) as a divider for a 
two-compartment cell. This method allows 
low-melting sodium salts or salt mixtures to 
be used to produce sodium [1, vol. 21, p. 193; 
60-64]. This type of cell should give current 
efficiencies approaching 100% with 30% 
lower energy consumption, as well as produc- 
ing high-purity sodium. The process has, how- 
ever, not been operated on a large scale [1]. 


51.6 Safety 


If appropriate regulations and special safety 
precautions are observed, sodium can be han- 
dled safely in inert systems or even in the open 
air, provided its temperature is < 115 °C [11]. 
The possibility of leakage from pipework and 
vessels containing molten sodium must be 
guarded against, because spontaneous ignition 
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can occur at > 115 °C [65]. Effectively fight- 
ing sodium fires requires a detailed knowledge 
of the combustion properties of sodium [66]: 


e In sodium fires in vessels in the open air, the 
temperature in the reaction zone 15 900- 
1000 °C. Even in unfavorable conditions, 
the temperature of the sodium remains be- 
low its boiling point. Hence, high rates of 
combustion, such as those observed. with 
boiling liquids, do not occur with sodium. 


e For any equipment carrying molten sodium, 
a special system of containment must be 
provided that safely retains sodium escaping 
from a leak and effectively prevents contact 
with air so that a fire cannot develop. 


e The preferred material for insulating so- 
dium-carrying pipework and vessels is rock 
wool or slag wool with a low content of free 
silica. For higher temperature, ceramic fi- 
bers are suitable. Fibrous insulation made 
from molten materials is less hygroscopic 
than powdered or foamed porous material 
and is therefore preferable. The action of 
buming sodium on concrete has been stud- 
ied in detail [67, 68]. 

The question of an optimum extinguishing 
agent has been discussed in the literature. The 


provision of inert-gas atmospheres such as ni- . 


trogen or argon in areas at risk from fire is 
generally too expensive. For pure sodium 
fires, which take place at the surface, a special 
expanded graphite is a very suitable fire-fight- 
ing material [69]. This powder floats on liquid 
sodium and thus prevents access of oxygen. 
Other powders, however, sink in the sodium 
and hence fail to provide a covering layer. The 
amount of such powder used on a vessel of 
molten sodium must therefore always be suffi- 
cient to absorb all the sodium and shield it 
against air [66]. To extinguish small spillages 
of sodium that have caught fire, powders spe- 
cially developed and permitted for metal fires 
(Class D fires), as well as dry salt, dry sand, 
and anhydrous sodium carbonate, are suitable 
[11]. Water, foam, halons, CO,, and fire-extin- 
guishing powders of Classes A, B, and C must 
not be used under any circumstances [11]. 
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Sodium burns to form sodium oxide 
(Na,O) and sodium peroxide (Na,O;). With 
surface fires, 10-30% of the sodium forms an 
atmospheric aerosol with a typical particle 
size of 0.001-0.002 mm. They combine with 
atmospheric moisture within a few seconds to 
form sodium hydroxide. This is followed by 
reaction with carbon dioxide to form sodium 
carbonate or hydrogencarbonate, which takes 
about 3—5 min [70-72]. . 

To clean equipment contaminated with so- 
dium, the sodium-containing residues are first 
removed mechanically and then disposed of 
(e.g., by controlled combustion). The remain- 
ing sodium can then be converted into hydrox- 
ide by steam. The excess steam renders the 
reaction zone inert [11]. The removal of so- 
dium by melting and cleaning out with steam 
and an alcohol water mixture (isopropanol 
with 596 water) is described in [73]. Small 
amounts of sodium in the laboratory can be 
converted to alkoxides, first with isopropanol, 
then with ethanol, and finally with methanol. 
Only when hydrogen evolution has ceased 
should the solution be treated with water. Very 
small amounts of sodium can be disposed of 
by storage under paraffin oil in an open bea- 
ker, which results in gradual conversion to the 
hydroxide. 


51.7 Uses 


Sodium Compounds. Some sodium com- 
pounds are important because of their nucleo- 
philic properties. 

“Sodium hydride [74] is produced from so- 
dium and hydrogen at 200—350 °С. Large 
quantities are reacted with trimethyl borate to 
form sodium borohydride 


4NaH + B(OCH,), > NaBH, + 3NaOCH, 


which is a very good hydrogenation and re- 
ducing agent. Its reducing power can be con- 
trolled by selection of the solvent and by 
adding ionic compounds. Sodium hydride re- 
acts with the following compounds to give 
their sodium salts [103]: alcohols, phenols, 
thiols, amines, ketones, alkynes, and carboxy- 
lic acids. 
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Sodium amide [74], which is produced 
from sodium and ammonia, is used mainly to 
synthesize indigo by the Heumann-Pfleger re- 
action and to produce sodium azide for the ex- 
plosives industry. In the Heumann-Pfleger 
indigo synthesis, sodium amide is used to cy- 
clize phenylglycine, forming indoxyl in very 
high yield [12, 74]. The reaction is carried out 
in molten sodium amide at 180—200 °С. 
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Sodium azide is synthesized by reacting 
molten sodium amide with dinitrogen oxide: 


N20 + 2NaNH, — NaN, + NaOH + NH, 


On an industrial scale, liquid ammonia is 
used as a solvent. In a variation of the method, 
sodium and ammonia are used without isolat- 
ing NaNH, [9] 
3N,0 + 4Na + NH, — NaN, + 3NaOH +2N, 


Sodium alkoxides [74] are used for C-, N-, 
and O-alkylation reactions (e.g., of malonic 
esters, acetoacetic esters, cyanoacetic esters, 
and benzyl nitrile) and in ring-closure reac- 
tions to form nitrogen-containing heterocy- 
cles. Alkoxides are used as synthetic building 
blocks in the Williamson ether synthesis. 


Organometallic Compounds. The produc- 
tion of organometallic compounds is an im- 
portant use of sodium. Organometallic 
compounds of group IV B metals can be pre- 
pared by a modified Wurtz synthesis [74]. 

Organotin compounds can be produced by 
the reaction 


8Na + SnCl, + 4RCI — SnR, + 8NaCI 
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which, however, is used less often than other 
methods. Tributyltin oxide is an effective 
wood preservative: 

SnCl, + 6Na + 3C,H,Cl —> (C,H,),SnCl + 6NaCI 
2(C,H,)3SnCl + H,O — (CH,),;Sn—O-Sn(C,H,), + 2HC| 
| Tetraethyllead, PbEt,, is produced by react. 
ing a sodium-lead alloy with chloroethane. 
Use of the antiknock agents [75] PbEt, and 
PbMe, is being increasingly restricted as a re- 
sult of environmental legislation. 


Synthesis of Vitamin A. The preferred 
method for the production of vitamin A in- 
volves the Wittig reaction, i.e., the reaction of 
methylenetriphenylphosphorane with ben- 
zophenone to give triphenylphosphine oxide 
and 1,1-diphenylethylene [76]. Tripheny]- 
phosphine is produced from chlorobenzene, 
sodium, and phosphorus trichloride [76]. 
3C,H,Cl + 6Na + PCI, — (C,H,),P ear) 


_ Since the expensive triphenylphosphine is 
irreversibly converted to triphenylphosphine 
oxide in the Wittig reaction, ways have been 
sought to reuse the latter. An economic pro- 
cess has been developed in which the phos- 
phine oxide is reacted with phosgene to give 
the dichloride, which is coproportionated with 
phosphorus [76]. 


-со, 
(Has COOL, ~> “(C,H,),PCl, 
З(С,Н,) РСІ+ 2P ~> 3(C,H,),P + 2PCI, 


Metallurgy. Metals such as titanium, zirco- 
nium, tantalum, hafnium, and niobium can be 
produced in high purity by reacting their chlo- 
rides with sodium. Pure titanium was first pre- 
pared in 1887 by two Swedish chemists, using 
the reaction 


DCL + 4Na > Ti + 4NaCI 


This method of preparation became known as 
the Hunter process. The reaction of sodium 
with titanium tetrachloride is usually carried 
out by placing the two reactants in an evacu- 
ated steel bomb and initiating the reaction by 
passing an electric current through a wire. 
Other methods of production are now avail- 
able (eg. a process involving direct electroly- 
sis of titanium tetrachloride). 
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Small amounts of sodium are used in lead 
refining, for optimizing aluminum silicon 
melts and improving the properties of bronzes 
[11]. Sodium treatment [77] of Al-Si melts 

revents anomalous crystallization, character- 
ized by the precipitation of needle-like or 
lamellar silicon [78-80]. Sodium leads to su- 
percooling processes [81, 82] that result in 
rounded eutectic silicon, normal fine eutectic 
solidification, and improved material proper- 
ties, especially tensile properties [83]. 


Sodium-Sulfur Batteries. Rechargeable bat- 
teries with liquid sodium as the anode, sulfur- 
sodium polysulfide as the cathode, and so- 
dium-doped aluminum oxide as the solid elec- 
trolyte are available for testing in the 
automobile industry [5, 84]. 

The two active materials, sodium and so- 
dium polysulfide, are separated by a solid 
electrolyte of B-aluminum oxide, which con- 
ducts sodium ions. The operating temperature 
of the battery is 300—350 °C [85]. The most 
important component of а sodium-sulfur cell 
is the tube of solid electrolyte that separates 
the two molten electrodes. This material must 
be highly permeable to sodium ions and have a 
long lifetime to give a sodium-sulfur battery 
with a high power density and long working 
life [86]. ‘ 


Sodium as a Heat-Transfer Medium. The al- 
kali metals, particularly sodium, were first 
used on a large scale as heat-transfer media by 
the nuclear energy industry. Today, liquid so- 
dium is used worldwide as a coolant in fast 
breeder reactors. Power stations may contain 
several thousand tonnes of the metal. Both its 
nuclear properties and its very favorable ther- 
mal properties have led to the choice of so- 
dium to cool fast breeder reactor cores, where 
the heat flux is high. Alkali metals are also 
used to a limited extent as heat-transfer media 
outside the nuclear industry [87]. In a solar en- 
ergy plant in the Mojave Desert, California, 
sodium is used to store energy and transfer it 
from the collector to the steam generator [88]. 
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51.8 Alloys 


Sodium-potassium alloys [89] are used 
mainly in heat exchange systems, because of 
their good thermal conductivity and the wide 
temperature range over which they are liquid. 
The physical properties of two typical Na-K 
alloys are listed in Table 51.2. A review of 
physical properties and chemical reactions is 
given in [13]. Large-scale production ís de- 
scnbed in [5]. The ternary alloy, 12% Na, 
47% K, and 41% Cs, has the lowest known 
melting point (—78 °C) of all metallic systems 
[9]. 


Table 51.2: Physical properties of Na—K alloys [8]. 
Composition, % К 


Ргорепу i 78 
Melting point, °C 19 ~12.67 
Boiling point, °C 825 784 
Density, kg/m? (100 °C) 886 847 
Viscosity, mPa-s (250 °C) 0.316 0.279 


Heat capacity, kIkg'K7! (200 °C) 1.096 1.045 
Thermal conductivity, Wm"! K^! 
(200 °C) 2636 25.10 


Sodium Amalgams. Sodium and mercury 
form the following intermetallic. compounds: 
NaHg, NaHg, Naj;Hg, NaHg, NajHg.. 
Na.Hg,, and Na,Hg [90, 91]. A liquid amal- 


. gam containing ca. 1% sodium is an interme- 


diate product in chlor-alkali electrolysis and is 
used to produce sodium hydroxide solution. 
Amalgams with higher sodium content 
(1.2594) are viscous liquids. Still higher so- 
dium contents result in silvery-white crystal- 
line solids [10]. The physical properties, 
chemical reactions, and production of sodium 
amalgam are described in [13]. 


*Many attempts have been made to utilize 
the reducing properties of sodium amalgam in 
chemical syntheses [92]. Sodium dithionite 15 
produced on a large scale by the reduction of 
SO, with sodium amalgam. Other uses of so- 
dium amalgam include the production of so- 
dium sulfide, reduction of salicylic acid to 
salicylaldehyde, and reduction of nitroben- 
zene to azobenzene. These reactions are no 
longer of industrial importance. The reaction 
of;sodium amalgam with alcohols in a vessel 
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filled with graphite spheres to form alkoxides 
is used to a limited extent [92]. 

Sodium amalgam formation can be used to 
recover mercury from mercury-containing 
button cells. After treatment with molten so- 
dium, the nonextractable solids are removed, 
and the amalgam is decomposed electrolyti- 
cally into its constituents with a solid electro- 
lyte made of sodium-ion-conducting B-ALO, 
[93]. 


51.9 Packaging and 
Transport 


51.9.1 Sodium Metal 


Alkali metals are often marketed in shaped 
pieces of various sizes and weights. However, 
sodium is supplied to the customer mainly in 
the form of cast blocks produced by pouring 
the molten metal into containers and allowing 
it to cool and solidify. The shaped pieces are 
produced primarily by melting and casting the 
liquid metal. Alkali metals, especially sodium, 
are also pressed into variously shaped billets 
while in the solid state. The most serious dis- 
advantage of these processes is the formation 
of impurities by reaction of the metal with air 
and atmospheric moisture. Also, the high pres- 
sure required for pressing the solid metal leads 
to wear. Pressing solid alkali metals is always 
a batch operation. The output of the machine 
is therefore limited, and the labor costs are 
high compared to a continuous process. 

The production of alkali metal billets by 
continuous casting under pressure has also 
been described. In the presence of a lubricant 
the molten metal is forced by a pump through 
a die cooled to below the melting point of so- 
dium [94]. 

In the extrusion molding process described 
in [95], molten metal is charged batchwise 
into the so-called feeder and, after cooling, un- 
til it is in a hot plastic state, is formed into an 
ingot, which is then extruded to form a billet 
by means of a plunger. 

In the technique described in [96], two sep- 
arate sets of machinery are used for extrusion 
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of the alkali metal. The molten metal is fed 
into a gear pump, which delivers liquid metal, 
In a cooler, which is separate from the pump, 
the liquid alkali metal is cooled below its melt- 
ing point and pressed into a solid shape under 
pressure from the gear pump (ca. 15 MPa). 

In a state-of-the-art process [97], liquid al- 


kali metal is fed into a twin-screw extruder, - 


which is cooled such that the temperature falls 
to slightly below the melting point of the metal 
just before the extrusion die. The alkali metal 
is thus solid but sufficiently ductile for extru- 
sion. The extrusion pressure at the outlet is 3— 
5 MPa. 

The alkali-metal billet produced can be cut 
by an automatic cutting device, sometimes un- 
der a protective gas, to produce lengths suit- 
able for packing. Figure 51.6 shows a 
schematic of an extrusion plant for the produc- 
tion of alkali-metal billets [97]. 

After manufacture, sodium is in the molten 
state and can be filled immediately into freight 
containers. The following types are available: 


e Rail tank cars with a capacity of up to 451 
sodium 


e Road tank vehicles with a capacity of up to 
20 t sodium 


e Iso-containers with a capacity of up to 20t 
sodium 


e Special containers with a net capacity of up 
to 5 t sodium, and smaller packaging units in 
the form of drums of various types : 

Sodium is usually transported in the solid 
state for safety reasons and therefore must be 
remelted before it is emptied from the contain- 
ers. This method of shipment allows the metal 
to be delivered in a very pure form. However, 
special handling equipment at the unloading 
site is required. 


51.9.2 Transport Regulations 


Sodium metal is a Class 4.3 hazardous ma- 
terial for all kinds of transport [98]. Detailed 
transport classifications read: 


e Road and Rail (Europe), ADR/RID: Class 
4.3, No. 11a 
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і і і і- і : а) Sodium storage tank, 
i 51.6: Schematic of an extrusion plant for the production of alkali-metal billets [97]: a) stor: 
es b) Drive; c) Sealing layer of sodium; d) Feeding nozzle; e) Twin-screw extruder; f) Heating and cooling jacket; g) 


Extrusion die; h) Cutting machine. 

e Inland Waterways (Europe) ADNR and 
ADN: Class 4.3, No. 11a 

e Sea Cargo (Worldwide), IMDG Code: Class 
4.3, UN No. 1428, PG.I 

e Air Cargo (Worldwide), ICAO-TI and ІАТ- 
ADGR: Class 4.3, UN No. 1428, PG.I 


The European transport regulations were · 


harmonized with the UN-recommendation- 
based regulations for sea and air transport of 
January 1, 1993. Thus sodium metal may be 
transported worldwide by using a unified 
packing system. However, different weight 
limits and packaging requirements are speci- 
fied for various methods of transport. 


51.9.3 Break-Bulk Packaging 


For all kinds of transport UN-approved PG. 
I packaging has to be used. PG. I means the 
highest test standard for performance-oriented 
packaging. The packaging must have no vent- 
ing device. 
Road and Rail Transport in Europe. So- 
dium metal must be hermetically sealed, so 
that neither moisture nor any other substance 
can penetrate the packaging and come in con- 


tact with the contents. The provision to cover 
the sodium with an inert gas or protective liq- 
uid is no longer required. 

The following types of packaging are per- 
mitted: single packaging such as drums and 
cannisters with removable head (made of steel 
or plastic) with a maximum capacity of 450 L 
or a net weight of 400 kg, as well as combina- 
tion packaging (such as glass containers of 5- 
kg capacity, plastic containers of 30-kg capac- 
ity, or metal containers of 40-kg capacity) in- 
side outer packages such as wooden, 
cardboard, or metal boxes with a maximum 
permissible net weight of 400 kg. 


European Inland Waterways. Packaging 
regulations for European inland waters are 
identical with those for road and rail transport. 


Sea Transport. In contrast to land transport, a 
distinction is made between lumps and solid 
fused goods (1.е., those poured into the con- 
tainer in a molten state) in sea transport. 
Lumps have to be packed in hermetically- 
sealed (vapor-tight closure) packaging and 
must be completely covered by a protective 
liquid (flash point > 50 °C) or covered with ni- 
trogen. The following types of packaging are 
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permitted: Steel drums with removable head 
with a maximum net weight of 250 kg, or 
combination packaging such as glass bottles 
(max. 1 kg gross) packed in wooden boxes 
(max. 5 kg gross), metal boxes or cans (max. 
15 kg net) packed in wooden boxes (max. 115 
kg gross) or cardboard boxes (max. 40 kg 
gross). 

Solid fused sodium must be packed in ef- 
fectively closed (liquid-tight closure) drums 
with removable head with a maximum net 
weight of 250 kg. 


Air Transport. Sodium metal] may be trans- 
ported only by cargo aircraft; transport by pas- 
senger aircraft is not permitted. The net weight 
per package must not exceed 50 kg. Special 
conditions and permitted types of packing are 
described in packing instruction No. 418 of 
the air transport regulations ICAO-TI/IATA- 
ров’. 


51.9.4 Portable Tanks 


Portable tanks include rail tank cars, road 
tank vehicles, and demountable tanks. Rail 
tank cars have a capacity up to ca. 45 t; tank 
containers and road tanker trucks, up to ca. 25 
t. 

Tanks for transporting sodium metal must 
be tested to a minimum pressure of 0.4 MPa. 
The temperature on the tank shell must not ex- 
ceed 70°C during transportation. Insulating 
material must be nonflammable. The atmo- 
sphere inside the tank must be inerted by an 
inert gas. 


Road and Rail Transport in Europe. Al- 
though the transport of molten sodium metal is 
allowed, many producers allow the fused so- 
dium to solidify the outer layer, so that escape 
of liquid sodium is prevented in case of leak- 
age. Openings below the surface level of the 
material are permitted. 

Portable tanks for sodium metal must un- 
dergo testing at eight-year intervals after the 
first certification, including testing of the con- 
dition of the inside and outside of the vessel 
and pressure testing with a liquid. In addition, 
a leakproofness test of the tank with its equip- 
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ment and a check of the satisfactory operation - 


of the equipment must be carried out at least a 
four-year intervals. 


Transport by European Inland Water. 


ways. Regulations for inland waterways are 
identical with those for the road and rail trans. 
port of movable large containers. 


Sea Transport. IMO tank type 1 containers 
with a minimum wall thickness of 6 mm and a 
minimum test pressure of 0.4 MPa must be 
used. IMO tank type 1 tanks have a capacity of 
7 450 L, with a maximum permitted operating 
pressure of 175 kPa or above. Road tank vehi- 
cles and rail tank cars used to transport sodium 
on seagoing vessels have to comply with the 
IMO tank type 1 provisions too. In contrast to 
the land transport regulations, the sea trans- 
port regulations do not permit openings below 
the surface level to the material, i.e., the tank 
must be equipped with top openings. For sea 
transport, the sodium metal must be in the 
solid state. 


51.10 Quality Specifications 
and Analysis 


Sodium is marketed with a purity of 9996. 
Depending on the. production method, stan- 
dard-quality sodium can contain between 400 
and 600 ppm of calcium [11]. Purification of 
sodium is described in [8]. 

Methods based on filtration and cooling de- 
pend on the low solubility of many elements in 
liquid sodium just above its melting point. Im- 
purities remain in the filtration residue or set- 
tle out in solid form in cool traps. 

The affinity of some of the impurities in so- 
dium for oxygen is also utilized in purification 
processes since the oxides formed are easily 


removed from the sodium. For example, cal- - 


cium is reacted with Na,O or Na,O. at 300- 
400 °C, and the calcium oxide formed is fil- 
tered off [5, 99]. 

The trace elements in sodium are listed in 
Table 51.3, with typical analysis figures and 
analytical methods [11]. Sodium can also be 
obtained in special grades [100]. 





Sodium 


Table 51.3: Trace impurities in sodium: Typical analysis 
d methods of determination [11]. 


figures ап 
Element ea Methods of determination 

Aluminum 0.5 AAS, Zeeman 
Arsenic «1 AAS, Zeeman 
Barium <5 AAS, Zeeman 
Boron <1 Photometric 
Calcium? 450 Titrimetric 

5 AAS 

2 Dissolve, filter, GC, 
oe 7 Vacuum distill, GC 
Chlorine 4 Nephelometry 
Chromium <0.5 AAS, Zeeman 
Cobalt «0.5 AAS, Zeeman 
Copper <0.5 AAS, Zeeman 
Iron 4 AAS, Zeeman 
Lead <0.5 AAS, Zeeman 
Lithium <1 AAS 
Magnesium «1 AAS, Zeeman 
Nickel «0.5 AAS, Zeeman 
Oxygen? 7 Amalgam process, AAS 
Phosphorus <0.5 Photometric 
Potassium 70 AAS 
Silicon «1 AAS, Zeeman 
Silver «1 AAS, Zeeman 
Strontium 5 AAS, Zeeman 
Sulfur <4 AAS 
Tin <1 AAS, Zeeman 
Zine ` 0.3 AAS, Zeeman 





* Specification: normal grade < 600 ppm, nuclear grade < 10 ppin. 
t Owing to the high affinity of sodium for atmospheric oxygen, 
moisture, and carbon dioxide (formation of oxides, hydroxide, and 
carbonate}, the figures given apply only to sodium that has come 
in contact with dry inert gas atmospheres (О, < 1 ppm, H,O < 1 
ppm) during filling, storage, and handling. : 


51.11 Health and Safety 


Sodium can be handled safely without en- 
dangering the health of personnel concerned, 
provided appropriate precautions are taken to 
deal with possible hazards [101]: 


e Spontaneous ignition of sodium in moist air 
at> 115 °С 


e Severe caustic effects of the combustion 
products of sodium 


e Fire explosion associated with uncontrolled 
chemical reaction between sodium and acid, 
water, aqueous solutions, alcohol 

Sodium must always be stored, transported, 
and handled under dry and inert conditions. 

Direct contact with the skin must be prevented 

by wearing gloves and clothing made of 
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flame-resistant material. The eyes are pro- 
tected by spectacles, goggles, or shields in all 
circumstances. 

Information and advice about necessary 
technical, organizational, and personal protec- 
tive measures can be obtained from company 
publications [11, 102] and leaflets available 
from chemical industrial trade associations 
[101]. Methods for safe working with sodium 
in the laboratory are described in detail in [8, 
11]. 


51.12 Economic Aspects 


Until recently, sodium was used mainly for 
the production of lead-containing antiknock 
agents for gasoline and for the production of 
titanium. However, the increasing use of lead- 
free gasoline and the manufacture of titanium 
by other processes have led to a drastic reduc- 
tion in sodium capacity worldwide [103, 104]. 
In 1979, world sodium capacity, excluding the 
former Eastern-bloc states, was estimated at 
250 000 t/a [10]. By 1986, this had decreased 
to 200 000 t/a [5]. In 1993 it is expected to be 
ca. 80000 t/a. The most important sodium 
producers in the Western world, with their 
1993 capacities are listed below: 

Du Pont, Niagara Falls, United States 51 000 t/a 


Associated Octel, Ellesmere Port, 
United Kingdom : 20 000 t/a 


Métaux spéciaux, Pombliére, France 12 000 t/a 


51.13 Sodium Chloride 


:The history of mankind is also a history of 
salt [105-110]. Although it is not clear how 
man learnt of its effects and its savory proper- 
ties, salt has been mentioned in literature for 
thousands of years. 

In the Odyssey, Homer wrote: “travel ... 
until you meet mortals who do not know the 
sea and who never eat food seasoned with 
salt.” Elsewhere he refers to salt as “holy”. 
Cassioporus said: “Gold can be dispensed 
with, but not salt.” Other notable historical 
sources that refer to salt include PLUTARCH, 
Pumv, HEropotus, the Old and New Testa- 
ments, and ancient Chinese writings. 
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Before the industrial revolution in the 
1800s, salt was used almost entirely as a food- 
stuff and as a preservative. Its importance led 
people of all cultures to strive to find ways of 
obtaining this important, life-sustaining sub- 
stance. The coastal regions of the Earth were 
the favored areas for salt production. Possibly 
the oldest mine in the world was worked in ca. 
1000 B.C. at Hallstatt, Austria which gave its 
name to the “Hallstatt Culture". In Germany, 
salt was probably first won in Schwäbisch 
Hall in ca. 500 B.C. The well-known salt de- 
posit in Wieliczka, Poland was first mentioned 
in the 1100s. Wherever natural brine was 
available or early methods of brine production 
were practiced, a large number of salt works 
came into being between the 1100s and 1700s. 

Salt was used universally, but was not ev- 
erywhere available from natural sources, so 
that trading rapidly became important. The ex- 
tent to which salt was used as an article of 
commerce is shown by the appearance of the 
famous salt roads in China, Africa, and Eu- 
rope, and by the foundation of towns such as 
Salzburg, Salzach, Hall, Hallein, and Heil- 
bronn (Celtic: Ла! = salt). Also, salt was used 
as currency (hence the word “salary”) and as 
source of tax revenue. Ancient Rome had a 
salt tax, and salt monopolies were established 
in many countries and continue to exist in 
Austria and Switzerland. Starting in 1765, 
Prussia demanded an annual salt payment 
from its citizens, and in Germany a tax of DM 
120/t was levied on all salt used in food. The 
total revenue from this in 1990 was DM 47 x 
106. This tax was discontinued at the begin- 
ning of 1993, following the establishment of 
the European single market. 

With the advent of the industrial revolution, 
the use of salt as a chemical raw material in- 
creased rapidly. Industrial salt production, 
whether by evaporation in salt works or from 
mined rock salt, continually increased in im- 
portance. 

Another important process of recent de- 
cades is controlled solution mining. 

Although salt is no longer the cause of war- 
like confrontations, it has certainly lost none 
of its fascination, whether as a life-giving con- 
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diment or as an indispensable, versatile ray - 


material. 


Many museums, e.g., the German Museum ` 


in Munich and the German Salt Museum, 


Lüneburg, have comprehensive exhibitions on _ 


the history of salt. 


51.13.1 Properties [111] 


Sodium chloride, NaCl, is a colorless salt’. 


with good solubility in water. Chemically pure 


NaCl crystallizes from aqueous solutions in 


well-formed cubes, which under the influence 
of surface tension often grow together into 
funnel-shaped, hollow, square-based pyra- 


mids. In the presence of impurities, octahedra - 





or dodecahedra are sometimes formed. Crys 
tallization from hydrochloric acid solution 
gives long, fibrous, needle-shaped crystals. 

During crystallization, small amounts of 
water can be trapped in holes in the crystals. 
When this vaporizes on heating, it causes the 
crystals to explode with audible decrepitation. 
In salt from natural deposits, inclusions of 
gases such as methane, carbon dioxide, and 
hydrogen sulfide can occur. 


In the crystal, the Na and Cl ions alternate. 


The 10ns of each type form a face-centered cu- 
bic lattice, in which each ion is surrounded oc- 
tahedrally by six 1ons of the other type at a 
distance of a/2 (lattice constant a = 0.56273 
nm). The modulus of elasticity perpendicular 
to the surface of the cube is 41 074 MPa. Un- 
der high pressure, slow flow takes place. So- 
dium chloride is highly transparent to light of 
wavelength between 200 nm (ultraviolet) and 
15 um (infrared). Ionizing radiation causes 
lattice defects (color centers) which give the 
salt a blue color. On heating to ca. 250 ?C, this 
color disappears. 

Some important physical properties are 
listed below and in Tables 51.4—51.6. 


Melting point 801 °C 

Boiling point 1465 °C 

Density at 25 °C 2.1615 g/cm? 

Mohs hardness 2-2.5 

Brinell hardness 14 НВ 

Dielectric constant 5.9 

Refractive index л? 1.5443 

Electrical resistivity at 20 °C 4.6 x 1016 Ост 
at 100 *C 1.38 x 10". 
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Thermal conductivity at 17°C — 0.072Wcenr!K* 
Linear coefficient of expansion 40.5 um/mK 
Specific heat capacity at 25 "C — 850Jkg ^K" 
Enthalpy of formation at25°C = —410.9 kJ/mol 
Entropy at 25°C 72.36 Imo! K? 
Latent heat of fusion 0.52 KV/g 
Latent heat of evaporation 2.91 K]/g 

itv of saturated aqueous 
е" á 1.93 mPa:s 


Density of molten NaCl at 801 °C 1.549 g/cm? 


Viscosity of molten NaCl at 850 °C 1.29 mPa:s 
tension of molten NaCl 
Sur оС 110 mN/m 
lectrical conductivity of molten 
E "NaCl at 850 °C 3.7 S/cm 


Thermodynamic properties of aqueous so- 
lutions are given in [112]. 

In the system NaCI-H,O (Е igure 51.7), 
only one hydrate, ЇЧаС1-2Н-О, exists. It crys- 
tallizes as monoclinic, thin, bevelled platelets 
that decompose to solid sodium chloride and 
saturated brine at 0.15 °C. Below this temper- 
ature it is the stable solid phase. However, it 
crystallizes so slowly that, on rapid cooling, 
the phase diagram follows the broken curve in 
Figure 51.7. The metastable eutectic point 
reached is ca. 1.3 K below the true cryohydric 
point at 21.12 °C. Its property of depressirig 
the freezing point of water enables sodium 
chloride to be used in freezing mixtures and as 
a deicing salt. The saturated aqueous solution 
boils at 108.7 °C. 


Table 51.4: Solubility of NaCl in water. 


Density of NaCl con- 
Tempera- g NaCI/100 NaCl, solution, tent of solu- 


ture,°C ЕН,О Ki gem? tion, g/L 
0 35.76 26.34 1.2093 318.5 


20 3592 26.43` 1.1999 3171 
40 3646 26.71 1.1914. 318.2 


60 37.16 27.09 1.1830 320.5 

80 37.99 27.53 1.1745 323.3 
100 39.12 2812 1.1660 327.9 
180 44.9 30.99 





Table 51.5: Density of aqueous solutions of NaCl. 


Density. g/cm’ 
NaCl, % 2898 


8 1.06121 1.05589 1.04798 1.0381 1.0264 
12 1.09244 1.08566 1.07699 1.0667 1.0549 
16 1.12419 1.11621 1.10688 1.0962 1.0842 
20 1.15663 1.14779 1.13774 1.1268 1.1146 


24 1.18999 1.18040 1.16971 1.1584 1.1463 


0°C 20°С 40°С 60°С 80°С 
4 1.03038 1.02680 1.01977 1.0103 0.9988 
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Table 51.6: Vapor pressure of aqueous solutions of NaCl 
(in kPa). 





Temperature, NaCl content 
°С 5% 10% 15% 20% 25% 
0 0.59 0.57 0.55 0.51 0.47 
20 226 2.18 2.09 1.97 1.81 
40 7.13 6.88 6.58 6.20 5.72 
60 19.26 18.58 17.78 16.76 15.53 
80 45.75 44.16 42.49 39.97 37.09 
100 97.89 94.43 90.44 85.52 79.67 
6.71 
40 2 
Unsaturated Saturated 
solution solution 
«NaCl 
s 
s 0 0.15 
Е Е NaCl: 2 HI 
mg "n 
5 | fi+ saturated 
E solution i i solution 
OI H 
= -21.12 Ia : 
-22.440 p eo 1 





ice + NaCt*2 H0 


H,0 23.31 26.285 61863 
NaCl, A ——T 


Figure 51.7: Phase diagram of H,O-NaCI system (sche- 
matic, not to scale). 


. Table 51.7: Solubility of sodium chloride in aqueous am- 


monia at 20 °C [113]. 

[NH,], g/L 1538 30.06 62.56 92.97 
[NaCl], g/L 303.46 29405 273.01 257.60 
p. g/cm? 1.186 1.175 1.147 1.124 


Sodium chloride has good solubility in 
aqueous ammonia (Table 51.7). At low tem- 
peratures, fine white needles of composition 
NaCl-5NH, separate out. Addition com- 
pounds with urea, glucose, and sucrose also 
exist. Solubilities in pure methanol and pure 
ethanol at 25°C are 1.31 and 0.065 g 
NaCl/100 g solvent, respectively. Sodium 
chloride is also soluble in glycerine, and dis- 
solves in high pressure steam, the solubility 
being 0.196 at 17 MPa, and 0.696 at 19.5 MPa. 
Chemically pure sodium chloride is not hygro- 
scopic, but if magnesium salts are present as 
an impurity it becomes so. Sodium chloride 
solutions are corrosive to base metals, and 
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therefore dilute solutions of NaCl are used in 
corrosion tests (e.g., DIN 50907). Solutions of 
pure NaCl are more corrosive than those that 
also contain salts of Mg or Ca [114]. Iron and 
steel are attacked only fairly slowly by pure 
NaCl solutions, but much more quickly when 
the solutions contain oxygen. Corrosion by 
NaCl solutions is accelerated by the presence 
of local electrolytic cells [115]. Mixtures of 
organic acids with sodium chloride, (e.g., in 
perspiration) are highly corrosive [116]. 


51.13.2 Formation and 
Occurrence of Salt Deposits [117] 


When rocks are chemically weathered, salts 
are dissolved, carried into natural running wa- 
ters, and collect in the oceans and inland lakes 
and seas. Where evaporation is predominant, 
the salts become concentrated until the solu- 
tions become supersaturated and crystalliza- 
tion occurs. 

The proportion of sodium chloride in the 
salts of seawater is ca. 78%. Although the 
Oceans contain the largest quantity of dis- 
solved salts, the majority of salt is bound in 
the form of solid deposits. In Germany alone, 
the quantity is estimated to be ca. 100 000 
km’. 


The chemical-sedimentary genesis of salt 
deposits has been accepted ever since OcHsE- 
NIUS (1877) proposed his bar theory. Inspired 
by the contemporary example of the Kara-Bu- 
gas bay (Caspian Sea), he suggested that bod- 
ies of seawater became almost completely 
isolated from the open sea by bars. Then, due 
to the evaporation that took place in arid cli- 
matic regions, the seawater became concen- 
trated. The sparingly soluble carbonates and 
sulfates were the first to crystallize, followed 
by the more soluble chlorides. 

In the case of the most important European 
salt deposit, the Zechstein Formation, commu- 
nication with the North Sea has been proved 
by fossil finds, thus demonstrating the marine 
origin of the Zechstein salts, which extend 
over ca. 500 000 km? from England to Central 
Poland, and from Denmark to Thuringia/Hes- 
sen (Germany). The bar theory can satisfacto- 
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nly account for even the 800-1000 m 
thickness of the Zechstein salt deposit, and is 
valid even today; in modified form, for marine 
salt deposits. A depth of 100 m seawater pro- 
duces a salt layer only 1.5 m thick on complete 
evaporation. 

It is now believed that, for the European 
Zechstein salt deposit, the salt lakes were con- 
nected to the ocean by an extended saturation 
shelf lake where considerable amounts of 
CaSO, were deposited. The minor and major 
salt lakes were filled with salts during four 
largely identical deposition cycles, each hav- 
ing the sequence clay, calcium—magnesium 
carbonates and calcium sulfate, sodium and 
potassium chlorides, and ending with a reces- 
sive transition [sodium chloride, calcium sul- 
fate (anhydrite), and clay] to the next cycle. 
The concentrations of the various soluble salts 
reached saturation successively as the seawa- 
ter became gradually more concentrated, so 
forming the geographical sequence of salts, 
This explains why the composition does not 
correspond to that of normal seawater at any 
point in the salt profile, why all the types of 
salt are not deposited everywhere, why salts of 
differing solubilities are precipitated simulta- 
neously at different saturation regions, and 
why the chlorides of potassium and magne- 
sium are deposited only at the centers of the 
lakes. 

The intermediate layers of clay sediments 
in each cycle are the result of influxes of fresh 
seawater. Eolian (airbome) transportation of 
clay minerals into the salt basin can also occur. 

The depths of the brine in the deposition 
basins have been calculated from the bromine 
contents for each phase of deposition. The re- 
sults obtained were: first cycle (Werra region) 
330 m, second cycle in the StaBfurt region 860 
m, and third cycle in the Leine region 95 m. In 
some cases the salt basin dried out during the 
third cycle. Sediments of younger formations 
covered and protected the Zechstein salts from 
dissolution. 

In the North West German depression zone, 
a layer of overlying rock up to 5 km thick was 
formed. The pressure due to this denser rock, 
together with the interior heat of the Earth, 
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caused metamorphosis of the salt, which be- 
came plastic and migrated. It accumulated in 
zones of deformation and ascended, forming 
salt domes (diapirs) which sometimes ex- 
tended as far as the earth’s surface. These were 
slowly dissolved by groundwater, leading to 
the formation of very flat secondary interme- 
diate layers next to the overlying rock. 

The upward movement of the salt during 
the formation of salt domes deformed the salt 
layers into folds, with predominantly steeply 


` inclined strata. Under the thinner overlying 


rocks at the edge regions, the flat deposits re- 
mained undisturbed. Marine rock salt deposits 
occur in most geological formations. 


51.13.3 Production 


51.13.3.1 Mining of Rock Salt 


Rock salt has been mined in Europe for 
3000 years. A salt deposit near ground level in 
the Eastern Alps was developed by tunnelling 
and worked by excavation around 1000 B.C. 

Salt-bearing regions are revealed by the 
presence of surface springs of saline water, 
and these were the areas where the possibility 
of mining was always investigated by sinking 
shafts. The main precondition for success is 


the presence of dry overlying rock, and it was ` 


this circumstance that enabled the first Ger- 
man salt mine to be opened in 1825 near 
Schwäbisch Hall. In other parts of Europe, salt 
was mined long before this, e.g., in Poland be- 
fore 1000 A. D., and in England since the 
1600s. a 

Total world production of solid salt by con- 
ventional mining and brine by solution mining 
is ca. 190 x 106 t. Annual production of salt in 
West Germany in 1989 was ca. 13 x 10°t. 

The purity of the salt mined from rock salt 
deposits is between 90 and 99% NaCl, and 
sometimes higher. The other minerals present 
in the rock salt are mainly clay and anhydrite, 
often intimately intergrown. 

Rock salt and potassium chloride have the 
same marine origin, often occurring together 
in a single deposit, and have essentially the 
same mechanical strength properties. Hence, 
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the development and mining of rock salt de- 
posits is similar to that of potash mineral de- 
posits. 


Mine Shafts. Access from the surface to the 
salt deposit is usually by vertical shafts 5 m in 
diameter. There must be at least two shafts, so 
that in case of damage to one of them, the un- 
derground workforce has an emergency route 
to the surface. : Я 

To sink the shaft, the rock is broken ир by. 
drilling and explosives. The rock debris is 
loaded into skips by grabs, and taken to the 
surface. In most cases, the upper layers of the 
overlying rock are water-bearing, and some- 
times consist of unstable loose rock and mov- 
ing sand capable of exerting pressure. 
Therefore, before sinking the shaft, these 
strata must be solidified and stabilized. This 
can be achieved by freezing via holes drilled 
around the area where the shaft is to be sunk. 
The freezing equipment must be kept in place 
for the duration of the sinking of the shaft. 

Another method of preventing the move- 
ment of water in the overlying strata and im- 
mobilizing loose rocks is the injection of 
cement, synthetic resins, or other hardening 
materials via boreholes. This technique is also 
suitable for sealing the mine shaft against the 
ingress of water and for stabilizing the rock at 
the bottom of the shaft. 

As rock salt is a water-soluble mineral, it is 
especially important to ensure that the lining 
of the shaft is watertight when it is sunk 
through water-bearing strata. In older shafts, 
the sealing system consists of ring-shaped sec- 
tions of cast iron or steel bolted together. 
Néwer shafts have a watertight lining consist- 
ing of a welded sheet-steel cylinder, an inner 
hollow cylinder of reinforced concrete, and an 
outer asphalt-filled ring. 

Material is hoisted up the shaft in 20 t skips 
atrates of up to 1000 t/h. These travel between 
wooden or steel guide rails, or in a few cases 
between tensioned guide cables. 

If the salt deposit appears as an outcrop, or 
is at low depth (< 100 m), the salt can be ex- 
tracted by drift mining (tunnelling) or by 
means of an inclined shaft. In these cases, the 
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salt can be transported to the surface with con- 
veyor belts. 


Mining Methods. As with any mining opera- 
tion, the method of extracting salt depends on 
the thickness and spatial formation of the de- 
posit. 

A characteristic feature of salt mining is 
that the haulage and ventilation tunnels servic- 
ing the excavation chambers are driven 
through rock salt, whereas in other types of 
mine they are often coated in the adjacent 
rock. In salt mining this is generally not neces- 
sary, as the deposits are usually thicker. Fur- 
thermore, drilling and tunnelling into the 
adjacent rock should be avoided as far as pos- 
sible to prevent ingress of water or gas.from 
these strata into the mine. 

Mining in Level Deposits. In most salt 
mines, a systematic extraction procedure is 
possible due to the uniformity of the deposit 
over large areas. 

In salt deposits with horizontal or gently in- 
clined seams, the standard method is room and 
pillar mining. In this method, the extraction 
process produces large chambers with rectan- 
gular cross sections of ca. 50—400 m? and 
lengths of up to 500 m. The parallel extraction 
chambers are separated from each other by 
rock salt pillars left behind during mining. 
These pillars must be of such dimensions that 
they can carry the weight of the overlying 
rock. Generally, additional support is not re- 
quired, and the ground above is protected 
against subsidence. 

The pressure exerted by the overlying rock 
increases with depth, so that the salt pillars 
must be wider. For example, in a salt mine at a 
depth of 200 m, the pillars are 15 m wide and 
the chambers 15 m; at a depth of 500 m, the 
pillars are 30 m wide and the chambers 20 m; 
and at a depth of ca. 700 m, the pillars are 50 
m wide, and chambers 22 m. The salt pillars 
result іп a ca. 40-70% loss of product, de- 
pending on their dimensions. 

The salt extraction process starts with the 
construction of a central haulage tunnel. At 
right angles to this, tunnels leading to the 
working faces are driven. The tunnels are de- 
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veloped upward or downward to form cham. 
bers if the deposit is so thick that it extends 
above or below them. The salt pillars pro- 
duced by this mining technique are usually not 
cut through. 


If the deposits have a workable thickness of 
< 10 m, the pillar and chamber method With 
long pillars is often changed to one with short, 
square pillars (room and pillar system). Here, 


the transverse tunnels usually have the same 


height and width as the long ones. 


Fresh air is provided by an inlet ventilation 
road above the haulage tunnel. The used air is 
removed through return air galleries and by 
the main ventilating fan, which is usually un- 
derground, and blown through the exhaust 
shaft to the surface. 


The mining of the salt during the construc- 
tion of the tunnels and in the extraction cham- 
bers is by drilling and the use of explosives, 
Other possible methods, such as cutting the 
salt by part-face heading or full-section cut- 
ting machines, are used where there are spe- 
cial restrictions, e.g., where the winning 
process must be vibration free. 


Various drilling and blasting processes are 
used. In the undercutting method, the working 
face 1s undercut to a distance of 4—5 m. The 
cut, 15—20 cm wide, is produced by a machine 
resembling a chain saw. An electro-hydraulic 
mobile drilling machine drills 35-38 mm di- 
ameter holes for the explosive. In another pro- 
cess, a wide hole up to 7 m in length and 0.45 
m in diameter is drilled into the middle of the 
working face to provide an initial extension 
space for the salt at the moment of explosion, 
a function that is performed in the undercut- 
ting process by the undercut. 


The extraction chambers are created by 
widening the access tunnels. If these are 
driven through the lower part of the deposit, 
this is performed by the use of explosives in 
long inclined boreholes directed upwards. If 
the tunnel runs through the upper part of the 
deposit, the salt is extracted from the floor, 
i.e., by drilling long holes downwards into the 
salt. 
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Figure 51.8: Vertical section through a South German salt mine. 


Figure 51.8 shows a vertical sectien 
through a South German mine where the rock 
salt deposit is 20 m thick and 200 m deep. The 
haulage and working roads are located in the 


lower part of the deposit, and the main ventila- : 


tion road in the upper part.-In the main extrac- 
tion phase, the salt that has been broken up by 
explosives is left lying in the space created, 
and the final position of the roof of the cham- 
ber is created by blasting, working from the 
top of the heap of loose salt. After scaling the 
roof can then be collected without the danger 
of roof falls. 


The most commonly used explosive 1s 
ANFO (ammonium nitrate fuel oil mixture) in 
the form of loose prills. It is charged pneumat- 
ically into the boreholes. 


Due to the strength of the salt rock, it 1s 
possible in most mines to keep the mined 
space open without supports. At great depths, 
where the pressure is high, or where breakup 
of the deposit leads to danger to the miners 
from roof falls of salt, rock bolts are used. 


Mining Steeply Inclined Deposits. Steep to 
vertical rock salt deposits are generally mined 
by the stepped face method, as used, for exam- 
ple, in North German mines at depths of 400— 
850 m, with working levels at vertical inter- 
vals of 100—250 m and intermediate sublevels 
at intervals of 15-20 m. Between the sublev- 
els, there are working faces which are drilled 
and blasted, beginning with the lowest, using 
long boreholes. In one mine, the openings pro- 
duced are 20 m wide, 42 m high, and 100 m 
long, and, in another, 20 m wide, 100 m high, 
and 60 m long. 

* To maintain stability of the rock, salt 
masses must also be left behind using the grid 
wall system, the vertical pillars being 10—30 m 
thick, and the horizontal pillars between the 
sublevels, 8 m thick. 


Loading and Haulage. To load the mined ma- 
terial after blasting and to transport it to the 
first crusher, diesel-powered front loaders 
with bucket capacities of up to 18 t are used 
(LHD: Load, Haul, Dump System). For eco- 
nomic reasons, there should be a straight road 
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between loading and discharging points not 
longer than ca. 300 m. For longer distances, 
the interrupted system is more economic, with 
special loading equipment and dumper trucks 
of up to 50 t capacity. 

After crushing the salt to « 300 mm using 
equipment near to the working face, it is trans- 
ported by band conveyors to the hoisting shaft. 

In mines where the salt has a purity of > 
99% NaCl, the salt can be marketed directly 
after grain-size classification. 

Where the natural purity is lower (e.g, 
94% NaCl in South German mines), impact 
mills are used in the first processing stage. As 
rock salt is more brittle than the clay and anhy- 
drite inclusions, it is more readily size re- 
duced. А screening operation follows, 
separating the two size fractions, which in- 
creases the NaCl content by 2-3% compared 
to the crude salt. Further purification of the 
salt to > 99% NaCl for industrial use is carried 
out in heavy media hydrocyclones. 


Utilization of the Chambers. Salt mining is 
mainly carried out without back-filling, i.e., 
the chambers produced during mining need 
not be backfilled with other material to sup- 
port the roof of the mine and increase the load- 
bearing capacity of the salt pillars. 

Where processing of the rock salts pro- 
duces residues that must be disposed of, these 
are usually dumped in the empty chambers. 
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Hence salt mines do not produce heaps of tai]. 
Ings at ground level. 


In some cases, empty chambers are utilized 
for disposing of waste materials, e.g., Wastes 


from combustion processes and the chemical 


industry. 


51.13.3.2 Production of Crude 
Brine by Mining Methods 


The principle of all mining methods for the 
production of crude brine (NaCl solution) is 
the use of “solution mining”. 


The rock salt, which may be present in a 
pure state (e.g., geologically undisturbed crys- 
talline salt deposits) or in a mixed mineral in 
finely divided form (e.g., in alpine salt depos- 
its), is dissolved by the action of fresh water 
on the rock formation and converted to a con- 
centrated salt solution (brine with an NaCl 
content of 312 g/L or 2794). 


In all processes, the brine is produced in un- 
derground excavations made by conventional 
mining or solution mining [118—124]. The ex- 
traction processes result in formation of cham- 
bers [125]. Between the chambers in which 
the brine is produced and extracted, pillars of 
considerable size are left behind to maintain 
stability of the rock [126, 127]. Figure 51.9 
gives a survey of brine mining methods. 
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Figure 51.9: Classification of brine mining methods. 
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Mining of brine is no longer widely used. It 
is employed in alpine salt deposits and in a 
few rock salt mines. The most widely used and 
most economic process today is solution min- 
ing [118, 119]. In a few cases, subsurface solu- 
tion mining is also carried out at depths of 
100-140 m [128, 129]. 

Water flushing (intermittent or continuous 
dissolution in chambers) is the extraction pro- 
cess usually used in the alpine salt deposits in 
West Germany and Austria [118, 119, 122- 
124]. Tunnels, shafts, and chambers are usu- 
ally first produced by mining techniques. A 
single worked stratum is divided into separate 
districts of a given size in which several ex- 
traction chambers are set up. À block of defi- 
nite dimensions (length, breadth, and height) 
is allocated to each chamber based on a prede- 
termined degree of extraction. The block en- 
compasses a space of irregular configuration 
produced by the extraction process and the pil- 
lars left between the extracted spaces, which 
are also of irregular shape. An initial space is 
first created, which 1s a funnel-shaped (Ger- 
many), or circular chamber (Austria). A shaft 
or tunnel is first driven from the main їшше] 
or a transverse tunnel to the center of the in- 
tended block at the bottom of the worked 
strata. A shaft is then sunk by mining tech- 


specific size is created at the lowest point by 
drilling апа explosive methods (Austria). In 
Berchtesgaden, Germany, the initial space 
(Figure 51.10) required for excavation is cre- 
ated by drilling and water-injection processes. 
An important feature of this process [124, 
126] is that the 1nitial space is funnel shaped, 
and is generated by controlled dissolution, 
starting from a wide borehole, so that the in- 
soluble components of the deposit can be 
raised by airlifting equipment and removed by 
a hydraulic pump as a solid-brine mixture. The 
production of the initial space 1s usually di- 
vided into the following stages (Figure 51.10): 
sinking a borehole for examination of the de- 
posit in the region to be excavated, vertical de- 
velopment by sinking a wide borehole, further 
widening of the borehole by controlled disso- 
lution, forming a funnel-shaped space at a 


niques from which the initial chamber of a 
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depth extending from 100 to 125 m. During 
this phase, the space normally attains a vol- 
ume of 3000—5000 m°, depending on the qual- 
ity of the deposit, with a height of 4—6 m and a 
diameter of 30—32 m. The creation of the ini- 
tial space completes the preparation for the ex- 
traction process. The space is next extended 
further, conditions now having been estab- 
lished for continuous, high yield, cost effec- 
tive brine production. The initial: space 
(chamber) is slowly filled with fresh water, 
which dissolves salt from the side walls and 
roof. The insoluble components, such as clay, 
anhydrite, and polyhalite sink to the floor of 
the chamber. Fresh water is continuously 
added, raising the liquid level, so that water re- 
mains continuously in contact with the roof of 
the chamber until the water in the chamber is 
completely saturated. The dwell time depends 
on the salt content of the rock, the size of the 
chamber, the ease of dissolution of the salt, 
and the surface area of the chamber roof, and 
is usually between 10 and 30 days. After com- 
plete saturation has been attained (312 g/L), 
the brine is removed either by pumping out of 
the excavated space (if working below the tun- 
nel level), or by draining off to the level be- 
low. The space is then refilled with fresh 
water This procedure (filing, saturation, 
emptying), is known as intermittent water 
flushing, and is repeated until the chamber 
roof area has reached ca. 3000-3200 m?. The 
chamber is then ready for continuous brine 
production by the continuous water flushing 
process. The water flows at a rate appropriate 
for the parameters of the deposit, with simulta- 
neous removal of concentrated brine by drain- 
ing or pumping. The brine production is now 
almost invariably carried out below the main 
haulage level (Germany and Austria), i.e., 
working upwards from the bottom. Each day, 
1—1.5 em rock salt is dissolved from the sur- 
face of the roof of the chamber. The chambers 
take on a funnel-shaped to cylindrical configu- 
ration (Figure 51.10). Chamber heights in 
Austria [123, 128, 129] are 20-30 m (normal 
working) or 50—80 m (deep working), depend- 
ing on the diameter. In Berchtesgaden, Ger- 
many, the exploitable height of the chamber is 
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100 m. The initial space 1s created in the re- 
gion between 100 m and 125 m below the 
level of the tunnel. 
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Figure 51.10: Production ofthe initial extraction chamber 
by drilling and water flushing. and brine production oper- 
ating below the main tunnel (Salzbergwerk Berchtes- 
gaden, Germany): a) Drilling chamber; b) Main tunnel; c) 
Borehole (76 mm); d) Wide borehole (670 mm); e) Initial 
extraction space; f) Developed extraction space; g) Cham- 
ber roof: h) Angle of boundary; i) Angle of repose of solid 
residues. 

To calculate the efficiency of extraction of 
the deposit, the salt content of the rock and the 
size of the rock mass assigned to the particular 
operation point (cavern), including the hori- 
zontal safety pillars, must be taken into ac- 
count. In Berchtesgaden, Germany, when the 
size of the horizontal and vertical pillars, the 
average salt content of alpine deposits (50%), 
and the usable height of the chamber (100 m) 
are taken into account, the total quantity of 
brine available per chamber is 1.1 x 10° m?. 
This corresponds to an extraction efficiency of 
ca. 12% [124, 126]. In Austrian salt extraction 
operations, the following total available quan- 
tities of brine have been quoted, depending on 
the type of extraction chamber [128] and 
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[129]: 200 000-400 000 m? for normal Opera- 
tions, and 700 000-1 000 000 m? for deep op- 
erations. 

The work face dissolution process, in 
which dissolution is carried out in chamber- 
like tunnel sections, is similar in principle to 
the intermittent water flushing process, and is 
also not widely used. In some mining opera- 
tions in Germany and Poland [119, 121] it is 
still operated alongside other brine production 
processes (e.g., solution mining using bore- 
holes drilled from the surface). 





Figure 51.11: Production of brine work-face dissolution: 
a) Access tunnels; b,-b,) Transverse tunnels for work 
faces 1-3; c) Borehole widened to make a shaft; d) Brine 
removal; e) Transverse tunnels; f,, fa) Spraving equip- 
ment. 

To obtain the brine, transverse tunnels are 
driven one above the other on both sides of the 
main tunnel (Figure 51.11). The transverse 
tunnels are linked together at their ends by a 
borehole. Passing from one tunnel to the next, 
the borehole is widened to a shaft of 1 m diam- 
eter and provided with an outlet to the lower 
tunnels. About 10 m below each tunnel, a tun- 
nel for brine production is driven from the 
widened borehole, a work face is produced by 
cutting upwards at the end, and spraying 
equipment is installed. at that point. This cre- 
ates a cut which moves backwards at a fixed 
height until it meets the widened borehole. Af- 
ter the initial work has been finished, the 
working is filled with water or unsaturated 
brine. The water or brine remains in the work- 
ing until saturation is reached. The concen- 
trated brine is then removed via the lower 
work face. In contrast to the water flushing 
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rocess described above, the salt is only re- 

moved from the work faces until the planned 
chamber width is produced. 

The production of brine by means of water 


jets is only used to a small extent, being em- 


loyed in a few cases to solve special prob- 
lems, e.g. to speed up excavation during 
intermittent water injection at the develop- 
ment stage, or to regulate the configuration of 
the chamber during the water flushing process 
in large chambers. 


51.13.3.5 Controlled Solution 
Mining 

Controlled solution mining is the modem 
economical method of extracting rock salt 
from underground deposits, and contrasts with 
conventional mining (see Section 51.13.3.1). 
However, for this method certain precondi- 
tions must be fulfilled, especially with regard 
to the geology of the deposit (type. formation, 
and depth of the salt). Economic operation of 
the solution mining process requires that the 
deposit—whether a diapir (salt dome) or a flat 
stratum of salt—should fulfill the following 
geological conditions: 
e Adequate thickness and extent of the salt de- 

posit 


e High purity of the rock salt without inclu- 


sions of potassium chloride 


e Largely undisturbed stratification at me- 
dium depth 

In addition, an adequate supply of water must 

be available. 


Drilling and Construction of the 
Borehole 


The drilling and completion of the trial bor- 
ing and the design and installation of the brine 
wells (also known as the cavern wells) closely 
resemble those of petroleum and natural gas 
wells. The method of operation and the geo- 
logical conditions determine the size, type, 
and position of the casing that protects the 
walls of the borehole against the effects of per- 
meable strata, and prevents solid material 
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from the rock from falling into the borehole. A 
standard pattern for the casing diameters in a 
cavem well (see Figure 51.12) is as follows: 
1. 0-15 m: 24.5 inch pipe 
2. 0-300 m: 16 inch pipe 
3. 0-20 m (max.) beyond the projected roof 
of the cavem in the deposit: 11.75 inch 
pipe 
The casings described in (2) and (3) above 
are cemented up to ground level. 





ca. 1000 m 
Overlying 
strata 





Figure 51.12: Method of brine production. 

Geophysical borehole measurements and 
tests on the cores obtained during sinking of 
the borehole not only give information about 
mineralogical composition, but also yield 
physical data about the overlying rock and the 
salt deposit. The most important characteris- 
tics of the overlying rock are its thickness and 
strength. Also, to enable the dimensions of the 
cavern and the proposed extraction process to 
be decided upon, the strength and thickness of 
the salt deposit and the solubilities of its com- 
ponent parts must be known. 

The outer casing must be installed and ce- 
mented with special care, and each individual 
joint as well as the whole casing must be 
tested for tightness. After this, the well is com- 
pleted by inserting two concentric pipes (of di- 
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ameter between 8.625 and 5.5 inches), the 
final preparative work being the assembly of 
the well head and making all the pipe connec- 
tions (Figure 51.12). 


The Process of Solution Mining 


As shown 1n Figure 51.12, fresh water is 
pumped into the borehole through the annular 
space between the two inner pipes. The water 
dissolves salt from the walls of the cavern. 
The solution sinks as its salt content increases, 
and the saturated brine formed then rises to the 
surface in the central pipe due to the applied 
pressure. 

Dissolution of salt from the roof is pre- 
vented by injecting a protective liquid or gas 
blanket through the annular space between the 
outer casing and the pipe carrying the fresh 
water. This blanket forms a layer above the 
water due to 1ts lower density, so protecting 
the roof. Insoluble materials collect at the bot- 
tom of the cavern. 

The desired cavern shape is produced by 
stepwise adjustments to the depth of the wa- 
ter-injection pipe and the level of the blanket 
[130-133]. 

The extraction process 1s controlled by con- 
tinuously measuring the salt content of the 
brine, the blanket pressure, and the quantity of 
brine extracted. The cavern space produced is 
calculated from these data by computer, and 
the spatial extent of the cavern is continuously 
determined by echometric surveying. The ac- 
tual cavern produced can then be continuously 
compared with the planned cavern. 


Planning of the Extraction Process 


The safety of caverns can be ensured if pil- 
lars of adequate width are left between neigh- 
boring caverns and if there is a thick enough 
mass of solid salt at the top of each cavern. 
The width of the pillar and the thickness of the 
roof depend on the planned cavern dimen- 
sions, the cavern shape, and, in particular, on 
the mechanical properties of the salt deposit. 
The latter have been investigated in detail 
[133-139]. 
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Furthermore, correlations and formulas 
have been derived that enable the forces pro- 
duced in the rock to be calculated from the 
size and shape of the cavern, the interior pres- 
sure produced by the solution mining process 
or subsequent use for storage purposes, the 
depth and thickness of the overlying rock, and 
the mechanical properties of the surrounding 
rock formations. The decrease in the volume 
of large caverns (convergence) caused by elas- 
toplastic properties of the rock salt are deter- 
mined from formulas, confirmed by data from 
practical experience [134—143]. 

Irrespective of the widths of the pillars cal- 
culated with these equations, the wells in a 
brine field should be arranged in a hexagonal 
pattern (Figure 51.13), which gives optimum 
utilization of the available area. 






Plan view 





Side view 


Figure 51.13: Hexagonal arrangement of caverns in a 
brine field with a level salt deposit: a) Cavern (diameter D 
= 60-100 m); b) Borehole; c) Pillar of stable rock salt 
(thickness of pillar: 2D); d) Upper layer of anhydrite. 
The distance between the brine wells is the 
sum of pillar width, the maximum cavern di- 
ameter, and a safety factor to allow for devia- 
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tion of the borehole from the vertical. If a 
porehole must be relocated due to the situation 
at ground level, the hexagonal arrangement 
below ground can be maintained by adjusting 
the drilling direction (Figure 51.14). 


Other Systems 


Individual boreholes for extracting brine 
can generally only be operated economically 
in thick salt deposits or salt domes. However, 
thin salt deposits can also be exploited eco- 
nomically in some cases. Here, two or three 
boreholes are linked together by injecting wa- 
ter to dissolve the salt and to fracture it by hy- 
draulic action [132, 144, 145]. Fresh water 
enters via the first borehole, and the brine is 
collected from the second or last borehole. 
Here also, dissolution of the roof is prevented 
by a blanketing medium. The floor is dis- 
solved first, then the roof. With thin seams of 
salt, the strength and impermeability of the 
overlying strata are very important. 
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Figure 51.14: Directional drilling in the production of a 
cavem. 
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Control of this method of solution mining is 
more difficult than with individual brine wells. 
The stability of the cavern spaces cannot be 
guaranteed, as there is a risk of uncontrolled 
dissolution processes. Thus, this method of so- 
lution mining is only used in countries with 
few salt deposits where there are sparsely pop- 
ulated areas above thin salt strata. 


Equipment 


The equipment requirements normally con- 
sist of 
e Equipment for supplying water, sometimes 
including a pipeline 
e A pumping station with a distribution sys- 
tem delivering water to the individual solu- 
tion mining operations 
e A pipeline for transporting the brine to the 
consumers 
e A central system for supervising and con- 
trolling the entire processing equipment 
The water is injected by high-pressure cen- 
trifugal pumps at a pressure determined by the 
difference in the densities of the two media 
(water and brine) and the friction losses in the 
pipes. The salt at the working face dissolves 
and passes through the central pipe as satu- 
rated brine to the well head and into the piping 
system. The low residual brine pressure at this 
point is sufficient to deliver it to the pumping 
station, where delivery pumps force the brine 
into the pipeline that takes it to the consumer 
industries. 


Storage Caverns 


7 The caverns remaining after extraction of 
the sodium chloride can be used for storage of 
mineral oil, mineral oil products, and gases 
such as natural gas and ethylene. 

Emergency reserves of mineral oil or min- 
eral oil products can be injected through a 
pipeline into the brine-filled caverns by a 
high-pressure pump. In place of the two con- 
centric pipes used in solution mining, a brine 
removal pipe is suspended in the cavern with 
its open end just above the sump region. The 
mineral oil is forced into the annular space be-. 
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tween the outer pipe and the brine removal 
pipe and displaces the brine, which rises 
through the brine removal pipe to the surface 
and is fed into the brine network, and thence to 
the production plant. To discharge the oil, the 
process is reversed. 

Caverns in rock salt are also suitable for gas 
storage. For example, natural gas is stored to 
compensate for seasonal and daily variations 
in demand. The conversion of a cavern to a 
gas-storage system 1s more complex than con- 
version to liquid storage. To protect the outer 
piping against pressure and temperature varia- 
tions during operation, a protective pipe is fit- 
ted. The annular space between this pipe and 
the outer pipe is pressurized so that the welded 
pipes are under a constant load. For the first 
filling operation with gas, a brine extraction 
pipe is lowered to the bottom of the cavern. 
The gas in the annular space between the pro- 
tective pipe and the vertical central pipe is 
compressed to a high pressure, and displaces 
the brine from the cavern until the latter is 
completely empty. The gas storage system op- 
erates by the principle of compression-decom- 
pression. The gas in the cavern required to 
maintain the minimum residual pressure re- 
quired for stability of the cavern is called the 
cushion gas, but when it is filled up to its max- 
imum operating pressure, it is known as the 
working gas. 

Descriptions of cavern storage systems can 
be found in [146—149]. A worldwide informa- 
tion exchange service is provided by the Solu- 
tion Mining Research Institute (SMRI), 
Woodstock, Illinois. 


51.13.3.4 Production of Sea Salt 


Introduction. In his Historia Naturalis, PLINY 
THE ELDER already referred to the technique of 
producing salt by the natural evaporation of 
sea water. Even today, this method of exploit- 
ing the oceans, seas, salt lakes, and chotts is 
still widespread. It is practiced in nearly all re- 
` gions of the world where climate and topogra- 
phy aliow. 

While some methods have changed very 
little, such as those of the “Paludiers” working 
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the salt marshes along the Atlantic coast of 
Portugal and France, other modem methods 
are now applied, combining productivity with 
strict environmental protection. This applies 
to the vast majority of salt fields in the Medi- 
terranean basin, on the west coast of Australia, 
and Guerrero Negro, the world’s largest salt 
field in Mexico at the southernmost tip of Baja 
California. 


The Raw Material: Sea Water 


The water of the seas and oceans contains 
all the known elements, most of them present 
in small amounts [150]. Sodium chloride is the 
most important compound in terms of concen- 
tration, averaging 28 g/L. 

Sea water also contains significant amounts 
of magnesium, sulfur, and calcium, the other 
important sea-water-based process being the 
production of magnesium compounds. 

The salinity (grams of salt per kilogram of 
sea water) of ocean and sea water varies with 
location and depth [151]. This dispersion, due 
either to dilution by precipitation or drainage 
pattern, or to local overconcentration caused 
by strong evaporation, is more evident in in- 
land seas. 

The average salinity is 3.5%, correspond- 
ing to a relative density of 1.026. It reaches 
4.1% in the Red Sea and is only 3% in the 
Baltic Sea. 

The salt mixture in sea water has the fol- 
lowing typical composition (in %) [47]: 


NaCl 77 
MgCl, 10 
MgSO, 6 
CaSO, 3.9 
KCl 2 


The Main Factors Governing 
Production of Sea Salt 
To produce sea salt economically, the 


amount of water evaporating must exceed the 
amount of precipitation (rain or dew) for a 


long and continuous period of at least three 


months during the year. 
Table 51.8 lists the main types of climate 
compatible with the production of sea salt. In 





Sodium 


Taiwan. à borderline case, sea salt production 
calls for a maximum of ingenuity. In Western 
Australia, by contrast, the climate is ideal, not- 
withstanding the risk of cyclones, and sea salt 
can be produced all year round. | 

In practice, evaporation at a given produc- 
tion site is measured over fresh water with an 
evaporometer. Since the total concentration of 
dissolved salts is known, the evaporation 1s 
determined approximately from an empirical 
curve, an example of which is shown in Figure 
51.15 [152]. 
Table 51.8: Typical climatology of solar saltfields [151]. 


South of 


France Australia Indonesia Taiwan 


ual evapo- 
MR! SCH 1700 3600 1850 1660 


Annual rain- 


fall, mm 550 300 1300 1400 
ee e—a 
*Fresh water. ` 





oboo moso mi 150. 12001215 
Brine density, kg/m ——-— 
Figure 51.15: Evaporation coefficient @ as a function of 
density. ? 

] em of evaporation over fresh water corre- 
sponds to a cm for the body of water in ques- 
tion; a normally ranges from 0.95 for sea 
water to 0.55 for saturated brines depositing 
their salt. | 

In addition to a favorable climate, a particu- 
lar topography is required, and the ground 
must be as impermeable as possible to mini- 
mize brine seepage. 

The pond areas containing the brines or sa- 
line solutions rust also be as level as possible, 
ideally below sea level, and stepped in eleva- 
tion. This reduces the number of intermediate 
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pumping stations required and helps to opti- 
mize the design of the ponds, dikes, channels, 
and culverts making up the salt field. 

These conditions are often satisfied in the 
deltas of large rivers. The Rhóne delta in 
France's Camargue is one example, and is the 
location of two large salt fields: Aigues- 
Mortes and Salin de Giraud. 


Concentration of Sea Brines. After being 
pumped from the sea, the sea water passes 
through the salt field from pond to pond. As it 
passes through the ponds, the NaC] concentra- 
tion in the sea water rises from 28 g/L to 
roughly 260 g/L, corresponding to an increase 
in relative density from 1.026 to 1.215. At this 
point, the brine begins to deposit its salt. Most 
of the calcium carbonate (CaCO,) and calcium 
sulfate (CaSO ,-2H,0) has already crystallized 
before this point, as shown in Figure 51.16, 
while the magnesium salts continue to become 
concentrated without crystallizing. 


Concentration, g/100 g solution 





10 1.1: 12 13 





Density, g/cm? 


Figure 51.16: Brine composition as a function of density 
[153]. Values for CaSO, concentration are multiplied by a 
factor of ten. 

Crystallization of Sodium Chloride. When 
the brines approach the NaC] saturation point, 
they are fed through feed channels into the 
crystallizers, which represent the production 
units. The floors of the crystallizers must first 
be carefully prepared by compacting and lev- 
elling to ensure easy separation of the salt 
from the ground and a uniform layer of brine. 
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The surface area of these crystallizers gener- 
ally represents ca. 1096 of the total area of the 
salt field. 


From this point on, the salt worker's job is 
to monitor the brine strengths and purge the 
bitterns from the ponds when the concentra- 
tion of secondary salts, particularly magne- 
sium salts, is liable to lower the quality of the 
salt. The ponds are then filled with fresh or 
pure brine with a low magnesium salt content. 


The salt is produced in the form of a layer 
of tangled crystals whose density and grain 
size depend on the characteristics of the bit- 
tern and, especially, on the turbidity or cloudi- 
ness. If the brine is turbid, the suspended fine 
particles act as seed crystals. If, however, the 
brine is clear and well settled, the number of 
seed crystals is greatly reduced, and crystal 
growth occurs in preference to germination. 


The thickness of the salt layer varies from 
one site to another, and also, at a given site, 
from one year to another, depending on 
weather conditions. In the South of France 
where the production period runs from May to 
September, the thickness at the end of the sea- 
son averages 10 cm. At other latitudes, layers 
may be over 20 cm thick. 
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Production Stages in a Modern Salt 
Field 


Figure 51.17 shows the main components 
of the infrastructure of a modem salt field 
from sea water intake to the production facili- 
ties for processing and packaging the salt. 


. The production process features the follow- 
ing stages: 


e Seawater pumping: the salt field is Supplied 
with sea water by a pumping station. In 
some parts of the world, such as Australia 
the salt fields are gravity fed with sea water 
in accordance with the tides. Several million 
cubic meters of sea water are required annu- 
ally to produce several hundred thousand 
tonnes of sodium chloride (the Aigues- 
Mortes salt field in France pumps 50 x 105 


3 o | 
mr of sea water for an average annual output ` 


of 400 000 t). 


e Concentration of sea water in the ponds: in 
this stage, the water flows through shallow 
ponds and is allowed to concentrate until ap- 
proximately 90% of the initial water content - 
has evaporated. The brines are moved pond 
to pond by gravity or by pumping as dic- 
tated by the local topography. 





Figure 51.17: Modern salt field [151]: a) Sea water intake: b) Pumpi ion; ik i 
ur ‹ Í 5 а ; ping station; c) Dikes; d) Condensers: e) B; torage 
tanks; f) Crystallizers; g) Bitterns area; h) Washing plant; i) Salt storage areas; j) Packaging plant; К) Se "S 
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Table 51.9: Percentage compositions of rock salt from various sources. 


SZ Borth, Germany ` Malagash, Canada Northwick, England . Staßfurt, Germany Retsof, USA 


co 98.5 99.095 93.43 97.53 98.1 
MgCl, 0.13 0.026 0.14 0.00 
MeO, 0.23 

CaCl, 0.118 0.01 

CaSO; 0.75 0.401 1.16 1.49 1.60 
SCH 0.44 0.04 0.43 

NaHCO, 0.01 

Insolubles 0.1 0.360 5.25 0.27 

0.03 . 


Water - 
b. M з кы 2-4 -—([—=ы л — ANS ac RR 


e Deposition of NaCl in the crystallizers: for a 

salt field with a single production season 
during the year, the crystallizers are first 
filled with brine kept from the previous 
year, which has been protected from rain di- 
lution in deep storage ponds. 
A few weeks later, the old brine is replaced 
by the new concentrated brine leaving the 
ponds. By the time the relative density of the 
brine reaches 1.215, when NaCl crystals 
start to form, the brine has already precipi- 
tated 80% of the calcium sulfate in the form 
of gypsum. The bitterns are then removed 
before the specific density reaches 1.260 to 
avoid codeposition of magnesium salts. — , 
Where bitterns are present in sufficiently 
large quantities, and if the climate allows, 
the bitterns can be concentrated on a bittern 
salt field to extract the magnesium bromide, 
magnesium sulfate, and even magnesium 
chloride. ; 


e Salt harvesting: in batch-operated salt fields, 

salt harvesting begins at the end of the salt 
production period. For continuous salt 
fields, harvesting is perfórmed at regular in- 
tervals to ensure that the level of the salt 
does not exceed the operating height of the 
harvesting machines. 
The harvester is generally carried by a trac- 
tor of the type often used for civil engineer- 
ing projects. The salt is first scooped off the 
floor of the crystallizer by a large blade up 
to 3.6 m wide pushed along by the tractor. It 
is then lifted by slotted or bucket conveyors. 
The salt is then evacuated and poured into 
trailers by a conveyor belt. 


e Transport, washing, and storage: the har- 
vested salt is loaded onto trucks or tractor- 


drawn trailers for transport to a washing 
plant where most of the impurities are re- 
moved. 

Washing removes all solid impurities from 
the salt (substances insoluble in water) 
along with the accompanying bitterns (solu- 
tions of magnesium or potassium com- 
pounds) The salt is kept in suspension in 
saturated brine. The salt-brine mixture is 
then dewatered and centrifuged. The salt 
travels up an inclined gantry conveyor and 
is poured on top of one of the huge salt 
stockpiles that are a familiar feature of salt 
production sites. 


e Processing and packaging: The salt re- 
claimed from the salt stockpile may be 
washed a second time, which increases the 
sodium chloride content to 9996. The salt is 
then generally dried, crushed, and screened, 
and anticaking agents are added. Other sub- 
stances added at this stage include iodide or 
fluoride in salt for human consumption. The 
salt is then packaged in various containers 
(e.g., boxes, polyethylene bags), as required 
by the consumer. 


H 


5113.4 Production of Pure Salt by 
Evaporation of Brine 


Salt can be produced by evaporation of sat- 
urated brine. The brine is generally obtained 
by dissolving crude salt that contains many 
impurities. The production of high-purity salt 
requires chemical purification of the brine. 
The high purity is the major difference to rock 
salt (Table 51.9). Purification is also necessary 
to avoid scale formation in the evaporation 
equipment. Also, when pure salt 1s used in in- 
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dustrial processes, much less waste is pro- 
duced than when rock salt is used, and this 
aspect is of ever-increasing importance. 


51.13.4.1 Purification of Crude 
Brine 


The most common and most problematic 
impurities in crude salt are the sulfates and 
carbonates of calcium and magnesium, and 
polyhalite (K,SO,-2CaSO,-MgSO,-2H,0). 
The principal impurities of crude brine are 
therefore calcium, magnesium, and sulfate 
ions. The following chemical methods are 
used to purify crude brine [154]. 


Purification with Lime or Caustic Soda and 
Soda Ash. Magnesium ions are precipitated 
from the crude brine as magnesium hydroxide 
by adding calcium or sodium hydroxide. Cal- 
cium ions are precipitated as calcium carbon- 
ate by adding sodium carbonate or by purging 
the alkaline brine with carbon dioxide, usually 
in the form of combustion gas. Salt is obtained 
from the purified brine by evaporation, which 
is stopped prior to the onset of sodium sulfate 
crystallization. The mother liquor has a high 
sodium sulfate content and can be used for so- 
dium sulfate production. 


Purification in a Circulating System. Here, 
the brine is usually treated in two stages. In the 
first stage, crude brine, mother liquor, and cal- 
cium hydroxide suspension or sodium hydrox- 
ide solution are brought together and 
thoroughly mixed. This causes magnesium 
hydroxide and calcium sulfate to precipitate. 
Other metal ions are precipitated in addition to 
the alkaline earths. After removal of these sol- 
ids, sodium hydroxide solution and/or sodium 
carbonate solution are sometimes added to the 
clear brine, which is saturated with calcium 
hydroxide, in the second stage. Also, carbon 
dioxide (usually as combustion gas) is passed 
through, whereby calcium carbonate crystal- 
lizes and is removed. The clarified brine is fed 
to the evaporator, and evaporated until sodium 
sulfate just fails to crystallize. The salt is re- 
covered, and the mother liquor, which has a 
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high sodium sulfate content, is recycled to the 
first stage of the brine purification process. 


Design of Brine Purification Plants. The 
brine purification processes described above 
were formerly carried out as batch operations, 
but today continuous processes are more com- 
mon. In both methods, the impurities are al- 
lowed to settle and then removed, 


Sedimentation is accelerated by adding floc- - 


culating agents, usually polyacrylamides 
sometimes in combination with iron hydrox- 
ide. In the continuous process, the solid impu- 
rities are removed in thickeners. Modern brine 
purification plants are often fully automated, 
and are controlled by means of automatic ana- 
lyzers. 


51.13.4.2 Evaporation of Brine 


As the solubility of sodium chloride in- 
creases only slightly with temperature (Table 
51.4), the salt is normally crystallized out in an 
evaporative crystallizer at 50-150 °C. Both 
pure brine and crude brine are evaporated. 

When evaporating crude brine, the gypsum 
slurry process is used, in which a certain quan- 
tity of crystalline calcium sulfate is main- 
tained in the suspension of salt crystals. The 
calcium sulfate that precipitates deposits on 
these gypsum crystals and hence does not 
form a scale on the heating surfaces or the 
walls of the vessel. 

Salt was formerly produced by evaporation 
in open pans. Due to the high heat consump- 
tion and relatively poor performance, this 
method is now hardly used [154, 155]. To 
achieve the best possible utilization of heat, 
multistage evaporation and vapor recompres- 
sion were developed. 

In the multistage evaporation process, im- 
proved heat utilization is achieved by com- 
pressing the vapors from the first evaporator 
and using these for heating the second. The 
vapors from the second evaporator are then 
used to heat the third, and so on. The plant 
generally has four, five, or six stages. The 
brine is preheated in preheaters which are 
heated with vapor and condensate from the 
evaporators. 
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The heat of the vapor can be used in the 
same evaporator if the vapor is compressed to 
a higher pressure [156]. This system is widely 
used where cheap electrical energy 1s avail- 
able. In this case, only one evaporator 1s re- 
quired. Reductions in power costs and hence 
operating costs can be achieved by switching 
off the electrically powered turbine compres- 
sor during periods of peak electricity ‘con- 
sumption. 

Hybrid systems are also used, which can be 
operated as multistage or vapor-compression 
evaporators [157]. Combined methods are 
also used in which high-pressure steam 15 
passed through back pressure turbines, and the 
exhaust steam heats a multistage evaporation 
plant. The mechanical power is available for 
compressing the vapors. 


In general, three types of crystallizers are 
used (158, 159]: 

Type 1: Evaporators with forced circulation 
and external heating. 


Type 2: Evaporators with internal heaters 
and a circulating pump in the central pipe pro- 
ducing forced circulation. 


Type 3: Oslo crystallizers (Figure 51.18) 


In Oslo crystallizers, recirculating brine 
and fresh brine are heated in the heat ex- 
changer and evaporated in the evaporator. The 
supersaturated crystal-free brine passes down 
the central pipe into the crystallizer, and from 
there passes upwards through the bed of crys- 
tals. 


The choice of crystallizer depends on the 
desired crystal size. If crystal size is not im- 
portant, Type 1 crystallizers are generally 
used. These produce cubic crystals with 50% 
> 400 mm (by sieve analysis). If somewhat 
coarser salt is desired, Type 2 crystallizers are 
used, giving cubic crystals with rounded cor- 
ners, with 50% > 650 jun (sieve analysis). 
Type 3 crystallizers produce a granular prod- 
uct, with lenticular or spherical particles, ca. 
1—2 mm in size. 
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Figure 51.18: Oslo evaporator: a) Heat exchanger; b) 
Vacuum evaporator; c) Down pipe; d) Crystallizer, e) Bed 
of crystals. 


` 51.13.4.3 Recrystallization 


The recrystallization process utilizes the 
fact that the solubility of calcium sulfate in 
brine decreases with increasing temperature, 
while that of sodium chloride increases 
slightly. The process is suitable for producing 
a fairly pure salt from fine or waste salt [154, 
160]. 

' The process consists of three stages: 


e Dissolution: Fine salt is heated with mother 
liquor from the evaporator to ca. 105 °C in a 
dissolving vessel by passing steam into it. 
The sodium chloride dissolves, but not the 
calcium sulfate, because the brine from the 
mother liquor is already saturated with cal- 
cium sulfate. 


e Filtration: Removal of solid calcium sulfate 
and other solid impurities from the brine. 
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e Crystallization: The clear brine is pumped 
to the crystallizer, which is an expansion 
evaporator with forced circulation but with- 
out heaters. On expansion, evaporation and 
cooling take place. The salt suspension is re- 
moved from the evaporator and the mother 
liquor is returned to the dissolution vessels. 
Heat exchangers are not generally used in 

this process, which can be carried out in one or 

several stages. 


51.13.4.4 Other Process Steps 


Manufacture of Special Salt Crystals. Salt 
crystals with special shapes can be produced 
by adding substances that affect crystal 
growth to the brine in the evaporation equip- 
ment. The addition of soluble iron(II) cyanide 
complexes in amounts of ca. 10 mg/kg (ex- 
pressed as the amount of additive in the prod- 
uct) produces dendritic crystals. This salt has a 
very low bulk density of ca. 0.8 g/cm?. Other 
suitable additives include nitrilotriacetic acid, 
nitrilotriacetamide, sodium  hexametaphos- 
phate, and cadmium chloride [161, 162]. 

Coarse salt is also produced by compress- 
ing fine salt to form tablets or briquettes, or 
into compacted sheets that are then broken up 
to form coarsely granular salt [154]. 


Construction Materials. To avoid corrosion 
[154, 163], the material of the evaporator is 
usually made of steel plated with a monel al- 
lov. Less critical parts of the equipment can be 
made of steel. Rubber-coated equipment is 
also used. The tube sheets are of steel or monel 
metal and the heat-exchanger tubes are gener- 
ally made of copper nickel alloy or titanium. 


Removal of the Crystals. The crystal suspen- 
sion is removed from the evaporators, which 
are often conical at the bottom. Fresh brine is 
often fed in through a discharge branch, which 
washes the salt crystals and causes thickening 
of the suspension. 


Salt Drying. The mother liquor is removed 
from the crystal suspension in centnfuges. 
Sometimes the salt crystals are washed in a 
pusher centrifuge. If washing is not required, a 
screw centrifuge can be used. After centrifug- 
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ing, the salt still contains ca. 2-3% moisture. 
Further drying can be carried out in rotary dri- 
ers, but fluidized bed driers are now more 
common. At the end of the fluidized-bed dryer 
there is usually a cooling zone into which cold 
air is blown, or a separate cooler can be used, 
The dried salt is often passed through a classi- 
fication process. 


51.13.4.5 Salt Quality 


Typical analyses of salt produced by the 
evaporation of crude of purified brine are 
given in Table 51.10. Anticaking agents such 
as sodium, potassium, or calcium ferrocyanide 
are added at a concentration of 5-15 mg/kg. 
Purity requirements for salt are continually in- 
creasing, especially for industrial applications 
such as chlor-alkali electrolysis. As salt purity 
improves, the amount of waste decreases, and 
the environmental pollution caused by the 
wastewater is substantially reduced. 


Table 51.10: Typical analyses of salt from evaporation 
processes. 


From crude brine 


[154] From purified brine 
NaCl, ?6 99.7 99.95 
SO,, mg/kg 1900 300 
Ca, mg/kg 900 7 
Mg, mg/kg 20 0.5 


51.13.5 Economic Aspects 


51.13.5.1 Commercial Grades 


Salt for Food. Salt intended for human con- 
sumption is known as cooking salt or table 
salt. Apart from its function as a seasoning in 
foods, it is of vital importance for the human 
organism. The average daily salt requirement 
for humans is 7 g [164]. In Germany, the frac- 
tion of total salt consumption used for food 1s 
only 3%. In 1990, the consumption of table 
salt was ca. 398 000 t. The largest use in the 
food industry is for food preservation. Only 
ca. 100 000 t is sold in small packages for 
household use [165]. Caking of table salt is 
prevented by adding anticaking agents such as 
calcium or magnesium carbonate, or sodium 
or potassium ferrocyanide [166]. 


mM 
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Table salt is used as a carrier for various ac- 
tive substances. Iodized table salt is important 
worldwide in the prevention of diseases of the 
thyroid gland. Fluoridized table salt is used to 
prevent tooth decay. 


In Europe, ca. 90% of all meat products are 
preserved with nitrite pickling salt, which con- 
sists of sodium chloride and various amounts 
of sodium nitrite [165]. 


Treated Salt. Salt that is used neither as a 
foodstuff nor for the chemical industry is de- 
natured in many countries for tax reasons. The 
consumption of this type of salt in Germany in 
1990 was ca. 800 000 t. 

Salt that is not suitable for human con- 
sumption or food production is produced on 
demand by the addition of denaturants such as 
eosin, patent blue, or soda ash. 


Treated salt is used for water softening, tex- 
tile treatment, in the leather industry, in animal 
food production, and in many other fields. 


Of the above, the regeneration of water 
softeners is a very important application 
[167]. Water softening is essential owing to 
the widespread occurrence of hard water, and 
so far there is no alternative to the long-estab- 
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Figure 51.19: Family tree of salt chemistry [170]. 
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lished and well proven method based on ion 
exchangers and salt. 


Industrial salt is salt that is used as raw mate- 
rial for producing other compounds [168, 
169]. The main applications of industrial salt 
in the chemical industry are in chlor-alkali 
electrolysis and sodium carbonate production. 

The products obtained form the basic raw 
materials for innumerable other products, in- 
cluding glass, dyes, washing and cleansing 
agents, medicines, plastics, aluminum, and pa- 
per (Figure 51.19). 

In Germany in 1990, ca. 4.5 x 10° t crystal- 
line salt was used, and ca. 5.9 x 10$ t in the 
form of brine. 

As with all forms of salt, industrial salt is 
subject to tax laws, but it may be used without 
being denatured if a salt license has been is- 
sued. For technical reasons, no anticaking 
agents are added to industrial salt. 


Deicing Salt. Rock salt and sea salt can be 
used for deicing road surfaces to give safe 
driving conditions for traffic in winter. The 
chemical processes (hydration) that take place 
when deicing salt comes into contact with 
snow and ice on the roads in winter effectively 
eliminate slippery conditions [171]. 
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The effect of deicing salt on the environ- 
ment has been the subject of controversy. 
However, in the wake of mounting evidence 
from scientifically based investigations, there 
is now little opposition to the sparing applica- 
tion of deicing salt to ensure the safety of traf- 
fic, and the frequency of accidents caused by 
snow and ice can be drastically reduced. 

The development and use of suitable tech- 
nology have contributed greatly to decreasing 
the amount of deicing salt used and hence to 
reduction of environmental pollution. This 
technology makes use of modern electronic 
equipment for automatically adjusting the salt 
spreading process to the width of the road and 
the speed of the gritting vehicles, and the 
spreading of moist salt. 

For the spreading of moist salt, the dry salt 
is wetted with a 5-30% solution of sodium 
chloride, calcium chloride, or magnesium 
chloride. Moistening prevents windblown 
losses and gives a more rapid deicing effect 
[171]. 

In the 1960s, at least 40 g/m? deicing salt 
was required, but subsequent technical devel- 
opments have enabled an optimum deicing ef- 
fect to be achieved with only 10 g/m?. In 1990, 
ca. 630 000 t of deicing salt was used in Ger- 
many. 


51.13.5.2 Packaging, Transport, 
and Storage 


Salt is supplied both loose and in packaged 
form. Salt for human consumption is available 
in big bags, in plastic and paper sacks, and in 
small packets. Denatured salt and deicing salt 
are supplied loose or in packages, but salt in- 
tended for large-scale industrial use is only 
supplied in loose form. 

Salt 15 transported by canal and river boats, 
or by road in tipping trucks, flat trucks, or silo 
trucks. 


51.14 Sodium Hydroxide 


Pure sodium hydroxide, NaOH, is a color- 
less solid. It does not occur in nature, but is 
manufactured on a large scale from fairly 
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readily obtainable raw materials and is used in 


numerous chemical processes. Because of its 
corrosive action on many substances, it js 


known as caustic soda. 


Sodium hydroxide solution is one of the" 
oldest man-made chemicals. The reaction of · 


sodium carbonate with calcined limestone 


(causticization of soda) was already known in 


early Afro-Oriental cultures. Alabaster vessels 
containing 3% sodium hydroxide solution 
have been found in Egyptian tombs dating 
from 3rd century B.C. near the Pyramid of 
Cheops. The first written records of caustic 
soda production during the early years A.D. 
came from Egypt and India. " 


51.14.1 Properties 


Because pure sodium hydroxide has a high 
affinity for water, the physical and chemical 
properties of the pure substance are difficult to 
determine. Many of the data are obtainable 
only by extrapolating values for impure so- 
dium hydroxide. The same is true for the con- 
centration-dependent physical properties of 
aqueous solutions of sodium hydroxide, since 
these solutions have a strong tendency toward 
supersaturation. 


51.14.1.1 Properties of Sodium 
Hydroxide 


Some physical properties of solid sodium 
hydroxide are as follows: 


Appearance white. crystalline 
Density (liquid, 350 °C) 1.77 в/ст? 

mp (soda and water free) 322+2°С 

Heat of fusion 6.77 kJ/mol 

Boiling point at 0.1 MPa 1388 °C (calculated) 
Specific heat capacity at 20 °C 3.24 Jkg ! K 


Pure sodium hydroxide is strongly hygro- 
Scopic. Tt dissolves in water with liberation of 
heat and forms six defined hydrates (Figures 
51.20, 51.21, and Table 51.11). When trans- 
porüng and storing sodium hydroxide solu- 
tion, the containers must be heated or 
insulated because the melting points of some 
of the hydrates are much greater than 0 °С. In 
the presence of moisture, NaOH reacts readily 
with atmospheric carbon dioxide to form so- 





- Sodium 


dium carbonate. Sodium hydroxide reacts 
with carbon monoxide under pressure and in 


the presence of moisture to yield sodium for- 


te. 

g high affinity of sodium hydroxide for 

es a reduction in water vapor pres- 
SEN to 0.36 kPa for 50.3%, NaOH at 
30 °C). Sodium hydroxide is therefore a very 
effective drying agent. It is fairly readily solu- 
ble in methanol and ethanol. 

Anhydrous sodium hydroxide reacts very 
slowly with most substances. For example, it 
attacks many metals only slightly at room 
temperature Le. 8. Fe, Mg, Ca, and Cd). How- 
ever, corrosion rates increase rapidly with in- 
creasing temperature. More noble metals such 
as nickel, silver, gold, and platinum are at- 
tacked only slightly even when heated, espe- 
cially if oxidizing atmospheres are excluded. 
Anhydrous sodium hydroxide does not react 
with dry carbon dioxide. 


51.14.1.2 Properties of Sodium 
Hydroxide Solution 


ГА 


Physical Properties. The concentrations of 
the aqueous solutions in equilibrium with 
solid NaOH at various temperatures are given 
below: 

„°С 10 18 30: 40 53 64 
e;NaOH 49.8 510 533 554 597 690 


600 


r 
о 
о 


Temperature, 2С ——~ 
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Figure 51.20: The NaOH-H.O system. 
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Figure 51.21: The МаОН-Н,О system [172]. 


Table 51.11: Stability of the hydrates of sodium hydrox- 
ide. 


Formula Stability range, °C 
NaOH-7H,0 223.5 to 28,3" 
NaOH: 5H,O 12.2 to -31.9* 
o-NaOH-4H;O 47.610 -21.4 
B-NaOH-4H,O (unstable) -1.7 t0 -14.5* 
NaOH-3.5H,O 415.610 -8.8 
9NaOH-28H,0 (unstable) 42/110 -2.5 
NaOH-2H,O- Oto +12.5° 
NaOH-H,O +4.5 to +64,3° 


* Unstable melting point. . 
> Clearly defined melting point. | 
< Melting point can be determined only by extrapolation. 


The heat of solution is ca. 44 kI/mol at 18 *C. 
The surface tension at 20 °C increases from 
7 46 x 10? N/m for a 5% solution to 0.1 N/m 
fot a 35% solution [173]. A 1 mol% solution 
has a surface tension of 7.43 x 10? N/m at 
20 *C, which decreases to 6.23 x 10? N/m at 
90 *C. The density of aqueous sodium hydrox- 
ide solution in the concentration range 0-20% 
can be calculated from the formula: 


d, = d, + (1.16027 x 10? 2.511 x 10 t 
+ 1.0222 x 107 Pp - (1.0817 x 10? 
—3.6748 x 1077 t + 2.034 x 107? fp? 


where d, (g/cm?) density of solution at t °С 
(°C) = temperature, p (%)= g NaOH/100 р so- 
lution, da (g/cm?) = density of water at г °С. 
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The densities of more concentrated aque- 
ous sodium hydroxide solutions at 20 *C are 
as follows: 


[NaOH], 96 Density, g/cm? 
20 1.219 
30 1.328 
40 1.430 
50 1.525 


The boiling point curve is shown in Figure 
51.20. In the concentration range 0-60%, 
NaOH, the boiling point increases approxi- 
mately linearly with temperature. 

NaOH concentration % 5.9 23.1 33.8 483 54.6 
Boiling point, °C 105 110 120 140 150 

A 5-g/L solution of sodium hydroxide in 
water is almost completely dissociated. Activ- 
ity coefficients are in the range a = 0.784 (0.1 
M at 10 °C) and a= 3.922 (15 M at 70 °C). 


Chemical Properties. Amphoteric metals 
such as zinc, aluminum, tin, and lead are at- 
tacked by dilute sodium hydroxide solution at 
тоот temperature. Iron, stainless steel, and 
nickel are fairly resistant. 


51.14.2 Production 


Sodium hydroxide is produced commer- 
cially in two forms: a 50% solution (the most 
common form) and in the solid state (caustic 
soda) as prills, flakes, or cast shapes. 


51.14.2.1 Production of Sodium 
Hydroxide Solution 


Electrolysis of Sodium Chloride. Sodium 
hydroxide solution is produced industrially 
mainly by the electrolysis of sodium chloride. 
This yields sodium hydroxide solution, chlo- 
mine, and hydrogen in the mass ratio 1:0.88: 
0.025 in accordance with the following overall 
equation: 

2NaCI + 2H,0 — 2NaOH +Cl, + H, 


In the early 1980s, the membrane process was 
introduced, the other processes in operation at 
that time being the amalgam and diaphragm 
processes. Chlor-alkali production in 1990 
was divided between these three processes as 
shown in Table 51.12. 


Handbook of Extractive Metal lurgy 


Table 51.12: Distribution of chlor-aikali г i 
od 

among the three most widely used processes e 

of installed capacity in 1994) [174. 175]. = 


North Western 


Process America Europe Japan 
Атава 4 65 — р 
Diaphragm 78 25 15 
Membrane - 6 6 85 
Others 2 4 0 
c аазы 
PA xx ИСИ 
NaCl 27% +  Anolyte 1 





NaOH 5075 МабН 28-35% 


Concentration 
to 50% 


NaOH 9-12% 
NaCl 18% 
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Figure 51.22: Treatment of the sodium hydroxide solu- 
tion from electrolysis cells [176]. 

In Japan, by 1988 all plants based on the 
amalgam process had been either shut down or 
converted to the membrane process. Some 
Japanese diaphragm plants were also replaced 
by membrane plants for reasons of both cost 
and quality. 

Treatment of the liquor from the electro- 
lytic cell is shown schematically in Figure 
51.22. In the amalgam process, sodium hy- 
droxide solution is produced from sodium 
amalgam and water over a graphite catalyst at 
80—120 °С. The 50% solution produced is 
very pure. It is cooled, mercury is removed by 
centrifugation or filtration through cartridge 
or pressure plate filters, and it is then sold 
without further treatment. 








Sodium 


In the diaphragm cell, the depleted sodium 
chloride solution from the anode compartment 
is transferred quantitatively to the cathode 
compartment, so that the cell liquor produced 
there contains ca. 18% sodium chloride and 
9-12% sodium hydroxide. During evapora- 
tion to give a 50% NaOH solution, all the im- 
purities carried over with the depleted sodium 
chloride solution are removed to their limiting 
solubility by fractional crystallization, thus 
the sodium chloride content can only be re- 
duced to ca. 1-1.5%. In the DH process of the 
PPG Company, further purification is carried 
out by extraction with anhydrous liquid am- 
monia. This gives a product comparable to 
that from the amalgam process (rayon qual- 
ity), but the process is seldom used because of 
cost. This is also true of a Japanese process in 
which a relatively pure sodium hydroxide so- 
lution is obtained by cooling the 50% dia- 
phragm liquor and recovering the crystals of 
pure NaOH-3.5H4O formed. Methods of opti- 
mizing the various evaporation systems used 
for treating liquor from the diaphragm cell are 
described in [177]. 

In the membrane process, a hydraulically 
impermeable membrane prevents mixing of 
the electrolytes. This process produces a high- 
purity, virtually chloride-free sodium hydrox- 
ide solution comparable to that of the amal- 
gam process. However, the chloride content 
increases by a factor of ca. 10 if operation of 
the cell is interrupted, due to diffusion of СГ 
ions through the membrane. The sulfate and 
chlorate present in the anolyte also affect the 
concentration of these impurities in the caustic 
liquor from the membrane cell, since the cat- 
ion-selective membrane has an appreciable re- 
sidual permeability for anions. Most 
membrane cells give optimum economic per- 
formance at an NaOH concentration of 30- 
3596. An ion-exchange membrane has now 
been developed that enables a 5096 sodium 
hydroxide solution to be produced in the cell 
[178], although a considerable increase in 
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voltage is required. Such membranes are via- 
ble only if steam costs are high and electricity 
costs low [179]. The 30-35% sodium hydrox- 
ide solution is usually concentrated in a two- 


Or three-stage falling-film evaporator (de- 


pending on steam costs and plant size) to give 
a commercial 50% solution (see Figure 
51.23). For a three-stage evaporator, the steam 
consumption is 0.55 t/t NaOH (100%), and for 
a two-stage evaporator, 0.71 t/t NaOH 
(100%), with sodium hydroxide solution and 
steam in countercurrent flow. 


The evaporation of membrane cell liquor 
(unlike that of diaphragm cell liquor) does not 
produce any solid material that can foul the 
heat exchanger or erode the pipework. The 
pickup of metals during evaporation is < 1 
ppm if appropriate construction materials are 
used (nickel, stainless steel) The various 
evaporation techniques are described in 
[176]. with special reference to the concentra- 
tion of membrane cell liquor. 

As shown in Table 51.13, the three electro- 
lytic processes have different energy require- 
ments. The membrane process consumes the 
least electrical energy (2300-2500 kWh/t 


: NaOH) but requires an additional 180 kWh/t 


NaOH in the form of steam to produce a 50% 
solution. The diaphragm process consumes 
less electrical energy than the amalgam pro- 
cess but requires 900 kWh/t NaOH as steam 
for the evaporation stage and therefore has the 
highest total energy requirement. 

Table 51.13: Energy requirements for the production of 1 


t of sodium hydroxide (as 50% solution) by the three elec- 
trolytic processes. 





Energy, kWh/t Process 
NaOH" Amalgam Diaphragm Membrane 
Electricity 2800—3200 2500—2600 2200-2500 
Steam (equivalent) 0 799-900 90-180 
Total 2800—3200 3200-3500 2290-2680 
Relative energy : 
jcosts, % 90 100 70 


* The energy requirement given is based on the production of 
NaOH, CL, and H. 
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Figure 51.23: Membrane cell caustic evaporation (Bertrams process): a) Vacuum pump; b) Condenser; c) Caustic cooler; 
d) First evaporator; e) Caustic pump; f) First caustic heat exchanger; g) Second heat exchanger; h) Caustic pump; i) Sec- 
ond evaporator; j) Caustic pump; К) Second caustic heat exchanger; 1) First heat exchanger; m) Third evaporator. 


Because of the high consumption of electn- 
cal energy. much research has been aimed at 
reducing the cell voltage. A ca. 1 V reduction 
can be achieved by using an oxygen-consum- 
ing cathode (as in a fuel cell) in the membrane 
cell process, although in this case no by-prod- 
uct hydrogen is produced. These cells have not 
been used on a production scale because of 
major technical difficulties. 


The electrolysis of fused NaCl at 350 ?C 
with a B-ALO, diaphragm is also of interest. 
In laboratory-scale cells, a power consump- 
tion of 2350 kWh/t NaOH can be attained 
[180]. This technique, too, has yet to be used 
on a commercial scale. 


Other Processes. Processes not linked to 
chlorine production are currently coming back 
into favor, as future world demand for sodium 
hydroxide solution is expected to exceed that 
for chlorine [181, 182]. The causticization of 
sodium carbonate solution is the oldest 
method of producing sodium hydroxide and 
was the only method available until the intro- 
duction of electrolysis. Although it had almost 
disappeared from use, it is now of special in- 
terest for companies with access to synthetic 
sodium carbonate from the Solvay process or 
to natural sodium carbonate (e.g, trona, 
М№а,Н(СО;),:2Н.0). In this process, a hot, ca. 
12% solution of sodium carbonate is mixed 


with quicklime. The calcium carbonate that 
precipitates according to the equation 
Na,CO, + CaO + H,O э 2NaOH + CaCO, 


is removed, and the ca. 12% solution of so- 
dium hydroxide is evaporated in several 
stages. The impurities that precipitate, mainly 
NaCl and Na.SO,, are filtered off. In a process 
operated by Tenneco, the calcium carbonate 
produced is converted back to calcium oxide 
and recycled. In 1991, this company started a 
new plant producing 75 000 t/a of 50% so- 
dium hydroxide from trona in Green River, 
Wyoming. Further details on the causticiza- 
tion of sodium carbonate are given in [183]. 
In a combination of electrolytic and dialy- 
sis cells, sodium salts can be split into the cor- 
responding acids and alkalis, e.g., 
Na,SO, + 2H,O — 2NaOH + HSC, 


This reaction can be carried out in a two- 
chamber cell with a cation- or anion-exchange 
membrane; in a three-chamber cell with a cat- 
ion-exchange and an anion-exchange mem- 
brane; or in a multichamber cell with a 
combination of cation, anion, and bipolar 
membranes [184—187]. However, in all indus- 
trially operated cells, the product is a dilute so- 
dium hydroxide solution (15-30%), which 
also contains some of the salt used as starting 
material. For this reason, this type of process 
is most suitable for treating sodium-salt con- 
taining wastewater from processes in which 














Sodium 


the dilute sodium hydroxide solution obtained 
can be recycled for neutralization purposes. 
An alternative method of producing sodium 
hydroxide solution for small paper pulp 
jants, the ferrite recovery process, is de- 
scribed in [188]. Here, waste liquor containing 
sodium salts and organic substances is evapo- 
rated, and the residue is mixed with Fe,O; and 
calcined. The sodium ferrite formed is decom- 
posed by water to give NaOH and Fe;O;. 


51.14.2.2 Production of Solid 
Sodium Hydroxide 


Solid sodium hydroxide (caustic soda) is 
obtained by evaporating sodium hydroxide so- 
lution until the water content is < 0.5-1.5%. 
The most efficient utilization of energy is 
achieved with multistage equipment. A flow 
diagram of a plant constructed by Bertrams, 
Basel (Switzerland), is shown in Figure 51.24. 
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A 50% solution is vacuum evaporated in a 
preconcentration unit, by using the heat of the 
vapor from the main concentrator, until the 
concentration reaches ca. 60%. In the second 
stage, a concentration of ca. 99% is attained 
by heating with a molten salt heat-transfer me- 
dium (NaNO,-NaNO,-KNO,) at > 400 °C in 
a falling-film evaporator. The product is fed to 
a flash evaporator that operates as a-gaslift 
pump. Molten NaOH is raised by vacuum into 
a heated riser pipe, causing the remaining wa- 
ter to evaporate. The rising steam bubbles lift 
the melt to the highest point of the system, 
where the steam 1s pumped off. The almost an- 
hydrous melt passes through a downcomer 


` pipe into the holding vessel, from which it is 


pumped to the conditioning plant. The holding 
vessel, pumps, and pipes must be heated to 
prevent premature crystallization. 


Liquid 
caustic 
melt 


Figure 51.24: High-concentration unit for caustic soda (Bertrams process): a) Vacuum pump; b) Condenser; c) Conden- 
sate pump: d) Furnace unit; e) Salt melt pump; f) Heated salt melt tank; g) Preconcentration unit; h) Vacuum pump; i) 
Condenser; j) Falling-film concentrator; k) Flash evaporator; D Heated caustic melt tank; m) Caustic melt pump. 
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51.14.2.3 Forming 


When the NaOH melt is cooled and 
formed, both the solidification point of NaOH 
(322°C) and that of the monohydrate, 
NaOH-H4O (62 °C), must be passed through 
quickly to prevent caking due to unsolidified 
monohydrate. 


Solid sodium hydroxide is supplied in the 
form of flakes, prills, cast blocks, and less 
commonly as tablets, briquettes, or granules. 
Flakes have a bulk density of ca. 0.9 kg/dm, a 
thickness of ca. 1.5 mm, and a diameter of 5— 
20 mm, and are easily broken so that some 
dust 1s always formed on handling. Prills have 
a bulk density of > 1 kg/dm? and consist of 
spheres with a diameter of 0.1-0.8 mm (mi- 
croprills) or 0.5-2.5 mm. 


Flakes. To produce flakes, molten NaOH is 
fed into a trough in which an internally cooled 
drum rotates. The molten material solidifies 
on the surface of the partially immersed drum 
and is scraped off by a knife, which breaks up 
the sheet of NaOH into flakes. These are taken 
to a small intermediate storage silo and packed 
as soon as possible in sacks or steel drums. 
The material tends to bridge due to its particle 
shape, so that it cannot be stored in large silos 
or be transported by compressed air. 


Prills are produced by spraving the molten 
material at ca. 360 °C to form droplets. The 
spray equipment used can be nozzles (out- 
dated), or a spinning disk or basket. The finely 
divided melt forms spheres of fairly uniform 
diameter due to surface tension. These are 
cooled to ca. 250 °C as they fall down a shaft 
in which air flows upward. The prills are col- 
lected in a funnel from which they run into a 
cooling drum where they are cooled to ca. 
50 °C. The finished product is stored in silos 
(Figure 51.25). 

Unlike flakes, prills are free flowing. Also, 
they do not cake as readily and thus can be 
stored in silos, transported in containers or 
other large vessels, or moved by compressed 
air, because they are almost dust free. 
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Figure 51.25: Production of sodium hydroxide prills 
(Bertrams process): a) Caustic melt tank; b) Caustic melt 
pump: c) Spray tower; d) Rotating spray system; e) Prod- 
uct cooler; f) Elevator; g) Exhaust air treatment; h) Silo; i) 
Bagging and pelletizing. 


Cast Blocks. Molten NaOH is directly cast 
into iron drums or similar containers. The 
drums are externally cooled intensively by 
spraying with water, so that a solid film of so- 
dium hydroxide forms immediately on the 
walls of the container, preventing further con- 
tamination by the iron. 


Special Shapes. Tablets, pills, or pellets are 


produced by the droplet. process. Molten ` 


NaOH drops from a special device made of 
silver onto a slowly rotating cooled table or 
conveyor belt (pill machine). The product has 
a very low content of metallic impurities, so 
that this process is especially suitable for pro- 
ducing small quantities (e.g., for analytical 
purposes). 


51.14.2.4 Specifications 


Diaphragm liquor cannot be used in all ap- 
plications (e.g., for artificial silk manufacture 
or various organic processes) because of the 
amounts of chloride, chlorate, and heavy met- 
als present. 


When cortosion-resistant materials are 
used for sodium hydroxide production (nickel 
and stainless steel), the pickup of metal (Ni, 


 Fe)is <1 ppm. Solid caustic soda should have 


a pure white appearance. The most important 


Demineralized ^ ` 











Sodium 


impurities in solid sodium hydroxide are listed 
in Table 51.14. 


Table 51.14: Product quality: typical percentage analyses 
of sodium hydroxide from chlor-alkali electrolytic pro- 


- cesses. 

e Amalgam process Diaphragm process 
NaOH . 99-99.5 98-99 
NaCl 0.03-0.05 1-2 
NaCO, 0.2-0.4 0.65 
Na SO; 0.03 0.035 . 
Ca. 0.002 0.001 
Mg 0.0005 0.0004 
Fe 0.001 0.0006—0.0015 
Al 0.001 0.0005 
Ni 0.0002-0.0004 0.0002-0.0004 
Bg 0.00000 1-0.00001 
mp. °C 322 322 





51.14.2.5 Storage, Packaging, and 
Transportation 


Iron, stainless steel, and nickel are suitable 
materials for containers used for transport and 
storage, as well as for pipelines. However, 
corrosion resistance is not the sole criterion 
for the choice of material. Stress corrosion 
cracking, changes in the crystal structure, and 
pitting can cause sudden material failure, so 
that a more expensive material is often chosen 
for safety reasons. 


Vessels for holding aqueous solutions of . 


sodium hydroxide are usually constructed. of 
alkali-resistant steel. However, at > 50 °C or 
in the presence of oxygen, iron is slowly at- 
tacked by sodium hydroxide solution. For a 
high-quality product (e.g., with iron content « 
1 mg/kg), cladding (rubbér or plastic coating) 
is required. At « 50?C the solution can be 
transported by pipes of alkali-resistant steel or 
plastic (e.g., PVC). Iron pipes are always kept 
full to prevent corrosion due to ingress of air 
and consequent black coloration of the solu- 
tion. At higher temperature, coated materials 
such as rubber-lined steel, austenitic Cr—Ni 
steel (e.g., DIN 1.4541), nickel, Hypalon, ep- 
оху resin, polypropylene, or glass fiber-rein- 
forced composites are suitable. In the latter 
case, an inner lining must be used to prevent 
contact between the glass fiber and the solu- 
tion. Heat exchangers are usually constructed 
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of nickel, nickel alloys, or stainless steel be- 
cause of the high temperature. For equipment 
handling highly concentrated solutions, 
nickel is the most commonly used material be- 
cause of its outstanding corrosion resistance. 
Metals that have been in contact with solu- 
tions are difficult to weld, so that repairs to 
pipework and equipment which have carried 
sodium hydroxide solutions are difficult. A 
comprehensive review of materials that can be 
used with sodium hydroxide is given in [189]. 

Pipelines carrying 50% sodium hydroxide 
solution in cold regions are provided with 
thermostatic heating. Solutions are trans- 
ported by road, rail tanker, or ship. . 

Caustic soda prills are stored in steel or 
stainless steel hoppers with a capacity of 30— 
50 m°. The hoppers have conical bases with an 
angle of 25? to the vertical and are provided 
with extemal hammering equipment. Even 
when the product is stored under dry air, a 
storage time of 3-6 d should not be exceeded 
to ensure that the prills do not cake under their 
own weight. Solid sodium hydroxide is usu- 
ally packed in 25—50-kg hermetically sealed 
polyethylene sacks. For transport, the sacks 
are stacked on wooden palettes and shrink 
wrapped in polyethylene. Caustic soda prills 
are also carried in 50- or 200-kg steel drums, 
loose in 1000-kg-capacity steel or flexible 
containers, or in transportable hoppers. In the 
closed system delivery (CSD) method of the 
PPG Company, containers coated with epoxy 
resin are transported by road and rail. Pneu- 
matic transport is carried out with dry air and 
causes very little damage to the product [190]. 


2. 


51.14.3 Uses 


Most users of sodium hydroxide require di- 
lute aqueous solutions. 

The sodium hydroxide produced in Europe 
(8.67 x 10° t/a NaOH) in 1990 was divided 
among various areas of use as shown in Figure 
51.26. More than 48% of production 15 used in 
the chemical industry: 


€ 
e In inorganic chemistry, sodium hydroxide 
15 used in the manufacture of sodium salts, 
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for alkaline ore digestion, and for pH regu- 
lation. 







Organic chemicals 
2496 


Soaps and 
detergents £ 


596 





Textiles 
5% 


Pulp & Paper 
14% 





Inorganic chemicals 


28% Alumina 


3% 

Figure 51.26: Consumption of sodium hydroxide in Eu- 

rope (total: 40.96 x 10° t/a in 1995). 

e The organic chemical industry uses sodium 
hydroxide for saponification reactions, pro- 
duction of nucleophilic anionic intermedi- 
ates, etherification and esterification, basic 
catalysis, and the production of free organic 
bases. Sodium hydroxide solution is used 
for scrubbing waste gases and neutralizing 
wastewater. 


e In the paper industry, sodium hydroxide so- 
lution is used for cooking wood (removal of 
lignin). 

e The textile industry uses sodium hydroxide 
solution to manufacture viscose and viscose 
staple fibers. The sodium hydroxide solu- 
tion used must contain only traces of chlo- 
ride ions (rayon quality). The surface of 
cotton can be improved by treatment with 
sodium hydroxide solution (mercerization). 


e Considerable quantities of sodium hydrox- 
ide are used for sodium phosphate produc- 
tion in the detergent industry. Soaps are 
manufactured by the saponification of fats 
and oils with sodium hydroxide solution, 
and detergents are produced from organic 
sulfonic acids and sodium hydroxide. 


e In the aluminum industry, sodium hydroxide 
is used mainly for the treatment of bauxite. 


e Waterworks use dilute sodium hydroxide 
solution to regenerate ion exchangers for 
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water purification and wastewater treat- 
ment. 


e Other users of sodium hydroxide include 
electroplating technology, the natural gas 
and petroleum industries, the glass and ѕіее] 
industries, and gold extraction (cyanide 
leaching). In the food industry, sodium hy- 
droxide is used for degreasing, cleaning, 
and for peeling potatoes. 


51.14.4 Safety Precautions 


Because of its strongly caustic action, all 
contact with sodium hydroxide during han- 
dling must be prevented by the use of suitable 
protective equipment (protective goggles, 
safety gloves, and, if needed, dust masks), 
Any clothing or shoes that come in contact 
with sodium hydroxide must be removed im- 
mediately and can be reused only after thor- 
ough cleaning. First aid to affected parts of the 
body consists of washing with copious 
amounts of water. The skin can be neutralized 
with a dilute solution of a buffered weak acid 
(e.g., acetic acid-sodium acetate). For irriga- 
tion of the eyes, a special hygienic eyewash 
solution is used. The product poses no direct 
environmental risk and has therefore been re- 
moved from the list of chemicals (e.g., in the 
United States) whose emission must be re- 
ported to local and national environmental au- 
thorities. 


51.14.5 Economic Aspects 


Methods of manufacture of sodium hydrox- 
ide have changed often throughout the years 
(see also [191]). Decisive factors have in- 
cluded the availability of raw materials (so- 
dium carbonate, sodium chloride, or sodium 
sulfate), process economics, and product qual- 
ity. The coproduction of chlorine in the elec- 
trolytic process and of sulfuric acid in the 
electrodialysis process together with their en- 
vironmental implications may also have an ef- 
fect on future production of sodium hydroxide 
solution. 

Total world production in 1995 was 40.96 x 
10° t/a NaOH, the largest amount being pro- 
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duced in the United States (F igure 51 27). Pro- 
duction of chlorine and alkali since 1920 in the 
United States is shown in Figure 51.28. 
Growth was almost exponential until 1965, af- 
ter which it flattened out considerably during 
the next 20 years. As shown in Figure 51.29, 
world production increased by 40% from 
1976 to 1995, while the corresponding in- 
crease during the same period in the United 
States was only ca. 26%, and in Germany only 
13%. An annual growth of 2-2.2% as can be 
seen starting from 1992-1993 is forecast up to 
2000, with the greatest increase in Asia-Pa- 
cific region [192, 193], especially in China 
and in countries with low energy price. By that 
time, world consumption will probably be ca. 
43 x 10°t/a NaOH and world capacity ca. 50 x 
106 t/a [190]. Because the growth rate of the 
coproduct chlorine is estimated to be in the 
same range, or even higher, a world shortfall 
of electrolytic sodium hydroxide solution is 
not expected until the year 2000 [175]. 

Japan Latin America 

10% 3% 





Canada 
3% 


Western Europe 
23% 


Figure 51.27: World production of sodium hydroxide by 
region (total: 38.43 x 105t/a іп 1990). 

The conversion of sodium carbonate to so- 
dium hydroxide by causticization has been re- 
vived since 1990, but the possibilities for 
producing sodium hydroxide solution from 
natural sodium carbonate are limited by the 
rather high transport costs, because natural de- 
posits of sodium carbonate are much rarer 
than those of sodium chloride. At present, the 
process is used only in the United States. Syn- 
thetic sodium carbonate produced by the 
Solvay process has the disadvantage that the 
wastewater contains chloride. 
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Supply-demand restructuring and a techni- 
cal breakthrough for alternative techniques 
such as salt splitting forced by increasing 
prices have not taken place so far and cannot 
be seen coming. 

Increasing prices could lead to supply-de- 
mand restructuring and to a technical break- 
through for alternative techniques such as salt 
splitting. 

20 






Total alkalinity as NaOH 


10 (NaOH + Na-CO;) 


Sodium hydroxide 
solution as NaOH 


= 


Production, 10: t/a 


0.5 


р 

0.1 |. 

1920 1940 1960 1980 1995 
Year 

Figure 51.28: U.S. production of chlorine, sodium hy- 

droxide solution, and total alkali. 
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Figure 51.29: Growth of sodium hydroxide production in 
West Germany, the United States, and the world from 
1976 to 1995. 
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51.15 Sodium Carbonates 


51.15.1 Sodium Carbonate 


Sodium carbonate (soda ash) is the neutral 
sodium salt of carbonic acid. It is one of the 
most important raw materials used in the 
chemical industry, and has been known by hu- 
mans since ancient times. Sodium carbonate 
had many uses even then (cleaning and glass 
manufacture) for which it is still indispens- 
able. Sodium carbonate from the deposits in 
Wadi Natrun (4% Na,CO,. 25% NaHCO,) 
was traded in ancient Egypt. 


Production of the alkaline materials sodium 
carbonate and potassium carbonate (which 
were recognized rather late as chemically dis- 
tinct) was carried out from ancient times until 
the 1800s by the combustion of marine and 
land vegetation, followed by calcination at red 
heat and leaching of the ash. The term soda 
ash originates from this process. 


The soda ash obtained in this way was a 
low-percentage material; e.g., Spanish barilla 
contained 25-30% Na,CO,, varec from Nor- 
mandy 3-8%, and Scottish kelp 10-15%. The 
soda ash produced from plants was very ex- 
pensive, and the processes used were too 
primitive for mass production and consumed 
vast quantities of vegetation. 


Large-scale production was possible only 
after the development of a new process, 
named after its inventor LEeBLANC (1742— 
1806). In 1790, the first plant was built in 
Saint-Denis, France. Initially, production was 
300 kg/d. In the following years, the soda in- 
dustry developed rapidly in England due to the 
increasing demand for soda ash to clean cotton 
from the colonies. In 1878, production in En- 
gland was 8 t per week, and in the rest of the 
world, 4 t a week. 


However, in the second half of the 1800s, 
the Leblanc soda ash process experienced seri- 
ous competition from the Solvay process. In 


Handbook of Extractive Metallurgy 


the first half of the 1800s, investigations were 
already being carried out into the industrial 
use of the double decomposition reaction of 
NaCl with NH4HCO,, but without success. 
However, the Belgian Ernest SoLvay (1838— 
1932) brought the development of the process 
to a successful conclusion during 1861—1865. 
The first plant was started up in 1865 in Couil- 
let, Belgium, with an initial production of 1.5 
Ud. The first Solvay plant in Germany was 
built in 1880 in Wyhlen on the upper Rhine, 


The technically and economically superior 
Solvay process displaced the Leblanc to such 
an extent that by the early 1900s only a few 
Leblanc plants were in production. The last 
Leblanc works ceased operation around 1923. 
Since then, the Solvay process has remained 
predominant. Since World War IL, soda ash 
has been increasingly obtained from trona, es- 
pecially in the United States. 


51.15.1.1 Properties 


Physical Properties. In addition to anhydrous 
sodium carbonate, Na,CO,, the following hy- 
drates exist: sodium carbonate monohydrate, 
М№а,СО;Н,0; sodium carbonate heptahydrate, 
Na4CO;4-7H4O; and sodium carbonate decahy- 
drate, Na,CO,: 10H4O. The physical proper- 
ties of these compounds are listed in Table 
51.15. Solubilities of the hydrates of sodium 
carbonate are shown in Figure 51.30. The rela- 
tionship between the concentration of an aque- 
ous solution of Na,CO, and its pH at 25 °C is 
shown in Figure 51.31. 


Chemical Properties. Thermal Behavior: 
The thermal decomposition of sodium carbon- 
ate to sodium oxide and carbon dioxide in a 
vacuum in the absence of chemically activat- 
ing substances such as water vapor begins at 
ca. 1000 °С. The dissociation pressure is ca. 
200 Pa and increases to 10.3 kPa at 1450 °C 
[196]. 
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Sodium 
Table 51.15: Physical properties of sodium carbonate and its hydrates. 
: Anhydrous Monohydrate Heptahydrate Decahydrate 
Formula Na,CO, Na,CO,H,O  Na,CO,7H,0 Na,CO,-10H,O 
Density at 20 °C, g/em* - 2.533 2.25 1.51 1.469 
Melting point, °C 851 105? 3537 32.0 
t of fusion, J/g 316 

specific heat capacity at 25 °C, J gk 1.043 1.265 1.864 1.877 
Heat of formation, J/g 10.676 : 
Heat of hydration, J/g 133.14 646.02 | 8583 
Crystal structure monoclinic rhombic thombic— monoclinic— 

» i bipyramidal ^ pseudohexagonal 
Refractive indices zt, пр. 7t, 1.410, 1.537, 1.544 1.420, 1.506, 1.524 ; 1.405, Les 1.440 
Heat of solution", J/g —222 -79.6 19 


vin its own water of crystallization. 


^Incongruent. ў е Tap. 
© Integrated enthalpy of solution at infinite dilution. 









120 - 
Na4CO, + solution 
100 
80 Na4C0,: H;0 + solution 
Solution > 
У È 
ai 60 E 
2 [ма,со,-10н,0 |. Na,CO,7HD «solution | 2 
ш L0 f+ solution D e 
E Na,C03-H,0 + = 
w 
Fa ` Na,C0,-7 H0 z 
Ма;С0,.79;0 + 
ke 0p Nat, 10H,0 
solution: 


(7 3) ш  & 80 100 
Na4C0;: 10:20 + ice А А 


Solubility, 9№а,С03/1009 solution ——» 
Figure 51.30: Solubilities in the system Na,CO,-H,O 


[194]. Temperatures and concentrations of the two-salt 
points and the cryohydric point. 





T Solubility, g 
Wo Тос Na.COy100 Solid phases 
salt point gsolution 

A S2] 5.93 ice +Na,CO,-10H,O 

B 32.0 31.26 Na,CO,: 10H,O + 
Na,CO,-7H,O 

C 3296 3335 Na,CO,-10H,O+ 
Na,CO,-H,O 
(metastable) 

D 3537 33.21 Na,CO,-7H,O+ 
Na,CO,-H,O 


E 10545 3115 М№;СО,:Н,О + М№,СО, 


Reaction with Water and Carbon Dioxide. 
Sodium carbonate is hygroscopic. In air at 
96% R.H. its weight can increase by 1.5% 


within 30 min [197]. If sodium carbonate is 
stored under moist conditions, its alkalinity 
decreases due to absorption of moisture and 
carbon dioxide from the atmosphere 

Na,CO, + H,O + СО, 2 2NaHCO, 


Water vapor reacts with sodium carbonate 
above ca. 400 °С to form sodium hydroxide 
and carbon dioxide [198]. 

Reaction with Elements. Sodium carbonate 
reacts exothermically with chlorine above ca. 
150 °С to form NaCl, CO, О, and NaClO, 
[199]. 

The elements platinum, gold, vanadium, ti- 
tanium, zirconium, aluminum, molybdenum, 


' tungsten, and iron (1200 °C) are attacked by 


fused Na,CO,, with liberation of CO, and for- 
mation of complex metal oxide sodium oxide 
compounds. At higher temperature, the Na;O 
formed reacts with excess metal to form so- 
dium metal vapor [200]. Sodium carbonate re- 
acts very slowly with copper and nickel at 
high temperature (> 1500 °C). 


51.15.1.2 Sodium Carbonate 
Minerals 


Whereas the production of sodium carbon- 
ate from the ashes of plants that grow in salty 
soil near the sea is only of historical interest, 
extraction from soda-containing minerals, es- 
pecially trona, is of increasing importance. 

iThe most important deposits are located in 
Wyoming (Green River District), California 
(Owens Lake and Searles Lake), East Africa 
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(Magadi Lake), and Lower Egypt (Wadi 
Natrun). 

The proportion of Na4CO, in the salt mix- 
ture in such deposits seldom exceeds 4096. 
The accompanying compounds include so- 
dium hydrogencarbonate, borax, sodium sul- 
fate, sodium chloride, and potassium chloride. 

For example, the concentrations of dis- 
solved salts in the water of Owens Lake are 


[201] 
9% Na,CO, 1% Na,B,O, 16% NaCl 
1.2%NaHCO, 396 NaSO, 1.5% KCI 


Deposits of Na,CO,-containing minerals 
occur worldwide: 


Trona Na,CO,: NaHCO,-2H.O 
Natron Na,CO,:10H,O 
Thermonantrite Na4CO,:H.O 

Hanksite 2Na,CO, -9Na,SO,- KCl 
Pirssonite Na,CO,-CaCO,-2H,O 


Gaylussite 
11.70 


Na,CO,-CaCO,-5H,O 


11.50 
11.30 


2 11.10 


а 


10.90 
10.70 


10.50 
0.01 0.02 0.0501 02 05 1 2 5 10 20 
Concentration, gNa;C05/100 g solution ——» 


Figure 51.31: pH values of aqueous solutions of Na,CO, 
at 25 °C [195]. 


Concentration, 3 
g Na2CO3/100 g solution pH at 25°C 
0.055 10.274 
0.0217 10.612 
0.0884 10.919 
0.2246 11.063 
0.4376 11.171 
038609 11.254 
1.806 11.357 
4.241 11.453 
12.034 11.617 
18.555 11.699 


Only trona is of commercial importance. 
These Na.CO,-containing minerals were 
formed from the original rock by the erosive 
action of air, water, heat, and pressure, fol- 
lowed by chemical changes caused by the ac- 
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tion of atmospheric carbon dioxide. The 
carbonate-containing salts formed were 
leached by water and then concentrated and 
crystallized by evaporation. 


51.15.1.3 Production 


Ammonia—Soda Process 


General and Theoretical Principles 


The ammonia-soda process is based on the 
formation of sparingly soluble sodium hydro- 
gencarbonate (known in the soda industry as 
bicarbonate) by reacting sodium chloride with 
ammonium hydrogencarbonate in aqueous so- 
lution: 


NaCl + NH,HCO, = NaHCO, + NH,CI 


The process includes the following stages: 
1. Production of a saturated salt solution 
NaCl + H,O 


LA 


Burning of limestone or chalk (the CO, 
liberated is used in stage 4) 


CaCO, э CaO 4CO, 

3. Saturation of the salt solution with ammo- 
nia 
NaCl + H,O +NH, 

4. Precipitation of bicarbonate by the intro- 


duction of carbon dioxide (from stages 2 
and 6) 


NaCl+ H,O + NH, + CO, — NH,Cl + NaHCO, 

5. Filtering and washing of precipitated bi- 
carbonate 

6. Thermal decomposition of bicarbonate to 


sodium carbonate (the CO, evolved is re- 
cycled to stage 4) 


2NaHCO, — Na,CO, + H,O + CO, 

7. Production of milk of lime 
CaO + H,O 2 Ca(OH), 

8. Recovery of ammonia by distillation of 
the mother liquor from stage 4 (bicarbon- 
ate precipitation) with milk of lime (the 
ammonia liberated is recycled to stage 3) 
2NH,CI + Ca(OH), => 2NH, + CaCl, + 2H,O 
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Table 51.16: Reciprocal pair NaCl + NH,HCO, = NaHCO, + NH4CI 15 °C isotherm, monovariant points (mol/1000 g 


HO, 
Point NaCl NaHCO, NH,Cl  NHjHCO, Solid phase 

a 6.12 NaCl 

b 6.64 NH,Cl 

c 236 | NH,HCO, 

d 1.05 NaHCO, 

1 6.06 0.12 NaCl + NaHCO, 

I 4.55 3.72 NaCl + NH,CI 

ш 6.40 0.81 NH,CI + NH,HCO, 
IV 0.71 : 216 NaHCO, + NH,HCO, 

P, 0.51 0.93 6.28 NH,CI + NH,HCO, + NaHCO, 
Р, 444 0.18 3.73 NH,CI + NaCl + NaHCO, 





The liquid remaining after distillation is 
usually discarded in its entirety, because only 
a small fraction can be used for calcium chlo- 
ride production, depending on demand. 

The process can be represented by the fol- 
lowing simplified equation: 


2NaCI + CaCO, — Na,CO, + CaCl, 


In aqueous solution, the reaction proceeds 
from right to left due to the low solubility of 
calcium carbonate. The role of ammonia is to 
promote the formation of sodium bicarbonate 
via the intermediate ammonium bicarbonate. 


The reaction that takes place in aqueous so- 
lution 


NaCl + NH,HCO, = NaHCO, + NH,CI 


is determined by the solubilities of the individ- - 


ual salts in the presence of other components 
of the reciprocal salt pairs. These solubility re- 
lationships have been investigated by FEporr- 
EFF [202]. 

The basic principles can be explained by 
using the 15°C isotherm (Figure 51.32), 
based on the values given in Table 51.16. The 
figure is the orthogonal projection of a three- 
dimensional diagram (i.e., a four-sided pyra- 
mid whose edges represent the coordinates of 
NaCl, NH,Cl, NH,HCO,, and NaHCO,). This 
diagram shows the ranges of existence of the 
individual solid phases that are in equilibrium 
with their saturated solutions at 15 °C: 


Area a-I-P,-II: NaCl 
Area II-P,—P,-III-: NH,Cl 
Area P,-III-c-IV: NH4HCO, 
Area I-P,-P,-IV-d: NaHCO, 
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Figure 51.32: The 15 °C isotherm for the reciprocal salt 
pair NaCl + NH,HCO, (concentration in mol/1000 g H,O 
are shown on the ordinate and abscissa). 

Along the lines -P,, П-Р,, P5-P,, Р,-Ш, 
and P,-IV, two solid phases coexist, and at the 
points P, and P., three solid phases coexist. 
These two points are thus monovariant be- 
cause in the presence of three solid phases, a 
change in concentration is possible only by 
changing the temperature. 

The point P,, at which the three salts 
NH,Cl, NH,HCO,, and NaHCO, coexist, is of 
special importance for the ammonia—soda pro- 
cess, because this point has the highest NH4CI 
concentration in the entire range. If point Р, is 
reached by the precipitation of bicarbonate, it 
represents the maximum attainable sodium 
yield. Nevertheless, working so that neither 
the point P, nor the lines Р-Р. and P,-IV are 
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actually reached is advisable, to avoid copre- 
cipitation of NaHCO,, NH,Cl, or NHHCO,. 
The coprecipitation of NU CT has a particu- 
larly detrimental effect on the quality of the 
soda, because it is converted to NaCl on calci- 
nation: 

NH,CI + NaHCO, — NaCl + NH, + CO, + H,O 


or 
2NH,CI + Na,CO, э 2NaCI + 2NH, + СО, + H,O 


An end point that is as close as possible to P, 
but lies within the hatched area in Figure 
51.32 is best. 

The course of bicarbonate precipitation 
can be followed clearly in the square diagram 
of ТАмЕСКЕ [203]. Figure 51.33 shows the 
30 °C isotherm of the system in such a dia- 
gram. This diagram does not represent abso- 
lute solubilities, but percentages of salts in the 
total salt content of the solution. Thus, the cor- 
ners represent pure salts or solutions of a sin- 
gle salt, and the lines joining two corners 
represent mixtures of two salts. Points within 
the square represent mixtures or solutions of 
three salts. The solubilities can be found from 
the diagram if the appropriate water value is 
given for each point of equilibrium (the salt 
value being 1 kmol in all cases). This can be 
shown by means of lines of equal water con- 
tent (isohydric lines). 

d 0.8 0.6 0.4 М С 


NaHCO; s LA NH,HCO, 


0.2 


05 





re | i 
а ™ 0.2 МСА п 08 b 
Figure 51.33: The 30 ?C isotherm for the reciprocal salt 
pair NaCl + NH,HCO,. On the ordinate and abscissa of 
the square diagram, the amount of each salt is shown as a 
molar fraction of the total salt content of the solution. 
The points, lines, and areas in Figure 51.33 
have the same significance in principle as 
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those in the 15 ?C isotherm diagram of Figure 
51.32. The comer point (a) corresponds to а 
solution of pure sodium chloride. If NH 4HCO, 
is added (by passing carbon dioxide and am- 
monia into the solution), the mixture moves 
from point (a) toward point (c) (NH4,HCO,). In 
the case of saturation, systems represented by 
points on line m,—m, are in equilibrium with 
NaHCO, as solid phase. 


In the ammonia-soda process, point (a) 
represents a solution that is not completely 


saturated (9.7 instead of 9.01 kmol H,O/kmol ` 


NaCl). Point (my) on line а—с is reached by the 
introduction of CO, and NH, in an equimolar 
ratio. At this point, the water content neces- 
sary to give a saturated solution is ca. 17.5 
kmol/kmol dissolved salt (see isohydric lines 


in Figure 51.33). However, the proportion of . 


water introduced with the brine, which is fur- 
ther reduced by the reaction of NH, with CO, 


to form NH,HCO,, is only ca. 7 kmol/kmol 


dissolved salt. This leads to the precipitation 
of sodium bicarbonate. 


The precipitation process consists of sepa- 
ration of the supersaturated system (m) into 
the solid pure component NaHCO, (point d) 
and the saturated mother liquor (m,). 


In the Solvay process the degrees of utiliza- 
tion of Na* and NH; are both important. These 
can be calculated from the composition of the 
mother liquor (determined by chemical analy- 
sis) by using the equations: 


- + 
о, 28 100(Cl — Na ) 
j cr 
_ 100(NH; — HCOj) 
NH NH: 
4 


In these equations, СГ, Na*, NH;. and 
НСО; denote the concentrations in moles per 
kilogram of Н.О, and U. + апа U. , denote 
the percentage utilizatidh of Na* Nba МН. 
The values for U. , and U__, depend on the 
starting concentrations, and“maximum Na* 
utilization does not correspond to maximum 
NH; utilization. These relationships are illus- 
trated by the values given in Table 51.17. 
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Table 51.17: Percentage utilization of Ma" and NH; in the reaction of NaCl with NH,HCO, at 15 °C and various initial 


concentrations. 
itial concentration of solution, А E MT 2 
Ini 9121/1000 g H,O Psa Solution produced, gmol/1000 g H,O Utilization, 96 
————NnuU Een - = e 
NaCl NH,HCO, HCO; CI Na* NH; Na* NH; 
Oe Tr ooo 
8.188 3.730 P, 0.18 8.188 4.62 3.730 43.58 95.17 
7.658 4.552 i 0.31 7.658 3.39 4.552 355.73 93.19 
7.128 5.450 0.51 7.128 2.19 5.450 69.28 90.64 
6.786 6.272 Р, 0.92 6.786 1.44 6.272 78.78 85.33 
6.000 5.640 0.99 6.000 1.34 | 5.640 77.67 82.45 
5.403 5.210 DH ‘1.07 5.403 1.27 5.210 76.49 79.46 
5.025 4.919 1.12 5.025 1.23 4.919 75.52 77.23 
4.000 4.135 IV 1.30 4.000 1.16 4.135 71.00 68.56 


pain eS Sh i. sf Oo eS RT eS 


For economic operation of the process, the 
utilization of Na* should be high, rather than 
that of NH}. since unconsumed NH} is recy- 
cled. Therefore, in practice, Na* ulation i is 
between 72 and 76%, and NH; between 69 
and 7196. However, note that consideration of 
phase rule theory gives no information about 
kinetic effects such as rates of reaction, nucle- 
ation, and crystallization. 


A comprehensive treatment of the phase 
rule theory is given in (204, pp. 125-160]. 


Technology 


The Solvay ammonia-soda process is 
shown schematically in Figure 51.34. The 
main operational stages are shown in the num- 
bered bold rectangle: 


Stage 1: Brine Purification. The sodium 
chloride used as a raw material in the Solvay 
process can be obtained by conventional or so- 
lution mining [205]. 

The brine always contains inorganic impu- 
rities that lead to production problems and im- 
pair the quality of the final product. For 
example, caleium and magnesium ions can 
cause scaling in the equipment and pipework 
due to the formation of basic carbonates dur- 
ing ammonia absorption, which can seriously 
intérfere with the process. Purification of the 
brine, which should be as near saturation as 
possible to achieve optimum Na* utilization, is 
best carried out by the lime-soda process. 
Magnesium ions are precipitated as hydrox- 
ide, and calcium ions as carbonate: 


Mg + Ca(OH), 2 Mg(OH), + Ca?* 


Ca” +Na,CO, э CaCO, + 2Na* 


The reagents used in this precipitation are 
prepared by dissolving soda ash or milk of 
lime in brine (Na,CO, concentration: 65-80 
kg/m’, Ca(OH), concentration: 170-185 
kg/m). Reaction times, crystallization rates, 
and settling rates are improved if the brine 
with the added reagent solutions is mixed with 
a recycled seed slurry. Under these conditions, 
precipitates of calcium carbonate and magne- 
sium hydroxide can be produced with settling 
rates up to 1 m/h, and in some cases even 3 
mh | 


Stage 2: Limestone Calcination and Lime 
Slaking. The limestone must be of very high 
purity (510; < 3%; Fe,0,-Al,O;: < 1.5%). 


. From it, both carbon dioxide for the carbon- 


ation stage and calcium oxide for the distilla- 
tive recovery of ammonia are produced by 
calcination with coke (see Section 56.5). 

The quantity of limestone used per tonne of 
soda ash produced is determined solely by the 
amount of calcium oxide required for ammo- 
nia recovery. Hence, the excess carbon diox- 
ide is either released to the atmosphere or 
supplied to other consumers. 

The consumption of 9594 pure limestone 
varies between ca. 1100 and 1200 kg/1000 kg 
sodium carbonate, and is therefore approxi- 
mately 10-20% higher than the theoretical 
value. 

In the system CaCO, = CaO + CO,, the 
equilibrium pressure of CO, Pco, varies loga- 
rithmically with absolute temperature T 
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logpco, (bar) = "reen" + 7.26 
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Figure 51.34: Flow sheet of the ammonia-soda process. 


Thus the CO, vapor pressure at ca. 900 °C is 
0.1 MPa. However, at this temperature, de- 
composition is too slow. If the rate of decom- 
position is increased by increasing the 
temperature dead-burnt limestone may be pro- 
duced, which does not react with water. The 
best calcination temperature, therefore, lies 
between 1050 and 1100 °C. 


iet co, 
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In soda ash plants, calcination is carried out 
in well-insulated shaft furnaces heated with 
coke [204, pp. 76—83]. Furnace gas CO, con- 
tents of 40—42 vol% can be obtained. If liquid 
or gaseous fuels are used, the CO, content of 
the gas is lower. 


The hot, dust-laden gas is cooled and 
washed by direct contact with water. It then 
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asses to the CO, compressors from which it 

is delivered to the carbonation stage. 

Quicklime from the kiln is reacted with 
used cooling water (50-65 °C) in horizontal 
rotating drums to produce a suspension of 
Ca(OH), in water (milk of lime) that is as con- 
centrated as possible. In favorable circum- 
stances, the CaO content of the milk of lime 
can reach 5.5 mol/L. А 

Before milk of lime is used in the distilla- 
tive recovery of ammonia, coarse sand and un- 
burnt limestone are removed by sieves, mixed 
with new limestone, and recycled to the kiln. 


Stage 3: Ammonia Absorption. Gas from the 
distillation stage (stage 7) contains NH, and 
CO,, and is saturated with water vapor. In the 
absorption stage, this gas is absorbed by puri- 
fied brine. Here, the total amount of ammonia 
required in the process and ca. 20% of the re- 
quired carbon dioxide are added. The ammo- 
niacal brine obtained contains ca. 85—90 
kg/m? NH, and 40—50 kg/m? CO,. The NaCl 
content is reduced from ca. 300—260 g/L due 
to the increase in the specific volume of the li- 
quor caused by the addition of ammonia and 
by dilution with water. 

The reactions that occur during absorption 
are strongly exothermic and can be repre- 
sented by the following equations: 
NH,-H,O-»NH,OH AH--34900kJ 
2NH,OH + CO, -> (NH,),CO,+H,O АН = 90 850 kJ 
The absorption towers are equipped with ef- 
fective internal or external coolers to remove 
the heat of reaction and the sensible heat of the 
distillation gas (total: ca. 1.84 GJ/t sodium 
carbonate). A typical absorption plant consists 
of a tower containing eight bubble trays and an 
external intermediate cooler (Figure 51.35). 


Stage 4: Precipitation of Bicarbonate (Mak- 
ing). The precipitation of sodium bicarbonate 
NaCl + NH,HCO, > NaHCO, + NH,CI 


- is an exothermic process in which ammoniacal 


brine from the absorption stage is reacted with 
carbon dioxide from the lime kiln (stage 2) or 
from the calcination stage (stage 6). In most 
ammonia-soda plants, cast iron columns of 
the type shown in Figure 51.36 are used for 
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this reaction. In this double-tray column, 
which is equipped with tubular coolers in the 
lower part, ammoniacal brine is carbonated in 
countercurrent flow. The cooling water, also in 
countercurrent flow, must remove ca. 1.42 
GI/t of heat. 







Gas from 
carbonation 


Gas from 
distillation 


To carbonation 


Figure 51.35: Absorption equipment with gas scrubbers: 
a) Brine distributor, b) Calcination gas scrubber, c) Filter 
gas scrubber, d) Absorption gas scrubber, e) Making col- 
umn scrubber, f) Absorption; g) Absorption cooler; h) 
Reservoir. | 

Making columns become coated with the 
precipitated bicarbonate, which covers the in- 
ner parts including the cooling tubes, and must 
therefore be cleaned after 3-4 d of operation. 
This is carried out by washing with fresh am- 
moniacal brine while a stream of carbon diox- 
ide:gas is bubbled through (precarbonation). 
The washing liquor is then fed in parallel to 
the remaining columns, where it is carbonated 
in two stages. In the upper part of the columns 
(above the tube bundles), so-called weak gas 
(lime kiln gas) is used for carbonation, 
whereas in the lower part, more highly con- 
centrated strong gas—a mixture of kiln gas 
and calcination gas—is used. 

A distribution system for the liquid and gas 
streams enables each column to be used for ei- 
ther cleaning or making. In general, one out of 
four or five columns is a cleaning column. 
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Figure 51.36: Making column: a) Double tray; b) Cooling 
tube bundle. 

A few soda ash plants still use the Honig- 
mann process, in which carbonation is carried 
out in three to five vessels. CO.,-containing 
gas is bubbled through a central dip tube into 
the ammoniacal brine. Gas with the highest 
CO, content (calcination gas) is supplied to 
the vessel with the most strongly carbonated 
ammoniacal brine, and weak gas is fed to the 
vessel that contains fresh solution. 

The temperature profile in both column and 
vessel processes exhibits a maximum of 
5060 °C. The suspension of bicarbonate in 
mother liquor leaves the carbonation stage at 
30 *C. 


Stage 5: Filtration of Bicarbonate. Bicar- 
bonate is generally separated from the mother 
liquor in continuous rotary vacuum filters or 
band filters, and sometimes in centrifuges. 
Mother liquor adhering to the bicarbonate 
crystals is washed off with condensate pro- 
duced during the production process or with 
softened water. The quantity of washing water 
required depends on the particle size of the 
precipitated product and varies between 0.3 
and 1 mit of bicarbonate. 
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Crude bicarbonate has the following ap. 
proximate composition: NaHCO,, 75.694; 
NaCO, 6.9%; NH,HCO,, 3.4%; NaCl + 
NH4CI, 0.496; H,O, 13.7%. 

Centrifuged products contain only 7-9% 
water. Calcination of 1 t of crude bicarbonate 
yields ca. 520—560 kg of soda ash. 


Stage 6: Calcination of Bicarbonate. Ther- 


mal decomposition of crude bicarbonate to 
carbonate liberates carbon dioxide, ammonia, 
and water vapor. The product is technical- 
grade soda ash, which contains sodium chlo- 
ride. The main reaction is 


2NaHCO, — CO, + H,O + Na,CO, 

and side reactions are 

NH,HCO, 2 NH, + CO, + H,O 

NaHCO, + NH,CI — NH, + CO, + H,O + NaCl 


The heat requirement for the calcination of 
crude bicarbonate is 0.92 СІЛ soda, not in- 
cluding that required for drying the moist, fil- 
tered product. The total heat requirement for 
calcination in rotary calciners is 3.7 GJ/t soda. 
This heat is supplied at ca. 180 °C; the decom- 
position temperature of NaHCO, is 87.7 °C at 
a total СО,-Н,0 pressure of 0.1 MPa. 

Today, calcination is almost always carried 
out in rotary calciners. These are heated either 
externally with oil, gas, or coal, or internally 
with steam, which passes through heating 
tubes in the calciner countercurrent to the flow 
of solid material. Condensing steam gives 
much better heat transfer than combustion gas, 
so that the output from steam-heated rotary 
calciners is considerably higher than that of 
calciners heated by combustion processes. 
The advantages of steam-heated calciners 
compared with those heated by combustion in- 
clude the absence of thermal damage to the 
calciner, smaller space requirements and 
hence lower equipment costs, and ca. 15% 
less fuel consumption. 

Gases extracted from the calciners contain 
CO, NH, H,O, and some leakage air, to- 


gether with large amounts of dust (sodium car- . 


bonate and bicarbonate), which is removed in 
cyclones or electrostatic filters. Before this 
gas is used in the carbonation stage, it is 





Sodium 


cooled and washed with brine and water until 
it is free of ammonia. The condensate pro- 
duced at this point is fed to the ammonia re- 


covery stage. 

If the soda ash is required in the form of so- 
lution or hydrated crystals, wet calcination can 
be used. This is carried out in a tower with 
steam in countercurrent flow. In this thermal 
decomposition, a sodium carbonate sodium 
bicarbonate equilibrium is established, which 
limits the yield to 85-88%. 


Stage 7: Recovery of Ammonia. Ammonia, 
present in the filtrate as ammonium carbonate, 
hydrogencarbonate, sulfate, and chloride, is 
recovered by distillation followed by absorp- 
tion. Both (NH,).CO, and NH4HCO, are com- 
pletely decomposed at 85—90 °C, liberating all 
of the carbon dioxide and a small part of the 
ammonia from solution. Liberation of ammo- 
nia from ND CT and (NH,),SO, requires reac- 
tion with milk of lime: 

2NH,Cl + Са(ОН), — 2NH, + 2H,0 + CaCl, 

(NH,),SO, + Ca(OH), — 2NH, + 29,0 + CaSO, 


This reaction must be preceded by thermal de- 
composition of (NH4),CO; and NH,HCO; to 
avoid precipitation of calcium carbonate and 


consequent consumption of additional milk of . 


lime. Free ammonia is displaced from solution 
with low-pressure steam. ‘ 


A distillation plant is shown schematically 
in Figure 51.37. Distillation gas, which con- 
tains NH, and СО,, is cooled to са. 55-60 °C 
in the still condenser and still preheater. At 
this temperature, no danger exists of blocking 
the pipework with crystallized salts formed by 
ammonia and carbon dioxide. The stnpping 
still removes CO, and NH, by thermal decom- 
position of (NH,).CO, and NH,HCO,, and in 
the prelimer, NH,C! and (NH,).SO, are re- 
acted with milk of lime. In the distillation col- 
umn the ammonia content of the liquor is 
lowered to ca. 0.5 kg/t sodium carbonate by 
steam treatment. The CO;,-NH;-containing 
condensate from the gas cooler and heat ex- 
changer is recycled to the stripping still or dis- 
tilled in a special condensate tower. 
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Figure 51.37: Flow diagram of stripping equipment. 


Modified Ammonia—Soda Process 


Many variants of the ammonia-soda pro- 
cess exist [213]. Here, only the dual process, 
developed and operated in Japan, is described. 
This process combines soda ash production 
with ammonium chloride production. The im- 
portance of the process in Japan is due to the 
high cost of imported rock salt and use of the 
ammonium chloride as a fertilizer. 

‘In the dual process [206] (Figure 51.38). 
ammonia is absorbed by the bicarbonate 
mother liquor, and solid sodium chloride is 
added. On cooling, ammonium chloride sepa- 
rates, is recovered in centrifuges, and is then 
dried in rotary dryers with air at 150 °C. The 
mother liquor is recycled to the carbonation 
towers where sodium bicarbonate is precipi- 
tated. 

Important differences exist between equip- 
ment used for the conventional Solvay process 
and that used for the ammonium chloride- 
soda process. In the dual process, ammonia is 
not recovered; hence no distillation equipment 
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is required. Also, lime kilns are not required if 
other sources of CO, are available. Because of 
the extremely corrosive properties of МН,СІ- 
containing solutions, they are produced in 
equipment made of special cast iron or plas- 
tics. As the mother liquor is recycled, special 
attention must be paid to the water balance of 
the system. The amount of water introduced 
into the system (e.g., for washing sodium bi- 
carbonate and ammonium chloride) must be 
controlled continuously to maintain the cor- 
тесі quantity and composition. The quantity of 
sodium carbonate produced in 1970 by the 
dual process amounted to ca. 4.7% of world 
production [207]. 





NaHCO; 


Filtration of 
b 
C == 


arbonization 





Solution 
B 









NH, absorption 







C0, 


Crystallization 
of NH,CI 








Filtration 
of МН,СІ 





NH,CI 


Figure 51.38: Flow diagram of the dual process, Solution 
À:4.] mol/L NH,CI + 1.05 mol/L NaCl; p = 1.108 g/cm*: 
t = 20°C. Solution B: 3.45 mol/L NH,Cl + 1.1 mol/L 
NaCl: p = 1.110 g/cm*; t = 5 °C. Solution C: 1.86 mol/L 
NH,CI + 3.73 mol/L NaCl; p = 1.187 g/cm’; t= 10 °C, 


Production from Trona and Other 
Sodium Carbonate-Containing 
Minerals 


The production of soda ash from trona in 
the United States has become significant since 
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World War II. The raw material is either a nat- 
urally occurring brine containing sodium саг. 
bonate (e.g., from Searles Lake in California) 
or a trona deposit (e.g., from the Green River 
region of Wyoming). | 


Sodium carbonate brines are pumped from 
the lake and treated with CO, gas to precipi- 
tate sodium bicarbonate, which is filtered, 
washed, and calcined to form sodium carbon- 
ate. 


In another process, the liquor is evaporated 
in solar ponds until trona (Na.CO;-NaHCo,. 
2Н„О) crystals separate. The trona contains 
ca. 45% Na,CO;, 35% NaHCO, 2% NaCl, 
1.5% Na,SO,, 0.1% Si0,, 0.2% insolubles, 
and 16% H.O. Calcination yields a product 
containing 95-96% sodium carbonate. 


In 1937, a large deposit of trona was dis- 
covered in the Green River region of Wyo- 
ming, but its significance was not recognized 
at first. Dnlling work, which continued from 
1944 to 1947, gave the first indication of the 
size of the deposit, which was subsequently 
extracted by the companies FMC, Stauffer 
Chemical, Allied Chemical, Texas Gulf (after 
1976), and Tenneco Oil (after 1982) [208]. At 
first, mined trona (ca. 40 000 Ua) was simply 
calcined to produce crude sodium carbonate, 
but by 1952 an FMC plant was producing 
300000 t/a of purified sodium carbonate. 
Drilling work during the last 30 years has re- 
vealed reserves of > 50 000 x 10° t, mainly at 
depths of 250-450 m. 


Natural trona from these deposits is a color- 


less or white mineral with a density of 2.13 
g/cm? and a Mohs hardness of 2.5-4. The де. 
posits generally contain > 9094 trona, with ha- 
lite (NaCl), shortite (Na,CO,-2CaCO,), pyrite 
(FeS,), shale, and other rock minerals. "The 
United States now obtains its sodium carbon- 
ate entirely from trona; production capacity in 
1991 was 9.88 x 1051 [208]. 


Processing is carried out mainly by the 
monohydrate process (Figure 5 1.39). Trona is 
crushed to « 6 mm and calcined at 300 °C ina 
rotary furnace to remove water of crystalliza- 
tion and convert the bicarbonate to carbonate. 
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The calcined material is agitated with water 
to dissolve the crude soda ash. Insoluble com- 
ponents such as silica, sodium silicate, and 
gangue are removed by classifiers. The insolu- 
ble residues are then extracted with water. The 
concentrated liquor containing dissolved 50- 
dium carbonate is transferred to a thickener 
where the remaining finely divided insoluble 
residues are precipitated with flocculating 
agents. The clarified concentrated liquor is | 
further purified by filter presses, and residual 
organic impurities are removed with activated 
carbon. The almost saturated solution is then 
evaporated in multiple-effect evaporators to 
give a 30% slurry of Na,CO;: H,O. This is fol- 
lowed by concentration to a 60% solids con- 
tent in hydrocyclones and centrifugation. The 
centrifuged monohydrate crystals, which still 
contain 2-8% water, are calcined in rotary fur- 
naces, while the filtrate is recycled to the pro- 
cess. The calcined product is ground to the 

required particle size and then sent to the stor- 
age silo. 

In the sodium sesquicarbonate process, 
trona is first subjected to a multistage solution 
process to remove impurities. After vacuum 
crystallization, the sesquicarbonate crystals 
produced are separated from the mother liquor 
by centrifugation and calcined in rotary fur- 
naces. 


The largest trona deposit outside the United 
States is located at Magadi Lake in Kenya. 
This has an area of 65 Кт? and a thickness of 
30 m, and is extracted by open-cast mining. 
Since 1990, the production capacity of the 
Magadi-Soda Co. (a subsidiary of Penrice 
Soda Products of Australia) has been 275 000 
t/a [208-211]. 


Other Processes 


Le Blanc Process. The Le Blanc process, 
which is now of only historical interest, is 
based on the following reactions: 
2NaCI + H,SO, — Na,SO, + 2HCI 
Na,SO,+ 2C —> NaS * 2CO, 
М№а,5 + CaCO, — Na,CO, + CaS 
` The first plant using this process began op- 
erating in 1790 with a production of 300 t/d. 
By 1870, England had 40 factories and Ger- 
many 20. From 1885, Leblanc soda ash pro- 
duction declined because of competition from 
the more economical Solvay process, which 
also resulted in a higher-quality product. In 
England, the United Alkali Co. ceased produc- 
tion by the Leblanc process in 1916, and in 
Germany, Chemische F abrik Rhenania in 
Stolberg. the last company using the process, 
operated until 1923. 
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A major disadvantage of the Leblanc pro- 
cess compared to the Solvay process is that it 
involves mainly solid-phase reactions and 
consumes large amounts of energy (at red heat 
or just below). The waste products calcium 
sulfide and hydrochloric acid are another dis- 
advantage. Calcium sulfide caused both atmo- 
spheric and water pollution. 


Production from Nepheline. In the former 
Soviet Union, pottery clay is produced from 
nepheline; the process also yields some so- 
dium carbonate [212]. Finely ground 
nepheline is intimately mixed with Very pure 
limestone, and the mixture is sintered. The fol- 
lowing reaction takes place: 

(Na, K),O- ALO,-28i0, + 4CaCO, > 

(Na, K),O- ALO, + 2(2CaO-SiO.) + CO, 


The clinker produced is ground with water 
to dissolve the sodium and potassium alumi- 
nates. The aluminate solution is then treated 
with CO.,-containing gas (e.g., combustion 
gas), to precipitate aluminum oxide hydrate 
and give a solution of alkali-metal carbonates: 


(Na, K),0-Al,0, + СО, + 3H,O — 2AKOH), + (Na, 
K),CO, 


The solution is evaporated and separated into 
fractions containing various proportions of so- 
dium and potassium carbonate, which differ in 
solubility. The bicarbonates present in these 
solutions are converted to carbonates by treat- 
ment with alkali-metal hydroxide solution be- 
fore evaporation. 

In the process for converting nepheline to 
aluminum oxide, 4 t of nepheline gives ca. 1 t 
of sodium carbonate. 


Other Proposed Modifications of the Am- 
monia-Soda Process. Attempts to produce 
sodium carbonate by other methods have been 
unsuccessful [213, 214]. A few proposals are 
mentioned here, although these have not been 
adopted industrially. 


e According to [215], recovery of ammonia 
by distillation can be avoided by using an 
intermediate salt; hydrochloric acid is pro- 
duced in addition to sodium carbonate. The 
process consists of two stages. In the first, 
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sodium bicarbonate is precipitated from an . 


ammoniacal solution of sodium sulfate: 
2NH, + 2CO, + 2H,O + Na,SO, > 
(NH,),SO, + 2NaHCO, 

In the second stage, sodium sulfate is re- 
generated from the mother liquor produced in. 
the above reaction. Here, either pure ammo- 
nium sulfate is precipitated in the first step, 
Na,S0,,, + (NH4),SO,,, > Na,SO,.. + (МН,),50, 4 
ога double salt is produced: 
2N2,80,4,,* (МН,),50, 5 4Н,О > 


NaS Osag + Na,SO,-(NH,),SO, "48,0, 


The solid ammonium sulfate obtained is 
heated with sodium sulfate: 
(NH,).SO, + Na,SO, — 2NaHSO,  2NH, 

Ammonia is thereby recovered and гесу- 
cled to the process. 

Then, NaHSO, is fused with NaCl, to pro- 
duce hydrogen chloride: 
NaHSO, + NaCl — Na,SO, + НСІ 


e The following variation of the Solvay pro- 
cess is proposed in [216]: Ammonia from 
the bicarbonate mother liquor is recovered 
by reaction with magnesium hydroxide, not 
calcium oxide. Magnesium chloride and so- 
dium chloride are present in the distillation 
liquor after removal of ammonia. Magne- 
sium chloride is recovered as the monohy- 
drate by evaporation and then decomposed: 


200 °C 
MsCl,-H,0 — MsOHCl+HCl 


500 °С 
МЕОНСІ МЕО + НСІ 
The hydrogen chloride liberated is sold as 
such or after oxidation to chloride, and magne- 
sium oxide is recycled to the process. Apart 
from the fact that the hydrogen chloride pro- 
duced is difficult to market, doubts exist that 
the decomposition of MgCL, is feasible in 
practice because of corrosion problems. 
e The following proposal was made by Bruw- 
BERG et al. [217, 218]. In the equation 


NaCl + H,O + CO, = NaHCO, + НСІ 


the reaction proceeds to the right if hydrogen 
chloride is removed. This is achieved by reac- 








Sodium 


: i C—C, tertiary amine dissolved in 
Robe The ишпе is regenerated by reac- 
e? with magnesium hydroxide. The 2676 so- 
lution of MgCl, produced is thermally 
decomposed to hydrochloric acid and magne- 
sium oxide, which is recycled to the regenera- 
tion stage. . . . e ж 
The starting material is brine containing 
24-2696 NaCl and CO, dissolved at a partial 
ressure of ca. 0.3 MPa. Sodium bicarbonate 
is precipitated as a solid salt and recovered 
from the bottom ofthe vessel. The liquid sepa- 
rates into two phases: a solution of NaCl, 
which is recycled, and organic solvent satu- 
rated with hydrogen chloride. The equations 


are as follows: 

NaCl + CO, + H,O + NR, = NaHCO, + NR,:HCI 

NR, HCI + '/,Mg(OH), = /,MgCl, + NR, + H,O 

'/,MgCl, + H,O = '/;Mg(OH), + НСІ 

The process is problematic because it results 

in pollution of the environment with amines 

and organic solvents. Another problem is the 

hydrogen chloride by-product. E 

e The combined production of sodium car- 
bonate, chlorine, and a mixture of ammo- 
nium and sodium nitrates has been proposed 
in [219]. Sodium chloride is oxidized by ex- 
cess nitric acid, to produce sodium nitrate 
and chlorine: ў 


6NaCl + 6HNO, + 27,0, — 6NaNO, + 3Cl, + ЗН,О 


The sodium nitrate solution is neutralized with 
ammonia and then reacted with carbon diox- 
ide to form sodium bicarbonate. 

After the bicarbonate is filtered off, a mix- 
ture of ammonium and sodium nitrates that 
can be used as a fertilizer is recovered from 
the filtrate. 


Wastewater Problems in Sodium 
Carbonate Production [220] 


In the recovery of ammonia by distillation 
with milk of lime, an end liquor (ca. 7-10 m?/t 
sodium carbonate) is produced at its boiling 
point. This liquor has the following approxi- 
mate composition: 120-180 g/L CaCl,, 1.0- 
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1.7 g/L Ca(OH),, 50-75 g/L NaCl, 1.0-1.5 
g/L CaSO,, and 20-30 g/L suspended solids. 
These solids originate mainly from impurities 
in the limestone and coke, and include uncal- 
cined or dead-bumt limestone. Also, some 
solid material results from the reaction of milk 
of lime with residual carbon dioxide not re- 
moved in the stripping still. 


The solid material consists of ca. 6796 
CaCO, 10% Mg(OH), + Ca(OH), 10% 
CaSO,°2H,0, 10% SiO., and 3% Fe,O, + 
ALO- It is very finely divided and therefore 
difficult to remove. The liquor is often clari- 
fied in large settling basins or ponds. How- 
ever, mud with a high chloride content is 
produced, which presents disposal problems. 
Therefore, the end liquor is frequently diluted 
with used cooling water and discharged di- 
rectly into the receiving water body. This 
method of disposal is generally recognized as 
safe because calcium carbonate, which is the 
main solid component in the wastewater, re- 
acts with carbon dioxide in the water to form 
calcium bicarbonate solution. 


The amount of CaCl, in the end liquor is 
given by the overall equation for the Solvay 
process: 


2NaCI + CaCO, — Na,CO, + CaCl, 


This shows that the reaction produces 1 mol 
CaCl, in the end liquor for each mole of 
Na,CO, produced. The end liquor also con- 
tains some NaC] resulting from incomplete re- 
action. Removal of chloride from the end 
liquor should be considered only if at least 
some of it can be used to produce calcium 
chloride. However, this is carried out in only a 
few sodium carbonate plants, because the de- 
mand for this chemical 1s relatively low. 


51.15.1.4 Quality Specifications 


The product obtained by the ammonia- 
soda (Solvay) process is, after calcination, an 
anhydrous, technical-grade sodium carbon- 
dte. The two main commercial forms are light 
Soda ash and dense soda ash, which differ in 
particle size and bulk density. Light soda ash 
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has a bulk density of 0.5-0.6 kg/L; dense soda 
ash 1.05-1.15 kg/L. 

The quality of the product is normally as- 
sessed by the following tests: 


l. Loss on heating at 250 °C 
Method: Drying of sample at 250 °C for 
2 h in a crucible fumace 


2. Water-insoluble material 
Method: Determination of residues insol- 
uble in water at 50 °C 


3. Total alkalinity expressed as Na,CO, 
Method: Titration with 1 M hydrochloric 
acid, with methyl orange as indicator 


4. Sodium bicarbonate (NaHCO,) 
Method: Winkler titration—conversion 
of NaHCO, to Na,CO, by addition of a 
known amount of NaOH; precipitation of 
total CO, as BaCO,; back titration of ex- 
cess NaOH with НСІ (indicator: phenol- 
phthalein) 


Sodium carbonate (Na.CO,) 

Calculation: Total alkalinity (method 3) 
minus alkalinity due to NaHCO, (method 
4) 

6. Sodium chloride (NaCl) 

Methods: a) Mohr's titration against 0.1 
M AgNO, with К.СгО, as indicator 

b) Argentometrically with potentiometric 
determination of the end point 


7. Sodium sulfate (Na,SO,) 
Method: Gravimetrically by precipitation 
of the sulfate as BaSO, 


8. Iron oxide (Fe,0,) 
Method: Colorimetric (photometric) de- 
termination of the concentration of Fe(II) 
dipyridyl complex 

9. Water (H,0) 
Calculation: Weight loss at 250°C 
(method 1) minus wight loss due to CO, + 
H,O determined from decomposition of 


ч 


NaHCO, (NaHCO, by method 4) 
A typical analysis is given below: 
Na,CO, 99.6% Fe,0, 0.002% 
NaCl 0.1596 CaO 0.01% 
Na,SO, 0.02% MgO 0.02% 
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In addition to its chemical analysis, the 
product is also characterized by particle size 
and bulk density. 

For soda ash produced from trona, the fo]. 
lowing are typical analysis figures: 


Na,CO, 99.6% Fe,0. 0.001% 
NaCl 0.035% CaO 0.01% 
Na,SO, 0.1% MgO 0.003% 


The difference in particle-size distribution 
between light and dense soda ash is shown by 
the following value: 

Light ash (%) Dense ash (%) 
0.2 


> 2mm 0.1 . 
2-1 mm 0.5 5 
1-0.5 mm 1 26 
0.5-0.25 mm 10 50 
0.25-0.125 mm 30 14 
0.125—0.063 mm 38 4 
« 0.063 mm 20.4 0.8 


Soda ash of the quality described above is 
suitable for most applications and is usually 
adequate for the food industry. 

Other special grades include dense granu- 
lated soda and briquetted soda. So-called 
washing soda crystals, the decahydrate 
Na,CO,°10H,0, is now of minor importance. 
This is produced from calcined sodium car- 
bonate by dissolving it in boiling water until 
the density is 30-40 "Dé Hard crystals are ob- 
tained only if the solution contains some sul- 
fate, and a small percentage of this substance 
is therefore added to the solution. The solution 
is clarified by allowing solid impurities to sed- 
iment. The solution is then cooled to 38 °C in 
crystallizing troughs to obtain soda crystals. A 
typical analysis of the commercial product is 
36.6% Na,CO,, 0.03% NaCl, 0.15% Na,SO,, 
63.22% Н.О. 


51.15.1.5 Producers 


Western Europe producers of soda ash are 
listed in Table 51.18. 

In Eastern Europe plants in the following 
countries are producing soda ash by the 
Solvay process: Bulgaria, Poland, Romania, 
the former Yugoslavia, and the CIS. 

The United States has the following pro- 


duction plants: 

FMC Corporation Green River, WY 
General Chemical Corp. Green River, WY 
North American Chemical Argus, CA 





Sodium 


Rhóne-Poulenc Green River, WY 


ray Minerals (formerly Temleco) р 
Sob partnership with Asahi Glass Green River, WY 


Texasgulf Chemical Co. Green River, WY 
The most important producers outside Eu- 
rope and the United States are China, India, 


and Japan. 
Table 51.18: Western Europe producers of soda ash. 


Country Company Location 
rimi ma TS EE EE EE T EE 
; Solvay Deutschland Rheinberg, Heil- 
SERES GmbH bronn, Bernburg 
Chemische Fabrik ^ Kóln-Kalk 
Kalk GmbH? 
Matthes & Weber = Duisberg 
GmbH 
Sodawerk Staßfurt Staßfurt 
GmbH 
Belgium Solvay S.A. Couillet 
France Solvay S.A. Dombasle 
Rhóne-Poulenc La Madeleine 
Italy Solvay S.A. Rosignano 
Netherlands AKZO Delfzijl 


Portugal Soda Povoa SARL Povoa de Santa Iria 
(Solvay subsidiary) 


Spain Soivay S.A. 


United Penrice Soda Prod- — Winnington 
Kingdom ucts Ltd. 


Torrelavega 





^ Closure planned for end of 1993. 


51.15.1.6 Storage and Transport 


Calcined soda ash is hygroscopic, gradu- 


ally taking up moisture and carbon dioxide : 


during transportation and-storage. This con- 
verts the surface of sodium carbonate to the bi- 
carbonate and leads to a weight increase of up 
to 1796. Soda ash is therefore best stored in 
closed, dry areas. 

Soda ash is supplied either bulk in silo wag- 
ons that can be discharged pneumatically or in 
paper sacks. 

Soda crystals (washing soda) can emoresce 
or dissolve in the water of crystallization, de- 
pending on the temperature and relative hu- 
midity. They melt at 32—33 °С. At lower 
temperature, they are stable, provided the rela- 
tive humidity is within the limits listed below: 
T.*C 0 10 15 25 
R.H., % 59-98 64-96 68-94 76-87 

At lower humidity, soda crystals effloresce, 
and at higher humidity the surface becomes 
wet. 
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51.15.1.7 Uses 


Soda ash is an important raw material for 
the chemical industry. Its sodium content re- 
sults in fluxing properties that make it impor- 
tant in the glass and silicate industries. It is 
used to neutralize inorganic and organic acids 
or acidic salts, and to maintain a constant pH 
in processes where acids are liberated. It is 
also utilized in the production of sodium salts 
(e.g., phosphates, nitrates, chromates, citrates, 
tartrates, salts of fatty acids). 

Soda ash can be used in aqueous solution to 
remove sulfur dioxide from process gas or off- 
gases, forming sodium sulfite and sodium bi- 
carbonate: | 


Na,CO, + SO, — Ма„5О, + CO, 
CO, + Na,CO, + H,O — 2NaHCO, 
2Na,CO, + SO, + H,O — Na,SO, + 2NaHCO, 


These reactions are also important in the pro- 
duction of paper pulp by the sulfite process. 

Other uses of sodium carbonate are as fol- 
lows: 

Chemical industry: production of bleaching 
agents, borax, chromates and dichromates, 
fertilizers, dyes, fillers, tanning agents, indus- 
trial cleaning agents, catalysts, cryolite, adhe- 
sives, metal carbonates, sodium nitrate, 
perborates, phosphates, silicates, ultramanne 
pigments, soluble silicates, etc. 

Detergent and soap industry: manufacture 
of detergents and saponification of fats. 

Petrochemicals: neutralization. 

"Pulp and paper industry: cooking wood; 
neutralization, cleaning, bleaching, and treat- 
ment of recycled paper. 

` Artificial silk industry: deacidification of 
artificial silk. 

Textile industry: dyeing, bleaching, and fin- 
ishing of wool and cotton. 

Coke ovens, gasworks, and hydrogenation 
plants: gas purification (desulfurization). 

Iron and steel industry: removal of sulfur 
and phosphorus from pig iron, cast iron, and 
steel; ore beneficiation, flotation agents, and 
fluxing agents. 
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Heavy-metal industry: digestion and bene- 
ficiation of ores (e.g, of antimony, lead, 
chrome, cobalt, nickel, bismuth, and tin). 

Glass industry: raw material for the glass 
melt and for reacting with sand. 

Aluminum industry: reaction with bauxite. 

Ceramics industry: production of refrac- 
tory materials and glazes. 

Enamel industry: as a flux. 

Food industry: hydrolysis of proteins, pro- 
duction of margarine and starch, and softening 
of sugar beet juice. 

Farious branches of industry: water treat- 
ment, metal degreasing. 

Enviromnental protection: 


e Punfication of flue gases by injecting so- 
dium carbonate or sodium hydrogencarbon- 
ate (dry process). 

e Regeneration of acidic lakes by the intro- 
duction of briquettes of sodium carbonate, 
so that organic sediments exhibit an alkaline 
reaction over a long period. 


51.15.1.8 Toxicology 


The lowest known lethal dose of sodium 
carbonate is 4000 mg/kg (rat, oral). Toxic ef- 
fects do not occur under normal working con- 
ditions. For humans, oral ingestion of > 15 gis 
potentially lethal. In case of ingestion, vomit- 
ing should not be induced, but copious 
amounts of water and dilute lemon juice or 
vinegar (two tablespoons per glass of water) 
should be drunk. The stomach can be carefully 
irrigated for 15 min at most, with the usual 
precautions, but use of this treatment for 
longer periods is strongly contraindicated 
(danger of perforation). Medical help should 
be sought. 

Because of its alkaline reaction, sodium 
carbonate has a irritating effect on the skin and 
mucous membranes. If skin is attacked, the af- 
fected part should be thoroughly washed with 
copious quantities of water, and a nonirritant 
dressing applied if necessary. If eyes are 
splashed with sodium carbonate, the eyelids 
should be held open while the eye is treated 
for several minutes with running water or sa- 
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line solution. Medical help should be sought 
from a specialist. 


51.15.2 Sodium 
Hydrogencarbonate 


51.15.2.1 Properties 


Some physical properties of sodium hydro- 
gencarbonate are given below: 


Density 2.22 g/cm? 
Specific heat capacity (25 °C) 87.7 kImol'K7 
Enthalpy of solution -18 kJ/mol 


Enthalpy of formation 950 kJ/mol 
Refractive indices 1.380, 1.500, 1.586 
Dielectric constant (25 °C) 4.39 

Solubility properties are listed in Table 


51.19. Solubility is lower in the presence of 


sodium carbonate. 


Table 51.19: Solubility of sodium hydrogencarbonate in 
water. 


rec Solubility 
И 85/100 g solution g/100 g H,O 
-2.35 6.26 6.68 
0 6.4 6.9 
10 7.6 8.2 
20 8.7 9.6 


сл 

S mq 
E NaHCO, 50°C 
о 8 
a 

=z 

=| 6 
z 
Z5. 
Ss 
22 
39 2 





8 1 16 20 24 28 32 
Solubility, 9№а,С0/1005 solution ——» 
Figure 51.40: Solubilities in the system H,O-NaHCO;- 
Na,CO, at 24.9 °C, 30 °С, and 50 °C [222]. 
In the system H,O—NaHCO,-Na.CO,, the 
double salt trona NaHCO,-Na,CO,-2H,0 oc- 
curs at > 21.3 °C. The isotherms at 24.9 °C, 




















Sodium 


30 °C, and 50 *C are shown in Figure 51.40, 

which indicates the ranges of existence of the 

solid phases at these temperatures [222, 223]. 
On heating, sodium hydrogencarbonate de- 

composes into sodium carbonate, carbon diox- 

ide, and water: 

QNaHCO, — Na,CO, + CO; + H,O 


Dissociation pressures of carbon dioxide at 
equilibrium are as follows: . 
T.°C 30 50 70 90 100 110 
pco, KPa 0.825 3.99 16.013 55.102 97.236 166.596 
At room temperature, sodium hydrogencar- 
bonate is fairly stable because of its low rate of 
decomposition. The aqueous solution has an 
only slightly alkaline reaction due to the small 
extent of hydrolysis. 


51.15.2.2 Production 


Sodium hydrogencarbonate is an interme- 
diate in the ammonia-soda process. However, 
because of the content of ammonium salts, a 
product that satisfies the quality requirements 
of consumers (mainly in the food industry) 
cannot be obtained by drying crude bicarbon- 
ate. Moreover, a sufficiently pure product сап- 
not be obtained by  recrystallization. 
Therefore, it is necessary to start with an aque- 
ous solution of sodium carbonate which is ob- 
tained either by dissolving calcined soda ash 
or by decomposing crude bicarbonate with 
steam. This is then filtered and carbonated 
with pure concentrated carbon dioxide, with 
cooling to remove the heat of reaction: 


Na,CO, +CO,+H,O > 2NaHCO, AH--43.67kJ 


As carbonation proceeds, sodium hydrogen- 
carbonate precipitates. It is recovered by cen- 
trifuging and then dried with hot air (e.g., in 
tray dryers). 


51.15.2.3 Uses and Quality 
Specifications 


Sodium hydrogencarbonate is used in the 
manufacture of baking powder, as a medica- 
ment for neutralizing stomach acid, as a com- 
ponent of effervescent powders, in animal 
feed, and as a dry-powder fire extinguisher. 
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The following analysis is typical for the 
food-grade product: NaHCO, 99.7%; 
Na4CO,, 0.2%; NaCl, 0.004%; H,O, 0.05%; 
insolubles, 0.003%. 

Sodium hydrogencarbonate tends to form 
lumps in the presence of moisture or under 
pressure. On heating to > 60 °C, appreciable 
decomposition to sodium carbonate occurs. 
The bicarbonate readily picks up odors from 
its surroundings and should therefore be 
stored under dry, airtight conditions. 


51.16 Sodium Sulfates 
51.16.1 Sodium Sulfate 


51.16.1.1 History and Natural 
Occurrence 


Sodium sulfate has been known since the 
1500s. Its use in the form of spa water or as a 
salt goes back even further. It was first de- 
scribed іп 1658 by J. R. Grauper It was 
known as sal mirabile Glauben [224], was 
prepared from common salt and sulfuric acid, 
and was used medicinally as a laxative. Many 
kinds of spa water and the salts obtained from 
them contain sodium sulfate (e.g., Karlsbad 
salt, which contains 44% sodium sulfate) 
[225]. 

Processes for the manufacture of soda and 
hydrochloric acid that developed in the 1800s 
involved the production of sodium sulfate (salt 
cake) [226]. This method has now declined in 
importance compared to extraction from natu- 
ral'deposits and production as a by-product of 
chemical processes. By-product sodium sul- 
fate must be removed from wastewater for 
reasons of environmental protection, which al- 
lows largely closed recirculating systems to be 
established (e.g., for spinning baths in the vis- 
cose-fiber industry [227, 228]). 

Sodium sulfate not only occurs in salt de- 
posits in ancient geological formations but can 
also be produced on an industrial scale from 
continuously formed reserves in salt lakes in 
Canada, the United States, South America, the 
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Commonwealth of Independent States, and 
other countries. 


Anhydrous sodium sulfate occurs naturally 
as thenardite, sometimes in high purity, and 
Glauber’s salt occurs as  mirabilite, 
Na,SO,-10H,O. In marine salt deposits and in 
the crystalline deposits that are being pro- 
duced in salt lakes at the present time, many 
double salts containing sodium sulfate occur 
such as astrakhanite, Na.SO,-MgSO,-4H,O; 
glaserite, ` Na,SO43K,SO,;  glauberite, 
Na4,80,:Ca80, loeweite, 6Na,80, 
7MgSO, 15H40; d'Ansite, MgSO,-9Na.SO, 
:3NaCl; ` vanthoffite | MgSO,:3Na,SO,; 
burkeite Na,CO,:2Na.SO, and hanksite, 
KCI-2Na,CO,-9Na,SO, Hence, the indus- 
trial production of sodium sulfate can be com- 
bined with the production of common salt, 
soda, or potash salts [229—233]. 


51.16.1.2 Properties 


Physical Properties. Table 51.20 compares 
the properties of thenardite (anhydrous so- 
dium sulfate) and Glauber's salt (the decahy- 
drate). The heptahydrate, Na,SO,-7H.O, is 
unstable (Figure 51.41) and can be detected on 
cooling saturated solutions to « 12 °C [234— 
236]. 

Table 51.21 lists the solubility of sodium 
sulfate in water [234, 235, 237-239]. Sodium 
sulfate is polymorphic; above 240 °C, four 
other modifications are formed from thenard- 


Table 51.20: Properties of thenardite and Glauber’s salt. 
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ite (Table 51.21) [237]. In the sodium sulfate. 


water system, a transformation occurs at 4 
temperature that has been determined with 
great accuracy (32.384 °C) and is suitable as 4 
fixed point. Above this temperature, anhy- 


drous thenardite crystallizes from saturated - 


solutions, and below it, Glauber’s salt (Figure 
51.41). 






120 Na;SO, (rhombic) 


thenardite 


100 






| 80 
Ki 60 
af 
2 
Б 
g Ai Na,SO,-10H,0 
Е ‘ 
ai Glauber's salt 
e 
20 
0 


0 10 20 30 40 50 60 
Na;S0,, 9/1009 H,0 ——» 


Figure 51.41: Solubility of sodium sulfate. 





Property 


Thenardite, Na,SO, 


Glauber's salt, Na SO,’ 10H,O 


Water of crystallization, 96 0 55.914 

mp, °C 884.0 (decomp. > 884 °C) “melts” at 32.384 °C in its own water of 
crystallization (decomp. > 32.384 °C) 

Crystal habit rhombic monoclinic 

Unit cell dimensions 0.586, 1.23, 0.982 1.143, 1.034, 1.290 (angle = 107°40’) 

No. of molecules in unit cell 8 4 


Refractive indices np 


1.464, 1.474, 1.485 


1.394, 1.396, 1.398 


Density, g/cm? 2.697 1.468 
Specific heat capacity c, at 300 K, Јек 899.2 1825.7 
Heat of fusion, kJ/kg 147.98 214.52 
Heat of sublimation at 18 °C, kJ/kg 16.2 —243.8 
Enthalpy of formation, kJ/mol —138.5 4327 
Entropy S°, Jmol’ K * 149.60 588.2 
Dielectric constant (at 10? Hz) 7.80 7.90 
Mohs hardness 2.7 1.5-2 











Sodium 


Table 51.21: Solubility of sodium sulfate in water. 


Й g Na,SO, in 
Temperature, °C 100 g H,O? 100 g solution 
асов [у] 3.9a 3.8 
0 4.5b 43 
5 6.2b 5.8 
10 9.0b 8.3 
15 13.2b 11.7 
18 16.4b 14.1 
20 19.0b 16.0 
22 22.1b 181: 
24 25.8b 20.5 
25 27.8b 21.8 
30 41.2b 29.2 
324 49.7b.c 33.2 
35 49.1c 32.9 
40 48.1с 32.5 
50 46.4с 31.7 
60 45.3с 31.2 
70 44.2с 30.7 
80 43.2с 30.2 
90 42.6с 29.9 
100 42.2c 29.7 
110 42.0c 29.6 
150 42.2c 29.7 
200 44.1c 30.6 
240 44.9c.d 31.0 
250 44.0d 30.5 
260 41.8d 29.5 
270 38.8d 28.0 
280 35.2d 26.0 Е 
290 30.84 23.5 
300 24.84 19.9 
310 18.54 15.6 
320 13.14 11.6 
330 7.34 6.8 
340 42d - 40 ` 
350 2.4d 23" 
360 0.9d 0.9 
382 0.38d 0.38 


*Solid phases: a = Na,SO,: 10H,O + ice; b = Na,SO,: 10H;O; c = 
Na,SO,. rhombic (thenardite); d = za, SO, hexagonal (trans- 
forms into rhombic B-Na,SO, on cooling below 240 °C and into 
monoclinic a.-Na,SO, on cooling below 180 °C: this is unstable in 
aqueous solution and transforms into thenardite. 


The decrease in solubility of sodium sulfate 
resulting from the presence of sodium chloride 
can be utilized in the industrial production of 
sodium sulfate from aqueous solutions. This 
effect is shown by the three-component sys- 
tem sodium sulfate-sodium chloride-water 
(Table 51.22) [225, 240, 241]. 


The system sodium sulfate-sulfuric acid- 
water shows first an increase and then a de- 
crease in the solubility of sodium sulfate with 
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increasing sulfuric acid concentration [225, 
238, 241]. The reaction to form sodium hydro- 
gensulfate is of industrial importance. 

The low solubility of sodium sulfate in or- 
ganic solvents or mixtures of these with water 
can be used in the precipitation crystallization 
of thenardite [228, 238, 242]. 


Table 51.22: Solubility (%) of sodium sulfate in water 
and sodium chloride solutions. 





Tempera- NaCl content of solution, % ` 

ture, °C 0 10 14 17 20 
10 8.25a* 3.9a 3.3a 32a 33a 
15 11.722 64a 5.5a 52a 5.5а 
17.5 13.7a 8.1а 7.4а 68а 7.1с 
25 21.8а 15.7а 14.9аЬ° 11.8b 9.2с 
30 29.9а 19.2а50 142b 10.8 8.5c 
33 33.2a.b> 189b 14.26 112b 8,9c 
50 31.7 183b 13.7% 103b 6.7с 
75 30.4b 173b  13.0b 99b Sie 
100 29.7b  16.7b 128b 100b  7.8c 


* Solid phases: а = Na,SO,-10H,O; b = Na,SO, (thenardite), c = 
mixtures with NaCl. 

* The transformation temperature of 32.384 °C is depressed to 
17.9 °C by NaCl. 


Chemical Properties. In moist air, anhydrous 
sodium sulfate takes up water of crystalliza- 
tion with a considerable increase in volume, 
which reaches a factor of 4.17 on complete 
conversion to the decahydrate (Glauber’s salt) 
and can lead to damage if the change occurs in 


. cracks in buildings. Buildings constructed 


with cement, especially those made of con- 
crete, can be destroyed by solutions contain- 
ing sodium sulfate. Glauber’s salt is not 
hygroscopic. It effloresces and is converted to 
an almost anhydrous sulfate after a few days in 
a cold current of air. 

‚Оп heating below its melting point 
(884 °С), thenardite decomposes slowly. 
Above 1200 ?C, the weight loss of the molten 
material can be several percent. If sodium sul- 
fate is added to molten glass, sodium silicates 
are formed, and sulfur dioxide and oxygen are 
released (see Table 51.25). 


51.16.1.3 Extraction and 
Production 


iof the world production of sodium sulfate 
(cà. 4.6 x 10°t in 1988), approximately 50% is 
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a by-product of the chemical industry, the re- 
mainder being extracted from natural deposits. 
World reserves of sodium sulfate are esti- 
mated at 3400 x 10$ t [243, 244]. 

The extraction of sodium sulfate from 
wastewater from the chemical industry has a 
beneficial effect on the environment and has 
the further advantage that it is independent of 
weather conditions, in contrast to production 
from natural sources [228, 243]. Furthermore, 
the production plant is usually close to the 
consumer of the sodium sulfate, whereas pro- 
duction from natural deposits often takes place 
in remote regions. 

Glauber's salt is not a commercial product, 
owing to its high content of water of crystalli- 
zation (56%) and consequently high transpor- 
tation costs, its low melting point (32.4 °C), 
and its tendency to effloresce. However, it is 
an important intermediate product in many 
processes. 


Crystallization and Calcination 


The principle of the crystallization process 
is to cool the solution to « 20?C, causing 
Glauber’s salt, Na4SO,- 10H40, to crystallize 
[225, 245]. Multistage vacuum-cooled crystal- 
lizers are used, usually of the horizontal type. 
Glauber's salt is recovered and calcined to 
form anhydrous sodium sulfate (thenardite) in 
the next stage. Glauber's salt “melts” in its 
own water of crystallization at 32.38 °C, 
forming a saturated solution of sodium sulfate 
that contains anhydrous sodium sulfate as a 
solid phase (37% of the sodium sulfate from 
the Glauber's salt). In older processes, the sat- 
urated sodium sulfate solution, after removal 
of the precipitated sodium sulfate, was once 
again vacuum cooled, and the Glauber's salt 
that crystallized was again recovered and 
melted. If Glauber's salt was again crystal- 
lized from the residual mother liquor, up to 
85% of the total Glauber's salt could be recov- 
ered as anhydrous sulfate. 

This energy-intensive process was super- 
seded by evaporative crystallization of the sat- 
urated sodium sulfate solution obtained on 
melting Glauber's salt [246—251]. The energy 
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consumption was reduced further by using 
multistage evaporation, in which the vapor 
was employed as heating steam for the follow- 
ing stage, which was operated at lower pres- 
sure. Further savings resulted from the use of 
mechanical or thermal compression of the va. 
por [252—254]. 


The formation of encrustations in the heat 
exchangers presented a problem, especially in 
the heat exchangers of the Glauber’s salt melt. 
ing vessels because of the decreasing solubil- 
ity of sodium sulfate above 32 °C [225, 255]. 
For this reason, unheated melting vessels were 
often used, in which Glauber’s salt was melted 
by mixing with approximately 15 times the 
amount of hot, saturated sodium sulfate solu- 
tion from the evaporation stages [249]. 


The formation of encrustations can also be 
prevented if the heating medium for the melt- 
ing vessel has such a low temperature (e.g., 
vapor from the last evaporation stage) that the 
temperature increase of the circulating melt 
solution in the heat exchanger is limited to 1— 
3 °C per pass (256]. 

In another process, part of the sodium sul- 
fate solution is evaporated at 108—114 °C and 
pressures of up to 0.15 MPa absolute [257]. In 
this temperature range, the solubility curve of 
sodium sulfate exhibits a minimum, so that 
crust formation in the heat exchanger of the 
evaporator is greatly reduced. The vapor from 
this first stage is used as the heating medium 
for the evaporator of the second stage, which 
operates with vapor compression. 


The purity of the sodium sulfate produced 
can be controlled by varying the amount of 
mother liquor removed at the calcination 
stage. Here, the saturation concentrations of 
the dissolved impurities must not be exceeded 
[258]. These processes can then yield a very 
pure sodium sulfate (> 99.9%). The mother li- 
quor can be fed to a biological wastewater 
treatment plant or worked up to yield 
Glauber's salt [259]. 


Figure 51.42 shows a flow diagram of a 
plant for the production of sodium sulfate 
from wastewater [228]. 
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Figure 51.42: Production of sodium sulfate by crystallization and calcination: a) Evaporative cooler; b) Vacuum cooling 


SS 


crystallizer; c) Cooler; d) Thickener; е) Centrifuge; f) Melting vessel; р) Evaporator, h) Dryer. 


The formation of encrustations during the 
thermal dehydration of Glauber's salt can be 
largely prevented by the use of air, spray, or 
fluidized-bed dryers, which have no solid 


heat-exchange surfaces. For example, in the - 


Holland evaporator, predried Glauber's salt is 
heated by combustion gases at 870-980 °C in 
a rotary dryer to produce thenardite. If the 
Glauber's salt is melted and thenardite is sepa- 
rated, the mother liquor can be spray-dried 
with hot combustion gases. The specific en- 
ergy consumption can be reduced if molten 
Glauber's salt in the form of a crystal slurry is 
sprayed into a rotary dryer heated to 150- 
400 °C. In fluidized-bed drying, thenardite is 
produced with hot air at 450°C, giving a 
waste gas temperature of 80—100 °С. The 
fines are recirculated, producing a dust-free 
sodium sulfate with a grain size that can be 
controlled up to 4.8 mm. 

In these processes, the entire water of crys- 
tallization is evaporated, so that the impurities 
in Glauber's salt remain in the sodium sulfate 
[225, 260—262] Sodium sulfate can be precipi- 


tated as thenardite from aqueous solutions by 
adding water-soluble organic solvents such as 
methanol [225, 263—266]. This process is used 
in the treatment of solutions containing 
Na,SO, and sulfuric acid from the cellulose 
industry [267, 268]. 

Sodium sulfate can also be obtained from 
Glauber's salt by using submerged combus- 
ton heaters. However, the burner must be 
cleaned or changed frequently due to corro- 
sion and encrustation [225, 243]. 

¿Sodium sulfate can be separated from mix- 
tures of solid salts by flotation. This process is 
béing investigated for the treatment of salt 
mixtures from natural deposits [269]. 


Production as a By-product of the 
Chemical Industry 


Solutions of sodium sulfate are produced in 
numerous reactions of sodium compounds 
with sulfuric acid or with sulfur dioxide and 
oxygen. These solutions must be treated to 
prevent water pollution. Sodium sulfate is ob- 
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tained from them by crystallization and calci- 
nation. The quantities of sodium sulfate 
produced as a by-product from various 
sources depend very much on the state of the 
market for the main products and the state of 
the technology. In spite of this, total produc- 
tion of by-product sodium sulfate has hardly 
changed since 1980 [243]. 


From Viscose-Fiber Spinning Baths. Fibers 
are produced by spinning viscose in a sulfuric 
acid precipitation bath in which the following 
reaction takes place: 


2Cellulose-OCS.Na + H,SO, > 
2Cellulose-OH + 2CS, + Na,SO, 


The precipitation bath contains ca. 10% 
H,SO,, 20% Na,SO, and 1% ZnSO,. The 
spinning process produces ca. 1 kg of sodium 
sulfate for each kilogram of viscose fiber. Sul- 
furic acid must therefore be added continu- 
ously to the bath, and sodium sulfate removed 
[225, 227]. 

The treatment process for the bath consists 
of multistage evaporation, followed by cool- 
ing of the concentrated solution from 50 °C to 
0.5 °C in a crystallizer. Glauber's salt is re- 
moved by centrifuges, and the mother liquor is 
recycled to the spinning bath. The zinc sulfate 


Table 51.23: Sodium sulfate as a by-product of chemical processes. 


Process 
Production of boric acid 


Production of hydroxylamine ` 2HON(SO;).(Na. NH,) + 4Н,О > [280, 281] 
(HONH,),-H,SO, + Na,SO, + 2NH,HSO, І 
Production of lithium carbonate Li SO, + Na,CO, — Li,CO, + Na,SO, [243] 
Production of resorcinol or C,H,(ONa), + ZNaHSO, + 2H.80, > (243, 282, 283] 
naphthol C{H,(OH), + 2Na,SO, + 280, + 2H,O эл а, ы 
Production of methionine 2CH,S-CH,CH,CH(NH.)-COONa + HSC, > [243] 


2CH,S-CH.CH,CH(NH;)-COOH + Na,SO, 


Production of formic acid 2HCOONa + H,SO, 2 2HCOOH + Na,SO, (243, 284] 

SE of waste sulfuric 2NaOH + H,SO,  Na,SO, - 2H,O [285-288] 
aci р 

Roasting and chlorination of 2Си,5 + 4Е250, + 8NaCl + 50, > [225, 243, 
pyrite cinder 4Na,SO, + 4CuCl, + 2Fe,0, + 280, 246, 289] 


Desulfurization of flue gases 2М№а,50; + O, => 2Na,SO,. 2Na,SO, + SO, > Na,SO,+Na,S,0, [290-294] 
2Na,SO, + Na,S,O,  2Na,SO, + Na,S,0, d ex: 


* See Section 49.8. 


Na;B,O; + H,SO, + 5H,O > 4H,BO, + Na,SO, z 
Production of chlorine dioxide 2NaC10, + SO, — 2C10, + Na,SO, 
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dissolved in the spinning bath does not crys. · 
tallize. Thenardite containing 99.6-99,9% so. ` 
dium sulfate is produced by calcination of 


Glauber's salt in evaporating crystallizers with 


partial recycle of the mother liquor [246, 270. ` 


273]. In Western Europe in 1988, 305 000 t of 
sodium sulfate was produced from viscose-fj. 


ber manufacture, and in the United States in 


1989, 89 000 t [243]. 


From Sodium Dichromate Production. So. 
dium sulfate is produced by the acidification 
of sodium chromate solution with sulfuric acid 
according to the equation: 


2Na,CrO, + H,SO, > Na.Cr.O; + Na,SO, + H,O 


If the reaction is carried out above 32.4 °C, th- 
enardite (> 99% Na4SO,) precipitates. This 
still contains 0.2% dichromate, which can be 
removed by dissolving, reducing with SC. 
and filtering off chromium(III) oxide. If the 
sodium sulfate is used in the sulfate cellulose 


(Kraft) process, the dichromate is reduced апа · 


therefore does not cause problems [244, 274 
275]. 


Quantities of sodium sulfate obtained from 
sodium dichromate production in 1988—1989 
were .70000 t/a in western Europe and 
110 000 t/a in the United States [243]. 


Reaction References 


[267, 277-279] 
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From Ascorbic Acid Production. In the syn- 
thesis of ascorbic acid by the Reichstein— 


- Qrüssner process, sulfuric acid is used in the 


roduction of the diacetone-L-sorbose inter- 
mediate. The sulfuric acid is neutralized with 
sodium hydroxide solution in a later stage of 
the process [276]. On removal of the solvent, a 
saturated solution of NaSO, is produced, 
from which thenardite (> 99.9% Na,SO,) 15 
obtained by evaporative crystallization. For 
each tonne of ascorbic acid, 1.5 t of sodium 
sulfate is produced. In 1988-1989, 45 000 t/a 
Na.SO, was produced in this way in western 
Europe, and 17 000 t/a in the United States 
[243]. | 
From Other Processes. Sodium sulfate is 
also produced in various quantities from a 
large number of other chemical processes (Ta- 
ble 51.23). 


Production from Natural Sources 


The most important production plants for 
sodium sulfate from natural sources are lo- 
cated in Canada, Spain, Mexico, Turkey, the 
United States, and the CIS. The output from 
these countries in 1987-1989 was са. 2 x 10° 
t/a [243]. 

Owing to the varying compositions of the 
salt mixtures in the deposits, many types of 
processes for the production of sodium sulfate 
and other compounds have been developed 
(225, 269, 295, 296]. A review of some impor- 
tant production methods is given here. 


Production in Canada. The Canadian depos- 
its are located in Alberta and Saskatchewan, 
and are in the form of shallow lakes with only 
a few inlets. These contain sodium sulfate in 
the form of brines or deposits of mirabilite 
(Na.SO,:10H4O). Mirabilite dissolves from 
the deposits to an extent that depends on an- 
nual temperature variations, amount of water 
entering the lake, and evaporation. Various 
processes are used to recover the product. 
Brine is pumped into shallow basins, from 
which some of the water evaporates during the 
summer. In winter, mirabilite crystallizes (ca. 
600 kg/m? brine) and collects at the bottom of 
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the basin. Excess brine is pumped back into 
the lake. Mirabilite is then collected by means 
of drag lines or other equipment and taken for 
further treatment. 

Other operations use floating dredges to 
mine permanent deposits of mirabilite from 
the lake beds. The slurry of mürabilite and 
brine is sent by pipeline for further treatment. 

In a third method, brine is produced by dis- 
solving the salt in situ with hot water, which is 
injected via a large number of boreholes into 
the body of salt lying under the brine. The so- 
lution produced is taken to the next stage of 
treatment, which consists of precipitating 
crude salt in cooling towers [225, 243, 295, 
297, 298]. 

In some cases, dry deposits of mirabilite are 
mined conventionally, and the crude salt can 
then be transported to the processing plant. 

The crude salt is charged into evaporators, 
where it “melts” in its own water of crystalli- 
zation. The crystal suspension is then evapo- 
rated with hot combustion gases and 
transported to rotary dryers by belt conveyors. 

In operations that send a brine for process- 
ing, Glauber’s salt is crystallized by cascading 
the brine in contact with cold air [243, 298]. 
Entrained clay slime can be removed in centri- 
fuges. The Glauber’s salt melt is then evapo- 


` rated by the submerged combustion of natural 


gas. Sodium sulfate (97-99.8% Na,SO,) with 
a controlled grain size is produced by grinding 
and screening. Total production in Canada in 
1987-1988 was 312000 t/a sodium sulfate 
[243]. 


Production in Spain. Glauberite deposits are 
mined in the provinces of Burgos, Toledo, and 
Madrid. The Castellar mine at Toledo pro- 
duces a crude salt containing 67% Na,SO,, 
19% CaSO,, and 12% clay and shale, from 
which sodium sulfate can be produced in vari- 
ous ways [225, 230, 299, 300]. For example. 
sodium sulfate can be leached from the crude 
salt at 35-40 °C (stage 1). The residue con- 
tains slime (clay) and  glauberite 
(Na.SO,-CaSO,), which is stable above 
29 °С. Below 29 °C, this solid material yields 
additional sodium sulfate solution, which is 
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recycled to the first stage. Thenardite is pro- 
duced from the leachate by vacuum evapora- 
tion. The three deposits yielded 510 000 t of 
sodium sulfate in 1988 [243]. 


Production in the United States, Mexico, 
Turkey, and the Commonwealth of Inde- 
pendent States. Sodium sulfate is obtained 
from natural deposits in California, Texas, and 
Utah. 

Brine containing sodium carbonate is ob- 
tained by sinking wells into the deeper layers 
below the salt crust of Searles Lake in Califor- 
nia. The brine is treated with carbon dioxide to 
precipitate sodium hydrogencarbonate, from 
which sodium carbonate is obtained. The fil- 
trate is then cooled to 15 °C to precipitate ho- 
rax, which is filtered off. Further cooling to 5— 
6 *C causes Glauber's salt to crystallize. The 
decahydrate still contains some finely divided 
borax, which can be removed by hydraulic 
screening. Only Glauber's salt with a grain 
size of > 0.8 mm is dehydrated to form the- 
nardite. The fine crystals are used as crystalli- 
zation seeds [225, 243, 295, 301]. In 1989, 
218 000t of sodium sulfate was produced. 


In Texas, brine from deposits close to the 
surface 1s treated. In Seagraves, Glauber's salt 
1s separated from brine saturated with sodium 
chloride at —7 to —10 °C. The product obtained 
is melted and evaporated by submerged gas 
burners to produce thenardite. The thenardite 
suspension is centrifuged and dried to yield a 
product containing 99.796 NaSO, [225, 243, 
295, 302]. In 1989, ca. 140 000 t of sodium 
sulfate was produced by this method [20]. 

A sodium sulfate production plant in Utah 
uses brine from the Great Salt Lake. The brine 
is pumped into solar evaporation ponds with a 
surface area of ca. 80 km". Each year, stepwise 
crystallization of sodium chloride, potassium 
salts, and Glauber's salt takes place. These are 
removed by scrapers and transported by road 
vehicles for treatment. The crude salt 1s dis- 
solved, the saturated solution is filtered, and 
sodium chloride is added to precipitate the- 
nardite, which, after filtration and drying, con- 
tains > 94% Na4SO,. Recrystallization gives 
thenardite containing > 99.7% Na.SO, [225, 
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229, 243, 303]. In 1989, 25 000 t of М№а,50 
was produced [243]. EE 


Sodium sulfate production figures for Mex. - 


ico, Turkey, and the Soviet Union are listed in 
Table 51.24. 


Table 51.24: Production of sodium sulfate in Mexico 
Turkey, and the Soviet Union in 1987-1988. 3 


EE 
У ; Sodium sulfate Refer- 
Country Starting material production, Уа ences 
Mexico  Brine from salt 420 000 [243] 
es 


Turkey Crude salts from 157 000 [243] 


salt lakes 
Soviet Water from the 375 000 [243, 
Union Caspian Sea, etc. 295] 
Production 


In addition to production methods based on 
by-product material or natural deposits of so- 
dium sulfate, processes are also operated in 
which sodium sulfate is manufactured from 
compounds that contain sodium and sulfate. 


From Sodium Chloride and Sulfuric Acid 
(Mannheim Process). The thermal reaction 


2NaCl + HSO, э Na,SO, + 2HCI 


which takes place via the intermediate forma- 
tion of sodium hydrogensulfate, was devel- 
oped as part of the Leblanc sodium carbonate 
process [226]. The reaction produces sodium 
sulfate and hydrogen chloride, which are of 
comparable economic importance [243]. 

This process is often carried out in Man- 
nheim furnaces (225, 244, 286, 304, 305], 
which have a diameter of 6 m and produce 25 
t/d sodium sulfate and 37.5 t/d hydrochloric 
acid (31%) by addition of 93-96% sulfuric 
acid to sodium chloride. One tonne of sulfate 
requires 3.6 х 10° КІ (88 kg of fuel oil), 65 


kWh, 1.4 m? of process water, and 26 m? of > 


cooling water The product contains 97— 
99.7% Na,SO,. The small amounts of free sul- 
furic acid in the product are neutralized during 
cooling in a rotary cooler by the addition of 
sodium carbonate. The commercial product is 
obtained by grinding and screening. 

The Climax Chemical Co., United States, 
operates a plant in which sodium chloride and 
sulfuric acid are reacted by the Cannon fluid- 
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ized-bed process. Production costs are lower 
than with the furnace process [225, 243, 306]. 

In 1988-1989, ca. 390 000 t/a sodium sul- 
fate was produced from sodium chlonde and 
sulfuric acid [243]. | 

Sodium sulfate can be produced from dilute 
sulfuric acid and sodium chloride in a spray 
evaporator [285, 307]. 


The Hargreaves Process. Up to 1983, the 
Morton Chemical Co. in Louisiana, United 
States, operated the Hargreaves process, 
which is based on the reaction 

4NaCI + 280, + О, + 2H,O — 2Na,SO, + 4HCI 


This process is of interest owing to its low 
energy consumption compared to other pro- 
duction processes. Mannheim furnaces were 
used for the reaction, but rotary kilns or fluid- 
ized-bed reactors have been proposed [225, 
243, 305, 308-310]. ; 


Metathesis. Several processes have been de- 
veloped for the conversion of sodium chlonde 
to sodium sulfate, for example, 


2NaCl + MgSO, — Na,SO, + MgCl, 


Of these processes, the reaction of sodium 
chloride with kieserite (MgSO,°H,0) is the 
most important, because of all the crude salts 
from German potash production, kieserite is 
the cheapest source of sulfate. 

To obtain a good yield of Glauber's salt, it 
is important to have the optimum 
NaCl/MgSO, ratio in the starting liquor. In the 
five-component system Mg—Na,-SO,-Cl,- 
Н.О, an optimum point exists for the composi- 
tion of the starting liquor. During dehydration 
of Glauber’s salt, sodium chloride is added to 
the mother liquor, causing thenardite to pre- 
cipitate. The mother liquor can then be used to 
produce the starting liquor. The process pro- 
duces thenardite containing 98.7~-99.5% 
М№а,50, [225, 229, 263, 311-313]. In 1988, са. 
118 000 t of Na,SO, was produced [243]. 


51.16.1.4 By-product Sodium 
Sulfate 


Sodium sulfate is produced in a number of 
chemical processes and must be utilized or 
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disposed of. Hence, processes for converting 
sodium sulfate into its constituents (sodium 
hydroxide and sulfuric acid) or into other use- 
ful chemicals are of interest (228, 243]. 


Electrochemical Decomposition of 
Sodium Sulfate | 


The electrochemical decomposition of so- 
dium sulfate takes place according to the over- 
all reaction: 
2Na,SO, + 6H,0 — 2H,SO, + 4NaOH +2Н,+ О, 


The anodic decomposition of water produces 
Н? ions and oxygen 


2Н,О э der 4H* +0, 


and the corresponding cathodic reaction pro- 
duces OH" ions and hydrogen 


2Н,0 + 227 20H + H, 


If sodium hydroxide solution and sulfuric acid 
are required, reverse reaction between H+ and 
OH must be prevented. This can be achieved 
by using a mercury cathode or a diaphragm 
cell [228]. 

The use of cation- and anion-selective ion- 
exchange membranes has led to new develop- 
ments in recent years. Figure 51.43 shows the 
principle of Na,SO, decomposition by elec- 


. trodialysis in a cell divided into three zones by 


a cation-exchange membrane (CM) and an an- 
ion-exchange membrane (AM). The sulfate 
solution flows through the central zone. So- 
dium hydroxide and hydrogen are formed in 


‚ the cathode space, and sulfuric acid and oxy- 


gen in the anode space. Sulfuric acid (5—15%) 
and sodium hydroxide (15-20%) are obtained 
with an energy consumption of 3500—4000 
kWh/t NaOH and a current efficiency of 60— 
8096. The consumption of electrical energy 
can be reduced by using the reaction gases Н, 
and О, in a fuel cell, or by the use of electrodi- 
alysis cells with gas-diffusion electrodes (314, 
315]. 

Further improvements in electrodialysis are 
achieved by using anion-exchange mem- 
branes composed of styrenedivinylbenzene 
copolymer with strongly basic quaternary am- 
monium groups and a hydronium ion blocker. 
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This gives improved current efficiencies and 
more concentrated sodium hydroxide and sul- 
furic acid [316]. 

H,SO, Na,SO, NaOH 





п 
H 
H 
4 
H 
fi 
[ 
И 
[ 
Lu 
1 
p 
И 
H 
Н 
[ 
[ 
M 


H20 Nat H,0 


Figure 51.43: Decomposition of sodium sulfate by elec- 
trodialysis. 


Na,SO,-H,SO, NaOH 





Na;S0, H,0 
Figure 51.44: Electrolysis of sodium sulfate solution. 


Figure 51.44 shows a two-compartment 
cell divided by a cation-exchange membrane. 
The sulfate solution is charged into the anode 
space where it becomes enriched in sulfuric 
acid; only salt-containing acid can be pro- 
duced. The sodium hydroxide in the cathode 
space is almost free of sulfate [317]. As the 
acid concentration increases and the salt con- 
centration decreases, more H" ions contribute 
to the transport of current. Therefore, the cur- 
rent efficiency depends not only on the selec- 
tivity of the membrane and the sodium 
hydroxide concentration in the catholyte, but 
also on the H*/Na* ratio in the anolyte. High 
current efficiencies are obtained only with an 
excess of Na* ions. For example, if the molar 
H*/Na'* ratio in the anolyte is 1: 1, 5-10% sul- 
func acid and 15-2594 sodium hydroxide are 
obtained with current efficiencies of 65-70%. 
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Electrolysis of highly concentrated sodium 
sulfate solutions (up to 39% Na,SO,) gives 
sulfuric acid concentrations of 10-20% and 
sodium hydroxide contents of 15-2094 with 
current efficiencies of 65-80% [318]. 

In the Sulfomat process, sodium sulfate js 
electrolyzed to give sodium sulfate-containin 
sulfuric acid and caustic soda solution. The 
latter is used for absorption of SO, in flue gas 
desulfurization, giving a solution of sodium 
sulfite. Acidification with the Na,SO,-con- 
taining sulfuric acid gives SO, and reforms so- 
dium sulfate, which is electrolyzed [319]. 
Also, spinning bath solutions from the vis- 
cose-fiber industry can be regenerated electro- 
chemically [320, 321]. 


Hen, Na,SO, NaOH 





H,0 Na,S0, H,0 


Figure 51.45: Electrodialysis of sodium sulfate with bi- 
polar membranes. 

A development by Allied Signal of elec- 
trodialysis with bipolar membranes is of inter- 
est due to the low energy consumption [322- 
325]. In these bipolar membranes (BM), a cat- 
ion-exchange membrane is bonded to an an- 
ion-exchange membrane [326]. Water 
molecules diffuse to the phase boundary CM- 
AM, where they dissociate in the electric field. 
The H* and OH" ions diffuse in opposite direc- 


tions. If the bipolar membranes are combined . 


with CM and AM, as shown in Figure 51.45, 
the sulfate can be decomposed without the for- 
mation of hydrogen and oxygen. À large num- 
ber of individual BM-AM-CM elements can 
be fitted between the two end electrodes. De- 
composition of H,O at the electrodes is then 
negligible. The only energy required is the dis- 
sociation energy of the water (0.022 
kWh/mol). Laboratory investigations showed 
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an energy consumption of 1450—1700 kWh/t 
NaOH when 12-1696 sodium hydroxide and 
510% sulfuric acid are produced. Allied Sig- 
nal supplies cells for pilot- and full-scale oper- 


ation. 


Conversion Processes 


Metathesis with Hydrogen Chloride. Owing 
to the high cost of electricity in the sodium 
sulfate electrolysis process, early attempts 
were made to bring about metathesis with hy- 
drogen chloride: 


Na,SO, + 2HCI = 2NaCl + H,SO, 


If the reaction is carried out in 40-60% sulfu- 
ric acid, sodium chloride precipitates and can 
be obtained in 99.2% yield (with 40% Н,50, 
at 30 °C) [228, 275, 327-329]. The concentra- 
tions must be such that enough НСІ is taken up 
by the reaction mixture. A stoichiometric 
amount of НСІ is sufficient for the reaction to 
proceed. Of this, approximately one-third dis- 
tills off during the process, and must be recy- 
cled to the reactor. 


The sodium chloride obtained can be used 
for the chlor-alkali electrolytic process [328]. 
The 40-60% sulfuric acid produced in the in- 
dustrial process contains. 1-2% residual 
Na,SO, [328] and is preferably recycled to the 
process in which the sodium sulfate is formed 
or used for reactions with sodium compounds, 
such as the production of chlorine dioxide 
from sodium chlorate, whéreby Na,SO, is re- 
acted continuously with HCl in a decantation- 
washing column [330]. 


Table 51.25: Use of sodium sulfate for reduction processes. 
Process 
Le Blanc process 


Production of sodium sulfide 
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The metathesis of Na4SO, with НСІ in di- 
lute sulfuric acid was carried out in 1951 in a 
pilot plant [328]. 

Carrying out the metathesis at 800—900 *C 
in a melt allows pure sulfuric acid and pure so- 
dium chloride to be obtained [331]. 


Conversion to Potassium Sulfate. The reac- 
tion 
Na,SO, +2КСІ 2 K,SO, + 2NaCI 


has been thoroughly investigated [228, 300, 
332, 333]. It occurs in two stages: In the first 
stage, glaserite (Na,SO,-3K,SO,) is formed, 
which is decomposed by more potassium 
chloride to form K,SO, and NaCl in the sec- 
ond stage: 


Na.SO,:3K,SO, + 2КСІ — 4K,SO, + 2NaCI 


The reactions can be carried out at 20-40 °C. 
If Glauber's salt is used, temperatures of > 
32 °С are preferred. In a modern plant, K,SO, 
yields of 98-99% are obtained [334, 335]. The 
reaction crystallization process is carried out 
in a loop-type bubble column [336]. 

The process has been operated since 1984 
in a Russian plant that consumes 40 000 t/a 
Na,SO, The Potash Corporation of 
Saskatchewan (PCS) has operated an experi- 
mental plant since 1985 in Cory, Canada, with 
a consumption of 25 000 t/a Na,SO, [243. 
335]. 

Single-stage processes for carrying out this 
reaction have been proposed [337, 338]. 


Reduction Processes 


Sodium sulfate can also be used in reduc- 
tive processes (Table 51.25). 


Reaction References 
Na,SO, + 2C + CaCO, > Na,CO, + CaS + 2CO, [228, 234. 
d 339] 
Na,SO, + 2C > Na,S + 2CO, (228, 243. 
Na,SO, + CH, — Na,S + CO, + 2Н,0 340-343] 


Production of aluminum oxide (Peniakoff 2AL,O, (bauxite) + 2Na,SO, + С + 4NaAlO, + 250,+ СО, [344-348] 


process) 2NaAIO, + СО, + ЗН,О > 2Al(OH); + Na,CO, 

Digestion of phosphate rock for fertilizer. Са;(РО,), + 2Na,SO,+ 8C — CaNa,(PO,S), + 2Са0 + 8CO [349. 350] 
production i 

Production of sodium silicate (water glass) 2Na,SO, + 2510, + C — 2Na,SiO, + 250, + CO, [228] 
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Table 51.26: Consumption of sodium sulfate in 1987 (in 
10? t/a). 





Consumption 
Use Westem United References 
world? States 
Cellulose industry 714 271 [243,351, 
352] 

Glass production and 

others 456 128 [243,353] 
Detergents 1736 354 [243.354] 
——————gÓ— __ 


"Including United States. 


51.16.1.5 Uses 


World consumption of sodium sulfate in 
1987 was са. 4.6 x 10$ t [243]. 

The most important consumers were the 
cellulose-fiber industry and manufacturers of 
glass and detergents (Table 51.26). 

Other users are from a wide range of indus- 
tries [225, 243], including dyeing technology 
[355], electrochemical metal treatment [356], 
animal feeds [225], heat accumulators [243], 
and sponge manufacture [243]. 


51.16.1.6 Occupational Health 
and Environmental Protection 


Sodium sulfate is a permitted food additive 
[357] and is a common component of spa wa- 
ters [225]. 

Inhalation of sodium sulfate dust causes ir- 
ritation of the mucous membranes, and pro- 
longed skin contact has a drying effect. The 
laxative effect of oral ingestion is well known 
and is used medicinally. 

Sodium sulfate in wastewater can be recov- 
ered as thenardite. However, if the solutions 
are very dilute (< 5% Na,SO ), the crystalliza- 
tion process is energy intensive. In such cases, 
treatment of the wastewater by a membrane 
process [358]. a precipitation process [359], or 
by biochemical methods [259] can be consid- 
ered. 


51.16.1.7 Economic Aspects 


| Demand for sodium sulfate in the Western 
industrialized nations has decreased during 
the last decade, but further reduction is ex- 
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pected to be balanced by increasing consump- - 


tion in other parts of the world. The cellulose 
and glass industries and detergent manufac- 
ture account for ca. 80% of the sodium sulfate 
consumed. Environmental regulations have a 
great influence on the market for sodium sul- 


fate, affecting both its production and its con- ` 


sumption. Owing to the large natural reserves 
of sulfate and the large quantities produced as 
a by-product of the chemical industry, prices 
are not expected to increase greatly. The most 
Important producing countries in 1988 were 
the United States 1696; the Soviet Union 14%; 
Spain 13%; Mexico 10%; Canada 7%; Тарап 
696; and Belgium 6%. The remaining 28% 
came from a number of sources [243]. 


51.16.2 Sodium Hydrogensulfate 


Sodium hydrogensulfate [360] occurs as 
the monohydrate, NaHSO,-H,0, in the sys- 
tem sodium sulfate sulfuric acid water [238, 
241] or exists as the solid phase NaHSO, at a 
sulfuric acid concentration of 62%. The 
monohydrate is converted to the anhydrous 
salt at 58.45 + 0.05 °С. 

The thermal decomposition represented by 
the equation 


2NaHSO, = Na,S,0, + H,O 


takes place near the melting point, which can 
be determined only approximately (ca. 
183 °C) with a water vapor pressure of 2500 
Pa (25 mbar). Conversion to sodium disulfate 
is complete after heating for ca. 4 h at 240- 
260 °C. Sodium disulfate decomposes above 
400 °C to form sodium sulfate with liberation 
of sulfur trioxide. 


Production. Sodium  hydrogensulfate is 


formed as an intermediate in the production of = 


hydrochloric acid by the Mannheim process 
(Section 1.3.4) and is a by-product of the man- 
ufacture of chromium(VI) oxide [274, 279, 
286, 361]. The reaction between sulfuric acid 
and sodium chloride may be carried out by the 
old process using cast iron retorts heated with 
gas or oil, or by the use of submerged combus- 
tion equipment in brick-lined vessels (305, 
362]. The addition of a stoichiometric amount 
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of sulfuric acid to sodium sulfate or Glauber's 
salt at 200-280 °C produces molten sodium 
hydrogensulfate [363]. Тһе same reaction can 
be utilized to produce sodium hydrogensulfate 
in aqueous solution at 80 *C directly [363]. 
Uses. Sodium hydrogensulfate is used in the 
manufacture of household cleaners, in the tex- 
tile industry, for the regeneration of rubber, for 
metal surface treatment, and as a flux for low- 
melting metals and their alloys [225]. 


51.17 Sodium Benzoate 


C,H;0.Na, white granules or powder of 
sweetish taste. Between 0 and 50 °C the solu- 
bility in water is nearly constant, but at higher 
temperatures it increases sharply. At —13.5 °C, 
the eutectic mixture with water consists of 
44.9 g of the salt and 100 g of water. The den- 
sities of the aqueous solutions at various con- 
centrations are given in Table 51.27. The 
aqueous solution is slightly alkaline (pH ca. 
8). Sodium benzoate is soluble to the extent of 
0.8 gin 100 mL of ethanol, 8.2 gin 100 mL of 
methanol, and over 20 gin 100 mL of ethylene 
glycol. 

Table 51.27: Densities of aqueous sodium benzoate solu- 
tions at 20 °C. 


Concentration, 96 Density, g/cm’ 


22.0 2 1.09 
2453 1.1 
26.84 1.11 
29.0 : 1.12 
31.06 1.13 
33.14 1.14 
35.3 ) 1.15 
36.7 (saturated) 1.154 


Dry sodium  benzoate is electrically 
charged by friction and forms an explosive 
mixture when its dust is dispersed in air. It ab- 
sorbs moisture from the air to some extent. 

Upon heating in an inert atmosphere so- 
dium benzoate carbonizes and forms sodium 
carbonate. In the presence of air, it burns to 
give carbon dioxide and sodium carbonate. 
Chlorination of sodium benzoate gives rise to 
a complex mixture of the salts of chloroben- 
Zoic acids. Sodium benzoate reacts with ben- 
Zoyl chloride to form benzoic anhydride. 
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Other salts of benzoic acid can be prepared by 
metathesis reactions with the salts of particu- 
lar cations. The aqueous and alcoholic solu- 
tions of sodium benzoate possess a remarkable 
ability to passivate the surfaces of metals and 
alloys. 

Sodium benzoate 1s produced by the neu- 
tralization of benzoic acid with sodium hy- 
droxide. Direct oxidation of toluene in sodium 
hydroxide solution is not currently in use. The 
other production methods include the hydroly- 
sis of benzoic esters or benzonitrile. Punfica- 
tion is essential to the production of high- 
purity product. 

Table 51.28 shows the specifications re- 
quired in Japan by JP 10 for sodium benzoate 
used as a food additive. The FAO and WHO 
limit some additional items which are not 
mentioned in Table 51.28. These include 
readily oxidizable substances, readily carbon- 
izable substances, polycyclic acids, organic 
chlorine compounds, and lead.’ 

The principal use of sodium benzoate is as 
an anticorrosive. The expansion of the motor 
industry has increased the demand for it. It is 
added mainly to antifreeze coolants. Sodium 
benzoate is also ised in food preservatives. In 
the pharmaceutical field, it is used as a diag- 
nostic reagent for liver functions. It is also 
used in combination with caffeine as a nerve 
stimulant. 


Table 51.28: Specifications for high-purity sodium ben- 
zoate (Japanese document JP 10). 


Assay min. 99% 
Appearance white granules or powder, odorless 
Solubility pass test 


Free alkaline max. 0.04% as NaOH 
Chlorine compounds max. 0.085%" 


Sulfate max. 0.12% as SO, 
Phthalate pass test 
Arsenic max. 4 mg/kg as As,O? 


Heavy metals max. 20 mg/kg 
Weight loss at 110 °С max. 1%° 


"Food Chemicals Codex (USA) max. 0.07. 


^ FAO/WHO max. 3 mg/kg. 
“FAO/WHO max. 1.5%. 
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52.1 Introduction 


Potassium is the third element in the alkali- 
metal series. The name is derived from the 
word potash. The German name Kalium, is 
derived from the Arabic word дайа and is the 
source for the element symbol K. The ashes of 
these plants (al дайа) were the historical 
source of potash for preparing fertilizers or 
gun powder. 

Potassium ions are essential to plants and 
animals. They play a key role in carbohydrate 
metabolism in plants. In animals, potassium 
ions promote glycolysis, lipolysis, the breath- 
ing of tissue, the synthesis of proteins and ace- 
tylcholine. Potassium ions are also believed to 
function in regulating blood pressure. 

Potassium and sodium share the position of 
the seventh most abundant element. Common 
minerals such as alums, feldspars and micas 
are rich in potassium. The largest potassium 
chloride deposit is in Saskatchewan, Canada 
while the largest deposit of the double salt, 
KCI-MgCL.-6H,O is in Solikamsk, Russia. 
Potassium metal, a powerful reducing agent, 
does not occur in nature. 


52.2 Properties 


Physical Properties. Potassium, a soft, low 
density, silver-colored metal, has high thermal 
and electrical conductivities, and a very low 
ionization energy. One very useful physical 
property of potassium is that it forms liquid al- 
loys with other alkali metals such as Na, Rb, 
and Cs. These alloys have very low vapor 
pressures and melting points. 

Potassium has three naturally occurring 
isotopes: ЗК (93.2245), “К (0.01%) апа “К 
(6.77 %). The radioactive decay of ‘°K to Ar- 
gon (Ar), half-life of 1.25 x 10? years, makes 
it a useful tool for geological dating. 

Some physical properties of potassium are 
summarized below [1—3]: 


Atomic weight 39.102 
Atomic radius 0.235 nm 


52.19 Кеїегепсез....................... 2205 
Ionic radius 0.133 nm 

Pauling electronegativity 0.8 

Crystal lattice body-centered cubic 
Analytical spectral line 766.4 nm 

Melting point 63.7 °C 

Boiling point 760 °C 

Density at 20 °C 0.76 g.cm? 

Specific heat 0.741 Jg! K! 

Heat of fusion 59.591 J/g 

Heat of vaporization 2.075 КИР, 


Electrical conductance at20°C 0.23 pus 

Surface tension at 100 °C 86 mN/m (dyn/cm) 
Thermal conductivity at 200 °С 44.77 Wm? K^! 
Chemical Properties. Potassium has an elec- 
tron-configuration of 152 2s?p$ 3s?p$ Ael All 
alkali-metals (Li, Na, K, Rb, Cs) are good re- 
ducing agents. They have a strong tendency to 
attain inert-gas electron configuration by giv- 
ing away the single, unpaired valence elec- 
tron. Reducing power increases from lithium 
to cesium. The alkali metals share many com- 
mon features, yet they differ in size, atomic 
number, ionization potential, and solvation en- 
ergy. As a result, each maintains its own indi- 
vidual chemical characteristics. 

Cesium and rubidium are too reactive for 
safe handling and are not commercially avail- 
able in large quantities. Potassium is the most 
electropositive reducing agent used in indus- 
try. Among K, Na and Li compounds, potas- 
sium compounds are more ionic and more 
nucleophilic. Potassium ions form loose or 
solvent-separated ion-pairs with their counter- 
anions in polar solvents. Large potassium cat- 
ions tend to stabilize delocalized (soft) anions 
in transition-states. In contrast, lithium com- 
pounds are more covalent, more soluble in 
non-polar solvents, and usually existing as ag- 
gregates (tetramers and hexamers) in the form 
of tight ion pairs. Small lithium cations stabi- 
lize localized (hard) counteranions. Sodium 
chemistry is intermediate between that of po- 
tassium and lithium. 

The superb reducing power of potassium 
metal is clearly demonstrated by its facile dis- 
placement of protons in the weakly acidic hy- 
drocarbons, amines, and alcohols (Table 52.1) 
and reactions with inorganics and gaseous ele- 
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ments (Table 52.2). In addition, oxides, hy- 
droxides and salts of numerous metals are 
reduced by potassium to the metallic state. 


Table 52.1: Potassium products from hydrocarbons, 
amines and alcohols. 


Starting material DEI Product 
1,3-Diaminopropane 35  KNH(CHjj4NH, 
Ammonia 35 KNH, 
Hexamethyldisilazane 28  KN[Si(CH34]; 
Aniline 27 KNHGH, - 
Acetylene 25 KC=CH 
tert-Butanol 18 KOC(CH,), 
Methanol 16 KOCH, 

Phenol 10 KOCH. 


* pK, refers to the pK, of the conjugate acid of the potassium base. 


Table 52.2: Typical chemical reactions of potassium. 


Reactant Reaction Product 
LL ——————— __——— 
H, begins slowly at 200 °C, rapid KH 
above 300 °C 
О begins slowly with solid, fairly K,O, 


? rapid with liquid KO, KO, 


H,O extremely vigorous and frequently KOH, H, 
results in hydrogen-air explosions 


С 150—400 °С KC, KC,, 
(graphite) KC,, 
co forms unstable carbonyls (KCO) 


NH, dissolves as К; iron, nickel, and KNH, e 
other nmetals catalyze in gas and 


liquid phase 
S molten state KS 
inliquid ammonia K,S,, K,S, 
F,CL, violent to explosive KF, KCl, 
Br, e KBr . 
L ignition KI ' 
co, readily, but sometimes explosive CO,C, 
K,CO, 





52.3 History 


Before the discovery and exploitation of 
potassium salt deposits, the production of po- 
tassium compounds consisted almost entirely 
of potash (K,CO,) obtained from natural 
sources such as wood ash, residues from dis- 
tilleries, Bengal saltpeter, wool grease, and 
mother liquors from sea salt production. 
Quantities were small and were used only for 
the production of soap, glass, and explosives. 

In 1840, J. von LreBiG laid the foundations 
of the theory of mineral fertilizers in his paper 
“The Application of Organic Chemistry to 
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Agriculture and Physiology”. This spread the 
knowledge that potassium was one of the most 
important plant nutrition elements. In 1851, 
some deep mine workings in Stassfurt struck 
minerals containing potassium and magne- 
sium, although these could not be used as fer- 
tilizers. In 1861, Арогрн FRANK started the 
first plant using the process that he developed 
for producing from carnallite a potassium salt 
that could be employed as a fertilizer. This 
soon led to the development of other processes 
and to the establishment of many potash mines 
and works. Many attempts were made up to 
the end of World War I to hinder the building 
of new factories in Germany, which had a 
world monopoly in the production of potash 
fertilizers, and attempts were made to ration 
production and supply, and to regulate prices. 
In spite of this, 69 factories were in existence 
in 1910, and 198 in 1918. When World War I 
ended, Alsace was returned to France, and the 
potash works that were built there shortly after 
1900 became French property, so that Ger- 
many lost her monopoly in potash. 

The German national assembly of 1919 en- 
acted the potash regulations and the so-called 
closure order, which reduced the number of 
operating factories to 29 by the year 1938. 
This also caused production to be concen- 
trated in a few large potash companies [95, 
96]. 

After the end of World War П, ca. 60% of 
German production capacity went to the area 
that was later to become the German Demo- 
cratic Republic, and became the VEB Kombi- 
nat Kali. After German unification in 1990, 
the. newly formed Mitteldeutsche Kali AG 
took over these operations. In West Germany, 
séveral groups of works were formed, leading 
in 1970 to the formation of the company Kali 
und Salz AG following a series of amalgam- 
ations. This company owns seven. potash 
works, all located in the former Federal Re- 
public of Germany [97, 98]. 

Most of the French potash works in Alsace 
were nationalized after World War I. During 
World War IL, production was greatly in- 
creased. Several of the deposits have now be- 
come exhausted, and many of the works have 
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been closed. Production has been concentrated 
in two large works, although these are likely to 
be closed down soon after the end of this cen- 
tury [99]. 

Potash production in Spain began in 1926 
with the start up of a factory in Catalonia. 
Other factories were established later both 
there and in Navarra. 

The kainite deposits in Sicily have been 
worked since 1959-1960; the salts are used 
for potassium sulfate production [100]. 

The Soviet Union began potash production 
in 1931 at a plant in the Northern Urals. In 
1939, plants that had been operating in Eastern 
Poland since 1920 were taken over by the So- 
viet Union. In 1963, the first plant was started 
to exploit a very extensive deposit in White 
Russia. The CIS today has several large opera- 
tions in the Urals and White Russia, giving it 
the largest capacity of all potash-producing 
countries. 

In the United States, potash production be- 
gan during World War I because the United 
States economy could no longer buy German 
potash fertilizers. Potassium salts were ob- 
tained from Searles Lake in California and in 
northern Nebraska: Most of these operations 
ceased production in the 1920s. After the dis- 
covery of potash deposits in the area of Carls- 
bad, New Mexico, a large number of potash 
works were founded since 1931 [101]. Since 
the foundation of the Canadian potash indus- 
try, which has the United States as its main 
outlet, the number of works in the Carlsbad re- 
gion and their production rate have continu- 
ally declined. New potash works were started 
in southern Utah at Moab in 1964 and at the 
Great Salt Lake in 1970 [102]. 

The most important potash deposit in North 
America was discovered during World War II 
in Saskatchewan, Canada. After initial prob- 
lems due to its great depth and the presence of 
water-bearing overlying rock, which was dif- 
ficult to deal with, several potash works were 
founded in the early 1960s, and today Canada 
is second only to the CIS as a potash producer. 
Two more potash plants were established in 
the 1980s in New Brunswick on the east coast 
of Canada. 
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In 1986, a potash plant began production at 
Sergipe in Brazil. 


In 1974, a potash mine was opened in York- 
shire, United Kingdom. 


Potash production in Palestine began on the 
north bank of the Dead Sea in 1931. Potash 


plants have now been producing since 1952 at ` 


the southern end on the Israeli side and since 
1982 on the Jordanian side. 


Potash ores are treated today by three basic 
processes: leaching—crystallization, flotation, 
and electrostatic treatment. Gravity separa- 
tion is of minor importance because of the 
small density differences between salt miner- 
als. 


The oldest process is leaching-crystalliza- 
tion. In this process, salt solutions were origi- 
nally cooled in open vessels. Vacuum cooling 
of the solutions in crystallizers was introduced 
in 1918 in the United States, so that much less 
energy was required and cooling times were 
reduced from days or weeks to minutes. Flota- 
tion was introduced in 1935 in the United 
States. This proved so efficient, especially for 
the treatment of sylvinite ores, that it is now 
the main potash treatment process worldwide. 
The electrostatic process was first used on a 
large scale in the German potash industry in 
1974. It is now widely used in Germany for 
treating complex hard salts. 


52.4 Occurrence 


Potassium occurs in nature only in the form 
of its compounds. It is one of the ten most 
common elements in the earth’s crust. Several 
widely distributed silicate minerals contain 
potassium, in particular, the feldspars and mi- 
cas. The weathering of these minerals pro- 
duces soluble potassium compounds, which 
are present in seawater and occur in extensive 
salt deposits. Potassium is important in the 
metabolism of plants and animals, and is 
therefore found in ash from plant materials 
and in the bodies of animals. Potassium com- 
pounds are obtained almost entirely by the 
mining of salt deposits. 





Potassium 


5241 Potash Salt Deposits 


52.4.1.1 Minerals 


Potash salt deposits were formed by the 
evaporation of seawater [103]. Their composi- 
tion is often affected by secondary changes in 
the primary mineral deposits. More than 40 
salt minerals are now known, which contain 
some or all of the small number of cations 
Na‘, K*, Mg™*, and Ca?*; the anions СГ and 
$02"; and occasionally Pei" and ВОЗ”, as well. 
Most of these are listed in Table 52.3 [104]. 


The more important salt minerals are halite, 
anhydrite, sylvite, carnallite, kieserite, poly- 
halite, langbeinite, and kainite. Gypsum oc- 
curs at the edges of salt deposits and in the 
overlying strata. Bischofite, tachhydrite, 


Table 52.3: Principal salt minerals. 
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glauberite, thenardite, glaserite, and leonite 
occur additionally in some deposits [82, 105, 
106]. 


Other minerals, not described in detail here, 
are useful in elucidating difficult geological 
questions with regard to the origin of salt de- 
posits. In special geochemical investigations, 
small amounts (ppm) of Rb* and Cs* in place 
of K*; 512* replacing Ca?*; Mn” replacing 
Ее?*; Br replacing CI; etc., are important 
(107, 108]. The individual minerals can be 
identified microscopically (grains or thin sec- 
tions) and by X-ray analysis. 

Potassium salt deposits always consist of a 
combination of several minerals (Table 52.4). 
The German term Hartsalz (hard salt) refers to 
the greater hardness of sulfate-containing pot- 
ash minerals in potash deposits. 








А Crystal systern/ кеш LN Opin Density, Hardness 

Mineral Fons crystal class ES AC A B g/cm? (Mohs) 
Anhydrite CaSO, rhombic, D, mmm 1.570:1.575:1.614, opt. + 296 . 38 
Ascharite Mg;[B;O;]- H;O monoclinic, C;,-2/m 1.575:1.646:1.650, ор. — 270 3 
Astrakhanite — Na,Mg[SO,],-4H,O monoclinic, C,,-2/m 1.483: 1.486:1.487, opt.— 2.23 3 
Bischofite MgCl,-6H,0 monoclinic, C;,-2/m 1.495:1.507:1.528, opt. + 1.60 15 
Boracite (stass- Mg,[CUB;O,,] rhombic, C,,-mm 2 1.662: 1.667:1.673, opt.+ 2.95 7 
furite: lumpy 
form of boracite) ; | 
Carnallite KMgCl,-6H,0 thombic, D, mmm 1.467:1.475:1.495, opt. + 1.60 2.7 
D'Ansite NajMg[Cl(SO),) cubic, Td-43 m 1.489 2.65 
Epsomite MgSO,-:7H,O thombic, D,-222 1.432: 1.455:1.461, opt. — 1.68 2.5 
Glaserite K4Na[SO,]; trigonal, D4-3 m 1.491:1.498, opt. + 
Glauberite CaNa,[SO,] monoclinic, C,,-2/m 1.515:1.532:1.536, opt. — 2.85 3 
Gypsum СаЅ0, -2Н,О monoclinic, C,,-2/m 1.521:1.523:1.530, opt. + 2.32 2 
Halite (rock salt) NaCl B cubic, O,-m3m | 1.5443 2.168 2.5 
Kainite (KMg[CISO,D,-11H,O monoclinic, C4,-2/m 1.494:1.506:1.516,0р.- 2.13 3 
Kieserite MgS0O,:HjO monoclinic, C4,-2/m . 1.518:1.531:1.583, opt. + 2.57 3.7 
Koenerite Mg ALOH] trigonal, D,,-3m ` 1.55:1.58, opt. + 2.15 1 

[Na,(CaMg),Cl,,] : 

Langbeinite E5Mg;[SO,], cubic, T-23 1.534 2.83 42 
Leonite K,Mg[SO,],-4H,O monoclinic, C,,-2/m 1.479: 1.483: 1.488, opt. + 2.20 2.7 
Lóweite Na,.Mg,{SO,],3-15H,O trigonal, C,,-3 1.495: 1.478, opt. — 2.34 25-3 
Mirabilite Na,SO,-10H,O monoclinic, C,,-2/m 1.394: 1.396: 1.398, opt. — 1.49 1.7 
(Glauber's salt) P 
Polyhalite K,MgCaSO,],-2H,O triclinic, C,-1_ 1.548: 1.562: 1.567, opt.— 2.78 3-3.6 
Rinneite K4Na[FeCl,] trigonal, D,,-3 т 1.588:1.589, opt. + | 2.35 3 
Schónite K,MgISO,],-6H,O monoclinic, C2h-2/m 1.461:1.463:1.476, opt. + 2.03 2.6 
Sylvite KCl cubic, O,-m3m 1.4903 1.99 2 
Syngenite K,Ca[SO,],-H,O monoclinic, Cy,-2/n 1.501:1.517:1.518, opt. — 2.58 2.5 
Tachhydrite CaMg,Cl,-12H,O trigonal, D,,-3 m ` 1.520:1.512, opt. ~ 1.67 2 
Thenardite Na,SO, rhombic, D,,-mmm: 1.471:1.477:1.484, opt.+ 2.67 27 
Vanthoffite Na,Mg[SO,], monoclinic, C,,-2/m 1.485: 1.4876: 1.489, opt.— 2.69 3.6 
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Table 52.4: Marine salt rocks: mineral constituents (A = 
anhydrite; Bi = bischofite; C = carnallite; Dol = dolomite; 
Kai = kainite; Ki = kieserite; La = langbeinite; Mag = 
magnesite; Na = halite; Ро = polyhalite; Sy = sylvite; Та = 
tachhydrite). 





Saltrock Main components Secondary components 


Rock salt Na A, Po, Ki, La, clay 
minerals, etc. 


Anhydrite A Na, Dol, Mag, gypsum, 
Sy, C, clay minerals, 
borates 

Camallite С, Na Ki, Sy, А 

Sylvinite Sy, Na C, Ki, А 

Hard salt 

Kieseritic Na, Ki, Sy C, A, La, Po, borates 

Langbeinitic Ма, La Ki, A, Sy, С 

Anhydritic Ма, 5у, А Ki, С 

Kainitite Na, Kai Ki, Sy, C 

Bischofite Bi, С and/orTa Ма, Ki, Po, A, borates 

Tachhydritite Ta, Bi C, Na 

Claystone Clay minerals, Ма, Sy, C, Bi, Ta, La, 


quartz, mica, A, coenenite, rinneite 
Dol, Mag 


52.4.1.2 Geology of Potash 
Deposits 


Potash deposits occur worldwide in almost 
all geological systems. The most important 
deposits were formed in the Devonian, Car- 
boniferous, Permian, Cretaceous, and Tertiary 
periods [82, 103, 105, 109—115]. All major 
potash deposits are of marine origin. Bodies of 
seawater became isolated from the open ocean 
when bars formed under the water surface, and 
under arid climatic conditions. the seawater 
became concentrated, finally depositing the 
dissolved salts. The important feature is that 
exchange between normal seawater and con- 
centrated salt solution generally does not oc- 
cur. During sedimentation, the less soluble 
salts were deposited first, and the most soluble 
salts last. In most salt-forming sea basins, this 
process was repeated many times, resulting in 
cyclical salt formation [114, 116]. 

A complete salt deposition cycle begins 
with basic carbonates (limestone, dolomite, 
and sometimes magnesite), followed by sul- 
fates (gypsum and anhydrite), rock salt, and fi- 
nally potassium and magnesium salts (Table 
52.3). Intermediate layers of clay sediments 
are the result of repeated influxes of fresh wa- 
ter, which can lead to partial redissolution of 
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the salt deposits. Also, eolian (airborne) trans- 
portation into the basin can occur. A recent ex- 
ample of a salt deposition basin is provided by 
the Kara-Bugas, a lagoon on the eastern side 
of the Caspian Sea. 


In the course of the earth’s history, the de- 
posited salts underwent many changes, often 
leading to the formation of a modified mineral 
constitution. The original formations were af- 
fected by relatively low-temperature thermal 
and hydraulic metamorphoses, and some- 
times by volcanic action, producing the min- 


eral compositions that exist today (Table 52.4) 
[117, 118]. 


Rock movements have changed the original 
horizontal stratification in many salt deposits, 
Salt migration, folding, and upward move- 
ment to form diapirs have led to tilting of the 
potash layer, sometimes to an acute angle; to 
thinning; or to local accumulation. As a result 
of movements, salt deposits often came into 
contact with groundwater and were partially 
or completely redissolved. 


Table 52.5 shows the distribution of potash 


deposits, with estimates of the reserves [82, 
115, 119]. 


The concept of a reserve presupposes the 
possibility of economical extraction, which 
depends on the presence of a useful potash 
content together with usable quantities of 
other materials. Other important factors are 
the type of deposit, a uniform and usable seam 
thickness at a depth that is neither too great 
nor foo low (water problems), economic 
workability, the possibility of solution extrac- 
tion, and above all, proximity to consumers 
and profitability. Losses incurred during the 
extraction process (10-20%) must be de- 
ducted from the tota] size of the reserve. 


The two largest known potash deposits in 
the world, which are in Saskatchewan (Can- 
ada) and White Russia, are of Devonian ori- 
gin. The Permian deposits (Germany, United 
States, and CIS) were for a long period the 
classical salt deposits and were the most im- 
portant potash reserves, but these lost their 
economic importance after World War II. 
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Table 52.5: Mineable potash reserves in units of 106 t 


О. 
ку 
Canada, Saskatchewan 4500-6000 
(conventional mining only) eot 
New Brunswick dos 
United States SEN 
An dP 30-50 
Chile and Pem 
= 22 
Gaited K 30-50 
United Kingdom 
tal; 10-20 
Se ca. 20 
Spain 20-30 
Geet of Independent States 2000-3000 
Dead Sea (Israel and Jordan) 100-200 
China 10-100 
Thailand up to 160 
Laos up to 20 
World 7500-10 000 


x es only extractable by solution mining are included (par- 
cher those in Saskatchewan, but also including those in the 
CIS), the figure for the total minable reserves increases by a factor 
of 4ar 5. Other deposits of potash salts are cither unimportant or of 
minor local importance compared with the above figures. These 
exist in Australia, Ethiopia, Iran, Libya, Morocco, Poland, and Tu- 
nisia. 


However, the known potential of extract- 
able potash deposits is so large that the world 
supply is guaranteed for many hundreds of 
years. 


Salt Lakes and Subterranean Brines. [srael 


and Jordan. Potassium chloride, magnesium ` 


chloride, rock salt, soda, chlorine, and bro- 
mine are obtained from the Dead Sea [82, 
115]. 


United States. Potassium and sodium sul- 
fate are extracted from the Great Salt Lake 
[82, 115]. Potassium and magnesium chloride 
are obtained from subterranean brines from 
the Great Salt Lake Desert [82]. Potassium 
chloride and sulfate, sodium borate, and boric 
acid are obtained from subterranean brines in 
Searles Lake [82, 115]. 


Australia. Langbeinite is obtained from 
subterranean brines at Lake McLeod. 


China. Tsaerhan Lake, a dry lake, ca. 1100 
km northeast of Lhasa, the largest salt lake in 
the Chaidamu basin, appears to be the most 
important potential reserve of potassium chlo- 
ride in China [82, 115]. 
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52.4.2 Mining of Potash Salts 


52.4.2.1 Shaft Mining 


Mineral salts are very soluble, and there- 
fore any flow of water into the mine from the 
overlying strata, which are normally water 
bearing, must be prevented. This causes diffi- 
culties when sinking a shaft, and severe acci- 
dents have been caused by influxes of. water. 
The freezing technique, especially deep freez- 
ing, is comparatively safe and is currently 
used to sink most mineshafts. The shaft itself 
is protected from water-bearing rocks by the 
use of tubbings, which are segments bolted to- 
gether to form rings and are usually made 
from cast iron or steel-reinforced concrete. 
The shafts generally have a diameter of 5-7 m, 
and the depth can exceed 1000 m. 


52.4.2.2 Extraction, Conveying, 
and Haulage 


In most potash mines, the salt is mined 
from subhorizontal deposits. Generally, rooms 
are created by removing the salt, and pillars 
are left between these to prevent the cover 
rocks from collapsing. This enables an extrac- 
tion rate of 25-60% to be achieved. For cost 
reasons the mined-out rooms are not back- 
filled. In some mines, the total ore is extracted, 
which causes substantial subsidence of the 
overlying strata (Alsace). 

In steeply dipping deposits (е.р., in the salt 
domes of northern Germany), roof mining was 
originally carried out. This was later replaced 
by floor mining and then by funnel mining, 
which is now being used increasingly in nu- 
rierous variations [121]. Entry drifts are 
driven one above the other at intervals of 15— 
20 m, and the remaining potash salt is mined 
by sublevel stopping. Material loosened by 
explosives falls via the lowest funnel-shaped 
region into the main haulage level underneath. 
The mined-out room, 100—250 m in height, is 
usually backfilled with salt waste after min- 
ing. Funnel mining is much safer and cheaper 
than roof mining, because both ore stopping 
and backfilling take place under gravity, and 


2148 


the mined room need not be reentered. During 
drilling of the blast holes, the miners are pro- 
tected by horizontal pillars between the sub- 
levels. 


Drilling and blasting operations are carried 
out with the help of trackless vehicles. Large 
holes with a diameter of ca. 40 cm and a length 
of 7 m are drilled by mobile drilling equip- 
ment, and another mobile drilling rig is used to 
drill blast holes around the larger hole in a pre- 
determined pattern. The explosive (generally 
ammonium nitrate with addition of oil) is 
brought to the workplace in tanks carried by 
diesel vehicles and is blown into the shot holes 
by compressed air. 

In predominantly horizontal sylvinite de- 
posits, the most frequent method of extraction 
is by cutting with heavy machinery (180 t per 
unit) at high cutting rates. These machines 
produce material suitable for transport by con- 
veyor belt, enabling continuous extraction in 
30—60-m sections. 

Extraction by borers with two to four rotors 
is mainly used to produce long pillars in a 
room and pillar system (Canada), the length of 
the chambers being as much as 1000 m. In 
longwall mining, however, which is usually 
carried out as a caving operation, two or three 
drum shearers are used (e.g., in Alsace and the 
CIS). These machines enable daily outputs be- 
tween 1500 and 4000 t to be achieved. 

The recovered material is transported by 
trackless diesel or cable-fed electric front-end 
loaders with a capacity of 15 t. Transport 
along underground roads is increasingly by 
conveyor belts but also by electric or diesel 
trains with 30-t-capacity wagons or by dumper 
trucks with a hopper capacity of 40 t. For 
transportation by conveyor belt, the material 
must first be broken into suitably sized pieces. 

The network of roadways for conveying, 
traveling, and ventilation usually extends > 
100 km in large potash works. A radio com- 
munication system is generally used. 

Since the introduction of very heavy ma- 
chinery and diesel-powered vehicles, extra at- 
tention must be given to ventilation. Powerful 
fans supply fresh air at up to 30 000 m?/min. 
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In hoisting shafts, the skips have a capacity 
of up to 25 t. These operate automatically and 
supply large intermediate storage bins in the 
filling station, so that the continuously operat- 
ing manufacturing plants can be supplied with 
ore at a steady rate. Average daily throughput 
can be ca. 30 000 t of ore. 


Improvements in mining methods and the 
introduction of new techniques have enabled 
the output per worker underground to be in- 
creased considerably. In Germany during 
1965—1974 the output of potash ore increased 
by 20%, despite a > 50% reduction in the 
number of employees. 


52.4.2.3 Solution Mining 


Solution mining is an alternative to conven- 
tional mining for the extraction of potash ore. 
The advantages of this method are that the 
high expense of sinking a shaft is eliminated 
and reserves can be exploited where conven- 
tional mining is impossible (e.g., at great 
depth). Also, this method can be used where 
existing mine workings are available but con- 
ventional mining methods are no longer feasi- 
ble, even though extensive reserves may still 
exist. 


Since 1964, Kalium Chemicals in 
Saskatchewan has operated a plant in which 
brine extracted from a potash deposit at a 
depth of ca. 1500 m is used to produce very 
pure potassium chloride. The process is based 
on a series of patents [122], but details have 
not yet been published. Water or an unsatur- 
ated solution of potassium chloride is passed 
through a system of boreholes into the potash 
seam, which is 20-25 m thick; potassium 
chloride and sodium chloride are dissolved. 
The almost saturated solution is pumped to the 
surface and fed to the production plant. Rock 
salt above the potash seam is protected from 
dissolution by an oil or air cushion (see Figure 
52.1). The brine produced passes through mul- 
tiple-effect evaporators in which sodium chlo- 
ride crystallizes. Potassium chloride is then 
crystalized in a series of vacuum coolers 
[123]. 
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Figure 52.1: Solution mining: a) Overlying rock; b) Oil 
cushion; c) Partly unsaturated salt solution; d) Saturated 
salt solution; e) Cavity produced by dissolution; f) Potash 
deposit; g) Sodium chloride layer. 


In Utah (United States), where it was nec- 
essary to terminate a conventional mining op- 
eration due to severe geological and 
technological problems, operation was re- 
sumed in 1972 by using solution mining. 
Shafts and underground cavities were flooded, 
providing a route for the brine formed when 
water was fed in to dissolve the salt. The brine 
was passed into surface ponds where solar 
evaporation caused a mixture of potassium 
chloride and sodium chloride to crystallize, 
which was treated in a flotation plant to pro- 
duce 60 % K,O potassium chloride [124]. 


In Canada a conventional mining operation 
was also converted to the solution mining 
method after penetration of water led to com- 
plete flooding of the mine and forced opera- 
tions to cease. Water is. passed via boreholes 
into the flooded mine and is converted into a 
concentrated brine, which is withdrawn and 
cooled in a pond during the very cold Cana- 
dian winter. The potassium chloride that crys- 
tallizes is recovered and processed to give a 
salable product [125]. 


In the former German Democratic Repub- 
lic, extensive research into the solution mining 
of camallite or potassium chloride from car- 
nallitic deposits has been carried out. An ex- 
perimental plant with a KCl capacity of ca. 
50000 t/a was operated for a long period 
[126]. 
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52.4.3 Treatment of Potash Ores 


52.4.3.1 Intergrowth and Degree 
of Liberation [127,128] 


The salt minerals in potash ores are inter- 
grown to varying extents. Before the minerals 
can be separated and the useful components 
recovered, the ore must be sufficiently re- 
duced in size so that individual components 
are accessible to the processing method to be 
used. In the hot leaching process, sylvite is ex- 
tracted, and therefore it must first be liberated 
(i.e., it must not be occluded inside other min- 
erals). To achieve this, it is sufficient to break 
down the ore to a particle size of 4—5 mm or 
less. 

For the mechanical treatment processes 
Ge, flotation, electrostatic treatment, and 
gravity separation), liberation of the minerals 
must be complete (i.e., individual grains must 
consist as much as possible of pure minerals). 
The extent to which the minerals in the potash 
ore are intergrown can vary greatly from de- 
posit to deposit (see Figure 52.2), which 
means that the crude salt must be size-reduced 
to varying degrees before further processing. 

The degree of intergrowth of individual 
minerals can be determined by examination of 
a thin section. A photomicrograph shows the 
sizes and shapes of individual minerals in rela- 
tion to each other [129]. The disadvantage of 
this method is that a thin section gives only a 
two-dimensional view of a relatively small re- 
gion of the salt mineral, and a very small sam- 
ple of the substance is examined. The three- 
dimensional arrangement of minerals present 
and their distribution are not observed. For 
these reasons, and also because of the high 
cost of preparing thin sections, this method is 
now of only minor importance for the indus- 
trial processing of potash ores. 

More usually, the degree of liberation in 
size-reduced samples is determined. The de- 
gree of liberation of a mineral means the per- 
centage ratio of fully liberated mineral 
particles .to the total content of the mineral in 
the sample. 
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Figure 52.2: Thin sections of sylvinite ores. A) Coarsely 
intergrown (potash works in Lanigan, Canada); B) Finely 
intergrown (Kaliwerk Sigmundshall, Germany). 





Degree of liberation: 


7o Free mineral 
——————— AN 100% 
% Free + % Intergrown mineral 


The degree of liberation L depends not only 
on the grain size achieved by the grinding op- 
eration but also on the type of grinding. It can 
be given for particular ranges of grain size so 
that the way in which it depends on grain size 
can be determined, or it can be expressed as an 
average for the total sample (the integral de- 
gree of liberation Z). The arithmetic mean of 
the degree of liberation of each range of grain 
sizes is obtained from the following formula: 


“3 > Lipia: 
L= i=l 
100a 

where p, is the mass fraction of the ith size 
range in percent; a; the percentage of useful 
mineral in the ith size range; and a the percent- 
age of useful mineral in the total sample. 
Apart from the fraction of useful mineral a, 
which is determined by chemical analysis, the 
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liberated, nonintergrown fraction of useful 
mineral in each grain size range must be deter. 
mined. Two methods for doing this are possi- 
ble: 


e Visual estimation (by counting under the 
microscope) of the proportion of intergrown 
particles 


e Heavy-medium separation of the free or al- 

most free grains 

The first method is easy to apply to salt 
minerals because the intergrowth effects are 
readily recognized owing to the transparency 
of the grains. For coarse-grained materials 
such as those usually found in ground prod- 
ucts from coarsely intergrown potash ores, this 
process cannot be used. 


The separation of free or nearly free min- 
eral grains from a size fraction is carried out 
by using heavy liquids of appropriate density, 
such as tetrabromoethane-toluene mixtures. A 
float-sink separation is carried out to deter- 
mine the fraction of free mineral grains. This 
method cannot be used for salt particles with a 
grain size « 0.5 mm because of the agglomera- 
tion of fine grains. In this case, the method of 
counting under the microscope must be used, 
or the degrees of liberation of the coarser size 
ranges must be extrapolated. 


The results are expressed in liberation 
curves, which give the degree of liberation as 
a function of grain size (Figure 52.3). 
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Figure 52.3: Liberation curves of sylvinite ores: a) 
Coarsely intergrown sylvinite ore (from New Brunswick, 
Canada); b) Finely intergrown sylvinite ore (from a north 
German salt deposit). 
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52.4.3.2 Grinding [130,131] 


Potash salts are easily size-reduced. There- 
fore, fines may be formed, which can cause 
problems in later stages of processing. Great 
care must be taken in selection of the equip- 
ment for various stages of grinding. 

The maximum grain size to which the pot- 
ash ore is ground depends on the processing 
method used and the degree of intergrowth of 
the ore. For the hot leaching process, an upper 
grain size limit of 4—5 mm is adequate. For 
mechanical processing, the ore must be 
ground to a degree of liberation > 75%. For 
German sylvinite ores and hard salts, this is 
achieved by grinding to a maximum grain size 
of 0.8-1.0 mm. For the much coarser sylvinite 
ores of New Mexico, a maximum grain size 
limit of 2.4 mm is sufficient. The sylvinite 
ores of Saskatchewan are even more coarsely 
intergrown, so that size reduction to « 9 mm 
would give adequate liberation. However, 
such large crystals cannot be treated by con- 
ventional flotation, and the material is there- 
fore normally ground to « 2.3 mm. One large 
Canadian manufacturer produces a coarse 
crystalline product by grinding the potash ore 
to « 9 mm, removing grains « 1.7 mm, and 
treating this fine material by conventional flo- 


tation. The remaining fraction (1.7-9 mm) is. 


treated in a heavy-medium separation plant 
(see Section 52.11.5), giving a product with 
60% K,O (95 % KCl) and a size distribution of 
the granular commercial grade. 

The preliminary size reduction of potash 
ore is carried out by underground mobile 
crushers, usually in the vicinity of a mining 
operation. When the ore is mined by continu- 
ous mining this gives sufficient size reduction 
for it to go directly to the haulage line. Further 
size reduction to the grain size required for 
processing is carried out in two stages on the 
surface. An initial size reduction with impact 
or hammer mills is always carried out to pro- 
duce 4-12-mm particles, depending on the 
raw material and processing method to be 
used. A coarse grinding plant usually includes 
two grinding and screening stages (Figure 
52.4). 
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Potash 





To 
treatment plant 


Figure 52.4: Two-stage grinding system: a) Conveyor 
belt; b) Grid; c) First screening stage; d) First grinding 
stage; е) Second screening stage; f) Second grinding 
stage; g) Bucket elevator. 

The final fine grinding stage is carried out 
either by wet grinding in rod mills or by dry 
grinding with rollers or impact crushers (Fig- 
ures 52.5 and 52.6). Wet grinding with rod 
mills in a recirculating system with classifica- 
tion is standard for most flotation plants. Clas- 
sification is by spiral classifiers, vibrating 
Screens, curved screens, or cyclones. Wet 
screening produces only a small amount of 
fines and has the further advantage of provid- 
ing a scrubbing effect that facilitates the re- 
moval of clay from clay-bearing ores, a 
necessary step before the flotation process. 

г The production of a fine product by dry 
grinding is rarely used in flotation plants. It is 
indispensable as a preparation for electrostatic 
processing, which is not compatible either 
with the changes to the mineral surfaces 
caused by aqueous solutions or with excess 
moisture. The grinding operation must be car- 
ried out carefully to give a product low in 
fines. Roller mills and impact mills can be 
used. Roller mills have the disadvantage that 
throughputs are relatively low and mainte- 
nance costs are high. Although this was the 
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preferred method in the early days of electro- 
static processing owing to its gentle grinding 
action, it has now been largely replaced by im- 
pact grinding, which is also used for size re- 
duction of the middle product from 
electrostatic separation [132]. 

Run-of-mine ore 





+1.5іп (38mm) 











-15in (38 mm) 


Hammer mill crusher 


+0.5in (13mm) 


-0.5in [13 тт) 





Storage bin 


+8 mesh (2.4mm) 


-Bmesh (2.4 mm) 


Flotation 


Figure 52.5: Wet grinding and screening of coarsely in- 
tergrown potash ore for flotation [83]. Reprinted with per- 
mission of the Society for Mining, Metallurgy, and 
Exploration, Inc. 
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Figure 52.6: Dry grinding and screening of coarsely in- 
tergrown potash ore flotation [83]. Reprinted with permis- 
sion of the Society for Mining, Metallurgy, and 
Exploration, Inc. 


52.4.4 Potash-Magnesia 


Crops sensitive to chloride can be fertilized 
with potassium sulfate alone or by fertilizers 
containing the sulfates of potassium and mag- 
nesium. These consist either of a mixture of 
the two sulfates or of the double sulfates 
schónite, leonite, or langbeinite in dehydrated 
form. 


Formerly, large quantities of a mixture of 
fine-grained potassium sulfate and kieserite 
were marketed under the name potash-mag-— 
nesia (К,О: 27-30%, MgO: 9-12 %). This has 
since been almost completely replaced by a 
granulated potash magnesia fertilizer, which is 
produced by first mixing potassium sulfate 
and kieserite at 95 *C with hot synthetic lang- 
beinite. The hot mixture is granulated in a 
drum granulator, and the product is quickly 
cooled to < 60 °С. It contains 29-30% K,O 
and 10% MgO. 
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Langbeinite from the potash deposits in 
Carlsbad, New Mexico (United States), can be 
used in the pure state directly as a potash mag- 
nesia fertilizer. Crude langbeinite also con- 
tains halite and varying amounts of sylvite, 
and the method of purification utilizes the low 
rate of dissolution of langbeinite in water. If 
the sylvite content is low, the potash ore is first 
ground to « 6 mm and then simply washed 
with water to dissolve the halite. Тһе lang- 
beinite that remains is dried and screened to 
obtain the commercial size gradings. For 
higher sylvite content, an additional stage is 
required to separate the components by a com- 
bination of gravity separation and flotation. 
The langbeinite produced has a K,O content 
of 20-22% and an MgO content of 18-19%, 
and is marketed as Sulpomag or K-Mag. 


52.4.5 Production of Potassium 
Salts from Other Raw Materials 


Potassium salts occur not only in salt de- 
posits, but also in solution in many types of in- 
land lakes and in seawater. Where the 
concentration of the salt solution is high 
enough and the climatic and topographical 
conditions are suitable, potassium chloride or 
potassium sulfate can be produced by solar 


evaporation. Typical analyses of some of the: 


more important sources are listed in Table 
52.6. 

Table 52.6: Composition of some natural brines com- 
pared with seawater (in 76). 

Wendover Great Salt 





Dead Sea brine Lake Seawater 
K* 0.6 0.6 0.7 0.04 
Na* 2.9 9.4 76 1.08 
Mg” 3.4 0.4 1.1 0.13 
Са” 1.3 0.016 0.04 
Cr 17.0 16.0 14.1 1.94 
SO; 0.04 0.2 2.0 0.27 
Br 0.5 0.01 0.006 
HO 74.3 73.3 74.5 96.5 





52.4.5.1 The Dead Sea 


Potash production by solar evaporation be- 
gan at the northern end of the Dead Sea in 
1931. Later, production switched to the south- 


2153 


ern end but was interrupted by the war of 
1947—1948. In 1952, potash production was 
resumed in Sodom by the Israeli State Dead 
Sea Works. The capacity was built up in sev- 
eral stages and now amounts to » 2 x 10 t of 
potassium chloride in all the usual commercial 
grades [260, 261]. 


Brine from the lake is concentrated in evap- 
oration ponds with a total area of са. 90 km), 
from which the crystallized salts are’ recov- 
ered. Most of the dissolved sodium chloride 
separates out first in the primary evaporation 
ponds. A mixture of carnallite and sodium 
chloride then crystallizes in the main produc- 
tion ponds. This is removed as a suspension by 
suction dredgers and pumped to the works 
where the crystals are filtered off and treated 
by the carnallite cold decomposition process. 
Most of the resulting NaCI-KCl mixture is 
then treated in a hot leaching plant, where po- 
tassium chloride with > 60% К,О is produced 
in crystallizers. Part of the crop of crystals 
from the main production ponds is treated by a 
cold crystallization process developed by the 
Dead Sea Works. This decomposition process 
directly yields a product containing > 60% 
K,O. 

A potash works was started by the Arab 
Potash Co. in 1982 on the southeast bank of 
the Dead Sea near Safi, Jordan. Evaporation 
and carnallite production are carried out in a 
pond system with a total area of 100 km?. The 
process resembles that of the Dead Sea Works. 
Magnesium chloride is removed from carnal- 
lite in a cold decomposition process, and the 
salt mixture formed is then treated in a hot 
lédching plant to give potassium chloride 
[260, 262]. 


52.4.5.2 The Great Salt Lake [263] 


The Great Salt Lake is the result of the 
shrinkage by evaporation of the former Lake 
Bonneville and lies in the eastern part of the 
basin. It has a high salt content and is the rea- 
son for the existence of several plants that pro- 
duce sodium chloride and, since 1968, 
potassium salts. 
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At the western end of the Great Salt Lake, 
in the Great Salt Lake Desert near Wendover, 
are the Bonneville Salt Flats. Here, under a 
salt crust, are porous sediments containing 
brines, which are regenerated by water from 
atmospheric precipitation. Potassium chloride 
has been produced from these brines since 
1937. They are collected by a system of 
ditches and evaporated in ponds. A mixture of 
potassium and sodium chloride crystallizes, 
from which potassium chloride is obtained by 
flotation [264]. 

Unlike the Wendover brines, the Great Salt 
Lake brines contain considerable amounts of 
sulfate (see Table 52.6). The process used in 
Wendover cannot therefore be used here. The 
opportunity exists of obtaining substantial 
quantities of valuable potassium sulfate rather 
than potassium chloride, which has been car- 
ried out since 1970 in the Great Salt Lake 
Minerals & Chemicals Corporation (GSLM & 
CC) plant at Ogden on the east bank. Sodium 
chloride is first crystallized in the 56-km? 
pond system until the solution is saturated in 
potassium salts. Further solar evaporation then 
takes place in the main production ponds, pro- 
ducing a mixture containing varying propor- 
tions of kainite, carnallite, and schónite, with 
small amounts of sodium chloride [265]. This 
mixture is converted into schGnite in the plant 
by treatment with recycled process brine. The 
sodium chloride that is not dissolved by this 
reaction must be removed before further treat- 
ment. This is carried out by flotation of a side 
stream [180]. Schónite is then decomposed by 
water, which produces very pure potassium 
sulfate. The brine from this decomposition 
stage has a high potassium content and is recy- 
cled to the first stage of the process. The brine 
produced by the reaction at this stage is recy- 
cled to the evaporation pond. The sulfate con- 
tent of the main crop of crystals is higher than 
the potassium content, so that further potas- 
sium sulfate can be produced by addition of 
potassium chloride from an external source 
[266]. 

The level of the Great Salt Lake increased 
so much during the 1970s and 1980s that the 
pond system of the Great Salt Lake Minerals 


Handbook of Extractive Metallurgy 


& Chemicals Corporation (GSLM & CC) 
overflowed during 1984, and production had 
to stop [267]. The lake level then fell, the pond 
system was reinstated, and production started 
again in 1989. 


52.4.5.3 Searles Lake [268] 


In Trona, on the northwest bank of the al- 
most dry Searles Lake, brines are obtained that 
contain not only sodium and potassium chlo- 
rides, but also considerable quantities of sul- 
fate, carbonate, and borate ions. Recycled 
process brines are first added, and evaporation 
produces sodium chloride and the double salt 
burkeite, Na,CO,-3Na,SO,. Potassium chlo- 
ride is obtained by vacuum cooling of the po- 
tassium- and borate-containing mother liquor. 
Part of the chloride is reacted with part of the 
burkeite to form glaserite, Na,SO,-3K,SO,, 
an intermediate stage in potassium sulfate pro- 
duction. Another reaction used for potassium 
sulfate production is that of potassium borate 
in the end brines with sulfuric acid, to form 
potassium sulfate and boric acid: 


Kale BO + 6H,O + H,SO, — K,SO, + 10H,BO, 


52.4.5.4 Other Sources 


In addition to the sources mentioned under 
potassium sulfate, other salt lakes exist whose 
potassium content would appear to offer the 
possibility of extracting potassium salts. In 
1969 at Lake McLeod in Western Australia, a 
works produced langbeinite, K,SO,-2MgSO,, 
for a short period of time but ceased opera- 
tions for unknown reasons. In China, in the 
Qinghai Province, potassium chloride produc- 
tion has been carried out for several years at 
Tsarhan Lake by using solar evaporation. 
Large increases in production are planned 
[269]. 

Seawater has a low potassium content (Ta- 
ble 52.6) so that economical extraction of po- 
tassium salts is not possible. The production of 
sea salt by solar evaporation in salt gardens 
yields residual brines with increased potas- 
sium content. In some places (e.g., India), 
small quantities of low-percentage potassium 
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salts are produced from these bitterns. How- 
ever, economical production of potash fertiliz- 
ers of marketable quality is not possible from 
the amounts of mother liquor available from 
even the largest sea salt producers. 


52.5 Production of the Metal 


Potassium was first obtained by H. DAvv in 
1807 by electrolysis of potassium hydroxide. 
Historically, Degussa operated an electrolytic 
process developed in the 1920s with an elec- 


trolyte of 66% KOH, 19% K,CO,, and 15% 


KCl. Later, use was made of a salt mixture 
(melting point approximately 600 °C) of po- 
tassium chloride and potassium fluoride with a 
few percent of potassium carbonate [4]. Ap- 
plication of the Down's electrolytic sodium 
process to produce potassium has not been 
successful. 

On the laboratory scale, potassium can be 
prepared using the following reactions: 


heat 
K,CO,+2C ә 3CO-«2K 
heat 
2KC1+CaC, ә CaCl,+2C+2K 


heat 
2KN, ә 3N,1+2K 


However, these reactions are not easily adapt- 


able to a commercial scale. : 

Currently in industry, chemical reduction is 
preferred over electrolytic processes for potas- 
sium production. Mine Safety Appliances 
Company (MSA, USA) developed a reduction 
process using sodium and KC] to produce po- 
tassium metal in the 1950s at Callery, Pennsyl- 
vania [5]. 


KCI + Na = К + NaCl 


The technology is based on the rapid equi- 
librium established between sodium, potas- 
sium, potassium chloride and sodium chloride 
at high temperatures. The equilibrium shifts to 
the product side when potassium is removed 
continuously by distillation through a packed 
column. This process can produce high purity 
potassium metal. Appropriate adjustments of 
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conditions give a wide range of potassium-so- 
dium alloys of specified compositions. 


The commercial production equipment 
consists of a furnace, heat-exchanger tubes, a 
fractionating column packed with Rachig 
rings, a KCl feed, a waste-removal system, 
and a vapor-condensing system (see Figure 
52.7). 


Air 






KCL melt 
| 9 2 





US f 

Figure 52.7: Commercial production of potassium: a) 
Packed column; b) Trap; c) Furnace; d) Condenser; е) Re- 
flux; D Electromagnetic pump. 

During operation, KCl is melted and intro- 
duced through a trap to the column. Molten 
sodium is fed to the bottom of the column. The 
lower portion of the column serves as a reactor 
whereas the upper portion is a fractionator. Po- 
tassium vapor is fractionated and condensed in 
an air-cooled condenser with the reflux 
pumped back to the top of the column. Waste 
sodium chloride is continuously removed 
from the bottom of the column through a trap. 


52.6 Analytical and Test 
Methods 


The only major impurity in potassium 
metal is sodium. Potassium's purity can be ac- 
curately determined by a melting point test 
(Figure 52.8) or atomic absorption after 
quenching with alcohol and water. Traces of 
nonmetallic impurities such as oxygen, car- 
bon, and hydrogen can be determined by 
chemical and physical methods [7]. 
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52.7 Economic Aspects 


Total U.S. production of potassium is less 
than 500 metric tons per year. There are few 
commercial producers worldwide, although 
some companies produce potassium for their 
own needs. The more prominent producers are 
Callery Chemical Company (a division of 
Mine Safety Appliances Company), USA, and 
China. Potassium may be manufactured in 
Russia as well. Strem Chemicals (USA) sup- 
plies small quantitiesin ampoules. 

Prices (1996) are as follows: 

Bulk potassium $40—60/kg 
As NaK (78% K) $15—30/kg 

Potassium up to 99.99 % purity can be pro- 
duced by zone refining or further distillation 
of commercial potassium. Technical grade po- 
tassium (minimum 99% purity) is packaged 
under nitrogen. 


52.8 Health and Safety 
Factors 


Reactions of potassium with water and ox- 
ygen are violent to explosive, therefore safe 
handling is a concern. Potassium oxidizes 
slowly in air at room temperature, but it usu- 
ally ignites if molten potassium sprays into the 
air. The peroxide and superoxide products 
may explode in contact with free potassium 
metal or organic materials including hydrocar- 
bons. Thus, packaging under oils is less desir- 
able than packaging with inert cover gas or 
vacuum because potassium can react with en- 
trapped air in oils to form superoxide. The in- 
crustation of potassium with superoxide (as a 
yellow crust) developed during storage has 
been known to detonate by friction from cut- 
ting. Potassium incrusted with peroxide and 
superoxide should be destroyed immediately 
by careful, controlled disposal [8]. 

Potassium forms corrosive potassium hy- 
droxide and liberates explosive hydrogen gas 
upon reaction with water and moist air. Air- 
borne potassium dusts or potassium combus- 
tion products attack mucous membranes and 
skin causing burns and skin cauterization. In- 
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halation and skin contact must be avoided, 
Safety goggles, full face-shields, respirators, 
leather gloves, and fire-resistant clothing and 
a leather apron are considered minimum 
safety equipment. 

Steam treatment of equipment under nitro- 
gen or argon may be used to destroy potassium 
residues. It is imperative that equipment be de- 
signed to permit substantially complete drain- 
age of potassium metal prior to steam 
cleaning. Precautions must also be taken to 
avoid hydrogen—air explosions by using an in- 
ert cover gas. Small quantities of the metal can 
be safely destroyed under nitrogen by adding 
tert-butanol or high boiling alcohols, followed 
by methanol and then water. The caustic aque- 
ous potassium waste should be disposed of in 
compliance with local regulations. 


Fire Fighting. Potassium metal reacts vio- 
lently with water releasing flammable, explo- 
sive hydrogen gas. Dry soda ash, dry sodium 
chloride, or Ansul's Met-L-X should be used 
to extinguish potassium or potassium alloy 
fires. Water, foam, carbon dioxide or dry 
chemical fire extinguishers should never be 
employed. A NIOSH/MSHA approved self- 
contained breathing apparatus with full face- 
piece operated in a positive pressure mode and 
full protective clothing should be worn when 
removing spills and fighting fire. 


Packaging and Shipping. Potassium of 98- 
99.5% purity is supplied in carbon steel or 
stainless steel drums and cylinders under ni- 
trogen cover. Sodium-potassium alloy is 
shipped in carbon or stainless steel containers 
(3, 10, 25, 200, 750 Ibs) with dip-tubes and 
valves. Commercially, the eutectic composi- 
tion of 78% K, 22% Na (melting point of — 
12 *C) is most commonly handled, but other 
ratios of sodium and potassium are available. 


Transport regulations are as follows [6]: 





Metal/alloy Identification number 
Potassium UN 2257 
Potassium-sodium alloys UN 1422 


Potassium and the alloys are classified as 
“water-reactive” (Hazard Class 4.3) by U.S. 
Department of Transportation regulations. A 
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blue background label with a "Flame" picto- 
gram, the words "dangerous when wet", and 
the number 4 are required for ground transpor- 
tation. The words “dangerous when wet" are 
omitted for air and ocean shipment labels. 
Quantities less than 1 kilogram may be 
shipped via United Parcel Service (UPS), 
packaged in mandatory exemption packaging 
specified in UPS's Guide for Shipping Ground 
and Air Hazardous Materials (1995). Larger 
quantities are shipped in DOT Specification 
4BW240 cylinders via common carrier, regu- 
lated under 49 CFR. Air shipments are re- 
stricted to cargo air craft only, 15 kg (max.) 
and packaged under packing instruction 412 
of IATA "Dangerous Goods Regulations" 
(37th ed., 1996) or ICAO "Technical Instruc- 
tions for the Safe Transport of Dangerous 
Goods by Air" (1995-1996). 


529  Potassium-Sodium 
Alloys 


Potassium-sodium alloys represent a com- 
mercial use for direct reaction of potassium 
metal. The alloys (called NaK alloy or “nack” 
in the USA) are liquid at ambient temperature 
over the weight percent range of 40-90% po- 


tassium (Figure 52.8). The physical properties. 


such as excellent thermal and electrical con- 
ductivities combined with the wide range of 
compositions in a liquid state, render the al- 
loys ideal for use as heat-exchange fluids [17— 
19], cooling liquids in hollow valve stems 
[20], contact liquids for high temperature ther- 
mostats and homopolar generators, and hy- 
draulic fluids [21]. Potassium or potassium- 
sodium alloys had been used as working fluids 
on a power plant topping cycle during the 
1940s and 1950s. 


Potassium alloyed with other metals gener- 
ates compounds of lower reactivity than potas- 
sium metal. Most intermetallic compounds are 
less ductile than the pure metal. Another low 
melting alloy of interest is a ternary eutectic 
(3% Na, 24% K, 73% Cs) which melts at 
—76 °С. 


2157 


= 
о 
о 


C 97.81°С 






+ O со 
со о c 


Melt + Ма 


Temperature, °C 
N 
о 


-20 

0 20 40 60 80 100 
Potassium content, % ——» 

Figure 52.8: Sodium-potassium thermal equilibrium dia- 

gram [22]. 

The eutectic at 77.8% potassium has a 

freezing point of —12.56 °С. The physical 
properties of NaK are listed below [2]: 


Composition 78 % К, 22% Na 
Melting point ~12.6 °С 
Boiling point = 785 °С 
Density at 20 °С 0.867 g/cm? 
100 °C 0.855 
550 “С 0.749 
Electrical resistance at -12.6 °C 33.5 Qem 
20 °C 38.0 
Thermal conductivity at 20 °С. 2.18 x 10?Wnr'!K"! 
550 °C 2.62 x 10? 
Specific heat at 212.6 °C 0.9751g ^! K“! 
100 °C 0.937 


The liquid NaK alloy, usually used as a dis- 
persion and on an inert support, provides a 
more reactive surface area than either potas- 
sium or sodium metal alone, thus enhancing 
its reactivity and permitting reaction to pro- 
ceed at low temperatures (e.g., -12 °C). NaK 
alloys are suitable for chemical reactions in- 
volving unstable intermediates such as carb- 
anions and free radicals. 

, „МаК alloys have been used successfully in 
the following applications: side-chain alkyla- 
tion of toluenes and xylenes [23], isomeriza- 
tion of a-olefins to internal olefins [24, 25], 
free-radical [26] and condensation [27—30] 
polymerization, reduction of metal halides to 
highly reactive metal powder [31], reduction 
of organic functional groups such as arenes, 
ketones, aldehydes and alkyl halides [32, 33], 
cleavage of functional groups containing C— 
X, C-O, O-S bonds [34—38], interesterifica- 
tion of tallow with cotton seed oil to improve 
ihe pour and clarification temperatures [39, 
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40], and impurity scavenging of acetylenic 
and allenic contaminants [41]. 


52.10 Uses 


The understanding of potassium chemistry 
has been greatly expanded over the last 30—40 
years [9—16] and has led to numerous impor- 
tant industrial applications. Potassium, potas- 
sium-sodium alloys, and potassium 
derivatives (alkoxides, amides, and hydride) 
are extensively used both industrially and aca- 
demically, to synthesize organic and inorganic 
materials. Some key applications are high- 
lighted in the following sections. 


52.10.1 Potassium Bases 


Potassium bases are prepared synthetically 
by reaction of the metal with alcohols and 
amines. 


Potassium Alkoxides. The most widely used 
potassium bases are potassium tert-butoxide 
(KTB) and potassium tert-amylate (KTA). 
These strong alkoxide bases offer such advan- 
tages as base strength (pK, 18), solubility (Ta- 
ble 52.7), regio- and stereo-selectivity (due to 
the bulky tert-alkyl groups), and stability (be- 
cause of the lack of a-protons). Solid КТВ 
and KTA have long shelf lives under an inert 
atmosphere. 


Table 52.7: Solubilities of КТА and КТВ at 25 °C (95). 





Solvent KTA KTB 
Tetrahydrofuran >50 44 
2-Methoxyethyl ether 47 42 
tert-Butyl methyl ether = 30 2.0 
Toluene 36 2.3 
Cyclohexane 27 0.4 
Hexane 30 0.3 





KTB and KTA are superior to alkali metal 
hydrides for deprotonation reactions because 
they have good solubilities, produce no hydro- 
gen, and leave no oil residue. Furthermore, re- 
actions of KTA and KTB can be performed in 
hydrocarbon solvents as sometimes is re- 
quired for mild and nonpolar reaction condi- 
tions. Potassium alkoxides [42] are used in 
large quantities for condensation, esterifica- 
tion, transesterification, isomerization and 


Handbook of Extractive Metallurgy 


alkoxylation reactions. In combination with 
butyl lithium, KTB or KTA acts as a “super- 
base” forming potassium carbanions [13, 43], 


Potassium Amides. The strong, extremely 
soluble, stable and non-nucleophilic potas- 
sium amide base, potassium hexamethyldisi- 
lazane (KHMDS), KN[Si(CH3)4]; (pK, 28), 
was recently commercialized [44]. Available 
in both THF and toluene solutions, KHMDS is 
ideal for regio- and stereo-specific deprotona- 
tion and enolization reactions. It has demon- 
strated benefits for reactions involving kinetic 
enolates [45], alkylation and acylation [46], 
Wittig reaction [47], epoxidation [48], Ire- 
land-Claison rearrangement [49], isomeriza- 
tion [50], Darzen reaction [51], Dieckmann 
condensation [52], cyclization [53], chain 
[54]/ring expansion [55], and elimination 
[56]. 

Potassium 3-aminopropylamide, (KAPA), 
KNHCH,CH,CH,NH, (pK, 35), can be pre- 
pared by the reaction of 1,3-diaminopropane 
with potassium metal or potassium hydride 
[57—59]. КАРА powder has been known to 
explode during storage under nitrogen in a 
drybox, and is therefore made in situ. KAPA is 
extremely effective in converting an internal 
acetylene or allene group to a terminal acety- 
lene [60]. 


52.10.2 Potassium Graphite (C,K) 


Potassium, rubidium, and cesium react with 
graphite and activated charcoal to form inter- 
calation compounds: С,М, CM. C4,M, СМ 
and СМ [61, 62]. Gold colored flakes of po- 
tassium graphite, C,K, are prepared by mixing 
molten potassium with graphite at 120—150 °C 
under an inert atmosphere. 


Potassium graphite is a powerful solid re- ~ 


ducing agent because of the free electrons 
from the ionized potassium trapped inside the 
graphite lattice. In packed columns or beds, it 
can effectively eliminate undesired organic 
contaminants such as halogenated hydrocar- 
bon impurities from gas streams and liquid so- 
lutions. The scope of its reducing reactions 
include [61]: Birch-type reactions of æ- and B- 
unsaturated ketones, carboxylic acids, and 
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Schiff’s bases; reductive cleavage of vinylic 
and allylic sulfones; selective alkylation of ali- 
phatic esters, imines, and nitriles; and reduc- 
tive decyanation of nitriles. Potassium 
graphite has been used to prepare active met- 
als supported on graphite [62]: Zn—Gr for Re- 
formatsky reactions, Sn-Gr for allylic 
organometallics, Ti-Gr for coupling carbonyl 
compounds, Fe-Gr for debromination, Pd-Gr 
for vinylic and allylic substitution, and Pd—Gr, 
Ni-Gr for hydrogenation, etc. Potassium 
graphite has also been applied in polymeriza- 
tion reactions [63]. 


52.10.3 Potassium Hydride 


Potassium hydride, KH is made from reac- 
tion of molten potassium metal with hydrogen 
at about 200 °C or at lower temperatures with 
a catalyst [64]. Pressure Chemical Company 
(USA) is a major supplier of KH in an oil dis- 
persion. KH is much more effective than NaH 
or LiH for enolization reactions [65]. KH used 
as a base and nucleophile is reviewed else- 
where [66]. 


A noteworthy development is the use ‘of 
KH for complexing alkylboranes and alkoxy- 
boranes to form mild reducing agents used in 
the pharmaceutical industry. Potassium tri- 


sec-butylborohydride, KB[CH(CH,)C,H,],H - 


and potassium tri-sec-amylborohydride 
KB[CH(CH,)CH(CH,),],H are made by com- 
plexing KH with tri-sec-butylborane and tri- 
sec-amylborane respectively. Potassium tri- 
iso-propoxyborohydride.can be made by the 
reaction of KH with isopropyl borate [67]. 


The potassium trialkylborohydrides find a 
variety of uses as selective reducing agents 
[68]. Because of their bulky nature, they ex- 
hibit high stereoselectivity in the reduction of 
hindered cyclohexenones [69]. Regioselec- 
tive reduction of unsymmetrical cyclic anhy- 
drides by  trialkylborohydrides delivers 
lactones [70]. Potassium tri-sec-butylborohy- 
dride cleanly reduces о- and B-unsaturated 
enones in a 1,4-addition to give ketones [71]. 
In addition, potassium trialkylborohydrides 
and potassium  triisopropoxyborohydride 
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have been used in organometallic synthesis 
[72]. 


52.10.4 Potassium Superoxide 


Potassium, rubidium and cesium form su- 
peroxide (MO,) upon oxidation by oxygen or 
air. However, sodium gives the peroxide, 
Na,O,, while lithium yields the oxide, Li,O, 
when oxidized under comparable conditions. 
Mine Safety Appliances Company first devel- 
oped potassium superoxide (KO,) for use as 
an oxygen source in self-contained breathing 
equipment since it liberates oxygen in contact 
with moisture and carbon dioxide [73]. 


The unique chemical behavior of KO, is a 
result of its dual character as a radical anion 
and a strong oxidizing agent [74]. The reactiv- 
ity and solubility of KO, is greatly enhanced 
by a crown ether [75]. Its usefulness in fur- 
nishing oxygen anions is dernonstrated by its 
applications in SN,-type reactions to displace 
methanesulfonate and bromine groups [76], 
the oxidation of benzylic methylene corn- 
pounds to ketones (77], and the syntheses of 
a-hydroxyketones from ketones [78]. 


52.11 Potassium Chloride 


Potassium chloride, KCl, mineral name 
sylvite, forms colorless nonhygroscopic crys- 
tals. It occurs in many salt deposits (see Sec- 
tion 52.4.1.2) mixed with halite and other salt 
minerals. Natural sylvite is usually opalescent 
or milky white, as are crystals obtained from 
an aqueous solution. Sylvite is often colored 
red by hematite. With magnesium chloride it 
forms the double salt carnallite, KCl-MgCl,- 
6H,O, which is also commonly found in salt 
deposits. Potassium chloride is produced in 
large quantities from mined potash ores and 
from salt-containing surface waters. More 
than 90% of the potassium chloride produced 
is used in single- or multi-nutrient fertilizers, 
either directly or after conversion to potassium 
sulfate. The remainder has various industrial 
uses and is the raw material for the manufac- 
ture of potassium and its compounds. 
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52.11.1 Properties 


Potassium chloride crystallizes in the cubic 
system, usually as actual cubes. Some physi- 
cal properties described are as follows: 


Melting point 771 °C 

Crystal system and type cubic, 0? 
Refractive index ng? 1.4903 ; 
Density 1.987 g/cm? 
Specific heat c, 693.7 Jkg ^K"! 
Heat of fusion 337.7 kJ/kg 
Enthalpy of formation DHO —436.7 kJ/mol 
Entropy SO 82.55 mo! K! 


Dielectric constant (at 106 Hz) 4.68 
Thermal coefficient of expansion 

(15-25 *C) 33.7 x 10% kK"! 
Solubilities in water at various temperatures 
appear in Table 52.8, and the phase diagram of 
the system КСІ-Н,О is shown in Figure 52.9. 
Table 52.8: Solubility of potassium chloride in water 
(G/100 в) [94]. 


Temperature, Temperature, 










°С Solubility ec Solubility 
0 28.1 60 45.9 
10 31.2 70 48.6 
20 34.2 80 51.3 
30 37.2 90 53.8 
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50 43.1 
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Figure 52.9: Solubility curves for potassium chloride in 
water. E = cryohydric point: Ice-potassium chloride solu- 
tion. 


In the system KCL HO. the only solid 
phases formed are КСІ and ice. The cryohy- 
dric point (ісе + KCI) is —10.7 °C (29.7 mol 
K,C1,/1000 mol H,O). The boiling point of the 
saturated solution at 1.013 bar is 108.6 °С 
(71.6 mol К,С1,/1000 mol HO). 
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52.11.2 Production by 
Crystallization from Solution. 


52.11.2.1 Phase Theory 


The salt deposits were formed by the evap- 
oration of seawater, which contains the princi- 
pal ions Na", Kr, Mg”, Ca”, СГ, and 502, 
With water, these ions constitute а six-compo- 
nent system. The concentration of Ca% in the 
most interesting region of the system is negli- 
gibly small, so that the system reduces to qui- 
nary. It is nevertheless very complicated with, 
23 different salts being formed between 0 and 
100 ?C, depending on the temperature and the 
ratio of concentrations of the components. 

Understanding how the salt deposits were 
formed and how they behave in dissolution 
processes requires knowledge of the solution 
equilibria. 

The theoretical foundations for this were 
laid by van’t Horr et al., who between 1896 
and 1906 investigated the formation of oce- 
anic salt deposits [133]. Many investigators 
have continued this work up to the present. 

J. D’ Ans critically evaluated all published 
data up to 1933, expressing his results in 
graphical form [134]. In the same book, he de- 
scribed experimental methods for determining 
solution equilibria and gave recommendations 
for the graphical representation of experimen- 
tal results [135]. 

Much of the equilibrium data published up 
to 1967 are given in [136, 137]. 

In the years following World War П, in the 
Kaliforschungs-Institut (Potash Research In- 
stitute) of Hannover, AUTENRIETH carried out 
comprehensive and detailed research into the 


stable and metastable equilibria of most rele- 


vance to potash production (especially from 
hard salt), giving the results in a form suitable 
for practical application [138—144]. 

The intensive investigations carried out 
into the quinary system make it the most thor- 
oughly investigated system with more than 
four components. However, only parts of the 
system that are of most relevance to potash 
production have been thoroughly investigated. 
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An obstacle in the application of equilibrium 
data to practical problems is that such a com- 
plex system is very difficult to represent in a 
two-dimensional diagram. However, by fixing 
parameters, working with projections on a 
plane, and using diagrams showing lines of 
constant parameters, even nonexperts can 
work with them. : : 

The best-known region is that in which the 
solutions are saturated with sodium chloride. 
This is also the most important region for po- 
tassium chloride manufacture, both by the hot 
leaching process and by flotation, because in 
both cases a solution saturated with sodium 
chloride is used. The most important part of 
the so-called NaCl saturation space at 25 °C 15 
shown in Figure 52.10 as a three-dimensional 
view. 
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Figure 52.10: Three-dimensional view of the quinary sys- 
tem (saturated with NaCl) at 25°C with 0-65 mol 
MgC1/1000 mol H,O showing stable and metastable re- 
gions. 

Each point in the interior of this space cor- 
responds to a solution saturated with NaCl, in 
which the concentrations of MgCl, KCL, 
and MgSO, are given by the distance of the 
point from the axes. For practical reasons, the 
concentration figures are given in moles per 
1000 mol of Н,О, and the concentrations of 
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KCl and NaCl are given in double moles. If 
one or more of the salt concentrations in- 
crease, and if the saturation concentration of 
another salt is exceeded, this salt separates 
out. Its identity depends on the concentration 
ratio in the solution. Such two-salt solutions 
(saturated with two salts) lie on two-salt sur- 
faces, which form the boundaries of the satu- 
ration space. Of the twelve other salts whose 
saturation spaces form the boundary of the 
NaCl saturation space, seven сап be seen on 
the figure because their two-salt surfaces lie in 
the concentration range of Figure 52.10. 

The KCI-NaCl two-salt surface on the 
front side of Figure 52.10 is of special signifi- 
cance for the potash industry, because it al- 
lows solutions to be made up that are saturated 
with both salts at 25°C. Such solutions are 
important in the treatment of sylvinitic potash 
Ores. 

In many instances, a salt does not crystal- 
lize spontaneously when its concentration ex- 
ceeds that indicated on a two-salt surface. 
Instead, highly supersaturated solutions are 
formed, which can remain stable for hours or 
days, depending on temperature and composi- 
tion. These supersaturated solutions are 
termed metastable. They become stable satu- 
rated solutions by crystallization of a salt. In 
Figure 52.10, continuations of the stable ` 
schónite-NaC] two-salt surface to the right 
and left into the unstable region are shown as 
broken lines. In potash manufacture, stable so- 
lution equilibria are seldom attained. This is 
particularly true for bard salt processing in 
which NaCl-saturated solutions with high 
‘MgSO, content often lead to the undesired 


‘crystallization of double sulfates such as 


schónite, leonite, langbeinite, and glaserite. 


‚ Неге, the rates of dissolution, nucleation, and 


crystallization of these salts as a function of 
temperature and composition of the solutions 
are especially important [142—144]. 

For practical application of equilibrium 
data, the boundary surface of the NaCl satura- 
tion space is projected, for example, in the di- 
rection of the К,СІ, axis in the MgSO,-MgCL, 
plane. In Figure 52.11, the two-salt surface 
iNaCI-KCI for the stable and metastable 25 °C 
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isotherm is shown. The indicated К,СІ, and 
Na Cl, lines of constant concentration enable 
the complete composition to be read off for 
each of the solutions shown here. By using 
this diagram, the dissolution and crystalliza- 
tion processes possible in this part of the qui- 
nary system can be described quantitatively. 
To control the crystallization of potassium 
chloride from 90 °C solutions in an industrial 
plant, for example, the most important bound- 
ary surfaces of the 90 °C isotherm of the sys- 
tem (Figure 52.12) are additionally required. 
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Figure 52.11: 25 °C isotherms of the quinary system satu- 
rated with NaCl. Stable (—) and metastable (-—) sur- 
faces saturated with KCl and NaCl. Concentrations of 
KCl, (—) and Na,Cl, (———) are indicated by lines of 
equal concentration. 
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Figure 52.12: 90 °C isotherms of the quinary system satu- 
rated with NaCl. Stable (—) and metastable (-——) sur- 
faces saturated with KCl and NaCl. Concentrations of 
KCL (—) and Na,Cl, (—-) are indicated by lines of 
equal concentration. 
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If any of the components of the quinary 
system are present in such small quantities 
that they have a negligible effect on the pro- 
cess, the mathematical treatment can be sim- 
plified by dealing only with the remaining 
subsystem. The following subsystems are of 
importance: 


e Na‘, K*, Mei", СГ, and H,O with NaCl sat- 
uration (see Figure 52.19) for the conver- 
sion of carnallite into potassium chloride 
and bischofite 


e K*, Mg”, СГ, and H,O (see Figure 52.18) 
for the decomposition of carnallite 

e Na*, K*, СГ, and H,O [135] for the selective 
dissolution of NaCl (e.g., from crystalline 
product obtained from hard salt in the hot 
leaching process) 

e K*, Mg”, СГ, SO?, and HO [139] for the 
production of potassium sulfate and potash- 
magnesia 

e Na*, Mg”, СГ, SO}, and H,O [135] for the 
production of thenardite or Glauber's salt 


52.11.2.2 Hot Leaching Process 


The hot leaching process is the oldest in- 
dustrial process used to produce potassium 
chloride from potash ore. It was first used in 
1860 in Stassfurt and since then has been de- 
veloped further in Germany, where it is still 
the dominant process. It is especially suitable 
for treating very finely intergrown ores or ores 
that contain other salt minerals or insoluble 
minerals in addition to the sylvite and halite. It 
enables a high-purity product with a uniform 
grain size to be produced. In many plants, es- 
pecially in Canada, where flotation is the main 
production process, small hot leaching plants 


are also operated, in which the product fines ~ 


(< 0.2 mm) are recrystallized, or potassium 
chloride is extracted and crystallized from the 
flotation residues or thickened clay slurries. 
These procedures give a considerable im- 
provement in total yield and result in a very 
pure, completely water-soluble product. 

Two different processes are used, depend- 
ing on the composition of the ore. In the syl- 
vinite hot leaching process, the other salts 
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present in addition to KCl and NaCl play only 
a minor role in the process solutions. In hard 
salt leaching, process solutions contain appre- 
ciable amounts of MgCl, and MgSO,. In the 
case of carnallite-containing hard salts, pre- 
liminary carnallite decomposition must be 
carried out if the amount of carnallite present 
exceeds a critical level. 
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Figure 52.13: Solubility curves for KCl and NaCl (sche- 
matic). A) Sylvinite leaching (with nonevaporative cool- 
ing); B) Hard salt leaching. » 
The different solubility properties of so- 
dium chloride and potassium chloride are 
shown in Figure 52.13. The solubility of po- 


tassium chloride is lower in hard salt solutions . 


than in sylvinite solutions. The difference be- 
tween the potassium chloride contents of satu- 
rated solutions at low and high temperatures is 
less for solutions of hard salt than for solutions 
of sylvinite, so that the amount of potassium 
chloride that can be crystallized from a given 
amount of solution is smaller, which has a 
marked effect on the energy requirement. Fur- 
thermore, an important difference between the 
two solution types is that the solubility of so- 
dium chloride in sylvinite solutions decreases 
with increasing temperature, whereas it in- 
creases in hard salt solutions. This is apparent 
in Figure 52.13B, which shows the behavior 
of process solutions in a carnallitic hard salt 
plant with a magnesium chloride content of ca. 
240 g/L. This dependence of the solubility of 
sodium chloride on temperature and magne- 
sium salt content explains why the sodium 
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chloride contents of crystallized products dif- 
fer, depending on whether they came from the 
treatment of sylvinite or hard salt. 


The Process (Figure 52.14). The potash ore, 
ground to a fineness of « 4—5 mm, is stirred in 
a continuous dissolver with leaching brine 
heated to just below its boiling point. The 
leaching brine is the mother liquor from the 
crystallization stage of a previous cycle of the 
process. The quantity of leaching brine re- 
quired is determined by the amount of potas- 
sium chloride in the ore. The potassium 
chloride should be extracted from the ore as 
completely as possible, and the resulting prod- 
uct solution should be as nearly saturated as 
possible. The residue consists of two fractions 
of different particle size. The coarse fraction 15 
removed from the dissolver and debrined. The 
fine fraction (fine residue or slime) is removed 
from the dissolver along with the crude solu- 
tion, which is clarified with the aid of clarify- 
ing agents. The slime that separates is filtered 
off, and the filtrate from the coarse and fine 
residues is recycled to the recirculating brine. 
The residues are washed with water or plant 
brines low in potassium chloride to remove 
the adhering crude solution, which has a high 
potassium chloride content. The residues are 


‘then disposed of by dumping. 
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Figure 52.14: Overall schematic of a hot leaching pro- 
cess. 
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The hot, clarified, crude solution is cooled 
by evaporation in vacuum equipment. Potas- 
sium chloride and sodium chloride crystallize 
as the water is removed. The sodium chloride 
content of the crystals formed can be con- 
trolled by complete or partial replacement of 
the evaporated water during crystallization. 
The crystals formed are separated from the 
mother liquor and processed further The 
mother liquor is heated and recycled to the dis- 
solver as leaching brine. 


The leaching process is usually carried out 
in two stages in a main dissolver and a second- 
ary dissolver. The ground ore is first added to 
the main dissolver where it is mixed with the 
already partially saturated solution from the 
secondary dissolver. This causes the solution 
to be almost completely saturated, and it is 
then removed from the leaching equipment. 
The partly extracted ore is next fed to the sec- 
ondary dissolver where it comes in contact 
with fresh leaching brine, and the potassium 
chloride that was not extracted in the main dis- 
solver is taken up by the solution, which is 
then fed to the main dissolver. The leaching 
process in the main dissolver can be cocurrent 
or countercurrent (Figure 52.15). 
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The residence time in the leaching equip- 
ment is insufficient to give complete KCl. 
NaCl equilibrium. The crude solution always 
contains less potassium chloride and more so- 
dium chloride than corresponds to equilib- 
rum. Another reason for the potassium 
chloride concentration to be maintained below 
saturation is that complete recovery of potas- 
sium chloride from the ore is possible only if 
the hot solution at the end of the leaching pro- 
cess still has a small capacity for dissolving 
potassium chloride. Also, the crude solution 
cools by 1—2 °C as it travels from the main 
dissolver to the overflow from the following 
hot clarification stage. If the solution leaving 
the main dissolver were completely saturated 
in potassium chloride, the potassium chloride 
would begin to crystallize at this point, leading 
to losses in the slime. 


For the crystallization process the potas- 
sium chloride content should be maintained as 
near to saturation as possible in the leaching 
equipment, so that the concentration differ- 
ence between the mother liquor and the hot 
crude solution is as great as possible. The 
Breater this difference, the smaller is the 
amount of solution used, and the lower 1s the 
energy consumption. 
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Figure 52.15: Schematic arrangements of a hot leaching apparatus. A) Cocurrent flow; B) Countercurrent flow. 
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Also, a high concentration of potassium 


chloride in the solution leads to a high potas- - 


sium chloride content in the crystalline prod- 
uct obtained on cooling. If the solution is 
unsaturated with respect to potassium chlo- 
ride, a corresponding amount of sodium chlo- 
ride in excess of its saturation concentration is 
taken up by the solution to compensate for the 
missing potassium chloride. This means that, 
on cooling, a quantity of sodium chloride crys- 
tallizes, causing a decrease in the potassium 
chloride content of the product even in sylvi- 
nitic solutions in which the solubility of so- 
dium chloride increases with decreasing 
temperature. 

Cooling the crude solution by evaporation 
increases the concentration of salts present be- 
low saturation, and the salts with which the so- 
lution is saturated crystallize. Unwanted 
crystallization of sodium chloride can be pre- 
vented by adding water to the vacuum cooling 
equipment, especially in the case of solutions 
from sylvinite ore leaching. If the required po- 
tassium chloride content in the crystalline 
product cannot be obtained by adding water to 
the solution, which is often the case when hafd 
salt is being processed, the same result can be 
obtained by treating the product with cold wa- 
ter. A product containing 60% K,O (95 % 
KCl) is usually required. By this cold-water 
treatment technique, it is even possible to ob- 
tain a product with 62% K,O (98 % KC)). The 
spent solution is recycled to the process. 


For KCl of analytical or pharmaceutical 
quality, potassium chloride produced by the 
hot leaching process must be purified by sin- 
gle or multiple recrystallization. 


Processing of Hard Salt. Unlike the sylvinitic 
potash ores, whose principal constituents are 
sodium and potassium chloride, hard salts 
contain not only the alkali chlorides but also 
large amounts of kieserite, usually with vary- 
ing amounts of carnallite, langbeinite, and an- 
hydrite. Therefore, process brines produced 
by the leaching of hard salt are characterized 
by high contents of magnesium chloride and 
magnesium sulfate, which make potassium 
chloride production more difficult. 
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Magnesium sulfate comes mainly from 
kieserite, which is very soluble (Figure 52.16) 
but has a slow rate of dissolution that becomes 
even slower if large amounts of dissolved 
MgCl, are present. The amount of magnesium 
sulfate that dissolves depends on the grain size 
of the ore fed to the dissolving equipment, the 
kieserite content of the ore, the time for which 
the crude salt solution mixture is stirred, the 
temperature, and the magnesium chloride con- 
tent of the brine. 
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Figure 52.16: Metastable solubility of kieserite in the qui- 
nary system saturated with KCl and NaCl between 75 and 
110 °C, and solubilities of langbeinite and glaserite at 90 
and 100 °C. 

Magnesium chloride results from reaction 
of dissolved magnesium sulfate with potas- 
sium chloride to give sulfate-containing dou- 
ble salts, and also from any carnallite (КСІ: 
MsgCl,-6H,O) present in the hard salt. In gen- 
eral, the MgCl, and MgSO, contents are kept 
constant in the circulating brines, so that the 
rate at which magnesium is taken up from the 
ore is balanced by the rate at which it leaves 
the system in the residues and products. If the 
ore’ contains large amounts of carnallite, part 
of the circulating brine must be removed con- 
tinuously from the system to prevent the 
MgCl, level becoming too high. 

Because of the large amounts of magne- 
sium salts in process brines, the hard salt 
leaching process has three important disad- 
vantages compared with the sylvinite process: 


e In solutions of hard salt, the range of solu- 
bilities is considerably less than in solutions 
iof sylvinite (Figure 52.13). To extract a 
‘given amount of potassium chloride, much 
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more liquor, and hence more energy, is re- 
quired compared with sylvinite. 


e With solutions of hard salt, crystallization of 
double sulfates such as schónite, leonite, 
and langbeinite often occurs. These salts can 
appear in the residue or the product, which 
leads either to potassium losses in the resi- 
due or to a lower К,О content of the prod- 
uct. Also, double salts can crystallize in 
pipelines, vessels, and pumps, interfering 
with the process and in extreme cases bring- 
ing it to a standstill. The particular double 
salt that crystallizes depends on the MgCl, 
content of the solutions, the temperature, 
and other operating conditions (Figures 
52.11 and 52.12). The extent of supersatura- 
tion with double sulfates must therefore be 
controlled to prevent uncontrolled crystalli- 
zation of double salts and consequent intro- 
duction of impurities into the product or 
disturbance of the process. To achieve this, 
the circulating brine, or part of it, is fed to a 
reactor in which it is agitated intensively in 
the presence of nuclei (20-40%) of the dou- 
ble salt to be removed until the brine is no 
longer supersaturated with respect to it 
[145]. 


e Another disadvantage of the hard salt leach- 
ing process is that, with higher magnesium 
salt contents, the temperature dependence of 
the solubility of NaCl becomes unfavorable 
(Figure 52.13), that is, when the potassium 
chloride is crystallized by cooling, consider- 
able amounts of sodium chloride can also 
crystallize (Figure 52.17). In practice, equi- 
librium is not completely reached when the 
KCI1-NaCI is dissolved, and cooling of the 
solution often occurs by water removal, so 
that the К,О content of the crystals formed 
is usually only a little more than 4046. Since 
the usual potassium chloride for fertilizers 
(excluding special products) has a minimum 
potash content of 60% K,O, this primary 
product was formerly crystallized in a sec- 
ond leaching plant. Alternatively, a product 
can be made with 60% K,O directly, if the 
crystallization of sodium chloride during 
vacuum cooling is prevented by addition of 
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sufficient water before or during crystalliza- 
tion of the solution to ensure that only potas- 
sium chloride crystallizes [145]. The K,O 
content in the product of a primary crystalli- 
zation can be increased to the required leve] 
by treating the product with water or a plant 
solution unsaturated with respect to sodium 
chloride. Both the excess water added dur- 
ing vacuum cooling and the water used for 
treating the product must be removed from 
the recirculating system of the plant. Both 
cause a loss of yield whose extent depends 
on operating conditions. To avoid this, ex- 
cess water must be evaporated from process 
liquors. 
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Figure 52.17: K,O content of the crystalline product ob- 
tained by cooling an equilibrium solution saturated with 
NaCl and KCl from 90 to 25 °C without evaporation 
while maintaining saturation. 


52.11.2.3 Processing of Carnallite 


Carnallite, KC]-MgCl,-6H,0, is the most 
abundant potassium mineral in salt deposits 
and occurs widely in mixtures with halite or 
with halite and kieserite in the form of carnal- 


litite ore. In the early days of the potash indus- — 


try in Germany, it was the preferred starting 
material for the production of potassium chlo- 
ride. Today, sylvinitic ores and hard salts are 
used almost exclusively, because the extrac- 
tion and processing of carnallite ore are con- 
siderably more difficult and expensive for the 
following reasons: 


e Carnallitite ore has unfavorable mechanical 
properties that make mining more difficult. 





Potassium 


e Тһе К.О content of pure carnallite is ca. 
17%, compared with ca. 63% for pure 
sylvite. 

e Whereas the separation and purification of 
sylvite from sylvinite ore can usually be car- 
ried out by flotation, which does not involve 
a phase change, the extraction of potassium 
chloride from carnallitite ore necessitates 
dissolution or decomposition of the carnal- 
lite, and a high energy consumption for de- 
composition or purification of the 
decomposition product, depending on the 
process. 

e The treatment of carnallite generates large 
quantities of concentrated magnesium chlo- 
ride solution, which must be disposed of. 
For these reasons, mined carnallitite ore is 

today seldom used as a raw material. How- 

ever, carnallite is often a major component in 
mixed salts of the hard salt type, and hence in- 
fluences the choice of processing method. 
Large quantities of a carnallite halite mix- 
ture obtained by solar evaporation of water 
from the Dead Sea are used for the production 
of potassium chloride in Israel and Jordan. , 


Theoretical Basis. The theory of the produc- 
tion of potassium chloride from carnallite and 
carnallite-containing mixed salts is based on 
the KCl-MgCl.-H,O system shown in Figure 
52.18, which is valid between —3 and 117 °C. 
In van’T Horr coordinates (moles of salt per 
1000 mol H,O) the points representing the 
composition of water (Py o), bischofite (Py. 
сод, and carnallite OD. ziel) are indicated. 
All possible mixtures of water and carnallite 
are shown on the straight line between Pg o 
and P, ana, the molar ratio K.Cl;: MgCl, here 
being always 1:2, as in carnallite. The curve 
from L, via R and E to point L, represents an 
arbitrary isotherm, and indicates compositions 
in which solutions are in equilibrium with the 
corresponding solid phase. Point Lo gives the 
solubility of KCl in water, and the solutions L, 
are in equilibrium with KCl as the solid phase. 
Solution E is in equilibrium with the solid 


` phases KC] and carnallite, and the solutions L, 


are in equilibrium with carnallite only. Solu- 
tion R is in equilibrium with bischofite and 
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carnallite. The solutions L, are in equilibrium 
with bischofite, and point L, indicates the sol- 
ubility of bischofite in water. 
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Figure 52.18: The system KCI-MgCL,-H,O (not to scale) 
represented by using van't Hoff coordinates. 

If carnallite is dissolved in water, the com- 
position of the solution follows the straight 
line Py o —P,, ae Which intersects curve L, 
at point D. Here, the solution is saturated with 
KCl, and further addition of carnallite results 
in dissolution of MgCl, and crystallization of 
KC] until point E is reached. This incongruent 
solubility is the basis for the simple method of 
processing carnallite (1.е., cold decomposition 
by mother liquor). 

Carnallitic potash ores or crystallized prod- 
ucts from solar evaporation always contain so 
much halite that solutions produced during 
processing are saturated with sodium chloride. 
Figüre 52.19 is a section from the quaternary 
system KCI-NaCI-MgCL-H,;O saturated 
with NaCl, showing the 25 °C and 105 °С iso- 
therms. The kieserite content in the ore in the 
region of the solutions E has in practice a neg- 
ligible effect on the composition of the solu- 
tions. Some analyses of equilibrium solutions 
of the quaternary system are given in Table 6. 


m 


Processing Methods. Many processes for the 
treatment of carnallite have been described in 
the literature and used [88], but only a few are 
important today. By far the most important is 
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cold decomposition by mother liquor. The 
complete dissolution process 1s still used occa- 
sionally. 
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Figure 52.19: Quaternary system (K,Cl,-MgCl,—Na,Cl,— 
Н,О) saturated with NaCl. See text for explanation. 
Table 52.9: Composition of stable saturated solutions in 
Figure 52.19. 
Tem- Den- Concentration, 
Point? pera- sity, mol/1000 mol H,O 
іше, °C g/cm' “KCl, MgCl, MgSO, Na,Cl, 


E. 25 127 58 708 44 - 
Оз» 25 1291 58 680 52 42 
Ej 105 1.328 132 937 44 


Ош 105 1325 137 929 10 43 


* Solutions Q,, апа Оо; are saturated with MgSO, and NaCl, and 
correspond to solutions E,, and Еш, which are saturated with 
NaCl. 

Cold decomposition is carried out at ambi- 
ent temperature (e.g., 25 °C). Carnallitite ore 
is mixed and agitated with water or with a so- 
lution of low MgCl, content such that the 
composition of the mixture corresponds to 
point B in Figure 52.19. This causes the crys- 
tallization of an amount of potassium chloride 
corresponding to the line B~E,.. with forma- 
tion of a solution of composition Eas. The very 
fine potassium chloride produced still con- 
tains fine, salted-out sodium chloride, undis- 
solved halite, and sometimes kieserite and 
clay, depending on the composition of the car- 
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nallitite ore used. Approximately 85% of the 
potassium chloride contained in carnallite can 
be obtained as a crystalline product by this 
process. The yield can be increased by evapo- 
rative concentration of the decomposition 
mother liquor Е,; or ©. (analyses are given in 
Table 52.10). During evaporation, sodium 
chloride and sometimes magnesium sulfate 
crystallize and must be removed. The syn- 
thetic carnallite that crystallizes when the con- 
centrated solution is cooled is fed to the cold 
decomposition process. 


Table 52.10: Typical grain-size distribution in potash fer- 
tilizers (cumulative percentage retained). 





Mesh width, Tyler Cumulative subsieve fraction 
mm mesh Granular Coarse Standard 
+3.36 + 6 2-12 
+2.38 + 8 30-45 2-20 
+1.68 + 10 75-90 25-50 
+1.19 * 14 95-98 70-90 5-15 
+0.84 + 20 99 90-98 20—45 
+0.60 + 28 99 50-75 
+0.42 + 35 70-90 
+0.30 + 48 ғ 85-95 
+0.21 + 65 96-98 
*0.15 +100 97-99 ` 





Potassium chloride from the decomposi- 
tion, which consists of very finely divided par- 
ticles and is rather impure, must be purified. 
Purification by flotation is difficult owing to 
the fineness of the decomposition product. For 
this reason, purification is nearly always car- 
nied out by the hot leaching process, which 
yields a very pure, completely water-soluble, 
coarse-grained product. 


The mother liquor E4, or Q^, from the de- 
composition process can take up a certain 
amount of sodium chloride (see Table 52.10). 
If the carnallitite used in the cold decomposi- 
tion contains only small amounts of halite and 
if water 1s used for the decomposition, potas- 
sium chloride can be produced that requires no 
further purification, because sodium chloride 
has dissolved in the decomposition liquor. In 
Israel, a large proportion of the carnallite-ha- 
lite mixture recovered from the Dead Sea by 
solar evaporation is so completely freed from 
halite by fractional crystallization and hydrau- 
lic classification that a grade of potassium 





Potassium 


chloride with > 60% K,O can be produced di- 
rectly by cold decomposition. This so-called 
cold crystallization process is carried out so 
that the crystals produced have the same grain 


size as those from the crystallization plant of 
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the hot leaching process and no further in- 
crease in grain size is required. A schematic 
diagram showing various processes used in 
the treatment of carnallite from the Dead Sea 
is given in Figure 52.20. 
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Figure 52.20: Flow diagram for potassium chloride production’by the Dead Sea Works Ltd. (Israel) [82]. Reproduced 


from [82] with permission. 
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To crystallization 


To disposal 


Figure 52.21: Leaching system with residue debrining: a, b) Screw leachers with draining elevators; с) Vibratory screen 


centrifuge; d) Hot clarifier, e) Rotary filter. 


In the electrostatic treatment of carnallitic 
hard salts, concentrates can be produced that 
contain various amounts of halite together 
with sylvite and carnallhte. These concen- 
trates are reacted with suitable process brines 
or with water to bring about cold decomposi- 
tion of the carnallite. The К.О content of the 
product, and hence its potential use, depend on 
the halite content of the concentrate. 


The complete dissolution process is used in 
an experimental plant in central Germany in 
which carnallite is extracted from a salt de- 
posit by solution mining [126]. 


The crude salt is dissolved by a solution in 
which the magnesium chloride content is ad- 
justed so that at the chosen temperature of ca. 
80 °C, no decomposition of carnallite takes 
place, and hence no crystallization of potas- 
sium chloride, and the carnallite is completely 
dissolved. The solution, which is almost satu- 
rated with carnallite, is pumped out, evapo- 
rated, and cooled, causing crystallization of 
the carnallite, which is then treated by the cold 
decomposition process to produce potassium 
chloride. 


For mixed salts containing less than ca. 
15% carnallite, carnallite decomposition is 
generally dispersed with, and the ore is treated 
directly by the hot leaching process. The mag- 
nesium chloride that enters the process in the 
carnallite must be removed from the brine cir- 
cuit in appropriate process brines. If the car- 
nallite content of the ore is high, a carnallite 


decomposition stage is carried out before the 
hot leaching process. 


52.11.2.4 Equipment 


Leaching. The choice of leaching equipment 
depends on the properties of the material to be 
leached and the throughput required. The 
techniques used in plants in which the potash 
is completely leached (e.g., in many German 
and French plants) differ fundamentally from 
those in plants (e.g., in Canada) where only 
the fine materials from a screening operation, 
cyclone fines, and slimes are recrystallized or 
extracted. 

Potash ores are leached at rates of up to 
1000 th salt, producing up to 2000 m?/h solu- 
tion. Screw dissolvers, up to 14 m long and 
3m in diameter, are widely used (Figure 
52.21). High material transfer is achieved by 
fitting partitions in the upper part of the dis- 
solver at intervals of 2-3 m. These are im- 
mersed in the suspension of crystals and force 
the solution to flow perpendicular to the main 


flow direction. At the outlet of the dissolver, ^ 


the solids are scooped from the solid—liquid 
mixture by an elevator system with perforated 
buckets from which liquid drains during con- 
veying; the residual water content is ca. 15— 
20%. Alternatively, bucket wheels can be 
used. 

Elevators or bucket wheels remove only the 
coarse residue (ca. 7596 of the total residue) 
from the screw dissolver. The amount of po- 
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tassium chloride-containing solution adhering 
to the coarse residue is usually lowered to 2— 
4% by centrifugation. 

The fine residue (ca. 25% of the total resi- 
due), which consists of very fine salt and in- 
soluble components of the ore (mostly 
anhydrite and clay), flows with the raw solu- 
tion from the screw dissolver into the hot clar- 
ifier, where flocculation agents are added and 
sedimentation occurs. Sealed, insulated circu- 
lar clarifiers are used. The fine residue is re- 
moved from the hot clarifier as a suspension 
with a solids content of ca. 5096 and debrined 
on rotary filters to a residual water content of 
10-1696. To avoid losses of potassium chlo- 
ride, the solution adhering to the residue must 
be removed. For small quantities of residue, 
thisis done by washing on the filter with water 
or a process brine having a low potassium 
chloride content. For large amounts of residue, 
two- or three-stage water washing 1s used; the 
filter cake is slurried with the water, and the 
resulting suspension is filtered. This treatment 
is repeated once or twice. 

In North America, where the flotation pro- 
cess predominates and only small quantities óf 


Slurry: 
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ore are treated by the hot leaching process, a 
series of agitated vessels is used. The leaching 
process takes place in either cocurrent or 
countercurrent flow. Between the stages of 
countercurrent leaching, solid-liquid separa- 
tion is carried out with hydrocyclones or hy- 
droclassifiers [146]. The layout of a leaching 
plant including crystallization is shown in Fig- 
ure 52.22. 


Crystallization [147, 148]. The hot solution 
from the clarifier of the leaching plant is al- 
most saturated with potassium chloride and is 
cooled by expansion evaporation in vacuum 
equipment to cause crystallization. The vapors 
are condensed in surface or barometric con- 
densers, with process brines used for higher 
temperatures and cooling water for lower tem- 
peratures. The amount of heat that can be re- 
covered depends on the number of stages in 
the cooling system. In the past, vacuum cool- 
ing plants were constructed with up to 24 
stages, to give maximum possible heat recov- 
ery. However, the number of stages in a mod- 
ern plant 15 usually between four and eight. 
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Figure 52.22: Leaching-crystallization process for production of potassium chloride from potash ore [86]. Reproduced 
from [86] with permission. a) Crusher; b) Screen; c) Leach tanks; d) Thickener; e) Centrifuge; f) Heater; g) Steam ejec- 
tor; h) Barometric condenser; i) Vacuum cooler-crystallizer; j) Dryer. 
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Figure 52.23: Eight-stage horizontal crystallizer: a) Surface condensers; b) Barometric co 
| Р : ` : al i ndenser; c) Hot well: d - 
clone; e) Centrifuge: f) Filtrate tank: g) Slurry holding tank. Reprinted with permission from E. M. Mekercher dd 
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Figure 52.24: Conical-based evaporator—crystallizer plant with eight evaporation stages: a) Surface condensers; b) Baro- 
metric condensers; c) Barometric collection vessel for condensate; d) Barometric collection vessel for salts and brines; e) 
Barometric collection vessel for cooling water; f) Pumps; g,—g,) Evaporators. ` d 


The high cooling rate of a vacuum plant re- 
sults in a high degree of supersaturation that 
produces very fine crystals, unless the design 
of the plant and the crystallizing conditions 
are optimized to give a coarse product. Several 
suitable crystallizers are now available. 

If it is not important to have coarse crystals 
(e.g.. if they are to be reprocessed), stirred 
crystallizers or conical-based evaporators are 


used. The former consist of horizontal cylin- 
drical vessels divided into chambers by verti- 
cal walls. The solution or suspension flows 
from chamber to chamber through openings in 
the walls as it is cooled. These crystallizers are 
provided with mechanical stirrers or air agita- 
tion (Figure 52.23). 

The conical-based evaporator consists of a 
vertical cylinder with a lower conical section. 





Potassium 


The solution is sprayed into the top, and much 
of the water evaporates. A certain liquid level 
is maintained in the evaporator, into which liq- 
uid from the nozzle falls as a supersaturated 
solution. Several evaporators are arranged m 
series one above the other so that the suspen- 
sion flows through each stage in the direction 
of decreasing pressure without the need for in- 
termediate pumps (Figure 52.24). The advan- 
tage of this arrangement lies in its very simple 


and economical construction, with no moving 
parts. However, the product is very finely di- 


vided. 


The aim of the crystallization process is 
usually a dust-free product with optimum 
grain size. Two main requirements must be 
met to achieve this: the solution must have 
only a slight degree of supersaturation, and 
this should be removed by crystallization on 
seed crystals that are already present. The 
slight degree of supersaturation is achieved by 
providing internal circulation within each 


crystallization stage, in which the cooled solu- 


tion is mixed with the added hot solution in an 
exactly controlled ratio. The continuous pres- 
ence of seed crystals is ensured by keeping the 
solids content in each crystallizer at ca. 30%. 


These conditions are fulfilled by two types 
of crystallizer: the fluidized-bed (Oslo) type 
and the draft-tube agitated type. 


In the Oslo crystallizer (Figure 52.25), the 
solution is supersaturated in a separate evapo- 
rator and flows into a crystal slurry vessel be- 
low, where the supersaturation is removed by 
crystallization on KCl crystals already 
present. To reduce the degree of supersatura- 
tion in the evaporator, a large amount of clari- 
fied solution is pumped from the crystal slurry 
vessel into the evaporator, together with the 
incoming hot feed solution. Clarified solution 
for the next stage is removed from the vessel 
at another takeoff point. A crystal suspension 
is also removed from the vessel at a rate corre- 
sponding to the rate of crystallization, and is 
fed either to the next stage as seed crystals or 
to the debrining stage. Crystallizers of this 
type are constructed by companies such as 
Lurgi, Swenson, and Struther- Wells. 
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Figure 52.25: Oslo crystallizer. 


In draft-tube agitated crystallizers, a state 
of supersaturation is created and removed in 
the same crystallizer. This type is manufac- 
tured by Swenson (DTB = draft tube baffle), 
Standard-Messo, and Kali und Salz. In the 
Swenson and Standard-Messo crystallizers, 

‘the entire suspension is brought into continu- 
ous contact with the evaporator surface by a 
propeller stirrer that provides internal circula- 
tion; immediately after supersaturation is 
achieved, a large quantity of salt is made 
available to remove the state of supersatura- 
tion. The coarser crystals collect preferentially 
in the lower part of the crystallizer, where they 
are removed as a suspension and fed to the 
next stage or to the debrining stage. The hot 
solution is passed through a clarifying zone 
and is fed to the next stage. 


All the processes described so far are oper- 
ated cocurrently (i.e., the crystallizing salt is 
transported with the cooling solution from one 
stage to the next). In contrast, the Kali und 
Salz process (Figure 52.26) operates counter- 
currently [149]. The salt produced in each 
crystallizer is passed through a classifier at the 
bottom of the crystallizer as soon as a prede- 
termined minimum crystal size has been 
reached; then, unlike the other systems, it 1s 
passed to the next hottest stage. The classifier: 
is fitted with equipment that enables the up- 
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ward flow rate, and hence crystal concentra- 
tion and product crystal size, to be controlled 
independently of the throughput rate of the so- 
lution. Mixing of the cooler solution with the 
hotter solution in a crystallizer is prevented by 
transferring the salt with the help of the solu- 
tion from the stage into which it is pumped. 


52.11.3 Flotation 


Since the early 1900s, ores of many differ- 
ent kinds have been processed by froth flota- 
tion. 

Investigations into the flotation of potash 
ores began in the early 1930s in the United 
States and the Soviet Union [150, 151]. The 
first full-scale plant began production in 1935 
in Carlsbad (New Mexico, United States) 
[152]. 

The first reports of investigations into the 
flotation of potassium salts in Germany ap- 
peared in 1939 [153]; the first full-scale plant 
began operating in 1953 [154, 155]. 

At present, most of the worldwide produc- 
tion of potash fertilizers is by flotation. This is 
the most widely used process in Canada, the 
United States, the CIS, and France. Small hot 
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leaching plants are often attached to the flota. 


tion plants for treating slimes and intermediate 


products. The flotation process 1s not widely 
used in Germany, where a combination of 
electrostatic treatment with the hot leaching 
process predominates. 


§2.11.3.1 Potash Ores Suitable for 
Flotation 


Various types of crude potash salts can be 
treated by flotation: 


Sylvinite ores are mixtures of sylvite (KCI) 
and halite (NaCl) in varying ratios. They rep- 
resent the majority of potash ores treated. The 
sylvinites of Canada, the United States, and 


the CIS also contain up to 8% clay compo- _ 


nents [156]. 


Hard salts contain kieserite (MgSO,-H,0), as 
well as sylvite and halite, and sometimes also 
anhydrite (CaSO,). 


Mixed salts consist of a mixture of sylvinite | 
ore or hard salt with camallite (KC]-MgCl,- 
6H40) 


Figure 52.26: Kali und Salz countercurrent crystallization process: a) Crystallizers: b) Bells; c) Draft tubes; d) Liquor 
overflow; e) Stirrers; f) Condenser, в) Thickener; h) Centrifuge: i) Dryer; j) Combustion chamber. 





potassium 


Polymineral salts contain not only sylvite, 
halite, and kieserite, but also langbeinite 
(K,5042MgSO,), kainite (4KCI-4MgSO,- 
11H,0), polyhalite (K,SO,-MgSO,-2CaSO, 
-2H50), and clay. 


52.11.3.2 Carrier Solutions 


In the flotation of water-soluble salts the 
carrier liquids аге salt solutions that are satu- 
rated with the components of the raw material. 

Thus, sylvinite ore flotation is carried out in 
a KCI-NaCI solution. For the flotation of hard 
salt, the brine also contains various amounts of 
magnesium sulfate and magnesium chloride. 


§2.11.3.3 Flotation Agents 


The collectors are the true flotation agents, 
which selectively coat the surface of the com- 
ponent to be floated. For the flotation of 
sylvite, straight-chain primary aliphatic 
amines are used in the form of their hydro- 
chlorides or acetates [157]. Mixtures of 
amines of various chain lengths, which largely 
eliminate the effects of pulp temperature vari- 
ation, are extremely useful. A typical flotation 
amine has, for example, the following compo- 
sition: 5% C, -NH4CI, 30% C,,- NECI, 65% 
C,g-NH;Cl, iodine number: 4. 

Foamers contribute to the dispersion of 
long-chain amines and to the stabilization and 
homogeneous distribution of amine micelles 
[158]. The following substances are preferred: 
aliphatic alcohols with chain lengths > C, ter- 
pene alcohols, alkylpolyglycol ethers, and me- 
thyl isobutyl carbinol, which is used mainly in 
Canada and the United States. 

Extenders for sylvite flotation are nonpolar 
materials, especially oils of various types. 
They are probably incorporated in the micelles 
and increase their hydrophobic properties. Ex- 
tenders are especially effective in the flotation 
of coarse particles [159]. 

Clay depressants are used in salt flotation 
to block clay components, which would other- 
wise bind large amounts of flotation agent. 
Clay contents of 1.5-2% can bé controlled by 
treatment with these depressants. If larger 
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amounts are present, additional steps must be 
taken (clay flotation or classification). Clay 
depressants include guar and starch products, 
carboxymethyl! cellulose, and polyacrylamide 
[156]. 


52.11.3.4 Theory 


The combinations of reagents used for 
sylvite flotation have been found by empirical 
investigation. 

Theoretical studies of the separation of po- 
tassium and sodium chloride by flotation have 
led to various interpretations. | 

The theories developed up to 1961 are thor- 
oughly discussed in [160], which also de- 
scribes experimental results that have 
contributed greatly to the understanding of salt 
flotation. 

The most important theories are reviewed 
below: 

According to the exchange theory [161— 
163], hydrophobic properties can be imparted 
to a mineral if the polar group of a collector 
can be incorporated into the crystal lattice in 
place of an ion. In the flotation of sylvinite 
ore, for example, exchange between the K* ion 
(radius: 0.135 nm) and ће NH} group of the 
amine (radius: 0.143 nm) is assumed to occur, 
whereas the Na* ion (radius: 0.095 nm) is too 
small (Figure 52.27). This does not account 
for the fact that kieserite (MgSO, H,O), for 
example, is readily floated by amines in water 
although the Mg** ion has a radius of only 
0.065 nm. 





Figure 52.27: Incorporation of a polar group of the col- 
lector into the crystal lattice [161]. Reprinted with permis- 
sión of the Society for Mining, Metallurgy, and 
Exploration, Inc. : 
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The structure theory [164] postulates that 
the interanion distance in the crystal lattice of 
the salt matches the intermolecular distance in 
the lattice of the amine hydrochloride within 
+20%. In sylvite, this condition for oriented 
growth of the collector on the crystal is ful- 
filled, whereas the interionic distance of 0.398 
nm in the halite lattice is too small. However, 
langbeinite has good flotation properties, al- 
though these steric requirements are not met 
[164]. 


According to the Aydration theory [165], 
flotation of a mineral is impossible if it has a 
positive heat of solution, whereas salts with 
negative heats of solution can be flotated. If 
heat is evolved when a salt dissolves, more en- 
ergy is produced by hydration of the ions than 
is required for breakdown of the lattice. This 
suggests that such salts are strongly bonded to 
water molecules, preventing adhesion of the 
collector. A comment on this theory is given in 
[166]. 

Another hydration theory is based on new 
information on the hydration of ions in dilute 
solutions [167]. This differentiates between 
positive local hydration (in which the ion re- 
duces the mobility of the neighboring water 
molecules) and negative local hydration (wa- 
ter molecules close to the ions are more mo- 
bile than in pure water). 


According to [168], in the case of positive 
local hydration (e.g., with Na" ions), the CY 
ions are shielded by water molecules, so that 
the bond between a cationic amine and sodium 
chloride can only be weak. In the case of nega- 
tive local hydration (e.g., with K* ions), for- 
mation of a bond with the collector is 
unhindered. Application of these theories, de- 
veloped for dilute electrolyte solutions, to the 
hydration state of salt surfaces is difficult, but 
should be qualitatively valid [168]. 


The С zone theory (G = Grenzfláchen = in- 
terfaces) [169] applies both to the flotation of 
sylvinite with amines and to the flotation of 
kieserite with an anionic surfactant (the so- 
dium salt of a highly sulfated fatty acid). In 
both cases, adsorption of the collector pro- 
ceeds by the same mechanism. 
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Amines and the anionic surfactant, in a sat: 
urated solution of salts that can be floated with 
these reagents, are present either as micelles or 


in true solution. In the usual carrier brines, 


flocculation (amines) or formation of very 
small droplets occurs (anionic surfactant). 


Based on experimental results, zones are . 


assumed to be formed on the surfaces of crys. 
tals suspended in a mixed-salt solution (carrier 
liquid) in which ions from the lattice аге 
present in the form of a saturated solution. — 

When collectors are introduced into the 
suspension, they migrate to the zones where 
their solubility is greatest due to their thermo- 


dynamic tendency to dissolve (ie. to the ` 


boundary zones of those particles that they 
cause to float). The bonding of the collectors 
in these zones is reinforced if their solubility 
in the surrounding carrier brine is low. The 
success of flotation depends on the strength of 
this bond (Figure 52.28). i 


Froth cannot be produced in the usual car- 
rier liquids either by collectors or by foaming 


agents. The collision of an air bubble with a ` 


crystal coated with the collector material 
causes the latter to spread over the surface of 
the bubble, stabilizing it and causing the crys- 
tal to float. es 

Large-scale operations of sylvite and 
kieserite flotation has thus been placed on a 
good unified theoretical foundation. 
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Figure 52.28: Flotation of potassium chloride with octy- 
lamine in saturated solutions of KC] and KCl + NaCl 
(Feed material: 20% KCl, 80% NaCl; 0.1—0.315 mm): a) 
Carrier liquid saturated in KCl and NaCl (low solubility of 
octylamine); b) Carrier liquid saturated only in KCl (high 
solubility of octylamine). 





Potassium 


52.11.3.5 Flotation Equipment ` 


The flotation equipment used in the potash 


industry resembles that used for flotation of 


other ores. 

Mechanical flotation cells operate with a 
rotor stator system that causes both thorough 
mixing of the pulp and thorough distribution 
of the air, which can be drawn in by suction or 
injected from a compressed air network. 

In recent decades, high-capacity flotation 
has been introduced almost everywhere. In 
this process, several stirrers operate in a single 
trough [170]. 

Agitair high-capacity flotation equipment 
is used in Germany, and the preconcentrate 1s 
purified in individual cells of the Denver type. 
Wemco high-capacity machines are used by 
the French potash industry, and Mechanobr 
high-capacity cells by the former Eastern-bloc 
countries. 

Modified Mechanobr M 7 fluidized-bgd 
units (Figure. 52.29), manufactured by 
Mescerjakov, are standard equipment in the 
CIS [171, 172]. Typical features include the 
presence of a grid and circulation of the sus- 
pension via a box on the front wall of the cell, 
connected to the agitator by a circulation pipe. 


Concentrate 





Figure 52.29: Mechanical flotation cell with fluidized 
bed: a) Flotation cell; b) Stirrer; c) Stator; d) Tube of the 
stirrer system; e) Grid; f) Circulation box; g) Circulation 
pipe; h) Shaft. 
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Residue 


Figure 52.30: Principle of pneumatic free-jet flotation. 
Reproduced from [173] with permission. 

Pneumatic flotation equipment operates 

without stirrers. In the free-jet flotation pro- 
cess developed in Germany [173], the condi- 
tioned pulp is pumped through an aerator 
fitted with a porous gas distributor or annular 
nozzle, either outside or inside the separation 
vessel, and flows as a free jet into the separa- 
tion vessel. Air bubbles with the adhering 
minerals rise to the top and form a froth that 
flows over the edge of the vessel into a chan- 
nel (Figure 52.30). The pneumatic flotation 
process has been tested successfully for a spe- 
cial case of sylvite flotation. It is used industri- 
ally for the recovery of kieserite from leaching 
residues. 
* Tn the CIS, a pneumatic flotation cell has 
been developed for the treatment of coarse 
sylvinite ores with a maximum grain size of 3- 
5 mm [174, 175] (Figure 52.31). The condi- 
tioned pulp is fed from above onto a layer of 
froth immediately above the perforated-tube 
aeration system. The hydrophobic sylvine 
crystals are retained in the froth, so that me- 
chanical damage of the bubble-crystal combi- 
riation is kept to a minimum. The flotation rate 
is very high. 
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Figure 52.31: Pneumatic coarse-grain flotation cell 
(Gogorchimproect type) [174]. Reproduced from [174] 
with permission. a) Feeding device; b) Spray nozzle; c) 
Aeration system (perforated rubber tubes); d) Device for 
removing reject material. 


52.11.3.6 Processes 


Sylvinite Ore Flotation. Pure sylvinite of 
German origin can be floated without serious 
problems. The components of the ore are rela- 
tively strongly intergrown [128] and must be 
broken down by grinding until each grain con- 
sists as far as possible of only one component. 


The ore is first ground to a particle size of « 
4 mm, screened to remove fines, and then slur- 
ried with carrier brine and ground to a grain 
size of < 0.8-1.0 mm in a circulating system 
that includes rod mills, spiral classifiers, or 
wet screens (Figure 52.32). 
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The solids content of the flotation Pulp is 
adjusted to 30-40%, and it is then mixed With 
flotation agents (ca. 40 g of oil, 20 g of foam- 
ing agent, and 40-80 g of collector per tonne 
of crude salt). As much of the desired product 
as possible is then extracted by the three-stage 
high-capacity rougher flotation. The rougher 
tails are classified in hydrocyclones, debrined 
(the coarse fraction in centrifuges, and the fine 
fraction in rotary filters), and dumped. Since 
the filtrate still contains finely divided Salt, it 
is clarified in a thickener and recycled for slur- 
rying the ore. 

The material floated in the rougher flota- 
tion is then concentrated in a cleaner flotation 
process, usually in three stages. This does not 
produce a marketable product (with > 60% 
K;O). The concentrate is therefore separated 


from the brine and washed with water in salt E 


washing equipment. 

This washing process dissolves more halite 
than sylvite, producing a potash salt that meets 
quality requirements. The washing liquor is 
removed by centrifuges, and the product is 
dried and conveyed to silos. 


The cleaner flotation process also produces 
some intermediate-quality product with a 
fairly high K,O content, whose coarse parti- 
cles contain most of the residual intergrown 
material from the ore. They are therefore re- 


covered by hydrocyclones and fed to the. 


Screening-grinding stage for size reduction. 
The energy consumption for the entire process 
is ca. 10 kWh/t ore. 


The treatment of sylvinite ores from Can- 
ada, the United States, and the CIS is more dif- 
ficult owing to the clay content of up to 8%. 
The clay components disintegrate in the brine, 
forming very fine slimes that absorb large 
quantities of flotation agent. The flotation pro- 
cess is therefore sometimes preceded by a 
desliming stage (Figure 52.33). The clay is 
first detached from the surface of the salt by 
vigorous agitation in scrubbers, so that it can 
be floated in a separate operation. The clay is 
usually removed by multistage classification 
[176]. The fine material is then thickened and 
washed with water to reduce losses of KO. 
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Up to 1.5-2 % of residual clay in the crude 
salt can be handled by adding clay depres- 
sants. 

An advantage of clay-bearing sylvinite ores 
is that they are usually sufficiently liberated at 
grain sizes of « 3—5 mm. Sometimes, coarse 
crystals are floated separately from fine crys- 
tals. 


Hard-salt flotation is similar to the sylvinite 


flotation process (Figure 52.32). However, the 
flotation product also contains kieserite, 


i 
+ 


which cannot be removed by washing because 
it dissolves only slowly in water. 


Sylvite, which is intergrown with kieserite, 
must therefore be liberated as fully as possi- 
ble, which leads to increased grinding costs. 
Because of the increased production of fines, 
more flotation agent is needed. Also, in warm 
summer months, potassium-containing double 
salts (leonite, schónite) can separate from the 
circulating brine. Since these salts end up in 
the residue, the yield is reduced. 
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Mixed-Salt Flotation. Carnallite (КСІ: 
MgCl, -6Н,О) in the mixed salt is usually de- 
composed by a brine with low MgCl, content. 
The potassium chloride produced has a grain 
size of < 0.04 mm and is accompanied by syl- 
vinite ore or hard salt components. 

In the 1980s, this complex salt mixture was 
successfully treated by flotation alone for the 
first time [177, 178]. 

Potassium chloride produced by the de- 
composition is first floated with a fairly small 
amount of amine in pneumatic or stirred flota- 
tion cells; then the sylvite component of the 
sylvinite ore or hard salt is floated with a fur- 
ther measured amount of amine, and a discard- 
able residue is obtained. The flotation froth is 
then treated by flotation in cleaner cells to give 
a concentrate with > 55 % KO A final wash- 
ing process gives a potash fertilizer salt con- 
taining > 60% K,O. | 


Polymineral salts are rarely treated by flota- 
tion. Potash ore from Stebnik (CIS) contains 
not only sylvite, halite, and clay materials, but 
also large amounts of kainite, langbeinite, and 
polyhalite [179]. Clay depressants are added 
first, followed by flotation of halite with a 
mixture of C,-C, fatty acids. Sodium hydrox- 
ide solution is used to adjust pH [179]. 

Schónite can be floated from a salt mixture 
by using coconut oil acids as the collector 
[180]. The flotation of anhydrite to produce a 
salt mixture of kieserite, langbeinite, and poly- 
halite is recommended in [181]. 

A combination of cold leaching and flota- 
tion for the treatment of salt mixtures contain- 
ing langbeinite and polyhalite is described in 
[182]. 


52.11.4 Electrostatic Separation 


Electrostatic separation depends on the di- 
тесіопа] movement of electrically charged 
bodies or particles in an electric field. The pro- 
cesses used differ according to the various 
methods of producing or separating the 
charges and according to the separation equip- 
ment used. The separation of mixtures of salt 
minerals (e.g., in the treatment of crude potash 
ores) invariably involves the selective ex- 





. Although roll separators are widely used for 
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change of electric charges that takes place dut 


contact between the various mineral particles 
D D 3 
followed by separation in free-fall separators. 


treating other minerals, they have not been 
used for salts, mainly because of their low 
throughput. 
The first investigations into the industrial- 
scale separation of potassium chloride and so- 
dium chloride were carried out after World 
War П by the International Minerals & Chemi- 
cal Corp. in Carlsbad, New Mexico [183]. The 
ore, which contains alkali-metal chlorides and 
various amounts of clay and sulfate minerals, 
was ground, heated to ca. 500 °C, cooled to ca, 
110 °C, and separated in a free-fall separator 
with a field strength of 2-6 kV/cm. Results 
were not encouraging and the method was 
abandoned. 
Research in the Kaliforschungs-Institut in 
Hannover in 1956 led to an industrial break- 
through. The addition of organic and inorganic 
reagents much improved the electrical charge 
exchange between the mineral components, 
and the separating temperature could be re- 
duced to < 100°C [184, 185]. The potash 
works of Neuhof-Ellers, a subsidiary of Kali 
und Salz, was the first industrial plant to use 
this process to produce kieserite in 1974. In 
the following years, plants for the electrostatic 
production of kieserite and potash concen- 
trates, and for the dry removal of residues, 
were installed in three other factories, with ca- 
pacities up to ca. 1000 t/h [186]. Investiga- 
tions aimed at the introduction of this process 
for processing sylvinite ores from the potash 
deposits in Saskatchewan, Canada, have been 
carried out by PCS Mining, Saskatoon [187]. 


52.11.4.1 Theoretical Basis 


The basis of the process is the mutual selec- 
tive exchange of electrical charge between the 
salt components, which occurs on contact. The 
direction, selectivity, and intensity of the 
charge exchange can be influenced by a large 
number of reagents (conditioning agents) 
[188]. In addition to this chemical condition- 
ing, treatment with air of specific relative hu- 


bym 





e potassium 


sity d sary. This is usually controlled 
midi EP i temperature and should be 
between 5 and 25 % [188, 189]. By the appro- 

gjate choice of conditioning agent and rela- 
tive humidity, the charging properties of the 
:gdividual mineral components in a potash ore 
ap be controlled so that the desired compo- 
nents are recovered. In this way, an ore of 
complex composition can be completely sepa- 
rated into its components [190]. 

The mechanism of charging by contact de- 
pends on the transfer of electrons between the 
touching mineral surfaces, which must have 
suitable surface properties (1.е., surface ener- 
gies appropriate for the exchange of charge). 
These energies are influenced (or created) by 
chemical conditioning agents and partial wa- 
ter vapor pressure [191-193]. 


5211.42. Equipment and 
Processes 


Before the separation process, the potash 
ore must be size-reduced to give complete lib- 
eration of its components. Fine particles (« 0.1 
mm) behave nonselectively in an electrostatic 
field, so the grinding process must be carried 
out as carefully as possible (e.g., by impact 
grinding). The conditioning agents (20-100 
g/tore) are added to the ore ina mixer or intro- 
duced in the vapor state into the fluidized-bed 
dryer that heats the salt to the separation tem- 
perature (25-80 *C), whereby the relative hu- 
midity is adjusted to a suitable value for 
selective charging of the salt particles [(194— 
196]. Alternatively, a rotary dryer can be used. 
Depending on the conditioning agent used and 
the relative humidity and temperature, sylvite 
generally becomes positively charged, 
whereas halite and kieserite can be positive or 
negative. Accompanying minerals such as 
langbeinite, carnallite, or kainite can be sepa- 
rated individually or together with other min- 
eral components [197—200]. | 

Separation of the mixture of charged miner- 
als is carried out in free-fall separators with an 
electrical field strength of 4-5 kV/cm. For a 
distance between the electrodes of 25 cm, the 
applied voltage is 100—125 kV. Formerly, ver- 
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tical belt separators were common, but they 
are now used only for special applications. 
The electrodes consist of rotating rubber belts 
with conducting coatings. Brushes on the side 
opposite the electric field remove salt fines, 
which otherwise settle on the electrode sur- 
face, forming a coating that weakens the elec- 
tric field and hinders separation. The separator 
used exclusively today is the tube free-fall 
separator (Figure 52.34), which was devel- 
oped by the potash industry [201]. It consists 
of two opposed rows of steel tubes, ca. 2 m 
long. The tubes rotate on their axes, and salt 
fines are removed by brushes on the side re- 
mote from the falling salt. The maximum 
working length of separators of this type is ca. 
10 m. The charged salt mixture leaving the 
fluidized bed is fed to the top of the separator 
and falls through the electric field between the 
electrodes. This causes the particles to move 
sideways, the direction depending on the sign 
of the charge. At the bottom of the separator, 
adjustable flaps enable a cathodic fraction, an 
anodic fraction, and a middle fraction to be re- 
covered. These fractions are then treated fur- 
ther or removed from the process as product 
and waste (or middlings). 


With currently available separator designs 
and achievable electric fields, the particle 
sizes for complete liberation should not ex- 
ceed 1.5-2 mm for sylvite and halite, or 1.2 
mm for kieserite, because the movement of 
particles in the electric field of the separator is 
determined by both the horizontal electrical 
force and the vertical effect of gravity. Since 
the electrical force depends on the charge on 
the particle, which in turn is a function of the 
surface area, the surface volume ratio 1s a very 
important factor in determining the extent of 
sideways movement in the electric field. For 
fine materials, the effect of the electrical force 
is the greater; the converse is true for coarse 
particles. 


Modern tube free-fall separators have a 
throughput of 20-30 th m". Their energy 
consumption is very low because for this 
throughput the current is only ca. 2 mA. 
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Figure 52.34: Tubular free-fall separator. A) Cross sec- 
tion; B) Plan view. a) Salt feed; b) Upper bearing; c) Mo- 
tor; d) Tubes; e) Brushes; f) Lower bearing; g) Flaps; h) 
Receiver for products. 

Generally, even for a single-stage separa- 
tion step two free-fall separators are arranged 
one above the other so that the concentrate and 
waste material from the upper separator by- 
pass the lower one, while the middlings flow 
directly to the lower separator where further 
separation occurs. In most cases, multistage 
separation or treatment is necessary, in which 
the concentrate produced in the first stage is 
purified or concentrated in another single 
stage or in multistage separation. 


Electrostatic separation has thus far been 
used industrially on a large scale only for the 
treatment of hard salts with the principal com- 
ponents sylvite, halite, kieserite, and various 
percentages of carnallite. Three basic methods 
of separation into the individual components 
are 
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l. Separation of sylvite in the first stage 
[183, 189, 202], and separation of 
kieserite and halite in the second stage 


2. Separation of kieserite in the first stage 
[203, 204], and separation of sylvite and 
halite in the second stage 


3. Separation of halite in the first stage Düs 
207], and separation of kieserite and 
sylvite in the second stage 


In all cases, carnallite appears in the sylvite 
fraction. 


The first stage of method 2 is used to pro- 


duce kieserite on a large scale, and method 3 is. 


used in several variations for the production of 
a dry halite residue and of kieserite and potash 
concentrates [186]. So far, these plants have 
been operated almost entirely in association 
with leaching and flotation plants because 
electrostatic treatment alone gives unsatisfac- 
tory yields. 


52.11.5 Heavy-Media Separation 


Heavy-media separation is not used widely 
in the potash industry because of the generally 
unfavorable extent of intergrowth and the 
small density difference between the main 
components sylvite (p = 1.99) and halite (p = 
2.17). However, the process can be used for 
very coarsely intergrown high-quality sylvin- 
ite ores as mined in Saskatchewan. Interna- 
tional Minerals & Chemical Corporation 
(IMCC) operates a plant of this type in Ester- 
hazy, Saskatchewan [208]. The heavy medium 
is a suspension of magnetite in a saturated salt 
solution whose density is adjusted to 2.10. 
Small salt crystals (« 1.7 mm) are very diffi- 
cult to separate from magnetite; therefore, 
only materials with a particle size of 1.7-8 
mm are treated by this process. Separation is 
carried out in hydrocyclones in two stages. À 
process scheme is given in Figure 52.35. 


IMCC also operates a heavy-media separa- 
tion plant in Carlsbad, New Mexico, where 
langbeinite (p = 2.83) is recovered from a pot- 
ash ore in which sylvite and halite are the 
other main components. 
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Figure 52.35: Heavy-media separation of potash ore [208]. Reprinted from [208] with permission of John Wiley & Sons, 


Inc. 


52.11.6 Debrining and Drying 


The products and waste from all the treat- 
ment processes except for the dry electrostatic 
process are obtained as suspensions with vari- 
ous solids contents and must be debrined. The 
two main aims of debrining potassium chlo- 
ride product are (1) to achieve as low a mois- 
ture content as possible to minimize drying 
costs and (2) to remove as much of the adher- 
ing brine as possible to maximize product pu- 
rity. As the brine adhering to the residues 
contains potassium chloride, its recovery min- 
imizes yield losses. Suspensions must often be 
thickened in circular thickeners or hydrocy- 
clones before debrining. 

The choice of equipment is determined 
mainly by the particle size of the material to be 
treated. The extent to which adhering brine 


can be removed by washing with water is also 
important. 

Pan filters are used where debrining of a 
fine-grained product is combined with water 
washing to increase the К,О content and when 
the product is to be stored intermediately. Re- 
sidual moisture content in this case is 12- 
14%. 

Drum filters are generally used for debrin- 
ing fine residues or when washing of the filter 
cake is necessary; they give a residual mois- 
ture content of 9—11 %. Alternatively, belt fil- 
ters are used because they have a high capacity 
and allow the filter cake to be washed with re- 
covery of the washing liquids. 

The most commonly used debrining appa- 
ratus consists of centrifuges of various designs 
[209]. In potash works in Canada, the United 
States, Jordan, and the CIS, screen-bowl and 
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solid-bowl centrifuges of 1400-mm diameter 
are in general use. Screen-bowl centrifuges 
have throughputs of 60-110 t/h and achieve а 
residual moisture content of 3-8%. They are 
used to treat both products and residues. Solid- 
bow] centrifuges mostly are used for fine resi- 
dues, and achieve throughputs of 70-120 t/h 
and a residual moisture content of 6-8%. In 
European and some Canadian factories, large- 
diameter (> 900 mm) pusher centrifuges are 
used, with throughputs of 40—50 t/h and a re- 
sidual moisture content of 3-6%. For coarse 
products and residues, vibratory screen and 
screw screen centrifuges are generally used. 
These have a diameter of 900-1200 mm and a 
throughput of 35—70 t/h, and give a residual 
moisture content of 2-4 96. 


The products are usually dried in drum dry- 
ers with diameters up to 3 m and lengths of 20 
m [210]. They are heated with oil or gas in 
cocurrent flow at throughputs up to 120 t/h. 
The dryers are fitted with internals to promote 
heat exchange and prevent caking of the salt. 
Exhaust gases are dedusted, first by cyclones 
and then by electrostatic filters, wet scrubbers, 
Or fabric filters. The main reasons for the 
widespread use of drum dryers are their rug- 
gedness, safe operation, lack of sensitivity to 
throughput variations, and adaptability to dif- 
fering grain sizes and moisture content. 


Since the early 1960s, fluidized-bed dryers 
have been used to an increasing extent. At 
first, they were used mainly for coarse prod- 
ucts (> 0.5 mm) with low initial moisture con- 
tent. Later, improvements in fluidized-bed 
technology enabled products with grain size 
down to 0.1 mm and initial moisture content 
up to 8 % to be dried. Their most important ad- 
vantages compared with drum dryers are im- 
proved heat and mass transfer, more efficient 
use of energy, and much smaller floor space 
requirement. Cyclones and bag or electrostatic 
filters are used for dedusting the exhaust gases 
from a fluidized-bed dryer. 
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Figure 52.36: Equipment for radiometric determination 
of potassium in solid materials: a) Inlet for material to be 
analyzed; b) Container for material to be analyzed; c) By- 
pass; d) Detector; e) Time-controlled valve. 


52.11.7 Process Measurement and 
Control 


The methods normally used in the chemical 
industry for measuring and controlling pro- 
cess parameters are also used in potash plants. 
Special methods include the analytical deter- 
mination of potassium by means of its natural 
radioactivity [211], the use of flame photome- 
try for so-called ratio analysis, and mineral 
analysis by infrared spectrometry. 

The natural mixture of potassium isotopes 
includes ca. 0.012 % of the radioactive isotope 
“°K, which is both a В and a y emitter. Both 
types of radiation are measured to determine 
potassium content. The B emissions are usu- 
ally measured in the laboratory, whereas on- 
line measurement of y emissions is widely 
used for process control. Owing to the great 
penetrating power of y rays, the reliability of 
measurement is strongly dependent on the ge- 
ometry of the measuring equipment. Equip- 
ment for the radiometric determination of 





Potassium 


otassium in bulk products is shown in Figure 
12]. 

o due m method of ratio analysis [213, 
214] of KCI-NaCl mixtures is based on mea- 
suring the potassium and sodium contents of a 
sample with a double-beam flame photometer, 
and calculating the ratio from the measured 
data. Since this ratio is independent of the 
weight and dilution of the sample wet materi- 
als with varying water content can be analyzed 
without weighing the sample. Ratio analysis is 
used for determining residual NaCl content in 
flotation concentrates that have been water 
washed. The NaCl content is used to deter- 
mine the amount of washing water required, 
and enables losses of K,O due to excessive use 
of washing water to be avoided. The method 
has also been used for controlling the K,O 
content in products from leaching—crystalliza- 
tion plants. 

Infrared spectroscopy is suitable for contin- 
uous determination of carnallite or kieserite in 
crude potash salts. Reflection photometry can 
be used to measure water of crystallization, 
and hence the content of these minerals. In 
some circumstances, the carnallite content can 
be determined even when kieserite is present 
[214]. 


52.11.8 Waste Disposal and 
Environmental Aspects (215, 216] 


The main environmental problem of the 
potash industry is disposal of process waste. 
The total world production of potash ore is ca. 
250 x 10° t/a, whose processing necessitates 
the disposal of ca. 200 x 106 t of waste without 
damage to the environment [215]. In the Cana- 
dian province of Saskatchewan alone, 300 x 
10° t of solid waste has been generated during 
the last 30 years, covering an area of ca. 35 
km? with solid and liquid materials [217]. 

The composition of the waste depends on 
the type of ore treated. Waste from the treat- 
ment of sylvinite consists mainly of halite. 
Waste materials from hard salt treatment are 
halite and Kieserite, and from carnallitite ore 
processing, halite and magnesium chloride, 
which is always produced in the form of an 
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aqueous solution. Salt solutions that must be 
disposed of are also generated during tbe pro- 
duction of potassium sulfate from potassium 
chloride and magnesium sulfate, and during 
the recovery of kieserite from residues from 
the treatment of hard salt by dissolving the ha- 
lite. 

Four methods for disposing of waste are 
dumping, backfilling, pumping into the 
ground, and discharge into natural water sys- 
tems. 

The disposal of waste by dumping is by far 
the most important method. Salt solutions that 
run off the dumped materials must be demon- 
strated not to harm the environment when they 
are absorbed into the ground. Salt solutions 
can originate from the brine adhering to wet 
residues or from the carrier liquid for trans- 
porting solid waste to the dump, or they can 
form when atmospheric precipitation dis- 
solves the salt from waste material. If the 
ground underneath the dump is not imperme- 
able, it must be sealed by layers of clay or 
plastic sheeting, or a combination of the two. 
The salt-containing runoff water is collected 
in ditches at the edges of the dump, and as 
much as possible is returned to the recirculat- 
ing brine system in the plant. Excess brine is 
disposed of along with other liquid waste. In 
Germany, solid waste is formed into steep 
conical heaps after drying or debrining as fully 
as possible. This reduces the amount of salt- 
containing runoff water formed by atmo- 
spheric precipitation and also minimizes the 
ground area required. In most Canadian instal- 
lations, filtration residues (tails) are slurried 
with brines and pumped as a suspension into a 
large lagoon surrounded by dykes. Flat depos- 
its are formed over a very large area. The brine 
that runs off is pumped back to the plant and 
reused for slurrying solid waste (Figure 52.37) 
[218, 219]. If the salt solution enters ground- 
water-bearing layers despite sealing, bore- 
holes are sunk, and salt-bearing groundwater 
is pumped back into the lagoon. Attempts to 
cover dumped waste material to prevent the 
formation of salt-containing water by the 
leaching effect of rainfall have in the long run 
proved unsuccessful (217]. 
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Under certain geological conditions, and if 
mining methods are suitable, solid residues 
can be transported underground for backfill- 
ing. Since the bulk density of the residue is 
much lower than that of the potash ore, often 
only a part of the residue can be accommo- 
dated by the space left after extraction of the 
ore. Backfilling is the main method of waste 
disposal in North German salt works where 
the salt beds are steeply inclined, as well as the 
potash works of New Brunswick in Canada. In 
most potash works, where the potash is mined 
from level deposits, backfilling is not possible 
for technical and economic reasons. 


Pumping salt solutions back into the 
ground is possible if certain geological re- 
quirements are met. The formation used for 
this purpose must possess sufficient porosity 
and permeability, and must have no contact 
with formations that could provide a water 
supply or contain salt deposits. Salt solutions 
are generally pumped under pressure through 
lined boreholes into the porous formation. 


Since 1926, in the Werra potash region of 
Germany, large quantities of brine have been 
pumped into a porous dolomite layer 20-25 m 
thick. Injection wells have an absorption ca- 
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Figure 52.37: Conventional potash waste handling in Saskatchewan [217]. Reproduced with permission. 
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pacity up to 1000 т?Л at head pressures up to 
11 bar [220]. Since most of this waste brine 
comes from kieserite production, the amount ` 
produced has decreased drastically with the 


introduction of electrostatic ore treatment 


[221]. In Saskatchewan, excess brine jg | 


pumped into deep formations of dolomite or 
sandstone. The capacity of these wells is up to 
ca. 200 m?/h at head pressures up to 60 bar. 
Kalium Chemicals, Saskatchewan, has been 
disposing of waste brine since 1979 in caverns 
produced by solution mining. | 

The possibility of disposing waste brine in 
rivers and lakes depends very much on the lo- 
cation. Sea disposal, as practiced in the United 
Kingdom and by one of the potash works in 
New Brunswick, presents few major problems 
if the outfall is sufficiently remote from the 
coast. The potash works on the Dead Sea can 
dispose of waste brine in the Dead Sea itself 
without harmful consequences. The Potash 
Company of America in Saskatchewan dis- 
charges its solid and dissolved wastes into the 
southern end of the salt-containing Lake Pa- 
tience, which is isolated from the rest of the 
lake by a dam. 


To injection 
well 





Slime 
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For most potash works, waste brine cannot 
pe disposed in natural salt water. If under- 
ound disposal is impossible, disposal into 


' flowing natural water is the only alternative. 


In all countries, this is subject to ever-stricter 
regulation. One particular problem, for which 
а solution in the foreseeable future is being 
sought, is the high salt content in the Werra 
River due to brine from the potash works in 
the eastern part of the Werra region [221]. 


The only significant atmospheric pollution 
caused by potash works is salt dust emitted by 
the drying plant and from the handling of the 
ore and products during production and sup- 
ply. Dust removal from waste gases from dry- 
ers is discussed in Section 52.11.6. The dusts 
produced during production and conveying 
are usually removed by air extraction, and 
trapped in fabric filters or wet scrubbers. Dur- 
ing the drying of products containing magne- 
sium chloride brines, hydrolysis of the 
magnesium chloride can lead to the emission 
of hydrogen chloride, which can be removed 
from the gas by wet scrubbing or absorption in 
calcium hydroxide in combination with a wo- 
ven filter (222]. This procedure can alsó 
greatly reduce the level of sulfur dioxide if it is 
present in the exhaust gas. 


52.11.9 Granulation [223-227] 


Potassium chloride can be produced in a 
wide range of crystal sizes, depending on the 
composition of the potash ore, its degree of in- 
tergrowth, and the process used. Different par- 
ticle-size distributions are needed for various 
applications. To meet these requirements, the 
potash industry offers products with standard- 
ized size distributions (see Section 52.11.10) 
obtained by screening to give the various frac- 
tions. The resultant distribution of the product 
among the various standardized grades does 
not always correspond to market require- 
ments. Demand for products with a particle 
Size of ca. 1-5 mm (coarse and granular 
grades) exceeds their normal production rate 
in a potash works. Most potash works must 
therefore increase the proportion of coarse 
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product by granulating part of the primary 
product. 


The main reason for the high demand for 
granulated potassium chloride is the technique 
of applying fertilizers that was developed 
mainly in North America and Western Europe 
in the postwar years. This technique, which is 
now the most widely used, requires coarse 
particles with a rather narrow size range. This 
is needed both for single nutrient fertilizers 
and for bulk-blended materials, which are 
widely used in North America. Also, granu- 
lated potassium chloride has a lower tendency 
to cake or form dust than the fine product. 


Two methods of granulation are commonly 
used in the fertilizer industry: agglomeration 
of molten or wet material in rotating drums or 
dishes, or compaction of dry material in roll 
presses. The latter is the method most often 
used for potash fertilizers. 


The starting material for compaction usu- 
ally consists of a mixture of fine material from 
the production process with recycled material 
from the grinding and screening system of the 
compaction plant. Although dusts from the 
plant can also be compacted, a high proportion 
of fines (« 0.1 mm) must be avoided because 
they cause problems in the compaction equip- 
ment. Amines from the flotation process on 
the surfaces of the particles can also interfere 
with compaction and must be destroyed or 
rendered inactive by heat or chemical treat- 
ment. 


Roll presses used in the potash industry 
usually have 60-125-cm-long rolls with diam- 
eters of 60-100 cm. The feed material, which 
is usually at 100—120 ?C, is generally preden- 
sified by force feeders that feed it into the nip 
between rolls, where it is deaerated and com- 
pressed, with plastic deformation of each par- 
ticle, to produce a dense sheet of material. The 
compression force is 40-50 kN/cm of roller 
length. The sheet of material is fed to a pre- 
breaker that size-reduces it for ease of trans- 
portation. It then goes to a grinding sieving 
plant, which produces either a granular prod- 
uct or granular and coarse products. Undersize 
material is recycled to the compaction press. 
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The compaction product consists of irregu- 
larly shaped angular particles. Handling 
causes abrasion of the edges and corners to 
form unwanted dust. The granular material is 
therefore usually treated with water after 
screening and then dried in a fluidized-bed 
dryer at 180-200 °C. This smooths the corners 
and edges, and gives a dense surface to the 
granules. Another method of dust reduction is 
to treat the granules with liquids that bind the 
dust formed by abrasion. 


52.11.10 Quality Specifications 


The main application of potassium chloride 
is in potash fertilizers, either as a single-nutri- 
ent fertilizer or as the potash component in 
mixed or complex fertilizers. In English- 
speaking areas and on the international market 
it is often called muriate of potash (MOP). 

Single-nutrient fertilizers, which were for- 
merly the most common type, have been re- 
placed largely by complex or mixed fertilizers. 
Also, the finely divided fertilizers formerly 
used have increasingly been replaced by gran- 
ulated products. Single potash fertilizers often 
contain the additional nutrient magnesium sul- 
fate. 

Potassium chloride must have differing 
grain structure and nutrient content depending 
on its intended use, e.g., for the production of 
granulated NPK or PK fertilizers, for applica- 
tion as suspension or liquid fertilizers, for bulk 
blending with other components, or as a sin- 
gle-nutrient fertilizer. The potash industry has 
developed internationally accepted quality 
standards. 

The three main grades differ in grain size: 


Standard 0.2-0.8 mm 
Coarse 0.8-2.0 mm 
Granular 1.2-3.5 mm 


Other products, such as those designated solu- 
ble, special standard, or special fine, can con- 
tain a high proportion of grains < 0.2 mm. 
Grain-size distributions of the principal grades 
are listed in Table 52.10. Products from vari- 
ous manufacturers can diverge considerably 
from these specifications. 

The granular and coarse products are used 
for bulk blending with other granulated fertil- 
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izers or as single-nutrient fertilizers. The stan- 
dard and other fine materials are used in the 
manufacture of granulated multinutrient ferti]. 
izers, and for suspension and liquid fertilizers, 

The potassium chloride content, which for 


fertilizers is usually given as % K,O (100% | 


KCl = 63% К,О), is generally at least 60% 
K,O (95 % KCl) for this application. The main 
impurities include sodium chloride, or Magne: 


sium sulfate, and sometimes anhydrite or clay. 


minerals, depending on the raw materials and 
production method. Fertilizer-quality potas- 
sium chloride produced by flotation is often 
colored red to red-brown by hematite inclu- 
sions or salt clay. | 

For single-nutrient fertilization, especially 


in European agriculture, potash fertilizers with. 


a low К,О content are often used. These реп- 
erally contain a guaranteed level of water-sol- 
uble magnesium salts. In Germany, for 
example, two granulated potash fertilizers 
with a guaranteed MgO content are widely 
used: 40er Kornkali with MgO (40% K,O, 6% 
MgO) and Magnesia-Kainit coarse (11 % KO 
5% MgO, 24% NaO). 

About 5% of the potassium chloride pro- 
duced worldwide is used as an industrial 
chemical, mainly for the production of potas- 
sium hydroxide (see Section 52.13) and chlo- 
rine by chlor-alkali electrolysis. Material of 


this quality is produced by recrystallizing low- 


purity potassium chloride. A distinction is 
made between industrial-grade and chemical- 
grade material, depending on the impurity 
content and area of use. Typical analyses of 
these products are 


Industrial grade: KCl: 99.0—99.5 % 
NaCl: 0.8-0.3% 
Chemical grade: KCI: 99.8—99.9 % 


NaCl: 0.05-0.03 % 


The remaining impurities consist mainly of `- 
bromide and alkaline-earth sulfates, depend- — - 


ing on the raw material and production pro- 
cess. | 

Dust content апа free-flowing properties 
are important quality criteria, and depend on 
chemical composition and grain size. With 
granulated materials, dust formation by abra- 
sion occurs due to handling during manufac- 
ture and transport even if the materials are 








| specially 


` mixtures О i 
. ally 0.3-5.0 kg/t [228, 229]. Various methods 


© ave been developed to assess or measure the 


.: Potassium 


treated during production. To bind 
the dust, the granulated material is treated with 
conditioning agents such as polyglycols, min- 
eral oil products, vegetable oils and waxes, or 

xt f these. The addition rates are usu- 


abrasion resistance and dust content of the 
nulated product. Abrasion resistance is 
tested by subjecting samples of the granules to 
a process of screening or rolling in a rotating 
drum with steel spheres or rods, and weighing 
the fine material formed after a given time 
[230]. Dust content is determined by air blow- 
ing a sample under precisely defined condi- 
tions and weighing the dust collected [228]. 


` "Fine potassium chloride (standard quality 
or finer) tends to cake on storage or transport 
over long distances. Anticaking agents are 
therefore generally added, usually mixtures of 
aliphatic amines, or sometimes higher fatty 
acids. Salt products that do not contain alka- 
line-earth sulfates are treated with potassium 


` hexacyanoferrate(II). Addition rates for or- 


ganic anticaking agents are 50-300 g/t, but põ- 
tassium hexacyanoferrate(IT) is effective even 
at 15-25 g/t [228, 229]. Anticaking agents can 
affect the wettability of potassium chloride, 
which in turn can affect its granulation proper- 
ties when complex fertilizers are being -pro- 
duced. The  anticaking treatment must 
therefore suit the user’s requirements exactly 
[231]. 


52.11.11 Toxicology апа 
Occupational Health 


No toxic hazards are associated with the 
normal handling of potassium chloride. Ac- 
cording to USP XVII of 1970, the usual thera- 
peutic dose (e.g. for treating potassium 
deficiency) taken orally would be 1~10 g/d. 
The LD,, (oral, guinea pig) is 2500 mg/kg. 


Protective measures for storage and han- 
dling and personal protection such as breath- 
Ing apparatus or gloves are unnecessary. 
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52.11.12 Economic Aspects and 
Uses [82, 232, 233] 


Germany was the sole producer up to 
World War I, and was later joined by France 
and the United States, and then Spain, the So- 
viet Union, and Poland. After World War II, 
the leading producers were the central and 
western European countries and the United 
States. In the 1960s, the Soviet potash industry 
grew strongly, and the Soviet Union became 
the leading producer. Also in the 1960s, the 
first potash works in Saskatchewan was 
started up. In a few years, several large potash 
works were in operation there, and Canada be- 
came the second largest producer after the So- 
viet Union. The capital investment in the 
Soviet Union and Canada and the rapidly in- 
creasing use of fertilizers in agriculture in the 
1960s and 1970s led to a steep increase in 
world potash production. Since 1980, the av- 
erage annual increase in world potash produc- 
tion has been only 0.7%. 

Almost two-thirds of world potash produc- 
tion is exported. All the potash-producing 
countries are exporters except for Brazil and 
China. Canada is by far the largest exporter. 

The economic situation, particularly in de- 
veloped countries, greatly influences the ex- 
tent and regional distribution of exports. Both 
the quantity exported and its distribution 
among consumers are greatly affected by the 
state of their agriculture, especially in devel- 
oped regions, and by the demand for or avail- 
ability of convertible currency in the exporting 
or importing country. Transport costs for pot- 
ash fertilizers have a considerable bearing on 
total cost to the consumer, and logistical con- 
siderations also influence the direction and 
size of exports or imports. Finally, fluctuations 
in the rate of exchange of currencies between 
the countries concerned are very important. 

Because of the conditions described above, 
certain special regional relationships devel- 
oped. The agricultural requirements of the 
former COMECON countries were satisfied 
by ,the Soviet and East German potash indus- 
triés only. In western Europe, the market was 
supplied almost entirely by western European 
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producers. In North America, Canadian and 
United States producers were in a dominating 
position. Canada had a good export market in 
Asia, as did Europe and Jordan. The Latin 
American market was supplied mainly by Ca- 
nadian producers, together with East Germany 
and the Soviet Union. In recent years, the po- 
litical and economic changes in the former 
Eastern Bloc, the unification of Germany, and 
the collapse of the dollar have all led to 
changes in the supply demand relationships 
described above, although the distance be- 
tween the producer and the consumer is still of 
overriding importance. The future develop- 
ment of potash exports will be influenced 
greatly by imports into China and Brazil. Both 
countries have only minimal production and 
are compelled to import fertilizers on a large 
scale. Problems associated with their internal 
economies and with foreign exchange have 
thus far limited imports [234, 235]. 

The capacities of the potash producers in 
various countries for 1990-1991 (in 10? t 


К,О) were [233]: 

Middle and Western Europe ` 8 700 
Germany 5 700 
France 1500 
Spain 750 
Italy 250 
United Kingdom 500 

North America 13 028 
United States 1838 
Canada 11190 

Soviet Union 12 880 

Western Asia 2220 
Israel 1380 
Jordan 840 

Brazil 150 

China 50 

Others 200 

Total 37 218 


Estimated world demand for potash fertiliz- 
ers in the business year 1990-1991 by regions 
(in 1000 t K,O) was as follows: 


Europe 7 520 
Eastern Europe 2 120 
Western Europe 5 400 

Soviet Union 5 600 

America 7320 
North America 5 100 
Central America 350 
South America 3 190 

Asia 4 705 
Western Asia 155 
Southern Asia 1360 
Eastern Asia 3 190 
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Africa 522 
Oceania 260 
World 25 927 


In using these figures, it should be borne in 
mind that the capacities quoted by individua] 
producers are generally too high and that only 


ca. 95 % of the total potash production is пей. 


in the form of fertilizers. Hence, the total соп. 
sumption of products of the potash industry is 
ca. 1.5 x 10° t of K,O higher than the figure 
given above. Nevertheless, considerable over. 
capacity exists worldwide, as can be seen by 
comparing the two tables. 

Industrial-grade and chemical-grade potas- 
sium chloride are used mainly for the electro- 
lytic production of potassium hydroxide, 
Other important uses include the production of 
drilling fluids for the oil industry, aluminum 
smelting, meta] plating, production of various 
potassium compounds, and applications in the 
food and pharmaceutical industries [236]. 


52.12 Potassium Sulfate [237] 


Potassium sulfate, K,SO,, mineral name ar- 
canite, forms colorless, nonhygroscopic crys- 
tals It occasionally occurs in nature in the pure 
state in salt deposits (e.g., in Germany, the 
United States, and the CIS) but is more widely 
found in the form of mineral double salts in 
combination with sulfates of calcium, magne- 
sium, and sodium (Table 52.3). Potassium sul- 
fate is, after potassium chloride, the most 
important potassium-containing fertilizer, be- 
ing used mainly for special crops. Potassium 
sulfate constitutes ca. 5% of the world de- 
mand for potash fertilizers. 


52.12.1 Properties 


Potassium sulfate forms orthorhombic 
crystals, which transform to the trigonal modi- 
fication at 583 °C. Some properties of potas- 
sium sulfate are listed below: 
fp 1069 °C 
Crystal system and type orthorhombic, D 
Phase change at 583 °C 
Crystal system and type at > 583 °C trigonal, D3, 
Refractive indices näi 1.4933; 1.4946; 

1.4973 
Density 2.662 g/cm? 





` Potassium 


Specific heat capacity €, 752.9 Jkg? K^! 
Heat of fusion 197.4 kJ/kg 

f transformation 
Heft ahorhombic/trigonal) 48.5 kJ/kg 
Enthalpy of formation —1438 kJ/mol 
Entropy 175.6 Jmol K^! 


Dielectric constant (at4x10°Hz) 6.3 


coefficient of expansion 
Teo 130x105 К! 


Apart from the naturally occurring double- 
salt minerals mentioned above, potassium sul- 
fate also forms double salts and mixed crystals 
with ammonium sulfate and the sulfates of be- 
ryllium, magnesium, calcium, strontium, bar- 
ium, and lead It is reduced to potassium 
sulfide or potassium polysulfides by reducing 
agents such as hydrogen and carbon monoxide 
at high temperature. 

The solubility of potassium sulfate in water 
is listed in Table 52.11. The cryohydric point 
is — 1.51 °C (7.1 g K,SO,/100 g HO), and the 
boiling point of the saturated solution is 
101.4 °C (24.3 g K,SO,/100 g H,O). The solid 
phases formed in the system K,SO,-H,O are 
K,SO,, K,SO,-H,0, and ісе. In aqueous am- 
moniacal solution, the solubility decreases 
rapidly with increasing ammonia concentra- 
tion [238]. Potassium sulfate is virtually insol- 
uble in industrial organic solvents. 


Table 52.11: Solubility of potassium sulfate in water 
(g/100 g) [93]. 


Temperature, ina Temperature, iad 
eC Solubility °С Solubility 





0 7.35 60 18.4 


10 9.24 70 20.0 
20 11.1 80 21.5 
30 12.9 90 22.8 
40 14.8 . 100 24.0 
50 16.6 


52.122 Raw Materials 


Potassium sulfate is produced from single 
or mixed minerals or brines, or by the reaction 
of potassium chloride with sulfuric acid or sul- 
fates [239]. The economically important min- 
erals include the deposits of hard salt in 
Germany, langbeinite in New Mexico (United 
States), and kainite in Sicily. In the United 
States, sulfate-containing crystalline products 
from the evaporation of water from the Great 
Salt Lake (Utah) and Searles Lake (California) 
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are also used for the production of potassium 
sulfate. 

Potassium chloride is usually converted to 
potassium sulfate by reaction with sulfuric 
acid, but SO,-air mixtures can also be used. 
Reactions with sodium sulfate and gypsum 
have recently become of interest. Small 
amounts of potassium sulfate are obtained 
during the production of alumina from alunite. 


52.12.3 Production 


The choice of production method and the 
location of a potassium sulfate plant depend 
on having a plentiful economic supply of the 
starting materials and being able to utilize or 
dispose of the by-products or waste. Most pro- 
duction plants are located on salt deposits 
from which at least some of the raw materials 
can be obtained. Plants in which potassium 
chloride is reacted with sulfuric acid with lib- 
eration of hydrogen chloride are usually lo- 
cated in regions with a demand for 
hydrochloric acid, (e.g., for a acidification of 
petroleum boreholes), or they operate in con- 
junction with a chemical works having a pro- 
cess that uses hydrogen chloride. In such 
cases, the exploitability of hydrogen chloride 
determines the capacity of the potassium sul- 
fate plant. 


52.12.3.1 From KC] and HSC, 
(Mannheim Process) 


The reaction of sulfuric acid with potas- 
sium chloride takes place in two stages: 


K€1+ H,SO, — KHSO, + НСІ 
KCl + KHSO, > K,SO, + НСІ 


The first reaction step is exothermic and pro- 
ceeds at relatively low temperature. The sec- 
ond is endothermic and must be carried out at 
higher temperature. The relationship between 
total reaction time and temperature is shown 
in Figure 52.38. In practice, the process is op- 
erated at 600—700 °C. To minimize the chlo- 
ride content of the product, a small excess of 
sulfuric acid is used, which is later neutralized 
with calcium carbonate or potassium carbon- 
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ate, depending on the purity requirements for 
the product. 

The reaction is usually carried out in so- 
called Mannheim furnaces (Figure 52.39) 
[240]. 

The furnace has a closed dish-shaped 
chamber, with diameter up to 6 m, heated ex- 
ternally by an oil or gas burner. Potassium 
chloride and sulfuric acid are fed into the 
chamber in the required ratio at an overhead 
central point. The mixture reacts with evolu- 
tion of heat and is mixed by a slowly moving 
Stirrer fitted with stirring arms with scrapers 
(rabbles), which propels the mixture from the 
center of the chamber to the periphery. Potas- 
sium sulfate leaves the reaction chamber at 
this point and is neutralized and cooled. It nor- 
mally contains 50-52% K,O and 1.5-2% 
chloride. Hydrogen chloride gas formed is ab- 
sorbed in water to form hydrochloric acid or 
used in gaseous form. 

The Mannheim process is the most widely 
used method of producing potassium sulfate 
due to its simplicity, high yield, and the many 
ways in which the by-product can be utilized. 
Hydrogen chloride is used to produce dical- 
cium phosphate, vinyl chloride, or calcium 
chloride if it cannot be sold as hydrochloric 
acid. 

Disadvantages of the process include high 
energy consumption, severe corrosion, and 
high capital cost. In the United States, reduc- 
tions in corrosion and energy consumption are 


Sulfuric acid 
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Figure 52.39: Schematic diagram of a Mannheim furnace. Reproduced from [240] with permission. 
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achieved by using the Cannon process, іп. 
which the reaction is carried out in a directly: 
fired fluidized bed. 


Another variation is the Hargreaves pro. 
cess, which is also used in the United State 
Briquetted potassium chloride is heated in re- 
action chambers in a stream of sulfur dioxide 
from the combustion of sulfur, excess air, and 
water vapor. The yield and the degree of con. 
version are both ca. 95 %. ; 





The Mannheim and Hargreaves processes 
are also used to produce sodium sulfate from 
sodium chloride and sulfuric acid. Mannheim 
furnaces can be used to produce potassium 
and sodium sulfates alternately. Recent re- 
search into the reaction of potassium chloride 
with sulfuric acid in a liquid—liquid extraction’ 
process did not result in the construction of a: 
production plant [241, 242]. 
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Figure 52.38: Temperature dependence of the reaction 
between chloride and sulfuric acid. Reproduced from 
[240] with permission. 
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Figure 52.40: Isothermals of the system K,-Mg-Cl,-SO7--H,0 at 25 °C according to JANECKE. 
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Figure 52.41: Flow diagram of the two-stage production of potassium sulfate from potassium chloride and magnesium 


sulfate. 


52.12.3.2 From KC] and MgSO, 
[243, 244] 


In a process used mainly in Germany, the 
sulfate required is provided by kieserite, 
MgSO,-H,O, a component of German hard 
salt deposits. The reaction can be represented 
by the following overall equation: 


2KCl + MgSO, э K,SO, + MgCl, 


Kieserite reacts very slowly and must be 
ground finely before reaction. Alternatively, it 
can first be recrystallized to give epsomite, 
MgSO,-7H,0. 

The basis of the process is explained in Fig- 
ure 52.40. The fundamental relationships for 
the single-stage process of Ковіевѕснкү and 
tlie two-stage process of Коғвілснем and Przi- 
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BYLLA are shown as broken lines on the iso- 
therm diagram. 

For the single-stage process, the most fa- 
vorable mixing ratio of the starting materials 
is given by point C. In the presence of suffi- 
cient water, this mixture reacts to form potas- 
sium sulfate and a sulfate mother liquor (point 
m). This solution has the highest magnesium 
chloride content attainable by direct reaction, 
which determines the yield. The magnesium 
content of solution m reaches a maximum at 
25 °C, and the process is therefore carried out 
at this temperature. The single-stage process 
achieves a theoretical potassium yield of only 
46.1% and sulfate yield of 67.5%. 

For this reason, the two-stage process is 
now used exclusively. In this process, the 
starting materials are first mixed in the pres- 
ence of a definite quantity of water corre- 
sponding to point S to form schónite, K,SO,- 
MgSO,-6H,O. So-called potash-magnesia li- 
quor, which has a high magnesium chloride 
content (point P), is also formed. The schónite 
is reacted with additional potassium chloride 
(point D) to form potassium sulfate and sulfate 
mother liquor: 


2KCI - 2MgSO, + xH,O > 
K,SO,-MgSO,-6H,0 + MgCl. 

2KCI + K,SO,-MgSO,-6H,0 + xH,0 > 
2K,SO, + МЕС, у 


This process gives a theoretical potassium 
yield of 68% and sulfate yield of 83.7%. 

The flow diagram of the process is shown 
schematically in Figure 52.41. 

In the first stage, called the potash-magne- 
sia stage, schónite or leonite, K,5O,-MgSO, 
-4H50, is produced by stirring solid epsomite 
or finely ground kieserite with potassium 
chloride in sulfate mother liquor recycled 
from the second stage. The suspension pro- 
duced is filtered on rotary filters; the potash 
magnesia brine, which contains 180—200 g/L 
magnesium chloride, 1s removed; and the solid 
crystalline product, also known as potash— 
magnesia, is fed to the next stage, sometimes 
after being washed with sulfate mother liquor, 
where it is stirred with potassium chloride so- 
lution at ca. 70 °C. The temperature of the 
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mixture is 35—40 ?C, and solid potassium su] 
fate is formed. This is thicknened, debrined by. 
centrifuges, and dried in drum or fluidized. 
bed dryers. 












If the sulfate reaction is carried out in а 
classifying crystallizer at a high solids content ` 
[245], a very pure, coarsely crystalline product : 
is obtained with K,O content of 53% ang 
chloride content of < 0.5 46. 


Tn the industrial process, sodium chloride 
is always present. If the molar ratio of Naj:K, ` 
in the sulfate mother liquor exceeds 2:5, gla- 
serite, 3K,SO,-Na,SO,, is formed instead of 
potassium sulfate. To prevent this, the potas- 
sium chloride used must be of adequate purity. : 





The yield is determined by losses to the 
waste brine. The higher the magnesium chlo- 
ride content of the potash-magnesia brine is, : 
the lower is the potassium content, and there- 
fore the potassium loss. Excess potassium-rich 
sulfate mother liquor must be recovered. 


52.12.3.3 From KCl and 
Langbeinite [246] 


Large deposits of langbeinite, ` 
K,SO,:2MgSO,, can be found in New Mexico 
(United States). Langbeinite can be converted 
to potassium sulfate according to the follow- ` 
ing overall equation: | 


K,SO,-2MgSO, + 4КС1  3К,50, + 2MgCl, 


The potash ore also contains halite and vary-. 
ing amounts of sylvite, from which langbein- 
ite is separated by gravity separation, 
flotation, and dissolution of halite, giving vari- 
ous crystal sizes. The coarser langbeinite frac- 
tion is sold as potash-magnesium fertilizer, 
and the finer fraction is reacted with potas- 
sium chloride to produce potassium sulfate. A 
flow diagram for the process is given in Figure 
52.42. 
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Figure 52.42: Flow diagram of the production of potas- 
sium sulfate from langbeinite. 


The potassium sulfate formed is granulated 
and marketed in three different grain sizes: 
granular (0.8-3.4 mm), standard (0.2-1.6 
mm), and special standard. The latter has a 
high content of grains « 0.2 mm. 


§2.12.3.4 From KCI] and Kainite ` 
[239] 


In Sicily, kainite, KC]-MgSO,:2.75H,0, is 
obtained from a potash ore by flotation. It is 
then converted into schónite at ca. 25 °C by 
stirring with mother liquor containing the sul- 
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fates of potassium and magnesium from the 
later stages of the process. Schónite is filtered 
off and decomposed with water at ca. 48 °C. 
This causes magnesium sulfate and part of the 
potassium sulfate to dissolve and most of the 
potassium sulfate to crystallize. The crystals 
are filtered and dried. The sulfate mother li- 
quor is recycled to the kainite~schénite con- 
version stage. The mother liquor produced 
there, which still contains ca. 30% of the po- 
tassium used, is treated with gypsum, 
CaSO,-2H,O, causing sparingly soluble syn- 
genite, K,SO,-CaSO,-H,O, to precipitate. 
Syngenite is decomposed with water at ca. 
50 °C, which dissolves potassium sulfate and 
reprecipitates gypsum. The potassium sulfate 
solution is recycled to the schónite decompo- 
sition stage, and gypsum is reused to precipi- 
tate syngenite. A simplified flow diagram of 
the process is given in Figure 52.43. 


52.12.3.5 From KCl and Na,SO, 
[242] 

The production of potassium sulfate from 
potassium chloride and sodium sulfate takes 
place in two stages, with glaserite, Na,SO,- 
3K,SO,, as an intermediate, according to the 
following equations: 


4Na,SO, + 6КСІ — Na,SO,-3K,SO, + 6NaCl 
Na,SO,-3K,SO, + 2KCI + 4K,SO, + 2NaCl 


Residue 


Waste brine 






Gypsum 









H 


D 


Figure 52.43: Flow diagram of the production of potassium sulfate from kainite. 
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Potassium chloride and sodium sulfate are re- 
acted at 20—50 ?C in water and recycled pro- 
cess brines to form glaserite, which is filtered 
and then reacted with more potassium chloride 
and water to form potassium sulfate. Because 
the mother liquor from the glaserite stage has a 
high potassium and sulfate content, the maxi- 
mum potassium yield is 73%, and the maxi- 
mum sulfate yield is 78%. The yield can be 
increased considerably by cooling the mother 
liquor to produce more crystals and by includ- 
ing a final evaporation stage. 

A production plant in the CIS uses the gla- 
serite process [244], and an experimental plant 
is operating in Canada [247]. 

Alternatively, sodium sulfate solution can 
be used to charge an anion exchanger with sul- 
fate, which reacts with potassium chloride so- 
lution to give a high yield of potassium sulfate 
[248, 249]. This process is used at Quill Lake, 
Saskatchewan, Canada, which has a high so- 
dium sulfate content. 


52.12.3.6 From KCl and CaSO, 


Processes based on gypsum, CaSO,-2H,O, 
have often been proposed, because it is so 
readily available. Two processes have been 
tested in experimental plants: 


e Reaction with potassium chloride in 
strongly ammoniacal solution 


e Reaction with anion exchangers 

Potassium chloride reacts with gypsum in wa- 
ter to give syngenite. If the reaction is carried 
out in a concentrated solution of ammonia at 
low temperature, potassium sulfate with a 
very low syngenite content is obtained (241, 
250, 251]. 

CaSO,-2H,0 + 2KCl э K,SO, + СаС) 


By carrying out the reaction in two or more 
stages, high concentrations of calcium chlo- 
ride in the waste brine can be produced, and 
hence very high yields. The ammonia required 
for the reaction medium must be recovered by 
distillation. This process has recently attracted 
some interest [252]. 

The anion-exchange process is carried out 
in two stages [253]. First, the ion-exchange 
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resin (R) is treated with a suspension of gyp- 
sum, charging it with sulfate. The charged 


resin is then treated with a concentrated solu- ` 


tion of potassium chloride, to replace the dis- 


solved chloride by sulfate. Potassium sulfate ` 
crystallizes from the solution, sometimes after · 


the addition of solid potassium chloride. The 
process takes place according to the following 
equations: 

R,Cl, + CaSO, — K,SO, + CaCl, 

R,SO,+2KCI > K,SO,+R,Cl, 


52.12.3.7 From Alunite [254] 


Alunite, K,SO,-Al,(SO,);-4Al(OH),, oc- 
curs in several extensive deposits. On being 
heated to 800—1000 °C, it decomposes with 
liberation of sulfur trioxide to form a mixture 
of alumina and potassium sulfate. The latter 
can be extracted from the mixture. A plant in 
the CIS uses this process. 


52.12.3.8 From Natural Brines 
and Bitterns 


In the United States, large quantities of po- 
tassium sulfate are produced from the brines 
of the Great Salt Lake and smaller amounts 
from the brines of Searles Lake. Extensive in- 
vestigations and project studies have been car- 
ried out in various countries into the extraction 
of potassium sulfate from the mother liquors 
(bitterns) produced when salt is extracted from 
seawater, and from concentrated brines in Tu- 
nisia and the Atacama desert of Chile [242]. 


52.12.4 Granulation 


The demand for granulated potassium sul- 
fate has increased greatly in recent years for 
the same reasons that the demand for potas- 
sium chloride has increased. The method of 
production with compaction rolls is widely 
used (see Section 52.11.9), although potas- 
sium sulfate does not behave under pressure 
like potassium chloride, which undergoes 
plastic deformation with merging of the grain 
boundaries. However, the granulated product 
is much more dense and solid if the potassium 
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sulfate is wetted before compaction by adding 
up to 2% water, Or if steam is introduced 
through force feeders located above the com- 
paction rolls. Also, the pressure used must be 
considerably higher than that for potassium 
chloride [255, 256]. A compaction plant for 
potassium sulfate is otherwise similar to that 
for potassium chloride, although the through- 
put is much lower. 


52.12.5 Quality Specifications 


The important quality specifications for ag- 
ricultural-grade potassium sulfate, known in 
the English-speaking world and on the inter- 
national market as sulfate of potash (abbrevi- 
ated to SOP), are the K,O and chloride 
content. All producers guarantee a minimum 
К,О content of 50% (92.5% K,SO,), typical 
values being 50.5~51.0%. A completely wa- 
ter-soluble potassium sulfate with К,О con- 
tent of > 52% is supplied for the production of 
liquid fertilizers. : 

The maximum permissible chloride content 
is 396, according to EC Guidelines, but the 
usual commercial upper limit is 2.5%. The 
chloride content depends very much on the 
production method, and some producers offer 
potassium sulfate with chloride content « 
0.5%. 

The most common impurities, apart from 
alkali chlorides, are the sulfates of calcium 
and magnesium. 

The demand for granulated potassium sul- 
fate as a single-nutrient fertilizer and for bulk 
blending has greatly increased. The crystal 
size and size distribution of the products gran- 
ular, coarse, and standard are the same as 
those for potassium chloride. 

Potassium sulfate does not cake as readily 
as potassium chloride and is therefore not 
treated with anticaking agents. Dust-reducing 
agents are added at the rate of 5 kg/t to the fine 
and granulated products; the same additives 
are used as for potassium chloride. 

Industrial-grade potassium sulfate with a 
K,SO, content of 99.6-99.9 %, purified by re- 
crystallization, is supplied as a raw material 
for the production of other potassium com- 
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pounds and as an auxiliary material or reagent 
for various branches of industry. Specifica- 
tions with respect to chemical purity and crys- 
tal size distribution are suited to the individual 
user's requirements and. can sometimes be 
very detailed. 


52.12.6 "Toxicology and 
Occupational Health 


No health hazard is associated with potas- 
sium sulfate if it is handled in accordance with 
regulations. According to Swiss law relating 
to toxic substances, it is a Class 4 material 
(0,0: 500-5000 mg/kg). Otherwise, the in- 
formation given in Section 52.11.11 for potas- 
sium chloride applies. 


52.12.7 Economic Aspects and 
Uses 


Potassium sulfate accounts for ca. 5% of 

world production by the potash industry, ex- 
pressed in K,O units. It is produced in 11 
countries. Of the total, ca. two-thirds comes 
from Belgium and Germany. Other European 
producers are Italy, Spain, Finland, and Swe- 
den. Potassium sulfate is also produced by the 
CTS. Other production plants are in the United 
States, Japan, South Korea, Taiwan, the Phil- 
ippines, and recently, China. Present world 
production and consumption both exceed 1.5 
x 106 t K,O [257, 258]. 
Potassium sulfate is up to twice as expensive 
as potassium chloride based on K5O content 
due to the costs of the raw material (potassium 
chloride) and processing. It is therefore only 
used as a potash fertilizer for applications 
where it performs much better than potassium 
chloride. 


The sulfur content of potassium sulfate is 
an advantage where there is a deficiency of 
sulfur in the soil. Also, it has only a slight 
oversalting effect on soil in arid or semiarid 
areas. It is useful for fertilizing crops that are 
sensitive to chloride or whose quality is im- 
proved by chloride-free fertilization. This ap- 
plies particularly to tobacco, vegetables, 
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potatoes, vines, and citrus or various other 
fruit [257, 259]. | 

Potassium sulfate is used in industry for the 
production of other potassium compounds, ac- 
celerators for rapid-setting cements, synthetic 
rubbers, desensitizers for explosives, lubri- 
cants, powdered fire extinguishers, dyes, ex- 
plosives, and pharmaceuticals. 


52.13 
[273-276] 


Potassium Hydroxide 


52.13.1 Properties 


Pure, solid potassium hydroxide, KOH, 
caustic potash, p 2.044 р/ст?, mp 410 °C, bp 
1327 °C, heat of fusion 7.5 kJ/mol, is a hard, 
white substance. It is deliquescent and absorbs 
water vapor and carbon dioxide from the air. 
Potassium hydroxide dissolves readily in alco- 
hols and water (heat of solution 53.51 kJ/mol). 
The solubility of KOH (g KOH/100 g H,O) in 
water is shown below: 


Temperature,°C 0 10 20 30 50 100 
Solubility 97 103 112 126 140 178 


The mono-, di-, and tetrahydrates are 
formed with water. Aqueous potassium hy- 
droxide is a colorless, strongly basic, soapy, 
caustic liquid, whose density depends on the 
concentration: 

Concentration, Ф 10 20 30 40 50 
Density, в/ст? 1.092 1.188 1.291 1.395 1.514 
Technical caustic potash (90-92% KOH) 


melts at ca. 250 °C; the heat of fusion is ca. 6.7 
kJ/mol. 


52.13.2 Production 


Today, potassium hydroxide is manufac- 
tured almost exclusively by potassium chlo- 
ride electrolysis. The diaphragm, mercury, and 
membrane processes are all suitable for the 
production of potassium hydroxide, but the 
mercury process is preferred because it yields 
a chemically pure 5046 potassium hydroxide 
solution. 

In the diaphragm process, a KCl-contain- 
ing, 8-10% potassium hydroxide solution is 
initially formed, whose salt content can be re- 
duced to ca. 1.01.5 % KCl by evaporation to a 
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5045 liquor. Further purification is compli. 


cated, and the quality of liquor from mercury 


cells cannot be achieved. 

In the mercury process a very pure KC] 
brine must be utilized, because even traces 
(ppb range) of heavy metals such as chro- 
mium, tungsten, molybdenum, and vanadium, 
as well as small amounts (ppm range) of cal- 
cium or magnesium, lead to strong evolution 
of hydrogen at the amalgam cathode. The very 
pure potassium hydroxide solution running off 
the decomposers is cooled, freed from small 
amounts of mercury in precoated filters, and in 
some cases sent immediately to the consumer 
as a 45-50% liquor in drums, tank cars, or 
barges. 

Since about 1985, new cell rooms for the 
manufacture of potassium hydroxide solution 
have used the membrane process. At present, 
the cell liquor has a low chloride content (10— 
50 ppm); the KOH concentration is 32%. Be- 
fore dispatch, it is concentrated to 45-50% by 
evaporation. 

Nonelectrochemical processes have been 
proposed for the manufacture of chlorine and 
potassium hydroxide from KCl by thermal de- 
composition of potassium nitrite in the pres- 
ence of Fe,O, [277]. А 

This method involves reacting KCl with 
NO, to obtain Cl, and potassium nitrite, react- 
ing the KNO, with iron(II) oxide and oxygen 
to give potassium ferrate (K,Fe,O,), and react- 
ing the ferrate with water to produce KOH. 
Another method consists of reacting an aque- 
ous solution of KC] with NO, and O, to give 
Cl, and KNO,, which is reacted with water in 
the presence of Ғе,О, to produce KOH. 

Largely water-free, ca. 90-95 % potassium 
hydroxide (caustic potash) is obtained by 
evaporating potassium hydroxide solution. 
The residual content of 5-10% Н,О is bound 
as a monohydrate. 

Suitable evaporation processes are single- 
or multistage falling-film evaporators [278], 
Badger single-tube evaporators, or boilers 
connected in cascade. Heating is carried out 
with steam or by means of heat-transfer agents 
(salt melts, Dowtherm). Flash evaporators are 
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used as the final stage in large-capacity plants 
[279]. 

To counter the strong corrosiveness of the 
potassium hydroxide solution and retain the 
purity of the caustic potash, the equipment is 
made largely from high-purity nickel (LC 
99.2) or is silverplated. The equipment is often 
protected by polarization. 

For dispatch, caustic potash comes on the 
market poured directly into drums or packed 
in polyethylene bags after cooling; in blocks, 
molded pieces, flakes, prills, and as a powder. 
Potassium hydroxide is classified as a corro- 
sive material: : 


UN no. 1814 (for aqueous solution) 
UN no. 1813 (for dry material) 
GGVS/GGVE Class 8 

RID/ADR Class 8 


Handling is described in [280]. 


5213.3 Quality Specifications 


Potassium hydroxide solution is supplied in 
pure quality [total alkalinity 49.7—50.3 5, 
KOH 48.8% (min.), NaOH 0.5% (max.), 
СО; 0.1% (max.)] or in technical quality [to- 
tal alkalinity 49.7-50.3%, NaOH 1.0% 
(max.), СО2- 0.3% (max.)]. The contents of 
СІ, SO?, Pei", and Ca? are < 30 ppm. Solid 
caustic potash produced from amalgam liquor 
has a total alkalinity (calculated as KOH) of 
89-92%, NaOH 1.5% (max.), CO} 0.5% 
(max.), CT 0.01 % (max.). The values for SO; 
, Fe?*, and Ni* are < 50 ppm. Caustic potash 
from diaphragm electrolysis has a СГ content 
of 2.5-3.0 % and higher content of heavy met- 
als. ‘ 


52.13.4 Economic Aspects and 
Uses 


Pure-quality potassium hydroxide is used 
as araw material for the chemical and pharma- 
ceutical industry, in dye synthesis, for photog- 
raphy as a developer alkali, and as an 
electrolyte in batteries and in the electrolysis 
of water. Technical-quality KOH is used as a 
raw material in the detergent and soap indus- 
try; as a starting material for inorganic and or- 
ganic potassium compounds and salts (e.g., 
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potassium carbonate, phosphates, silicate, per- 
manganate, cyanide); for the manufacture of 
cosmetics, glass, and textiles; for desulfuriz- 
ing crude oil; as a drying agent; and as an ab- 
sorbent for carbon dioxide and nitrogen oxides 
from gases. 

World production is estimated at ca. 700— 
800 x 10? t/a. Main producers are the United 
States [281], Germany, Japan, and France. 
Other important producer countries are Bel- 
gium, the United Kingdom, Italy, Spain, South 
Korea, India, Israel, Jugoslavia, former 
Czechoslovakia, Sweden, and Romania. 


52.14 Potassium Carbonate 
[273-276] 


Potassium carbonate was produced in an- 
tiquity and used for many purposes. In the Old 
Testament, potash is mentioned in Jeremiah 
(written in the 7th century B.C.). ARISTOTLE 
describes the extraction of wood ash with wa- 
ter; the Romans manufactured soap from fat 
and potash. Lavoisier identified potash as po- 
tassium carbonate. 

The production of potash from wood ash 
for the manufacture of glass and soap was a 
flourishing industry in the Middle Ages in ar- 
eas having a plentiful supply of wood such as 
Russia and also in Scotland. Since 1860, pot- 
ash salts have replaced wood as a raw material 
for the manufacture of potassium carbonate. 

In Anglo-American usage, the term potash 
today includes potassium carbonate as well as 
all potassium salts, such as KCl, K,SO,, and 
K,SO,:MgSO,-xH,0, that are used as fertiliz- 
ers; the potassium content is given as К,О. 

Potassium carbonate occurs in small 
amounts in a few African lakes (e.g., Lake 
Chad and in the vicinity of Lake Victoria), as 
well as in the Dead Sea. 


52.14.1 Properties 


Anhydrous potassium carbonate, K,CO,, p 
2.428 g/cm?, mp 891 °C, is a white, hygro- 
scopic, powdery material that deliquesces in 
moist air. It is readily soluble in water with the 
formation of an alkaline solution. The solubil- 


x 


2200 


ity of K,CO, (g K,CO,/100 g H,O) in water is 
given below: 





Temperatures Solubility Тетрегаше, Solubility 
0 105.5 60 1268 
10 108.0 70 1331 
20 1105 . 80 139.8 
30 837 `` 90 1475 
40 ` 116.9 100 155.7 
50 121.2 ; Р 


On addition of acid, potassium carbonate 
reacts with the evolution of carbon dioxide: 


K,CO, + H,SO, — K,SO,+ CO, + H,O 


K,CO, forms several hydrates, of which 
K,CO,-1.5H,O is the stable phase in contact 
with the saturated solution from 0 °C to ca. 
110 *C. This hydrate (p 2.155 g/cm?) crystal- 
lizes in glassy, virtually dust-free crystals. It is 
also hygroscopic and deliquesces in moist air. 
Itis completely dehydrated at 130—160 ?C. 


52.14.2 Production 


From Caustic Potash and Carbon Dioxide. 
The most important process for the manufac- 
ture of potassium carbonate begins with elec- 
trolytically produced potassium hydroxide 
solution. The aimost chemically pure solution 
obtained by the mercury process is reacted 
with carbon dioxide or CO,-containing off- 
gases (flue gas, lime kiln gas). 

2KOH + CO, > K,CO, + H,O 


Solid potassium carbonate is then obtained by 
crystallization (under vacuum and with cool- 
ing) from liquors or in the fluidized-bed pro- 
cess. 

In the continuous crystallization process 
(Figure 52.44), the filtered, fresh carbonate 
solution is mixed with mother liquor and con- 
centrated in several preliminary evaporators 
connected in series until the hydrate 
K,CO,-1.5H,0 finally precipitates in the crys- 
tallizer after cooling under vacuum [282]. The 
mother liquor is separated from the crystal 
suspension in hydrocyclones and centrifuges, 
filtered, and fed back to the process. The crys- 
tals are dried at ca. 110—120 °C in rotary kilns 
or fluidized-bed dryers and packed for sale as 
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potash hydrate, or they are calcined at 200. 
350 °C to give 98-100% K,CO,. Impurities 
such as soda, sulfate, silicic acid. and iron that 
concentrate in the mother liquors can be par- 
tially removed [283] by removing a partial 
stream of the mother liquor, which is either 
used for brine purification in the electrolysis 
process or sold as a low-grade potassium car- 
bonate solution, or by crystallizing the double- 
salt NaKCO, at elevated temperature in a sep- 
arate crystallization and drying process. 

The resulting potassium carbonate is very 
pure and meets the requirements of USP, BP, 
DAB, and JP if the process is operated in ap- 
propriate manner. 


Starting from potassium carbonate solu- 
tion, prills can be produced in a combined re- 
actor, in which spray drying and fluidized-bed 
granulation take place simultaneously [284]. 

In the fluidized-bed process, aqueous po- 
tassium hydroxide solution is sprayed into a 
fluidized-bed reactor from above and exposed 
to a countercurrent of CO,-containing hot gas 
(Figure 52.45) (285, 286]. Carbonization and 
calcination take place in the same reactor. 
Hard, spherical potassium carbonate prills are 
formed having a high packing density. The 
prills are discharged and sieved. The coarse 


grains are ground and returned to the reactor 


together with the very fine grains, where they 
act as crystallization seeds. The salable, dust- 
free, medium grains are cooled and packed. 
Because no mother liquor is formed, the qual- 
ity of the potassium carbonate depends on that 
of the raw materials. Compared to the crystal- 
lization process the chloride, soda, and sulfate 
contents are usually higher, but the investment 
and production costs are lower. 


Amine Process. In the Mines de potasse d' Al- 
Sace process, potassium chloride is reacted un- 
der pressure in autoclaves with carbon dioxide 
in precarbonated isopropylamine solution. Po- 
tassium hydrogencarbonate precipitates and 
is filtered off, carefully purified of amine by 
intensive washing, and dried. It can be con- 
verted to potassium carbonate by calcination. 
Free amine, containing carbon dioxide, is re- 
covered from the mother liquor by distillation 
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and recycled. The chloride, predominantly 
present in the mother liquor as amine chloro- 
hydrate, is reacted with hydrated lime to give 


free amine and an aqueous solution of calcium 
chloride [287]. 
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Figure 52.44: Preparation of potassium carbonate with continuous crystallization: а) Carbonization; b) Crude liquor fil- 
ter; c) Fresh liquor tank; d) Mixed liquor tank; е, ез) Preliminary evaporation; f) Vacuum/cooling crystallization (Che- 
mietechnik Messo system); g) Preheater; h) Vapor condenser; i) Vacuum pump; j) Hydrocyclone; k) Centrifuge; 1) 
Centrifuge liquor tank; m) Filter for mother liquor; n) Mother liquor tank; o) Drying or calcining rotary kiln; p) Cooling 
device for calcined K,CO,; q) Storage for hydrated potash; г) Storage for calcined potash. 
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Figure 52.45: Production of potassium carbonate by the fluidized-bed process: a) Burner; b) Gas cooler; c) Fluidized- 
bed reactor; d) Cooler; e) Elevator; f) Screen; g) Mill; h) Silo; i) Cyclone; j) Exhaust gas scrubber. 


2202 


The use of triethylamine [288], hexameth- 
ylenimine [289], or piperidine [290] is also 
patented. All the processes have the disadvan- 
tage that calcium chloride liquor is obtained, 
which can be utilized today only to a small ex- 
tent and therefore represents an environmental 
pollutant. 


Nepheline Decomposition Process [291]. In 
the CIS, considerable amounts of potassium 
carbonate are formed as a by-product in the 
nepheline decomposition process for alumi- 
num hydroxide production. The mineral 
nepheline is decomposed with limestone by 
sintering at 1300 °C: 
1300 *C 

(Na, K),-Al,0,-2Si0,+4CaCO, э 

(Na, K),0-Al,0, + 2(2CaO-SiO;) + 4CO, 
Alumina, portland cement, soda, and potash 
are obtained from the product in a complex 
process. The sinter product is leached with an 
Na,CO,—NaOH solution. After filtration, a fil- 
ter cake is obtained that is processed to give 
portland cement and an aluminate solution 
containing silicic acid. After precipitation of 
the silicic acid as alkaline aluminum silicate 
the purified aluminate solution is reacted with 
carbon dioxide: 
2(Na, K)AIO, + CO, + 3H,0 ^ 

2Al(OH), + (Na, K),CO, 
The aluminum oxide hydrate is filtered off, 
and the carbonate solution is concentrated by 
fractional crystallization in a three-stage pro- 
cess and separated into sodium carbonate and 
K,CO,-1.5H,0. 

Feldspar (KAISi,O,) and  |leucite 
(KAISi,O,) can also be decomposed analo- 
gously and used for alumina, cement, and po- 
tassium carbonate manufacture [292]. 

The magnesia process (Engel—Precht pro- 
cess) is of limited interest: 
3(MgCO,-3H,0) + 2KCI + CO, > 

2(MgCO,-KHCO,-4H,O) + MgCl, 
In hot water the double salt (MgCO,-KHCO,- 
4H,O) decomposes under pressure into mag- 
nesium carbonate and dissolved potassium 
carbonate. 


Other processes. Le Blanc process: 
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K,SO, + CaCO, + 2C > CaS + K,CO, +2С0, 
Formate process: 
K,SO, + Ca(OH), + 2CO — 2HCOOK + CaSO, 
HCOOK + КОН + '/,0, 2 K,CO, + H,O 
“Piesteritz” process: 
K,SO, + 2CaCN,  2H,0 > 
2KHCN, + CaSO, + Ca(OH), 
2KHCN, + 5H,O > K,CO, + 4NH, + CO, 


These processes are uneconomical today be- 
cause of high energy consumption and poor 
product quality, and are no longer used. 

In the decomposition of chromium ores 
with potassium hydroxide solution, a chro- 
mate-containing potassium carbonate is ob- 
tained as by-product. The production of 
potassium permanganate yields considerable 
amounts of potasstum carbonate solution 
[293]. 

Organic raw materials, such as sunflower 
stalks, molasses, and suint, are used to a small 
extent for potash manufacture. They are 
ashed, leached with water, and processed to 
potash by fractional crystallization and calci- 
nation [294]. 


Ion-Exchange Process [295, 296]. An acidic 
ion exchanger loaded with ammonium ions is 
charged with KC] solution, K* being absorbed 
and an ammonium chloride solution running 
off. The ion exchanger is then eluted with an 
excess of ammonium carbonate solution (re- 
Beneration of the exchanger). The eluate, a 
K,CO,—(NH,),CO, solution, is separated by 
thermal cleavage to give ammonia and carbon 
dioxide. The ammonium chloride is reacted 
with magnesium hydroxide to give magne- 
sium chloride and ammonia, which is recy- 
cled. 


52.14.3 Quality Specifications and 
Analysis 


Depending on the intended use, potassium 
carbonate is offered in varying commercial 
forms and degrees of purity: as granules, as 
powder, and as potassium carbonate hydrate 
(K,CO,-1.5H,O). The material manufactured 
from mercury-process potassium hydroxide 
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solution is of high purity, particularly with re- 
spect to chloride content. In the amine pro- 
cess, the chloride content is higher and the 
sodium carbonate content lower, while 
nepheline decomposition gives high sodium 
carbonate contents and relatively high sulfate 
contents (Table 52.12). 


Analysis. The total alkalinity includes K,CO, 
+ KOH + Na,CO,; it is determined with 0.5 
NH,SO, by potentiometric titration or with a 
methyl orange indicator (change to brown- 
red). Sodium is determined by flame photom- 
etry. The chloride content is determined by 
turbidity measurement after addition of 
AgNO,. The sulfate content is determined by 
ion chromatography or gravimetrically after 
precipitation as barium sulfate. The metal con- 
tent is determined by atomic absorption spec- 
troscopy or photometrically by complex 
formation (Fe** as sulfosalicylate, Si^* as the 
molybdato complex, Cu" as pyrrolidin- 
odithiocarbamate, and Ni?* as the diacetylgly- 
oxime complex). Test methods for 
photographic-grade potassium carbonate, an- 
hydrous are described in ISO 3623-1976 (E). 


52.14.4 Storage and 
Transportation 


Potassium carbonate is stored in bunkers; 
the ventilation air must be dry because of the 
hygroscopicity of the product. 

Silo vehicles and bulk containers are used 
for dispatch to bulk customers. Smaller 
amounts are packed in polyethylene valve 
sacks of 25—50 kg. The material is not hazard- 
ous; for pharmaceutical use it is classified as 
GRAS (generally recognized as safe) by FDA 
[297]. 
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52.14.5 Economic Aspects and 
Uses 


The glass industry is the most important 
consumer of K,CO,. Large amounts are also 
required for potassium silicate manufacture. 


Potassium carbonate is used for many or- 
ganic syntheses. Numerous inorganic and or- 
ganic potassium salts are manufactured from 
potassium carbonate (potassium phosphate, 
bromide, iodide, dichromate, cyanide, and fer- 
rocyanide); in addition it is a starting material 
for drying, neutralization, and condensation 
agents. Ás a regenerable absorbent for carbon 
dioxide, hydrogen sulfide, and sulfur oxides, it 
is attaining importance in environmental pro- 
tection. Potassium carbonate is used as a fertil- 
izer for acidic soil. 


Other users are the electrical industry, the 
dye industry, the printing trade, the textile in- 
dustry, the leather goods industry, and the ce- 
ramic industry. Soft soap manufacture has lost 
its earlier importance as a customer. Potash so- 
lutions are used as fire retardants and as cool- 
ing brines (freezing point —36 °C at 576 g/L = 
40.5 % K,CO,). 


The food industry uses potassium carbon- 
ate as a leavening agent in baked goods, as a 
debitterizing agent for cocoa beans, and as an 
additive for drying raisins. Potash in DAB 
quality is frequently used in the pharmaceuti- 
cal industry as a raw material and auxiliary. 


The most important producer countries for 
potassium carbonate are the CIS, France, Ger- 
many, the United States, and Japan. Other pro- 
ducers are Israel, Spain, India, South Korea, 
Belgium, Italy, former Yugoslavia, and China. 


Table 52.12: Analyses of calcined potassium carbonate of varying origin (data in %, remainder H,0). 


From potassium hydroxide solution 








Mercury process 

Crystallization Fluidized bed 
K;CO, 98.0-99.8 98.5-99.5 
Na, CO, 0.1-0.5 0.1-0.5 
Cl 0.00 1-0.002 0.004-0.013 
SO, 0.003—0.005 0.005-0.013 
Si+Ca 0.005 0.006 
Fe 0.0003-0.0005 ` 0.0002-0.0006 


Diaphragm Amine process SC ec 
process 
97-99 99 97.5-98.5 
0.5-1.0 0.01 0.1-1.0 
‚ 0.2-1.0 0.19 0.01-0.03 
0.005--0.010 0.25-0.60 
; 0.010 0.009 
› «0.0005 « 0.0024 0.0007-0.0021 
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52.15 Potassium 
Hydrogencarbonate [273-275] 


52.15.1 Properties and Production 


Potassium hydrogencarbonate KHCO,, p 
2.17 g/cm, is a white, crystalline powder that 
is sparingly soluble in water and insoluble in 
alcohol. When heated above 120 °C, it decom- 
poses into potassium carbonate, water, and 
carbon dioxide. 


It is manufactured industrially by passing 
carbon dioxide into concentrated potassium 
carbonate solutions or exposing these to a 
countercurrent of purified, cold flue gas in 
trickle towers (overcarbonization). Because of 
its low water solubility (22.4 g of KHCO, in 
100 mL of H,O at 20 °C) it precipitates in 
crystalline form, is separated by centrifuga- 
tion, and dried at ca. 110 *C. In some potas- 
sium carbonate production processes, 
potassium hydrogencarbonate is obtained as a 
precursor. 


The total alkalinity of the industrial mate- 
rial, calculated as KHCO,, is at least 98-100 % 
[KHCO, 98% (min.), Na* 0.1% (max.), СГ 
0.01% (max.), SO?" 0.02% (max.); for analy- 
sis see potassium carbonate, Section 52.14.2]. 


52.15.2 Uses 


Potassium hydrogencarbonate is used in the 
manufacture of fire extinguisher powders, in 
the food industry as a leavening agent, and in 
the chemical and pharmaceutical industry for 
the manufacture of high-purity potassium car- 
bonate and other pure potassium salts. Produc- 
ing countries are the United States, Germany, 
and France. 


52.16 Potassium Benzoate 


At 17.5 °C, a saturated aqueous solution of 
CjH;,O;K contains 41.1% of the salt. Potas- 
sium benzoate is a key compound in the pro- 
duction of terephthalic acid from benzoic acid. 
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52.17 Storage and 
Transportation 


The demand for potash fertilizers fluctuates 
greatly throughout the year, but because pot- 
ash plants need to produce at as steady a rate 
as possible, large storage capacities are needed 
to accommodate periods of low demand. 
Therefore, potash plants usually have high-ca- 
pacity product storage facilities. Also, in sea- 
ports, where fertilizers are loaded onto ships, 
the largest potash companies or their subsid- 
iaries have large storage capacities. In both 
cases, long storage sheds are used, usually 
with walls sloping to match the angle of re- 
pose of the potash salt. The sheds are usually 
filled by means of conveyor belts located un- 
der the shed roof. They are emptied either by 
bucket loaders or scrapers that move the salt 
into a channel under the floor of the silo or 
onto a conveyor belt at the side, which carries 
it via sloping bands or elevators to the loading 
plant. More recently, especially where there is 
a shortage of land, round silos have been used, 
often arranged in rows. These too are filled 
from above by conveyor belts and are emptied 
through openings at ground level. The major- 
ity of potash fertilizer is transported in bulk in 
self-discharging wagons with a capacity up to 
100 t, by rail, truck, or inland waterway. 
Transport from potash plants remote from a 
seaport or the main consuming area is usually 
by special trains that run on a fixed timetable 
between the potash plant and the seaport or in- 
termediate storage facility. For example, the 
transport of potash fertilizers from 
Saskatchewan to a cargo-handling plant in 
Vancouver uses continuous-loop train tracks 
that enable 10 000 t to be delivered in 102 
wagons with a capacity of 98 t each [270]. 


A small proportion of potash salts is sup- 
plied in sacks, usually containing 50 kg. The 
sacks are filled either by the supplier or at the 
loading plant at the seaport by automatic sack- 
filling machines. The sacks are usually palet- 
ized. 
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52.18 Analysis of Potassium 
Compounds 


Potassium is usually determined gravimet- 
rically. In the United States, it is precipitated 
as the hexachloroplatinate [271]. Precipita- 
tion as the tetraphenylborate 1s another widely 
used method, being the standard ISO method 
for fertilizers, and can be either a gravimetric 
or a volumetric procedure (ISO. 5318 and 
5310) [272]. Precipitation as the perchlorate 
or tartrate is seldom used. Flame photometry 
is used for both laboratory and process control 
analysis. Recently, X-ray fluorescence has 
also been used for the analysis of solids or 
brines. 
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tive soft metal with a silvery luster and has the 
typical chemical properties of an alkali metal. 
It ignites spontaneously in air and burns with a 
violet flame. It reacts explosively with water 
to form colorless rubidium hydroxide, the sec- 
ond strongest base after cesium hydroxide. 
Rubidium forms four oxides, all of which are 
colored [1]. Rubidium is monovalent in all its 
compounds. The isotopic composition of natu- 
ral rubidium is 72.15% ®Rb, a stable isotope, 
and 27.85% *'Rb, a B^ emitter. Eighteen artifi- 
cial isotopes are known. Between mass num- 
bers 79 and 84, these are mainly B* emitters, 
and between mass numbers 85 and 95 they are 
exclusively B^ emitters. Some important phys- 
ical properties of natural elementary rubidium 
are: 


Atomic number 37 
Relative atomic mass 85.468 
Melting point 39 °С 
Boiling point 696 °C 
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1 Ionization potential 4.16 eV 
53. 1 Introduction Work function 2.19 eV 
: т В A Normal electrode potential -2.99 V 
Rubidium was discovered in 1861 by BUN- — Electrical conductivity (at 0 °C) — 8.86 x 107 £2) cmn 
sew, who found hitherto unknown spectral ^ Thermal conductivity (liquid) 29.30 Wm" K^ . 
lines during experiments on cesium salts ob- Specii heat capacity 0.332 Jg K^! 
tained from spa water from Bad Dürkheim, Liquid (from mp to 1093 °C) 0.368 
Germany. Soon after this, he succeeded in pre- eer 0.242 
p idi : Heat of fusion 25.71 J/g 
paring rubidium metal from its tartrate. Heat of sublimation (at25°C) 1004.3 J/g 
Heat of vaporization 887.6 J/g 
d Vapor pressure (427—1093 °C) log (p/mbar) = 
53.2 Properties 7.0493 — 3891.8 K/T 
Pe : e Mohs hardness à 0.3 
Rubidium, the penultimate alkali metalele- ^ Atomic radius 0.243 nm 
ment that is used in industry, is named after Covalent radius 0.211 nm 
two characteristically colored spectral lines Dodd que 2 rie od 
. » H П: H 
(Latin: rubidus = dark red). It 15 a very reac- at mp, liquid 1472 


Crystal structure 


53.3 Raw Materials and 
Production [2—6] 


Rubidium is very widely distributed and al- 
ways occurs in combined form owing to its 
high chemical reactivity. Unlike its homo- 
logues lithium and cesium, it is not a major 
component of any mineral. Nevertheless, it is 
more abundant in the Earth's crust than lith- 
ium and cesium (ca. 120 g/t). Its ionic radius 
[3] is similar to that of potassium, and it is 
found in association mainly with this element, 
but also with the other alkali metals. The lith- 
ium-containing mica lepidolite has a high ru- 
bidium content (ca. 3% Rb,O) Also, 
pollucite, a cesium aluminum silicate from 
Bemic Lake in Canada, can contain ca. 1% 
Rb;O. 


body-centered cubic 


2212 


Due to the similarity in their ionic radii, ru- 
bidium is always found in potash salt deposits, 
e.g., carnallite, sylvite, and langbeinite, which 
contain 10—300 g/t rubidium oxide, Rb;O. 

Rubidium is also widely distributed in very 
small concentrations in spring water, rivers, 
lakes, and seas. 

Although rubidium is more abundant than 
lithium and cesium, it is much more difficult 
to extract than the other alkali metals. Owing 
to its very widespread distribution and conse- 
quent low concentration in ores, rubidium pro- 
duction is nearly always linked to the 
production of lithium, potassium, and cesium 
[7]. The process based on the fractional crys- 


tallization of carnallite is now only of histori- . 


cal interest. The more selective methods of 
recovering rubidium from potash salts (in 
which the quantities of rubidium are large but 
the concentrations are very low) are based on 
extraction processes using substituted ben- 
zenes as extractants [8—10]. Other techniques 
include the use of liquid crystals in a d.c. elec- 
tric field [11], selective cation exchangers 
based on nitrated and sulfonated polystyrene 


[12—14], and inorganic cation exchangers con- ` 


sisting of complex salts based on hexacyano- 
ferrates [15, 16]. Acidic MnO, can be used in 
an adsorption-elution cycle to concentrate ru- 
bidium [17]. The liquid waste from the pro- 
duction of cesium from pollucite can also be 
treated to give rubidium. 

Rubidium is obtained from the mixed alkali 
metal carbonates that are a by-product of the 
abandoned production of lithium from lepido- 
lite in the United States. After precipitating the 
less soluble dicesium hexachlorostannate, the 
rubidium is precipitated as dirubidium 
hexachlorostannate. It is converted to rubid- 
ium chloride by pyrolysis. Rubidium carbon- 
ate is obtained by precipitating dirubidium 
zinc hexacyanoferrate(IT) followed by thermal 
oxidation. In all processes, the main difficulty 
is separating the rubidium from the potassium 
and cesium. 

In more recently published research work, 
the following processes are described: the ex- 
traction from weathered rocks by sodium 
chloride solution in a high-frequency electri- 
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cal field or with dipicrylamine and ultrasound 


[18], and the thermal decomposition of гара: | 


ium alum (rubidium aluminum sulfate) in the 


presence of calcium oxide followed by disso.. 


lution to form rubidium sulfate [19]. Another 
proposal is the recovery of rubidium from in: 
termediates that arise in the production of aly- 
minum oxide from bauxites and nephelines by 
means of solvent extraction with long-chain р- 
alkylphenols [20]. 


53.4 Inorganic Compounds 





. Rubidium hydroxide, КЛОН, mp: 301 ° 
solubility in water: 180 g/100 mL at 15 *C 
Rubidium carbonate, Rb4CO,, mp: 837 ° 
solubility in water: 450 g/100 mL at20 °C 
Rubidium hydrogencarbonate, RbHCO,,. 
mp: 175 °C (decomp.), solubility in water: 54 
g/ 100 mL at 20 °C 
Rubidium fluoride, RbF, mp: 775 °C, bp: 





1410 °C, solubility in water: 130.6 g/100 mL ` 


at 20 °C | 

Rubidium chloride, RbCl, mp: 715 °C, bp: 
1390 °C, solubility in water: 77 g/100 mL at 
0 °C 

Rubidium bromide, RbBr, mp: 682 °C, bp: 


1340 °C, solubility in water: 98 g/100 mL at ` 


5?C 

Rubidium iodide, КЫ, mp: 642 °C, bp: 
1300 °C, solubility in water: 152 g/100 mL at 
17 °С : 

Rubidium nitrate, КЪМО,, тр: 310 °C, bp: 
ca. 1700 ?C, solubility in water: 44 g/100 mL 
at 16 °C, solubility in water: 42 g/100 mL at 
10 °C | 

These inorganic compounds are colorless 
or white, and have the properties typical of 
salts of alkali metals. They are mostly pre- 
pared by wet chemical reactions. 


53.5 Quality Specifications 
and Analysis 
Rubidium salts are marketed with purities 


up to > 99.5%. Rubidium metal is obtainable 
with purities of 99.5% and 99.8% [2]. 


- recentl 





Rubidium 


Metallic impurities are usually determined 
py atomic absorption spectroscopy, and more 
y with ICP (inductively coupled 
jasma) excitation. The elements are then de- 
tected by conventional optical detectors or by 


< mass spectroscopy (ICP-MS). The homolo- 


gous elements sodium, potassium, and cesium 
can be analyzed by emission spectroscopy. 
The analysis of rubidium metal must be pre- 
ceded by reaction to give an aqueous salt solu- 
tion. Anions сап be determined 
photometrically (e.g., sulfate, phosphate) or 


argentometrically (chloride). 


53.6 Storageand 
Transportation 


Because rubidium metal is very reactive to- 
ward water, steam, ice, air, and many other 
gases and substances, special precautions are 
necessary The metal is shipped in sealed 
evacuated glass ampoules, or is hermetically 
sealed in metal containers packed in vermicu- 


lite and enclosed in a second outer metal con- 


tainer. Due to its low melting point (zip 
39 *C), melting cannot be prevented during 
transportation to or through hot climatic 
zones. Rubidium salts are hygroscopic and 
must be protected from moisture during stor- 
age and transport. Radioactive rubidium prep- 
arations are subject to special storage and 
transport regulations. 


53.7 Uses and Economic 
Aspects 


Uses. Rubidium compounds are used in psy- 
chiatry and medicine (21], in magneto-optic 
modulators [22], solid-state lasers [23], phos- 
phors (rubidium aluminate) [24], Rb-C mo- 
lecular sieves for hydrogen absorption [25], 
paper pigments [26], glass hardening by ion 
exchange [27], components of electrolytes for 
fuel cells [28], in Na-Rb zeolites for separat- 
ing mixtures of hydrocarbons [29], and for 
density gradient centrifugation. In the early in- 
vestigations of the Fischer-Tropsch synthe- 
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sis, RbOH was used to activate the iron 
catalyst [30]. Owing to its high ionic conduc- 
tivity silver rubidium iodide, RbAg,I,, is of in- 
terest as a solid electrolyte for primary and 
secondary cells [31] and as an electrographic 
picture recording material [32]. 

The use of rubidium compounds to activate 
catalysts of various types may increase in 
terms of quantity. However, potassium and ce- 
sium often compete with rubidium in this ap- 
plication. Three types of catalyst may be 
distinguished. The most important group in- 
cludes rubidium-activated transition metal ox- 


_ide catalysts for the production of organic 


chemicals, e.g., the oxidation of acrolein to 
acrylic acid [33] or of C, hydrocarbons to ma- 
leic anhydride [34], the ammoxidation of 
isobutene to methacrylonitrile [35], or the oxi- 
dation of o-xylene or naphthalene to phthalic 
anhydride [36]. The second category includes 
the activation of metallic catalysts, e.g., silver 
contact catalysts for ethylene oxide manufac- 
ture [37]. The third category comprises rubid- 
ium compounds that themselves have catalytic 
properties, e.g., Rb,O used in polyester pro- 
duction by polycondensation [38] and in NH, 
synthesis [39], and RbOH for the dehydrocy- 
clization of 1-hexene to form benzene [40]. 


Economic Aspects. Rubidium manufacturers 
do not publish production or sales figures. 
World consumption in 1979 was estimated to 
be ca. 2 tonnes [2], and has increased slightly 
since then. The demand for the metal is small 
compared to the demand for its compounds. In 
1996, the price of 99.596 pure metal was 
$0.70-1.00/g, and for 99.8% pure metal, 
$0:80—6.00/g. Current prices for rubidium 
compounds (99.5%) are in the range ca. $250— 
550/kg, and for > 99.5% pure compounds, 
$550-750/kg. 


53.8 Toxicology and 
Occupational Health 


It is not possible to give a precise assess- 
ment from the small amount of available data 
on the toxicity of rubidium. In plasma and 
blood, the properties of rubidium are not dis- 
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similar to those of potassium, as far as can be 
determined from physiological investiga- 
tions. The hazard potential is therefore re- 
garded as low [41]. 

Rubidium metal is designated as a “flam- 
mable solid” and “dangerous when wet”, and 
should be handled with great care under a pro- 
tective gas or inert solvent. 

In its compounds, the precautions and pro- 
tective measures to be taken are determined by 
the anion. Thus, RbOH is very caustic, RbF 
shows the toxicity typical of the alkali metal 
fluorides, and RbCIO, and RbNO, are oxidiz- 
ing agents. 
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54.1 Introduction 


Cesium (from the Latin word cesius, gray 
blue, which characterizes the pale blue color 
of the emission of thermally excited cesium 
atoms) is a soft, gold-colored metal, which 
melts slightly above room temperature Physi- 
cal properties of elemental cesium are summa- 
rized below [4, 5]: 


Atomic number 55 
Relative atomic mass 4, 132.90543 
Melting point mp 28.7 *C 
: Boiling point bp 685 *C 5 


Atomic radius 


(12-coordinate metal) 0.274 nm 
Ionic radius 

(6-coordinate salt, empirical) 0.165 nm 
Density p at 20 °C 1.873 g/cm? 
Specific heat, liquid 0.236 ЈК 
Heat of fusion 2.13 kJ/mol 
Heat of vaporization at 0.1 MPa 65.9 J/mol 
Tonization potential 3.87 eV 
Standard electrode potential -2.923 V 
Work function 1.91 eV 


Electrical conductivity 


solid, 25 °C 4.9 x 10! Ост! 


vapor, 1250 °C 2.0 x IO? 

Vapor pressure P. kPa logP =-0.21854/T+B 
LE A B 
200-350 17543.0 6.0739 
279-690 17070.7 5.8889 


Cesium belongs to the alkali-metal group. 
The metal reacts with most elements, to form 
alloys when reacted with metals or to form 
typical salts when reacted with halogens. In 
the salts, cesium is strictly monovalent, and its 
chemistry is typical of an alkali metal. Be- 
cause of its extremely low ionization poten- 
tial, cesium is usually far more reactive than 
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lithium, sodium, or potassium and still pro- 
nouncedly more reactive than rubidium. When 
cesium is exposed to air, an explosion-like ox- 
idation to form cesium superoxide, CsO,, Oc- 
curs; contact with water results in a vigorous 
reaction to form cesium hydroxide and hydro- 
gen gas, which may ignite spontaneously. 

Naturally occurring cesium consists only of 
the stable isotope Cs. Radioactive cesium 
isotopes, such as !?"Cs (half-life of 30.1 a), are 
generated in fuel rods during operation of nu- 
clear power plants. 


54.2 Resources 


Cesium 1s the 40th most abundant among 
the elements, occurring about as frequently as 
germanium. Resources can be categorized into 
two groups. One, of no commercial impor- 
tance, consists of the diffuse occurrence of the 
few grams of cesium per ton contained in po- 
tassium salt deposits, sedimentary rocks, and 
seawater [3]. 

' The only sources of cesium of commercial 
importance originated during the solidifica- 
tion of residual melts of silicate magmas. Af- 
ter the initial formation of huge granite 
masses, the remaining melt rich in rare ele- 
ments like lithium, rubidium, cesium, tanta- 
lum, niobium, beryllium, and tin then 
crystallized to form a type of ore body well- 
known under the name pegmatite. Under fa- 
vorable conditions, which seem to have ex- 
isted only in relatively few cases, these 
pegmatites differentiated into separate bodies. 
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Sodium, potassium, and rubidium formed 
feldspar-type minerals of considerable mutual 
solubility, while lithium and cesium, because 
of the considerable difference in ionic radii 
from the other alkali metals, formed separate 
minerals. In the case of cesium, this seems to 
have occurred in far fewer cases than for lith- 
ium, yielding the only commercial cesium 
mineral, pollucite [6, 7]. 


Pollucite is a cesium aluminum silicate, 
which typically contains 18-26% cesium ox- 
ide. The theoretical content is 4296, but usu- 
ally pollucite contains considerable quantities 
of quartz. Its appearance is also very similar to 
that of quartz. For this reason and because the 
demand for cesium has not been great enough 
to result in any systematic exploration for ce- 
sium minerals, possibly further deposits may 
be discovered. Well known are the large de- 
posits at Bernic Lake in Canada, at Bikita in 
Zimbabwe, and in South-West Africa. In the 
CIS, a new mineral, cestibtantite, a mixed ce- 
sium-antimony-tantalum oxide, was reported 
[8]. and pollucite findings have been reported 
in some deposits of lithium, niobium, and tan- 
talum minerals [9, 10]. Apparently, pollucite 
also occurs in Afghanistan [11]. Small con- 
centrations of cesium, less than one percent, 
are found in lepidolite, a lithium mineral. 


54.3 Production 


For any of the production methods de- 
scribed, pollucite must be powdered first. Pro- 
duction processes can be categorized as (1) 
decomposition with bases and (2) acid diges- 
tion. The second category includes the group 
of processes used industnally. 

Alkaline decomposition can be carried out 
either by mixing ore with lime and calcium 
chloride and heating to 800—900 °C followed 
by leaching of the residue [12] or by heating 
pollucite with sodium chloride and soda ash to 
600—800 °C followed by leaching [13]. In 
both cases, solutions of impure cesium chlo- 
ride result. Recently, hydrothermal alkaline 
leaching with Ca(OH), [14] has been devel- 
oped as an industrial process to yield a low- 
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purity cesium hydroxide directly from pollu. - 


cite [15, 16]; operating conditions are 200- 
280 °C and high pressure. 

Acid digestion can be carried out with hy- 
drochloric acid, sulfuric acid, ог hydrobromic 
acid. Treatment of pollucite with hydrochloric 
acid at elevated temperature produces a solu- 


tion of chlorides of cesium, aluminum, and al- 


kali metals, which is separated from the silica 
residue. The cesium is precipitated as mixed 
chloride with lead, antimony, or tin. Hydroly- 
sis precipitates the auxiliary metal [17]. Alter. 
natives are precipitation with hydrogen sulfide 
or recovery of cesium by solvent extraction 
from the leach liquor [18] or ion exchange 
from cesium chloride solution. 

Treatment of pollucite with sulfuric acid 
[12, p. 5] yields sparingly soluble cesium 
alum, cesium aluminum sulfate, which is 
roasted with carbon to convert the aluminum 
to alumina and the sulfate sulfur to SO, The 
residue is leached to obtain a cesium sulfate 
solution, which can be converted to the de- 


sired salts by ion exchange, treatment with ` 


ammonia or lime (to precipitate aluminum), or 
solvent extraction [19]. Hydrobromic acid 
converts pollucite into a solution of bromides 
of cesium, aluminum, and impurity metals, 
from which cesium can be precipitated by ad- 
dition of alcohol. Leaching the precipitate 
with bromine selectively extracts cesium as 
CsBr, [20]. 

Cesium metal can be produced as an amal- 
gam by electrolyzing concentrated cesium salt 
solutions on a mercury cathode [21], but re- 
duction of solid cesium salts, especially the 
halides, with calcium or barium at elevated 
temperature and removal of cesium by vac- 
uum distillation is the usual method [22]. 


54.4 Compounds 


Cesium carbonate, Cs,CO,, 81.58% Cs, is 
a colorless, hygroscopic powder, decomp. at 
610°C, р 4.07 g/cm, solubility of 261.5 g in 
100 g of water, basic solution. | 

Cesium ` hydrogencarbonate, | CSHCO,, 
68.54% Cs, colorless crystalline powder, de- 





Cesium 


comp. at 175 °C, solubility of 209 g in 100 g 
of water, basic solution. 


Cesium chloride, CsCl, 78.9% Cs, color- 
less, crystalline, hygroscopic powder, mp 
642 °C, p 3.983 g/cm^, solubility of 186 g in 
100 g of water. 

Cesium hydroxide, CsOH, 88.66% Cs, an- 
hydrous, colorless, lumpy solid, тр 272 °C, p 
3. ep g/cm’, solubility of ca. 400 g in 100 g of 
water. The solution is a strong base and very 
caustic. 

Cesium hydroxide monohydrate, CsOH- 
H,O, 79.14% Cs, colorless, crystalline, hygro- 
scopic powder, mp 205-208 °C, p 3.5 giem’, 
solubility of ca. 860 g in 100 g of water. The 
solution is a strong base and very caustic. 

Cesium iodide, CsI, 51.2% Cs, colorless, 
slightly hygroscopic powder, mp 621 °C, p 
4.5] g/cm?, solubility of 74 g in 100 g of wa- 
ter. | 

Cesium nitrate, CSNO,, 68.19% Cs, color- 
less crystalline powder, mp 414 °C, p 3.69 
g/cm?, oxidant. 

Cesium sulfate, Cs,SO,, 73.46% Cs, color- 
less hygroscopic powder, mp 1010 °C, p 4.243 
g/cm’. 


54.5 Quality Specifications 


Cesium metal and cesium salts are mar- 
keted in purities from 99% for technical 
grades to 99.999% for high-purity com- 
pounds. For some applications, a crude form 
with approx. 85% purity can also be produced. 


54.6 Analysis 


Assays and purities of commercial products 
are derived by subtracting the sum of analyzed 
impurity levels from unity. Alkali-metal impu- 
rities are analyzed by emission spectroscopy, 
whereas alkaline-earth metals are determined 
by atomic absorption. Other metals and an- 
ions, such as phosphate and sulfate, can be de- 
termined by photometric methods; chloride is 
established argentometrically. 
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54.7 Storage and 
Transportation 


Special precautions are necessary for ce- 
sium metal, which is shipped in evacuated 
glass ampules or steel containers with an ap- 
propnate outer packing to ensure that the 
metal is kept from air and moisture under any 
conditions. | 

Many cesium salts, especially halides, are 
hygroscopic and must be stored dry. Transpor- 
tation regulations, where they exist, are gov- 
erned by the anion, 1.е., the hydroxide being 
caustic, the nitrate being an oxidant, because 
nothing inherent in the cesium cation calls for 
special precautions. 


54.8 Uses 


Cesium metal is used in frequency stan- 
dards, especially the time standards known as 
atomic clocks, which lock in on one frequency 
of excited gas-phase cesium. The metal is also 
used in the production of various types of vac- 
uum tubes, where it acts as a scavenger to re- 
duce residual gaseous impurities after the 
tubes have been sealed. The cesium is nor- 
mally generated in situ by firing the tube to 
convert a pellet of cesium chromate mixed 
with a metal powder to elemental cesium va- 
por. 

‘In ion thrusters, cesium metal is the propel- 
lant. It is ionized in a vacuum chamber, and 
cesium ions are then accelerated through a 
field and ejected through a nozzle, producing a 
high specific impulse because of their high 
atomic mass. Devices of this type are used in 
satellites for orientation control. 

Recognition that the reserves of fossil fuels 
are limited has focused considerable research 
on conversion of solar energy into electricity. 
One approach to achieve this uses thermionic 
converters, which require cesium. Direct con- 
version of heat from nuclear reactors into elec- 
tricity by generating a voltage difference 
across a cesium vapor-filled vacuum tube be- 
tween hot and cold electrodes has been pro- 
posed [23]. Another potential use of cesium 
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metal for energy generation is its use as a 
plasma seeding agent in closed-cycle magne- 
tohydrodynamic generators that use high-tem- 
perature nuclear reactors as their heat source. 


Of the compounds, the halides (especially 
the chloride), the tnfluoroacetate, and the sul- 
fate are used in ultracentrifuges, where aque- 
ous solutions of high-purity grades are a 
medium for separation and purification of nu- 
cleic acids (DNA and RNA) for biochemical 
research. At high rates of rotation, these solu- 
tions form a density gradient that separates nu- 
cleic acids according to their densities [24]. 


Various catalysts can be doped with cesium 
salts as activators, much like the correspond- 
ing potassium salts. High-purity cesium ha- 
lides are transparent to infrared radiation; 
therefore, they are used for cuvettes, prisms, 
and windows for spectroscopic equipment. 
Cesium iodide can be doped to make it a scin- 
tillator [25]; single crystals are used in scintil- 
lation counting equipment. Cesium fluoride is 
used for fluorination in organic chemistry. 

Open-cycle magnetohydrodynamic genera- 
tors could offer a considerable potential for ce- 
sium compounds as a plasma seeding agent. 
These devices are under development, espe- 
cially in North America and the former Soviet 
Union, with the hope that they can boost the 
overall efficiency of power plants that depend 
on fossil fuels from ca. 35 to ca. 45%. Hot 
combustion gas is seeded with potassium or 
cesium carbonate to make a highly conductive 
plasma, which is passed through a magnetic 
field. At right angles to both the field and the 
direction of plasma flow, there is a voltage dif- 
ference [26]. Nevertheless, the higher seeding 
efficiency of cesium compounds must com- 
pete with the lower price of potassium com- 
pounds. 


Recently, the very low toxicity of the ce- 
sium cation and the pronounced physical and 
chemical properties of cesium formate to form 
clear solutions of high density (up to 2.3 
tonnes/m*) have attracted considerations to 
use these solutions as brines in oil and gas well 
drilling [27], alone or in mixtures with sodium 
or potassium formate. 
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:54.9 Economic Aspects 


The producers do not publish production or | 


consumption figures. The U.S. Bureau of 
Mines estimated world consumption in 1978 
at about 20 t of cesium, as metal and in com. 
pounds. At that time prices for cesium salts 
were $64-81 per kg for technical grades and 
$147—170 per kg for high-purity products. The 
price levels in 1996 are $35—85 per kg for 
technical and pure grades, and $85-150 per kg 
for high-purity salts. 


54.10 Toxicology and 
Occupational Health 


The cesium ion itself is only very slightly 
toxic, more toxic than the sodium ion, but less 


toxic than the potassium ion. Typical LD © 


values of cesium salts are 1400 mg/kg (rat, in- 
traperitoneal) and 1000 mg/kg (rat, oral) [28]. 
Exceptions are caused by the toxicity of the 
particular anion. Cesium hydroxide is strongly 
caustic, cesium nitrate is an oxidant, and ce- 
sium fluoride exhibits the typical toxicity of 
fluonde. Special precautions are necessary 
when handling the metal because exposure to 
this substance results in severe caustic burns. 
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55.1 Introduction 


Sulfur-sulfur bonds occur in numerous in- 
organic, organic, and biologically interesting 
compounds. One reason for this is the high 
bond energy of the S-S single bond (265 
kJ/mol). This is the third strongest single 
. bond, after H, (435 kJ/mol) and the C—C sin- 
gle bond (330 kJ/mol) [1]. 

Of the compounds of sulfur with metals, 
only the alkali and alkaline earth sulfides, 
which contain the S* ion [2], and the corre- 
sponding hydrogensulfide, are soluble in wa- 
ter. The sulfides of the alkali and alkaline earth 
metals undergo addition of sulfur with conver- 
sion to polysulfides, which can also be re- 
garded as salts of the sulfanes [3]. 
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55.2 Compounds of ће 
System Na,S-S 


55.2.1 Physical Properties 


The Na,S-S phase diagram has been 
widely investigated [4—8], with essentially 
consistent results being obtained [9]. Above 
285 *C the phase diagram (Figure 55.1) con- 
tains two liquid regions: a sodium-rich, single- 
phase region in which the composition moves 
continuously towards Na,S, as the sulfur con- 
tent increases, and a two-phase region where 
two immiscible liquids—Na,S, saturated with 
sulfur, and sulfur saturated with Na.S,—coex- 
ist (5, 10]. In the sodium-rich part of the dia- 
gram, the liquidus curve between Na,S, and 
Na,S, shows an eutectic, which lies at 235 °C 
according [5], and at 240 + 2 °C according to 
[11]. According to [5], the eutectic corre- 
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sponds to the composition Na,S,; earlier in- 
vestigations indicated the composition 
Na,S, 4. X-Ray diffraction experiments have 
shown that NaS, does not exist as a defined 
polysulfide in the solid state [12]. The solid 
product with the stoichiometric composition 
Na,S, contains only Na,S. and Na;5, [13]. 
Na;S, 
Nas, Маз 


* 
NaS, Maj, 
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Figure 55.1: Phase diagram of the Na-S system between 
the compositions Na,S, and 100% S [7]. 

Although the above results show that solid 
sodium trisulfide is unstable, the situation is 
different for the molten state [14]. A melt with 
the composition Na.S, consists of a mixture of 
Na,S;, Na,S,, and Na,S, [14]. In spite of the 
undoubted presence of the S} ion in K,S,, 
BaS,, etc., Raman spectroscopy shows that in 
molten Na,S, the ion disproportionates into 
S? and SẸ ions [15]. Thus, the compositions 
of the known alkali polysulfides are as listed 


below [8]: 
LiS 14,5. 
NaS а-, Ё-Ма,, NaS, NaS, 


Kë Kë KS, KS4 ES, Kä 
Rb,S  Rb,S, Rb,S, Rb,S, Rb,S, Rb,S, 
Cs,S С5,5, Cs,S, Cs,S, Cs,S, Cs,S, 

The following route to Na,S, has been pro- 
posed on the basis of the differing solubilities 
of NaCl and KCl in liquid ammonia (NaCl: 
3.02 g/100 g solution; KCl: 0.04 g/100 р solu- 
tion) [8, 11]. 
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NH, 
2NaCl-K,S, — Na,S,+2KCl 


The question of whether Na,5, can be syn. 
thesized was partially elucidated when it was 
shown that the compound can exist as an am- 
moniate [11]. X-Ray and thermogravimetric 


measurements at various temperatures оп: 


powdered samples showed that ammonia can 
be removed at 370 K without fundamentally 
changing the structure [11]. The eutectoid de- 
composition reaction is hindered, at least ki- 
netically, at low temperature [11]. 


Experiments on the melting and crystalliza- 
tion processes in the sodium sulfur cell show 
remarkable behavior by some sodium polysul- 
fide compounds [16]. The melting tempera- 
tures of, e.g., polycrystalline Na,S, and Na,S, 
are reproducible for the first melting process, 
but in subsequent melting and crystallization 
cycles, the two compounds behave like the 
products of eutectic composition. With the ex 
ception of the disulfide, the polysulfides can 
form supercooled melts, and vitreous states 
have been observed. Some data on the melting 
behavior of polysulfides are given in Table 
55.1 [16]. 


Table 55.1: Melting behavior of polysulfides. 





Polysul- 1st melting Remelting 
fide com- — e AH, Remelt AH, 
position "P. c kJ/mol cycles mp, °C kJ/mol 
Nas, 474 7.48 3 474 7.8. 
NaS,, 234 15.62 3 234 15.62 
NaS, c 2 241 238 
Na Szo 283 28.85 3 240 25.12 
NaS, 3 207-234 17.30 
2 240-260 26.33 
М№а,5,, 3 213-231 2848 
Na, 258 32.55 2 220-241 36.67 
NaS,, 255 3041 10 219-247 3633 
NaS; 11 236-246 34.48 
NaS,, 254 27.89 4 205-247 32.55 
NaS,, 254 2936 3 205-265 2898 


Sodium monosulfide, Na,S, like 11,5, K,S, 
Rb,S, 11,0, Na,O, and K,O, crystallizes with 
the antifluorite structure, in which each S atom 
is surrounded by a cube of 8 Na atoms, and 
each Na atom by a tetrahedron of 4 S atoms 
[15]. The mp is 1170 + 10 °C [17], the heat of 
fusion АН = 30.1 kJ/mol [20], the standard 
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entropy S = 90.3 JE mol" [17], and the 
heat of formation А» = —386.6 kJ/mol, 
based on [19, 20]. 


Sodium disulfide crystallizes in two modifi- 
cations [12]. The transformation from the a- 
to the B-modification takes place in the tem- 
perature range 150—250 °C [12]. The change 
in structure is irreversible. Products that solid- 
ify from the melt or are tempered at high tem- 
perature have the B-structure, which is 
isotypical with that of Li,O, [21]. Sodium dis- 
ulfide isolated from alcoholic solution exists 
in the a-modification, isotypical with the 
structure of Na,O, [21]. The sodium disulfide 
was prepared in alcoholic solution by the 
method proposed in [22] in which an alcoholic 
solution of sodium tetrasulfide is reduced with 
sodium metal [12]. 

The specific heat capacity c, of a-Na,S, 
was found to be constant at 1071 ЈКЕ КЇ 
over the temperature range 97—167 °C [16]. 

For B-Na,S, in the range 191—267 °C, ср 15 
1113 Jkg К”! [16]. The relative density de of 
a-Na,S, is 2.01, and that of B-Na,S,, 2.05. 
The color of NaS, is yellow to orange. 


, 


Sodium Tetrasulfide. The crystal structure of 
Na,S, is described in [23]. The structure of the 
S? ions in sodium tetrasulfide is shown in 
Figure 55.2 [24]. ` 

The interatomic distance d of the sulfur at- 
oms is 207 pm, the valency angle a is 109.8°, 
and the torsion angle t is 98° [24]. 








Figure 55.2: Structural principle of the ions 527, S2", and 
Se [24]. In 82, atoms 5 and 6 or 5’ and 6’ are absent, and 
In Sj, atom 6 or 6’ is missing. In gg/-S2-, the fifth atom is 
1n position 5. Likewise, the last atom of ggg/-S2^ would be 
in position 6’. 


2223 


According to [24], reliable IR and Raman 
spectra of sodium tetrasulfide were first pub- 
lished in [25], the Na,S, spectra available until 
then having been falsified by the presence of 
lines due to the pentasulfide. The relative den- 
sity of sodium tetrasulfide is 2, = 2.08 [12]. 


Sodium Pentasulfide. Like Na,S, and Na,S,, 
Na,S, in the solid state forms a structure that 
appears uniform by X-ray diffraction, and is 
therefore a true chemical compound with a 
definite chain length (12, 26]. The structure, 
shown in Figure 55.2 as gg'-S2^, is based on 
the Raman spectrum of Na,S, [24]. The rela- 
tive density of Na,S, is d4 = 2.08 [12]. 

Some physical properties of anhydrous al- 
kali metal sulfides are listed in Table 55.2 
[27]. 


Table 55.2: Physical properties of the anhydrous alkali 
metal sulfides. 


7 Com- АНЬ ‚ш Density, Haf, 


H 

pound kJ/mol "P "E в/ст kJ/mol 
NaHS -238.4 350 1.79 16.0 
KHS -265.9 455 1.68-1.70 0.4 
RbHS -262.1 0.0 
CsHS —264.2 -1.7 
Na,S -376.6 1180 1.856 65.1 
KS 420.0 840 1.805 94.5 
Rb,S -349.4 530 2.912 103.4 
Cs,S -340.6 510 114.4 
NaS, -443.6 445 
K.S, 470 1.973 
Rb.S, 450 2.79 
С5,5, 460 3.83 
NaS, 450.7 275 
K-S, 252 2.102 
Rb,S, 210 2.68 
Cs,S, 217 3.47 
NaS, —413.3 285 2.08 41.2 
K-S, —474.6 145 5.0 
CSS. 160 
NaS, 253 2.08 
KS, 206 
Rb,S, 230 2.67 
Cs,8, 211 
KS, 196 2.02 
Rb,S, 201 
CsjS, 186 





Molten Sodium Polysulfide. Conductivity 
data for some molten sodium polysulfides are 
plotted in Figure 55.3 [28]. The values are in 
the; range expected for ionic liquids. At 
340 °C, the conductivity к of Na,S, is 0.45 
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9-1 cm”, which compares with 1.11 Ост! 
for NaNO, and 0.87 Wem" for NaSCN at 
the same temperature. 


The conductivity increases with decreasing 
sulfur content approximately twofold from 
Na,S, to Na,S3. This is partly a result of the in- 
creasing ionic concentration as the proportion 
of sulfur decreases. 


The conductivity of pure molten sulfur and 
of molten sulfur saturated with Na,S, is shown 
in Figure 55.4. The two “types of sulfur” show 
only small differences in their conductivities, 
in contrast to the conductivity of molten 
Na,S,. This shows that the solubility of Na,S, 
in sulfur is extremely low [28]. 


A, 271 cm? mot! ——» 





65 NaS, 70 
Sulfur, % ———— 


NaS, 75  Na,S, 80 


Figure 55.3: Equivalent conductivity plotted against 96 
sulfur for fused sodium polysulfides [28]: a) 420 °C; b) 
380 °C; с) 340 °C; d) 300 °C; e) 260 °C; f) 220 °C. 


- Table 55.3: Values of parameters in the equation p = D + 
Е(Т — 600), describing the density of fused sodium 
polysulfides [29]. 





T 
Melt 8,9% sro D, g/cm? EM 
NaS; 67.6 590-683 1887 565 
NaS, 697 576-689 1901  -796 
NaS,; 720 563-660 1926  -547 
Ма 754 571-680 1869 666 
Мазы 770 573-683 1.876 -716 


_ paring the densities of solid and liquid NaS; 
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E 2.98.40 + 99.01x at 40 °C | 
Aqueous solutions [33] of sodium sulfide 


react alkaline due to hydrolysis: 
NaS +H,0 > NaHS + OH” + Na* 

Tron compounds dissolve in hydrolyzed so- 
dium sulfide solutions, forming thio com- 
plexes with an intense brown-red color. Iron 
metal is also attacked by concentrated Na,S 


5 solutions. 
E ' NajS solutions can dissolve sulfur up to a 
xd ` composition corresponding to Na,S,. 
Sodium sulfide solutions are oxidized by 
105 : NaOCl solutions; depending on the concentra- 


tion of the reactants, the temperature, and the 
Н, various amounts of sulfur and sulfate are 
formed [32]. For dilute solutions of approxi- 
mately constant concentration, the ratio of sul- 
fur to sulfate formed is constant. With a large 
excess. of sulfide, the formation of sulfur in- 
creases, and for a large excess of NaOCI, the 
formation of sulfate increases. Sulfate forma- 
tion is favored by increased temperature. 
Maximum sulfate formation is observed at pH 
10 [32]. 
Sodium sulfide is oxidized by the Karl Fis- 
cher reagent, presumably by the reaction [32] 






















1-4 1.5 1.6 
102 кит. - 
Figure 55.4: Temperature dependence of conductivity for 
liquid sulfur (a) and sulfur saturated with NaS, (b) [28]. ~ 
Density values for some sodium polysul- 
fide melts are listed in Table 55.3 [29]. Com- 


and Na,S, shows that the transformation Pom 
solid to liquid is accompanied by a volume іп: 
crease of ca. 8—10% [29]. E H,S +1, = 2HI+S 
: : Sodium sulfide is appreciably soluble in the 
55.2.2 Chemical Prop erties ` lower alcohols (methanol, ethanol) [33]. 
Sodium Monosulfide. The chemical proper- 
ties of sodium sulfide are described in detail in 
[30-32]. Anhydrous Na,S is a white solid that 
readily reacts with moist air to form sodium 
sulfite and carbonate. Pure NaHS can be ob- 
tained by the action of H,S on anhydrous: 
Na,S. | 
Sodium sulfide is very soluble in water. 
The concentration of a saturated solution of. 
Na,S at various temperatures is given below 
[33]: . 
в М№а,5/00 ст? 12.2 16.0 21.3 280 33.0 40 


Sodium Polysulfides. The chemical próper- 
ties of the sodium polysulfides are described 
in detail in [30, 31, 34, 35]. 

` Sulfur dissolves readily in alkali metal sul- 
fide solutions with formation of alkali metal 
polysulfides [35]. These solutions are strongly 
alkaline owing to the reaction 


Si--2HOH > H,S, + 20H^ 


The S, ring is broken by the thiophilic S^ and 
‘SH ions іп accordance with the equation 


Tat 0 20 40 60 80 90. Sa 
The relationship between 96 Na,S y and g B*S-—CS-8-9-S-S-S-S-S-S-- 
density x at various temperatures is given Бу. 28 6 


[32]: | 
у=—98.24 + 98.28x at 20 °C : 
y 7-98.73 + 99.01x at 30 °C 


leading to the formation of nonasulfide ions 
Which can break down to form shorter chains. 


2225 


At the same time, longer chains are formed 
from S^ ions (e.g, 527, 527, etc.) which can 
also undergo degradation. In solutions of al- 
kali polysulfides produced from alkali sulfide 
and sulfur, these reactions take place 1n single 
steps and, therefore, constitute a complex dy- 
namic equilibrium between sulfide ions of 
various chain lengths. This explains why 
aqueous solutions of polysulfide ions of defi- 
nite chain length cannot be obtained by. reac- 
tion of stoichiometric amounts of sulfur with 
sulfide. Addition of such solutions to cold hy- 
drochloric acid always gives a mixture of sul- 
fanes [35]. Furthermore, of the alkali metal 
polysulfides M,S,, only the pentasulfide dis- 
solves without decomposition, dissociating to 
form S2" ions [26]. Higher polysulfides with 7 
7 5 also form pentasulfide ions with precipita- 
tion of the excess.sulfur, while the. lower 
polysulfides (n « 5) disproportionate into 
monosulfide, tetrasulfide, and pentasulfide 
ions, which are in pH-dependent equilibrium 
with each other [26, 36]: 


4S7 + H,O = OH + SH + 3877 


Free polysulfide ions consist of sulfur 
chains [36]. The sulfur atoms of an S} chain 
are necessarily coplanar, but for longer chains 
there are possibilities for isomerism, as shown 
in Figure 55.5. Thus, for the structure of the 
Si- ion there are two possibilities (Figure 
55.5A and B), for the S2" ion there are the pos- 
sible structures (C) and (D), and for the Sz 
ion, the structure (E) [36]. The equilibrium be- 
tween the polysulfide ions in aqueous solution 
also appears to influence the production of 
polymeric polysulfides, represented by the 
general equation 


nHal-R-Hal + nNa,S, > (-RS,-), + 2nNaHal 


This is essentially a nucleophilic exchange be- 
tween the halogen and the polysulfide anion. 
The exact nature of the polysulfide ions that 
react with the dihalides is not yet clear. The 
polymer initially formed on addition of diha- 
lide to aqueous sodium polysulfide contains 
less sulfur than expected. 

‘The degree of sulfur substitution (sulfur 
grade) is the average number of sulfur atoms 
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in each repeating unit of the polymer. How- 
ever, if a polymer with, for example, a sulfur 
grade of 4, is treated with 1 mol Na,S,, the sul- 
fur grade in the polymer decreases to 3.1, 
while that of the polysulfide solution increases 
by a corresponding amount [37]. 
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Figure 55.5: Idealized stereochemistry (dihedral angle 
equal to 90°) for polysulfide ions [36]. А, B) d- and I-S2; 
C, D) cis- and ons. Bi: Е) trans, trans-Sz. 

For reactions that must be carried out under 
anhydrous conditions, anhydrous polysulfide 
reagents can be prepared according to the fol- 
lowing reaction scheme [38]: 


2LiBHEt, + 5,8, — Li,S, + 2BEt, + H, 
[Cp,MCL,] + Li,S, — [Cp.MS,] + 2LiCl 


where Cp = cyclopentadienyl and M = Ti, Zr, 
Hf, V. The so-called Super-Hydride method 
has been found to be very versatile for the 
preparation of polysulfide complexes of tran- 
sition metals [38]. 


S5.3 Production of Com- 
pounds of the System Na,S-S 


Sodium tetrasulfide is nowadays produced 
from the elements in the absence of water and 
solvents on an industrial scale; sodium disul- 
fide and sodium monosulfide can be prepared 
similarly on the laboratory scale [39-43]. 

A summary of the processes is given in Fig- 
ure 55.6. The production of Na,S,, Na.S., and 
Na,5 is briefly described below. 
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(Nay, + Sal NaS 
Polysulfide melt S 
| S Sodium (elemental) 

NaS; ——— NaS, NaS, 


Sulfur 


Figure 55.6: Some production routes to anhydrous, sol- 
vent-free sodium monosulfide and polysulfides. 


55.3.1 Sodium Tetrasulfide 


Sodium tetrasulfide is now produced on an 
industrial scale in high purity from the ele- 
ments in the absence of water and solvents. 

Molten polysulfide 1s charged into a cylin- 
drical reactor, with no added water or solvent 
[39]. Molten sodium and sulfur are added al- 
ternately and are mixed with the melt by vig- 
orous agitation. The heat of reaction is 
removed by a heat-transfer oil in contact with 
the outer wall of the reactor. 

For optimum process operation, the tem- 
perature of the polysulfide melt should be in 
the range 340—360 °C. 

As the molten polysuifide is extremely cor- 
rosive, the choice of construction materials is 
very important. The alloy AlMg appears to be 
sufficiently resistant. The atmosphere in the 
reactor is inerted with argon [39]. 

The preparation of the sodium polysulfides 
Na,S;, Na,S, and Na.S, on the laboratory 
scale by synthesis from the elements is de- 
scribed in [13]. An equimolar amount of sulfur 
1s added to molten sodium in small amounts 
with agitation. The reaction product, consist- 
ing mainly of Na,S,, is cooled, size reduced, 
and then mixed at room temperature with the 
required amount of sulfur. The mixture is then 
melted. Unreacted sodium recovered from the 
size-reduced reaction product is then added to 
this polysuifide melt [13]. 

In another laboratory method, based on 


.early work [5, 22], Na.S, was prepared in al- 


coholic solution from sodium, hydrogen sul- 
fide, and sulfur [12]. In a widely cited 


preparation of sodium tetrasulfide or polysul- 
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fides from Na,S and sulfur, alkali metal sul- 
fide, prepared by the reduction of Na,SO,, is 
added to molten sulfur [44]. 


55.3.2 Sodium Disulfide 


Sodium disulfide, Na,S,, is produced by 
adding a higher sodium polysulfide and so- 
dium, either simultaneously or alternately, to a 
polysulfide melt [40]. As the melting point of 
Na,S, (474 °C) is higher than the boiling point 
of sulfur, it is preferable to use sodium tetra- 
sulfide. Thus, sodium disulfide free of water 
or solvent can be produced in an easily con- 
trolled process: The process has three varia- 
tions [40]. The whole of the polysulfide can be 


premelted, and the sodium added to the melt 


until the desired stoichiometric composition is 
obtained, or sodium and, for example, Na,S, 
can be added to the melt either alternately or 
simultaneously [40]. 

There are many literature references to 
other methods of producing sodium disulfide. 
For example, sodium tetrasulfide can be dis- 
solved in alcohol and then reduced with so- 
dium metal to give sparingly soluble М№а;5, 
[22]. It has not been possible to prove conclu- 
sively that the product so obtained, which con- 
tains 4-696 alcohol, represents a defined 
alcoholate [12]. High-purity Na,S, can be pro- 
duced from the elements in liquid ammonia 
[12]. ` 

Small amounts of sodium polysulfide for 
the investigation of thermodynamic properties 
have been prepared by melting together Na,S 
and sulfur in a small sealed capsule [16]. 

Sodium disulfide is produced on an indus- 
trial scale from sodium hydroxide solution and 
sulfur [45], and is used for the production of 
polysulfide polymers [37] (see Section 55.5). 


55.3.3 Sodium Monosulfide 


The most important processes for the pro- 
duction of Na,S are described in detail in [30— 
32, 46]. Of these, the reduction of sodium sul- 
fate with carbon is described in detail here. 

Sodium sulfide is produced in large quanti- 
ties by the reaction of anhydrous sodium sul- 
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fate with carbon in a process that has been 
used for decades. The reaction, which is car- 
ried out at 700—900 °C, is represented by the 
following overall equation [33]: 

Na,SO,+2C —> Na,S+2CO, АН =+203.7 kJ/mol 


At ca. 730 °C, the evolution of CO, begins, 
and the reaction mass becomes very fiuid. On 
further heating, it becomes pasty, and finally 
solid. This behavior can be explained by 
means of the sodium sulfate-sodium sulfide 
phase diagram (Figure 55.7) [33]. 
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Figure 55.7: Phase diagram of the system Na,SO,-Na,S 
[31]. 





Figure 55.8: Rotating-hearth furnace [33]: a) Screw 
feeder; b) Rotating hearth; c) Transporting screw feeder; 
d) Discharge shaft; e) Burner. 

The process details and the operation of the 
reactors or furnaces are described in patents 
[30]. The rotating-hearth furnace (Figure 
55.8) operates fully continuous. The sulfate— 
carbon mixture is delivered by a water-cooled 
screw feeder (a), onto the outer part of the ro- 
tating hearth (b) [33]. As the hearth rotates, a 
second screw feeder (c) moves the mixture 
néarer to the center of the plate where the melt 
passes through the discharge shaft (d). 
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To ensure sufficient heat transfer to the re- 
action mixture, the temperature in the gas 
space of the furnace must be ca. 1100 °C. The 
furnace lining is strongly attacked by Na,S. 

The sodium monosulfide so produced con- 
tains excess carbon, ash components, Na4CO,, 
М№а.5.0,, and Na,SO3. The product is leached 
with water, and the undissolved components 
are removed by filtration. The solution is con- 
centrated by evaporation to 60-62% Ма,5. 
The concentrated solution, which solidifies at 
са. 90 °С, is converted to the solid form by 
cooling on rolls or in pans [33]. Depending on 
process conditions, the purity of the sodium 
monosulfide obtained can vary between 50 
and 98% [30]. The product can be purified in 
various ways, e.g., by removal of the strongly 
colored iron compounds from the sodium sul- 
fide solution [47]. 

High-purity sodium monosulfide can be 
obtained by treating the reaction product with 
methanol to dissolve the sulfide, instead of 
water [48]. Unlike its hydrates, anhydrous so- 
dium sulfide is very soluble in alcohols. The 
solubility of Na,S in methanol is 160 g/L at 
20 °C, whereas that of М№а,5:9Н,О in metha- 
nolis only 30 g/L [48]. Other aliphatic, aro- 
matic, and polyhydroxy alcohols can also be 
used as extractants: the solubility of Na,S in 
ethanol is 90 g/L, and in ethylene glycol > 200 
g/L. The sodium sulfide obtained by evaporat- 
ing the extractant is free of water, iron, sulfite, 
sulfate, and thiosulfate [48]. 

Sodium sulfide can also be obtained by re- 
ducing Na,SO, with hydrogen (Sulfigran pro- 
cess) [33], methane, or other hydrocarbons 
[30, 33, 46]. 

The reduction of sodium polysulfides with 
sodium amalgam to give high-purity monosul- 
fide proceeds according to the following equa- 
tion [33]: 

NaS +35 > Nas, 
Na,S, + 6NaHg, — 4Na,S + 6Hg, 


Anhydrous sodium monosulfide is obtained 
from moist, anhydrous sodium sulfide in a 
two-stage process [49]. 

Pure Na,S can be prepared on a laboratory 
scale from the elements using liquid ammonia 
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as solvent [12] or without the use of solvents 
[41-43]. Na,S has been prepared in the labora- 
tory in two steps: 

In the first step, one of three processes was 
carried out in a preheated kneading machine: 


.l. Solid Na,S, was charged into the machine 


and ground. Liquid sodium was then 
slowly added, maintaining the tempera- 
ture of the reaction mixture at 120-250 °C 
by means of a heat-transfer oil [41]; or 


2. Liquid sodium was charged into the ma- 
chine, and solid sulfur was slowly added, 
maintaining the temperature of the reac- 
tion mixture at 120—250 °C by means of a 
heat-transfer oil [42]; or 


3. Sulfur and sodium were added alternately 
to powdered sodium monosulfide, pre- 
pared by method 1 or 2, maintaining the 
temperature of the reaction mixture at 
120-250 °C by means of a heat-transfer 
oil [43]. 

All of these first stages gave a blue-black 
powder as intermediate product. 

In the second stage, the intermediate prod- 
uct was placed in a small reactor. The unre- 
acted residues of sodium and sulfur in the 
black intermediate product were then allowed 
to react at 250-480 ?C. A white sodium mono- 
sulfide was produced from all three products 
of the first stage. The purity of the Na,S so ob- 
tained was consistently > 95% [41—43]. 


55.4 Sodium 
Hydrogensulfide [33] 


Sodium  hydrogensulfide, NaHS, mp 
350 °C, d 1.79, is a colorless to yellow solid. 
The anhydrous salt (95-98% NaHS) is of mi- 
nor importance. In industry, the following 
low-iron hydrated products are used [46]: 


e Sodium hydrogensulfide solution (30% 
NaHS) 
e Sodium  hydrogensulfide flakes (70% 
NaHS) 


e Sodium hydrogensulfide powder (95% 
NaHS) 
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55.4.1 Properties [33] . 


Sodium hydrogensulfide is very soluble in 
water [32]. The variation of solubility with 
temperature is shown below: 

в МаН5/100 ст? 41 50 55 60 65 72 
T,°C a 22 35 39 43 65 

Sodium hydrogensulfide forms two hy- 
drates, NaHS-2H,O and NaHS-3H,0. The 
aqueous solution has an alkaline reaction. 

The solid products are strongly hygro- 
scopic, and are oxidized by atmospheric oxy- 
gen. 


| §5.4.2 Production [33] 


Sodium hydrogensulfide is usually ob- 
tained by the action of hydrogen sulfide on so- 
dium sulfide or sodium hydroxide solution. If 
hydrogen sulfide is passed over anhydrous 
high-percentage sodium sulfide at ca. 300 °C, 
high-percentage sodium hydrogensulfide is 
obtained [50]. According to a patent, anhy- 
drous sodium hydrogensulfide is obtained by 
the reaction of sodium metal with hydrogen 
sulfide in inert organic solvents [51], and 
high-percentage solid products can be ob- 
tained by the evaporation of aqueous solutions 
[52]. 

Hydrated products are obtained by reacting 
hydrogensulfide with solutions of sodium sul- 
fide or sodium hydroxide (e.g., in spray tow- 
ers). If sodium hydroxide solution is used, it 
should be noted that the sodium sulfide 
formed as an intermediate is less soluble than 
the end product. Problems arising from this 
can be avoided by a patented method [53]. An- 
other patent [54] describes how the difference 
between the solubilities of sodium sulfide and 
sodium hydrogensulfide can be exploited by 
allowing hydrogen sulfide to react with so- 
dium sulfide (60% Na.S) in lump form in a 
tower, controlling the temperature so that the 
sodium hydrogensulfide runs off, leaving be- 
hind the sodium sulfide as a solid. 

The hot solutions obtained using pure hy- 
drogen sulfide can be converted to solid prod- 
ucts by cooling without intermediate 
treatment. If the hydrogen sulfide contains 
carbon dioxide, Na,CO; is formed in the solu- 
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tions in addition to NaHS. A process for ob- 
taining pure products from such solutions is 
described in a patent [55]. Another patent de- 
scribes how NaHS solutions:can be produced 
from H,S-containing gaseous by-products of 
petroleum refining [56]. 


55.5 Uses of Sulfides 


Much of the new knowledge of the system 
Na,S-S mentioned above has come from re- 
search into sodium sulfur cells. However, the 
Na;5, compounds that are formed апа decom- 
posed in these cells are initially produced from 
the elements sodium and sulfur, so that the 
batteries that contain these cells have no eco- 
nomic implications for the production and use 
of anhydrous, solvent-free sodium polysul- 
fide compounds [10, 57]. 

An established application is in the produc- 
tion of sulfur dyes [58], which are produced by 
the two methods: 


e The polysulfide bake method, where sulfur 
or sulfur-sodium sulfide is heated in the dry 
state with aromatic amino or nitro com- 
pounds or with nitrogen-free organic sub- 
stances such as cresol, anthracene, or 
decacyclene 

e The polysulfide melt method, in which or- 
ganic compounds are refluxed with polysul- 
fide in an aqueous or alcoholic medium 

The water-insoluble sulfur dyes are dis- 
solved by reduction to the leuco form, gener- 
ally with sodium sulfide. The leuco dyes 
become attached to the fibers, and the sulfur 
dye is then fixed on the fiber by oxidation with 

peroxides or perborates [58]. 

_ Anhydrous, solvent-free sodium tetrasul- 
fide is extensively used in the production of 
organosilanes, which are used in the rubber 
industry: 
2(RO),Si(CH,),—Cl + Na,S, — 

(RO),Si{CH,),-S,(CH,),-Si(OR), + 2NaCI 

The ethyl derivative of bis(trialkoxysilyl- 
propyl) tetrasulfide (Si 69) is one of the most 

important organofunctionalized silanes [59]. 

Organosilanes are used in the rubber industry 

in:combination with various fillers to produce 
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elastomers with improved static and dynamic 
vulcanizate properties [60]. These silanes 
have two different reactive groups that react 
with the silanol groups of fillers during com- 
pounding in rollers or kneaders, and form 
chemical bonds to the polymer and cross-link- 


ing agents during vulcanization. Si 69 can also 


be used as a sulfur donor that gives reversion- 
free vulcanization (equilibrium cure system) 
[60]. 

Another example of the use of an anhy- 
drous sulfide is in a process for producing 
poly(phenylene sulfide) [34, 61, 62]. In the 
production of poly(phenylene sulfide), 1,4- 
dichlorobenzene and sodium sulfide are re- 
acted at ca. 280 °C under pressure in a polar 
aprotic solvent, usually N-methyl-2-pyrroli- 
done [63]. While aliphatic polysulfides can 
easily be prepared by nucleophilic exchange 
reactions of chloride with sulfide, the reaction 
with aromatic compounds is much more diffi- 
cult because of the considerably lower reactiv- 
ity of the aromatically bonded chlorine [34]. It 
has been suggested that formation of 
poly(phenylene sulfide) does not proceed like 
a normal polycondensation [64]. The reaction 
is a one-electron transfer process in which rad- 
ical cations act as reactive intermediates [64]. 
Poly(phenylene sulfide) can be used with very 
high contents (up to 70%) of fillers such as 
glass fiber, carbon fiber, or minerals. Its good 
chemical resistance (PPS 1s practically insolu- 
ble in all the usual solvents) and inherent 
flame-retardant properties enable it to be used 
under severe thermal and chemical conditions. 
Reinforced PPS can replace metals in many 
applications, e.g., in the construction of ma- 
chinery and equipment, pump housings, and 
gear wheels [63]. | 

Sodium sulfide, sodium hydrogensulfide, 
and sodium polysulfide are sometimes used in 
the same fields of application [32]. This is also 
true to some extent of the sulfanes, although 
their instability prevents their large-scale use 
[33]. Examples are the manufacture of 
polysulfide polymers and the sulfide reduction 
of polynitroaromatics, both described below. 

Aliphatic polvsulfides of the thiokol type 
have the general formula (C,H,,S,),. These 
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find wide application [61] as sealants and, in 
combination with epoxy resins, as adhesives 
and mastics. These products have a marked 
ability to expand and contract, are elastic over 
a wide temperature range, and are resistant to 
seawater, solvents, and many chemicals. The 
best known commercial products are the 
Thiokols, which are polyalkyl- and polyalk- 
oxypolysulfides. They are produced by the 
condensation of Na,S, with dichloroalkyls and 
bischloroalkylformals [66, 67]. Trichloroal- 
kanes [68], epichlorohydrin [69], condensa- 
tion products of  a-monochlorohydrin 
formaldehyde [70], and monochloro alcohols 
[67] are also used as modifiers in the conden- 
sation reaction. The basic properties of these 
polysulfides mainly depend on the sulfur con- 
tent [37]. The Na,S, compounds can be ob- 
tained by the reaction of NaOH with sulfur 
[45]. At temperatures of < 110°C and with 
NaOH concentrations of < 30%, polysulfide 
and thiosulfate are formed according to the 
equation 

10S + 6NaOH — 2Na,S, + Na,S,0, + 3H,O 


whereas at higher NaOH concentrations (up to 
35%) and higher temperatures (100—320 °C) 
sulfite 1s also formed [45]: 

6NaOH + (2x + 1)8 2 2Na,S, + Na,SO, +3H,O 


The autoxidation of aqueous polysulfide solu- 
tions in the temperature range 23—40 °C, the 
kinetics of polysulfide-thiosulfate dispropor- 
tionation [71, 72], and equilibria of polysul- 
fide ions in solution [73] should be mentioned 
in this connection [74]. The reaction usually 
proceeds very rapidly from sulfite to thiosul- 
fate, so that only small amounts of sulfite re- 
main. However, as sulfite crystallizes from 
concentrated NaOH solution, small amounts 
of thiosulfate remain in the solution [75]. 

The polymers produced by the reaction of 
alkyl chlorides with sodium polysulfide are 
obtained as high molecular mass, rubber-like 
products with a very limited range of uses. 
The polymers can be selectively cleaved by 
the action of sodium hydrogen sulfide on the 
disulfide groups, allowing the average chain 
length to be controlled [76]. 

—R-S-S-R +NaSH > R-SNa  H-S-R + S 
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The sulfur liberated in this reaction reacts with 
added sodium sulfite to form sodium thiosul- 
fate [76]: 

Na,SO, + S 2 Na,S,0, 


The bis(vinylarylalkyl) polysulfides [77], ob- 
tained by reacting 4-vinylbenzyl chloride with 
Na,S~S, are used as coatings and sealants in 
the form of copolymers with halogenated al- 
kanes. i 

Aromatic amino compounds can be pre- 
pared by the reduction of polynitroaromatics 
with sulfide [78]. Sulfide reductions are car- 
ried out in industry with Na,S, NaHS, Na,S,, 
or ammonium sulfide solutions. The reactions 
are not exactly stoichiometric, proceeding ap- 
proximately in accordance with the following 
equations: 
4Ar-NO, + 6Na,S + 7H,O > 

4Ar-NH, + 3Na,S,O, + 6NaOH 

4Ar-NO, + 6NaSH + H,O — Ar-NH, + 3Na,S,0, 
Ar-NO, + Na,S, + H,O 2 Ar-NH, +Na,S,0, 


Some other important products obtained 
by using the sulfide reaction are 1,2-diamino- 
4-nitrobenzene from 2,4-dinitroaniline and 
NaSH; 2-amino-4-nitrophenol from 2,4-dini- 
trophenol and NaSH; and 4,6-dinitro-2-ami- 
nophenol (picraminic acid) from picrinic acid 
and NaSH [78]. 

To reduce friction and increase load-bear- 
ing capacity, EP (extreme-pressure) and AW 
(antiwear) oil additives are added to engine 
oils, transmission oils, turbine oils, and ma- 
chining oils and their emulsions [79, 80]. It is 
known that sulfur-containing compounds in 
which the sulfur is in “available” form per- 
form especially well in this application. Espe- 
cially suitable are those compounds with 
polysulfide bridges in which the sulfur atoms 
are in a labile, active form, are liberated at ele- 
vated temperature, and can form metal sulfide 
coatings on the metal surface. These coatings 
usually have a lower coefficient of friction 
than the metal itself and thus improve fric- 
tional behavior [79, 80]. 

These sulfur-containing compounds can be 
prepared by reacting epoxides with an alkali 
metal disulfide or tetrasulfide [79]: 
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/ -2MOH: 
2R,-C-C-R, +M(S),M э 
ro т MeOH/H,O 


R,-CH-CH-S-S-CH-CH-R, +5, 
OH R, R, OH 


In accordance with the above reaction scheme, 
elemental sulfur is liberated when Na,S, is 
used [79]. z 

Oil additives can also be produced by the 
reaction of Na,S or Na,S,, often in combina- 
tion with elemental sulfur, with chlorinated or- 
ganic compounds. These compounds can be 
formed by the addition of an S-Cl compound 
(e.g., 5,С1,) to a double bond (e.g., isobutene), 
and then condensed with Na,S-S [81-86]. 
Other products may be obtained from the reac- 
tion of aromatic hydroxy compounds (e.g., 
2,6-di-tert-butylphenol or 2,4,6-tri-tert-bu- 
tylphenol) with aldehydes or ketones and 
NaS [87]. 

The reaction of 4-chlorotetrahydropyran 
with Na,S in a methanol/ethanol mixture, fol- 
lowed by hydrogen peroxide oxidation of the 
resulting thiol group leads to bis(tetrahydro- 
pyranyl)disulfide, which is used as a lubricant 
additive [88]. 

Dialkylbenzyl disulfides, which are used as 
oil additives, are produced from a catalytically 
cracked naphtha fraction (boiling range 164— 
250 °C), which is chloromethylated with 
formaldehyde-HCl, and then reacted with 
Na,S, [89]. 

In a similar process, benzyl chloride and 
Na,S, are reacted at 80-90 °C for 20 h to pro- 
duce dibenzyl disulfide, which is used as a 
component of an oil additive [90]. 

‘The production of additives for high-pres- 
sure lubricants is described in [91]. A mixture 
of xylol isomers is chloromethylated and then 
reacted with Na,S; (a mixture of Na,S, and 
М№а,5,) to form a polysulfide. 

A group of microcrystalline Al—-Na silicates 
with various sulfur contents have been re- 
ferred to as ultramarines [92]. Analysis gives 
an, approximate empirical formula of 
(NagAl Si O,,S,), suggesting the name so- 
dium aluminum silicate polysulfide. 
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The production of an u/tramarine and а 
green pigment from zeolites and Na,S, by 
heating to > 300 SC has been reported [93]. 
The color of the ultramarines may be due to 
singly charged polysulfide(-1) radical ions 
[94, 95]. 

Sodium monosulfide solutions mixed with 
FeSO,, Ca(OH),, and a polymeric flocculating 
. agent are used to remove copper from aqueous 
solutions, process liquors, and wastewater 
[96]. Lead can be removed by using a mixture 
of caustic soda solution, sodium monosulfide 
solution, and aluminum chloride [97]. 


55.6 Safety and 
Environmental Aspects [98] 


Sodium sulfide and Na,S,, are classified as 
irritants in GefStoffV [99], as indicated by the 
hazard symbol C. 

The following R and S phrases are applica- 
ble: 

R31: “Toxic gases produced on contact with acids” 

R34: “Causes irritation” 

S26: “On contact with eyes, rinse immediately with plenty 
of water, and seek medical help” 


S45: “Їп case of accident or illness, seek medical help im- 
mediately. Show this label if possible.” 


In accordance with GefStoffV vessels con- 
taining Na.S or Na55, should carry the name 
of the substance in permanent printed letters, 
the hazard symbol "irritant", the hazard infor- 
mation R 31—34, and the safety advice S 26— 
45 [100, 101]. 

Aqueous solutions of Na,S, NaHS, and 50- 
dium polysulfides must always be maintained 
at a pH of > 10 to prevent liberation of toxic 
hydrogen sulfide [3]. The hazardous proper- 
ties of hydrogen sulfide and its effects on hu- 
mans are described in [33]. 

Solid sodium sulfide, sodium hydrogensul- 
fide, and sodium polysulfide form strongly al- 
kaline solutions when dissolved in water, and 
these can cause.sevére imitation of the eyes 
and.skin. Goggles must therefore be worn. 
When working with larger quantities; imper- 
meable protective clothing consisting of rub- 
ber boots (not leather-soled shoes) and long 
rubber gauntlets must also be worn. 
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If dust is formed, respirators with combina- 
tion B/P2 type filters (color code: gray with 
white ring) must be worn [100]. 

In case of fire, respiratory equipment with 
an independent air supply must be used, com- 
pletely sealed chemically-resistant clothing 
must be worn while fighting the fire, and the 
auxiliary equipment used must be resistant to 
caustic solutions [100]. Note that sulfide solu- 
tions can emit hydrogen sulfide on heating, 
which can represent a potential hazard during 
storage or in production [32]. 

Industrial safety data for sodium sulfide, 
sodium polysulfide, and sodium hydrogensul- 
fide are given in [98, 102]. 

Sulfide is classified as à hazardous sub- 
stance according to $ 7a of the German Water 
Management Act [103]. In accordance with 
the current state of the art of the process in 
which by-product sulfide 1s formed, the sul- 
fide content of wastewater has to be reduced. 


This can be carried out in various ways, e.g., - 


RS oxidation of the alkaline: solution with 
O, [104]: 
ae — Na, SO, + 4H,O 


The limit values for the sulfide content of 
wastewater are taken from the Framework 
Wastewater Directive ór a recommendation of 
the German wastewater technical association 
(ATV) for indirect dischargers. Some values 
(in mg/L) are listed below [105]: 

Appendices to Framework Wastewater Directive (1992) 

Appendix 25 (leather manufacture, fleece treatment, 
leather fiber production): wastewater from soaking, 
liming, and deliming, including washing 2 

Appendix 37 (manufacture of inorganic pigments): 
Source type 1.1.3 (lithopone, zinc sulfide pigment, 
and precipitated barium sulfate) 

Appendix 39 (manufacture of nonferrous metals) 1 

Appendix 40 (metal working and treatment) 
Source type 1.1.1 (electrolytic) 
Source type 1.1.2 (pickling) 

Source type 1.1.4 (burnishing) 

Source type 1.1.7 (printed circuit manufacture) 

Source type 1.1.8 (battery manufacture) 

Source type 1.1.9 (enamelling) 

Appendix 47 (scrubbing of furnace combustion gases)0.2 

34th Framework Wastewater Directive (manufacture of 
barium compounds) 1 

38th Framework Wastewater Directive (textile 
manufacture) 

43rd Framework Wastewater Directive (synthetic 

fibers): Source type 2.1.3 (manufacture of viscose 

spun fiber) 


а а 
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Wastewater technical association (ATV) 
Information sheet A 115 (yellow printing) 2 


55.7 Economic Aspects [106] 


Sodium monosulfide is supplied commer- 
cially in the form of flakes containing 60—62 96 
Ма,5. 

Major producers of the monosulfide in- 
clude Tessenderlo Chemie (Belgium) and 


Foret (Spain). There are also producers in Ger- . 


many, Italy, and France. 

The output of sodium monosulfide in West- 
ern Europe is estimated to be 50 000 t/a. Ex- 
cluding the considerable quantities exported 
to the African copper mines, this consumption 
is distributed among the following areas of 
use: 


Dehairing agents forthe leather industry 40% 
Precipitation of heavy metal ions 


(chemical industry) 30% 
Production of sulfur dyes 20% 
Other uses 10% 


Sodium hydrogensulfide is supplied in the 
following forms: 


e In powder form with a purity of 95% 
e In flake form with a purity of 70—7496 


e As a 3096 solution | 

Sodium hydrogensulfide is manufactured 
by the sodium monosulfide producers men- 
tioned above, and also by Goldschmidt, 
Rhodanid Chemie, and Leuna. The main pro- 
ducers in the United States are Jupiter Chemi- 
cal, PPG Industries, and Ethyl Corp. 

As sodium hydrogensulfide is used in the 
same areas as Na,S, no reliable information is 
available concerning the production and con- 
sumption of NaHS in Western Europe. In the 
United States, about two-thirds of annual pro- 
duction (i.e., ca. 180 000 t/a) is of lower qual- 
ity (low grade, 20-30% NaHS) and is used in 
the cotton industry. 

For many years, sodium polysulfide has 
been available only in solution. Sodium 
polysulfide solution is supplied by Gold- 
schmidt (Germany), Witton (United King- 
dom), PPG (United States), and Sankyo Kasei 
(Japan). 

Approximately 25 000 t/a polysulfide solu- 
tion, produced mainly by Morton International 
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(United States), Toray Thiokol (Japan), and 
Akcros (Greiz-Dolau, Germany), is used in 
the production of polysulfide elastomers. 

Sodium polysulfides are also available in 
anhydrous and solvent-free form, but the price 
of this material is considerably higher than 
that of the aqueous solution. 


55.8 Transportation [107] 


Sodium sulfide with at least 3096 water of 
crystallization is classified as follows: 
RID/ADR Class 8, no. 45b 
IMDG Code . Class 8, UN no. 1849, РСП 
ICAO-TIIATA-DGR Class 8, UN no. 1849, PG II 


Approved packaging for sodium sulfide has 
been harmonized for all means of transport. 
Intermediate bulk containers are permitted for 
land and sea transport. Portable tanks (rail 
tank cars, road tank cars, tank containers) are 
permitted for land and sea transport. 

Sodium sulfide with less than 3096 water of 
crystallization is classified as follows: 


RID/ADR Class 4.2, no. 13b 
IMDG Code Class 4.2, UN no. 1385, PG II 
ICAO-TVIATA-DGR Class 4.2, UN no. 1385, PG II 

Approved packaging has ‘been harmonized 
for all means of transport, and must be hermet- 
ically sealed. Bags are not permitted for sea 
transport. Bags may be used for land transport 
provided they are loaded on palettes and for- 
warded as full load. Intermediate: bulk con- 
tainers are only permitted for land and sea 
transport. Portable tanks (rail tank cars, road 
tank cars, tank containers) are permitted only 
for land transport. 

-Sodium hydrogensulfide with at least 2596 
water of crystallization is classified as fol- 
lows: 
RID/ADR Class 8, no. 45 b 
IMDG Code Class 8, UN no. 2949, PG II 
ICA-TVIATA-DGR Class 8, UN no. 2949, PGII 


Packaging has been harmonized for all 
means of transport. Intermediate bulk contain- 
ers and portable tanks are permitted for land 
and sea transport. 

Sodium hydrogensulfide with less than 
25% water of crystallization is classified as 
follows: 
RID/ADR 
IMDG Code 


Class 4.2, no. 13b 
Class 4.2, UN no. 2318, PG II 
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ICAO-TIIATA-DGR Class 42, UN по. 2318, PG II 

Packaging has been harmonized for all 
means of transport, and must be hermetically 
sealed. Bags are not permitted for sea trans- 
port, but can be used for land transport pro- 
vided they are loaded on palettes and 
forwarded as full load. Intermediate bulk con- 
tainers are permitted for land and sea, and por- 
table tanks only for land transport. 

Sodium polysulfides are not specifically 
named in the transport regulations, but should 
be classified as follows: 

RID/ADR Class 8, по. 45 b 


IMDG Code Class 8, UN no. 1759, PG II 

(solid) 

Class 8, UN no. 1760, PG H 
ICAO-TIIATA-DGR Class 8, UN no. 1759 PG II 

(solid) 

Class 8, UN no. 1760 PG II 

(liquid) . 

Packaging has been harmonized for all 

means of transport. Intermediate bulk contain- 
ers and portable tanks are permitted for land 
and sea transport, with restrictions for solid 
polysulfide in portable tanks. 


55.9 Sulfites and Disulfites | 


55.9.1 General Properties 


Sulfurous acid is formed on passing sulfur 
dioxide into water: 
SO, + H,O > H,SO, 

Since the equilibrium lies almost com- 
pletely on the left-hand side and gas hydrates 
are formed on cooling the solution, isolation 
of the anhydrous acid is not possible. The acid 
dissociates in two steps: 


H,SO,- Н+ НЅО5 K,-16x10* 
HSO; = Н' +5027 K,=1.0x107 


The dissociation constants К refer to 25 °С 
[108]. At higher concentrátions the disulfite 
ion is formed: 


2HSO; = $,01- + H,O 


The neutral alkali-metal sulfites M,SO, and 
hydrogensulfites MHSO, are readily soluble 
in water. The latter cannot be isolated, since 
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they are converted to disulfites on concentrat- 
ing the solution. 

Sulfurous acid and its salts are used as re- 
ducing agents. Aqueous solutions of halogens 
are reduced to hydrogen halides, iodates to io- 
dides, and dichromates to chromiumYlll). 
However, sulfurous acid behaves as an oxidiz- 
ing agent in the presence of stronger reducing 
agents; for example, with sulfur, thiosulfates 
are formed. 


55.9. Ammonium Sulfite [109] 


Solutions of ammonium sulfite, 
(NH4),SO,, are produced by treating sulfur di- 
oxide with aqueous ammonia. They are 
mainly used for the production of ammonium 
thiosulfate. 


55.9.3 Potassium Disulfite [110] 


The industrial production of potassium di- 
sulfite, K,S,O,, is similar to that of sodium 
disulfite. It is used for combatting fungi on 
vines and in wine production. 


55.9.4 Sodium Disulfite [111] 


Sodium  disulfite, М№а,5,0;. dissolves 
readily in water with the formation of sodium 
hydrogensulfite NaHSO, (see Figure 55.9) 
[112]. 

The fine crystalline salt can be stored with- 
out any problem if kept cool, dry, and with the 
exclusion of air. When moist it is oxidized by 
atmospheric oxygen to the sulfate. 
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Figure 55.9: Solubility of Na,SO, and Na,8,0, in water 
as a function of temperature. 
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Figure 55.10: Production of sodium disulfite and sodium hydrogensulfite solution: a) Scrubber; b) Production plant; c) 
Centrifuge; d) Storage vessel for sodium hydrogensulfite solution. 


Sodium disulfite is produced by treating 
50-70% sodium hydroxide or a suspension of 
sodium carbonate with sulfur-dioxide-con- 
taining gases in saturated sodium hydrogen- 
sulfite solution (Figure 55.10) [113-116]. The 
sodium disulfite is removed by centrifugation 
and then dried. The saturated mother liquor 
from the centrifuge is mixed with the liquor 
from the waste-gas scrubber and adjusted to 
the usual commercial concentration. 


Sodium disulfite production is coupled 
with the formation of sodium hydrogensulfite 
solution, for which, therefore, a demand must 
also exist. Production processes that use an an- 
hydrous route, involving treatment of sodium 
sulfite or sodium carbonate with sulfur diox- 
ide, have not achieved industrial importance. 

Equipment and storage containers are pre- 
dominantly made from 1.4571 grade stainless 
steel. Fiberglass-reinforced plastic containers 
are also suitable for storage. Paper or plastic 
sacks, steel barrels, or big bags made of syn- 
thetic fibers are used for transportation. 

The commercial product has a content of 
ca. 97% Na4S,0.,, 1-2% Na,SO,, and ca. 1% 
NaSO, 

Sodium disulfite is used in the photography 
and fiber industries, for preserving foodstuffs, 
for wastewater treatment, and in the paper, 
textile, and leather industries. 


55.9.5 Sodium Hydrogensulfite 
[111] 


‘Sodium hydrogensulfite, NaHSO,, is not 
known in the solid state. On concentrating an 
aqueous solution, solid sodium disulfite crys- 
tallizes. Sodium hydrogensulfite is oxidized in 
air. Solutions of high purity can be produced 
by dissolving sodium disulfite in water. Com- 
mercial solutions are produced as the mother 
liquor in the production of sodium disulfite or 
by treating a suspension of sodium hydroxide, 
or sodium sulfite or sodium carbonate with 
sulfur dioxide until a pH of 3.5-4 is reached. 
The equipment is mainly made of 1.4571 
grade stainless steel. For storing the solution, 
fiberglass-reinforced plastic containers are 
also suitable. 


55.9.6 Sodium Sulfite 


Sodium sulfite, Na,SO,, is predominantly 
marketed as the anhydrous salt. It is produced 
by, treating a suspension of sodium hydroxide 
or sodium carbonate with sulfur dioxide. The 
temperature is maintained at 60-80 °C for op- 
timal crystal separation. The sodium sulfite 
suspension formed is centrifuged and the salt 
dried. Today part of the sodium sulfite is ob- 
tained from scrubbing of SO.-containing off- 
gases. Production processes using.an anhy- 
drous route have not yet achieved industrial 
importance. 

jsodium sulfite is sold in various purity 
grades containing 90-98% Na,SO,. The salt 
can be.stored for long periods if kept dry, with 
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the exclusion of air. It is transported in plastic 
and paper sacks. Sodium sulfite 1s used as a re- 
ducing agent, for the production of sodium 
thiosulfate, in the photography, paper, and tex- 
tile industries, for treating boiler water, and as 
a food preservative. 


55.9.7 Analysis of Alkali-Metal 
Sulfites 


The total sulfur dioxide content is titrated 
iodometrically. Sulfate is determined, after 
acidification of the solution with HCl and 
driving off the SO, with CO,, either titrimetri- 
cally or as barium sulfate. To determine sulfite 
in sodium hydrogensulfite or sodium disulfite, 
the sample solution is treated with formalin 
and the NaOH liberated is titrated in the pres- 
ence of phenolphthalein. | 


55.9.8 Toxicology 


Oral administration of a few grams of so- 
dium sulfite causes dizziness, vomiting, and 
diarrhea [117]. Small doses of sodium hydro- 
gensulfite are oxidized to sulfate in vivo, 
whereas larger doses cause considerable irrita- 
tion of the gastrointestinal tract. 


55.10  Thiosulfates 


55.10.1 General Properties 


Thiosulfates are the salts of thiosulfuric 
acid, H,S,O,. Whereas thiosulfuric acid is 
highly unstable, thiosulfates are quite stable, 
even in aqueous solution. 

Most thiosulfates are readily Shiba n in wa- 
ter, with the exception of the moderately solu- 
ble barium salt and the sparingly soluble silver 
and lead salts. The soluble salts are readily 
crystallized. Acid salts do not exist.’ 

The following properties are characteristic 
of thiosulfates: decomposition to sulfur and 
sulfur dioxide in acid solution: 


5,02 + 2H' 2 S + SO, + H,O 


decomposition in alkaline solution according 
to the equation: : 
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5,02 + 20H" 2 SOF + S^ HO cations of anhydrous Na,S,0, are known 
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| Ro solutions, of sodium thiosulfate 
are of neutral pH. They can be kept for months 
in the dark with the exclusion of air, but de- 
compose on prolonged boiling in air. On addi- 
поп of acid sulfur precipitates and sulfur 
dioxide is liberated. The densities of aqueous 
М№а,5,0; solutions at 20 °C are listed below: 


oxidation by weak oxidizing agents (L, Fe, 
and Cu? to give tetrathionate: 


28,07 +1, > 5,О + 2I 


and oxidation by strong oxidizing agents (Cb, 
Br, MnO}, and Сг,02) to give sulfate: 


S OF + 4Cl, + 5H,O > 502 + H,SO, + 8HCI 


The use of thiosulfates as antichlorines for [Na,S,0,], % р, g/cm? 
removal of chlorine (e.g., from bleached mate- 1 1.0065 
rials) is based on the last-mentioned reaction. 2 iis 
With heavy metals (e.g., silver) the thiosulfate 2 1.0654 
ion forms soluble complexes [Ag(S403-. 10 1.0827 
This property is used in photography for fix- 12 1.1003 
ing. 16 1.1365 

: . | 20 1.1740 

Sodium and ammonium thiosulfates are 24 1.2128 

important industrial chemicals. 28 1.2532 
30 1.2739 
55.10.2 Sodium Thiosulfate 2 EE 


Table 55.4 lists the solubility In water; 
other properties are given in Table 55.5 and 
[119]. 

Table 55.4: Solubility of sodium thiosulfate in water. 


Sodium thiosulfate is produced and sold as 
the anhydrous salt, and as the pentahydrate 
М№Ма,5,0,:5Н,О. The hydrated product was 
formerly known as antichlorine, because of 








the earlier wide use for removal of residual Solid phase Т,°С 96 e 
chlorine. Ice -3.9 15.0 
: ` . d A1 30.0 
Properties. · Sodium | thiosulfate crystallizes №а,5,0,:59,0 0 344 
from aqueous solution as short, colorless 25 20 412 
prisms or elongated crystals. It effloresces in 40 50.6 
dry air, particularly at temperatures above ca. Na,8,0,:2H,0 48 62.0 
33 *C. At 48 *C the crystals dissolve in their 30 62.9 
own water of crystallization. The solution 50 Sien 
tends to become supersaturated and can be We USO 2 o Se 
kept in this state for weeks at room tempera- 75 70.8 
ture. Spontaneous crystallization only occurs М№а,5,0, | 80 71.0 
' 100 72.7 


on supercooling to —30 °C or below. On heat- 
ing, preferably with stirring and under reduced 
pressure, the anhydrous salt is obtained as a 
heavy, white, crystalline powder. Anhydrous 
М№а,5,0} is also produced by dehydration of 


Lan Sá £l 
Table 55.5: Properties of sodium thiosulfate. 
Na,S,0,° 
5H,O 





Na,S,0, 


Crystal system monoclinic monoclinic 
Na.S.0,°5H,0 in a stream of dry air at tem- pat 25 °C, g/cm? 1749 3 228 
peratures of up to 60?C. At 223 °C sodium Specific heat capacity at 0 °C, | 
thiosulfate decomposes, predominantly giving Jkg'K 1453 924 
sodium sulfate and pentasulfide: Heat of fusion, kJ/kg 148.1 
4Na,S,0, —> 3Na,SO, + Na,S, Heat of solution at 25 °C, kJ/kg 190.6 
. A Heat of hydration at 18 °C, 

The pentahydrate; which exists in two mod- kJ/mol 55.7 

ifications, is stable below 48 °C. Four modifi- Enthalpy of formation, kJ/mol 2601 
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Production of sodium thiosulfate is based on 
the following reactions: 

Na,SO, + S > Na,S,0, 

2NaOH + SO, + S > Na,S,0, + H,O 


The raw materials are usually used in a 
technically pure form and consist of sulfur 
(solid or liquid), sodium sulfite, sodium hy- 
drogensulfite, sodium hydroxide, and sulfur 
dioxide. The latter is used either as a pure gas 
or as a sulfur combustion gas containing ca. 
18% SO.. 

The addition of sulfur to sodium sulfite is 
carried out in stirred vessels. The reaction rate 
depends on the temperature, the excess of sul- 
fur, and the intensity of stirring. The reaction 
lasts for several hours. 

Polysulfide solutions are also produced to 
some extent as intermediates and react with 
disulfite to give thiosulfate [120]. Processes 
have also been described involving the pro- 
duction of sodium thiosulfate by oxidation of 
aqueous sodium sulfide solutions in the pres- 
ence of catalysts [121—123]. 

The sodium thiosulfate solutions are fil- 
tered hot, sometimes with the addition of de- 
colorizing charcoal. The excess sulfur is 
recycled. The Na,S,0,:5H.O is crystallized 
by cooling the filtrate. The mother liquor still 
contains ca. 5% Na,S,O, at 20 °C. Further so- 
dium thiosulfate can be obtained from this 
mother liquor by evaporation. The crystalline 
salt is separated by centrifugation. The pen- 
tahydrate must be dried below ca. 40 °С be-. 
cause at higher temperatures water of 
crystallization is lost. Pneumatic-conveyor or 
fluidized- bed driers are used. 

* Anhydrous sodium thiosulfate is produced 
by dehydration of the pentahydrate at 60— 
105 °C at atmospheric or reduced pressure. 
Another possibility is crystallization from so- 


dium thiosulfate solution above 70 °C. 


The standard commercial particle sizes are 
obtained by using continuous or batch crystal- 
lization equipment. 


Quality Specifications and Analysis. For 
photographic purposes the degree of purity 
laid down in the ASA and DIN/ISO standards 
is,usually adequate (99% for №а,5,0,:5Н,О 
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and 97% for anhydrous Na,S,0,). The content 
of sodium thiosulfate is determined potentio- 
metrically by titration of the diluted solution 
with iodine solution [124—126]. 

Both types of sodium thiosulfate are pro- 
duced in Germany at Chemiewerk Bad 
Köstritz and anhydrous М№а,8,0; is produced 
by: Th. Goldschmidt AG, Werk Mannheim; 
Brotherton, England; and Foret, Span for ex- 
ample. 


Uses. Anhydrous sodium thiosulfate is now 
only added in small quantities to ammonium 
thiosulfate. The hydrated salt is used as an an- 
tichlorine in bleaching, in wastewater purifi- 
cation, for reduction of dichromate in 
chromed leather production, and as a solvent 
for silver chloride in the chloride roasting of 
silver-containing minerals. 

Table 55.6: Solubility of ammonium thiosulfate. 


TC Solubility 

И іп water in NH,-saturated water 
0 60.0 

10 61.6 

20 63.1 25.8 

30 64.7 38.1 

40 66.3 46.5 

50 67.9 58.2 

60 69.4 65.9 

70 71.0 70.7 

80 72.6 72.4 

90 74.2 





55.10.3 Ammonium Thiosulfate 


Properties. Ammonium thiosulfate, 
(МН,),5,0,, crystallizes in an anhydrous form 
as shiny plates or sword-shaped crystals. No 
hydrates are known. On heating to 150 °C it 
sublimes with у. decomposition into 
(NH,)SO, 5, NH, and H,S. Ammonium 
thiosulfate is hy groscopic; the ' stability limit is 
at 64% relative humidity. It is readily soluble 
in water, sparingly soluble in acetone, and in- 
soluble in alcohol. The solubility in water is 
lowered by the presence of NH}. The solubili- 
ties are listed in Table 55.6. The densities of 
aqueous solutions at 20 °C are listed below: 


[(NH,),S,0,]. % p. g/cm! 
56 1.303 
57 1.310 
58 1.314 
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59 1.319 
60 1.324 
61 1.329 
62 1.334 


The data are for technical grades, which 
contain ca. 0.296 NH, and small quantities of 
sulfate and sulfite. Aqueous ammonium thio- 
sulfate solutions decompose slowly on heating 
above 40 °C with formation of sulfur and sul- 
fate. A small quantity of sulfite stabilizes the 
solutions considerably. Some other properties 
are as follows: 


100% (NH,),S,0, 
Crystal system monoclinic 
pat 25 °С, g/cm? 171 
Heat of solution, water, 25 °C, kJ/kg 105 
58-60% (NH,),8,0 5,4, 
Thermal conductivity, kJm hK- 1.84 
Specific heat capacity, KIkg*K™ 2.45 
Vapor pressure, kPa at 20 °C _ 7 

at 40 °C © 5.4 

at 60°C 14.2 


Production of ammonium thiosulfate is based 
on the reaction of sulfur, or occasionally am- 
monium sulfide and polysulfides [127], with 
ammonium sulfite in an aqueous ammoniacal 
medium. The ammonium sulfite is produced 
from ammonia or ammonia water and SO, in 
the same or in a separate process step: 

2NH, + SO, + H,O — (NH,),SO, 

(NH4480, + S 2 (NH,),8305 

The sulfur dioxide is used neat (gaseous or 
liquid) or as sulfur combustion gas, and sulfur 
is used in liquid or solid form. 

The rate of reaction of sulfur with ammo- 
nium sulfite depends on the temperature, the 
intensity of stirring, and the excess of sulfur. 
At 110 °C the reaction is complete after 1—2 h. 
Increased pressure with higher reaction tem- 
peratures and shorter reaction times can also 
be used [128]. A one-step process is also pos- 
sible. Solutions containing ca. 60% ammo- 
nium fhiosulfate are produced to be sold as 
such, and 70-72% solutions for production of 
the solid salt. The latter are filtered hot, some- 
times with the addition of charcoal. The 60% 
solutions can be filtered hot or after cooling. 

To obtain the salt the filtered solution is 
cooled to ca. 20—30 °C. The crystallized salt is 
separated by using sieve-screw centrifuges. 
Drying must be carried out carefully; a prod- 
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uct temperature of 50°C must not be ex- 
ceeded. The ca. 60% mother liquor is 
recycled. 

Crystalline ammonium thiosulfate tends to 
cake. It can be rendered free-flowing by the 
addition of 5-10% anhydrous sodium thiosul- 
fate (ammonium thiosulfate 90/10). The sta- 
bility to storage is increased by the addition of 
ca. 1-2% Na,SO,. The stability to storage of 
ammonium thiosulfate solutions can be in- 
creased by adding (NH,).SO, or Na,30,. 

Ammonium thiosulfate can also be -pro- 
duced by the reaction of ammonium polysul- 
fide solutions with gaseous SO, [129, 130]. In 
a process developed by the company Foret 
(NH,).S;0, is obtained from H,S, ND. and 
water at € 45 °C in the first step and subse- 
quent reaction with SO, [130, 131]. 


Quality Specifications and Analysis. Com- 
mercially the degrees of purity and analysis 
methods laid down in the ASA, DIN, and ISO 
standards are valid [124—126] (Table 55.7). In 
some cases particle size and particle-size dis- 
tribution are also specified. 

Table 55.7: Specifications for photo-quality ammonitim 
thiosulfate. 


Solid Aqueous solution 


Analysis (DIN 19080 T82, 
(ASA) * 1503619) 
(NH,),8,0,, 96 297 57-61 
Sulfite (as SO,), 9o <14 50.7 
Sulfite [as (NH 280], % тах. 1 
H,O, % <0.5 — 
(МН,).5, ppm <10 S5 
Insolubles, 96 <4 $0.2 
Combustion residue, % <2 <0.2 
Heavy metals (as Pb), ppm <20 $10 
Iron, ppm <50 : $10 


Titration with iodine solution gives the 
combined thiosulfate and sulfite content; titra- 
tion in the presence of formaldehyde gives the 
thiosulfate content. 


Uses. Ammonium thiosulfate is used almost 
exclusively as a photographic fixing salt. Its 
advantage compared with sodium thiosulfate 
lies in the shorter fixing times, the increase in 
the efficiency of the fixing baths by ca. 50%, 
and shorter washing periods. The recovery of 
the silver from spent fixing baths is easier. In 
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Western Europe almost only ammonium thio- 
sulfate is now used for fixing. By far the great- 
est proportion of the demand is covered by 
solutions. 

The following are commercially available 
as solids: 


Ammonium thiosulfate 98/100 

Ammonium thiosulfate. 90/10 

Rapid fixing salt U3 70% (NH4),S;0, 
20%М№а,5,0; . 


10% Na,S,0, 

Some producers of ammonium thiosulfate 
in Europe are: Th. Goldschmidt; Chemiewerk 
Bad Köstritz, Germany; Foret, Spain; W. 
Blythe & Co., United Kingdom. 


55.10.4 Toxicology 


For sodium thiosulfate, the LDLo for sub- 
cutaneous application in rabbits is 4000 
mg/kg, and in frogs 6000 mg/kg [132]. 

For Na,S,0,°5H,0, the oral TDLo in hu- 
mans is 300 mg/kg (oral intake during 7 days). 
For dogs, the intravenous LDLo is 3000 
mg/kg [132]. 

According to [133], Na4,S,0,: SHO has 
low oral toxicity. Larger doses (up to 12 g 
daily) have a severe laxative effect. 

The following values have been determined 
for ammonium thiosulfate [132]: LD. (oral, 
rat) 2890 mg/kg, LD. (oral, guinea pig) 1098 
mg/kg. 


55.11 Sodium Dithionite [134] 


55.11.1 Introduction 


1 Sodium dithionite, Na,S,O,, is the only in- 
dustrially important salt of dithionous acid 
(Н,5,0,), which has not been isolated. The 
importance of sodium dithionite lies in its 
powerful reducing capacity, which allows, for 
example, vat dyes to be reduced at room tem- 
perature. It 1s also used as a bleaching agent, 
mainly in the textile and paper industries. 

STAHL first prepared dithionite unwittingly 
in 1718 when he treated iron with aqueous sul- 
fur dioxide and obtained a yellow solution. In 
1789 BERTHELOT showed that no hydrogen was 
produced in this reaction. In 1852 ScHONBEIN 
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used this solution for the reduction of indigo. 
SCHÜTZENBERGER isolated dithionite as the di- 
hydrate and gave it the name hydrosulfite. In 
188] BERNTHSEN established that hydrosulfite 
did not contain any hydrogen, but corre- 
sponded to the formula Na,S;O,. In 1905 Ba- 
ZLEN introduced the zinc-dust process for the 
production of anhydrous sodium dithionite. 
He also suggested using sodium amalgam ‘as 
reducing agent. | 


55.11.2 Properties 


Sodium dithionite is known as the dihy- 
drate №а,5,0,:2Н,О and as the anhydrous 
salt. The dihydrate crystallizes i in thin, yellow- 
ish shiny, soft prisms of density 1.58 giem’. 
The anhydrous salt forms monoclinic white 
crystals of density 2.38 Sien, The solubility 
in water of both forms is shown in Figure 
55.11. Solutions with anhydrous undissolved 
solute are labile below 72 °C. The solubility 
and the position of the transformation point 
are strongly influenced by foreign salts, par- 
ticularly sodium salts, and water-miscible or- 
ganic solvents. 

80 
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Figure 55.11: Solubility of sodium dithionite in water. 


Sodium dithionite dihydrate is very sensi- 
tive toward atmospheric oxygen in the finely 
crystalline state. The heat of oxidation can 
lead to ignition. The anhydrous salt decom- 
poses exothermically in air on prolonged heat- 
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ing above 90°C. The main decomposition 
products are sodium sulfate and sulfur diox- 
ide. Above ca. 150 °C, with exclusion of air, 
sodium dithionite decomposes in a vigorous 
reaction, giving mainly sodium sulfite, so- 
dium thiosulfate, sulfur dioxide, and a small 
amount of sulfur. In the absence of air, mois- 
ture only causes a small degree of decomposi- 
tion. Sodium dithionite in powder form can 
decompose in air on contact with a small 
amount of water with such intense heat forma- 
tion that it burns with a flame. , 

Aqueous dithionite solutions decompose 
slowly in the cold and rapidly in the warm, 
whereby hydrolysis to hydrogensulfoxy late 
and hydrogensulfite occurs first. The hydroly- 
sis products can be trapped as sodium 1- 
hydroxyalkanesulfinates and  1-hydroxyal- 
kanesulfonates By addition of aldehydes or ke- 
tones: 


NaO,S-SO,Na+ H,O — NaHSO, + NaHSO, 
NaHSO, + CH,O — HOCH,SO,Na 
NaHSO, + CH,O — HOCH,SO,Na 


In weakly acidic solution dithionite decom- 
poses rapidly, especially under warm condi- 
tions, to give the thiosulfate and disulfite or 
hydrogensulfite, and in alkaline solution to 
give the sulfide and sulfite: 


H 
2Na,S,0, — Naj$,0, + №,5,0, 
3Na,S,0, + 6NaOH — Na,S + 5Na,SO, + 3H,O 


The decomposition in alkaline solution is 
accelerated by thiosulfates and polysulfides. 
On addition of strong acids the dithionite solu- 
tion first becomes yellow-red, and after a short 
time complete decomposition occurs with pre- 
cipitation of sulfur. The dithionite can be re- 
covered if the solution is rapidly neutralized 
before the sulfur precipitates. Weak alkalis 
(pH 8—13) stabilize dithionite solutions, which 
can then be kept for weeks below 10 °C with 
the exclusion of air. In the presence of air the 
dissolved dithionite is converted rapidly into 
sulfate and sulfite at room temperature, with 
or without stabilizer. 

The industrial applications of sodium 
dithionite are determined by its strong reduc- 
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ing properties, due to the S-S bond and the ox- 
jdation state of the sulfur in the compound. 

With relatively strong oxidizing agents, 
such as potassium permanganate and iodine, 
sulfate is formed; with weaker ones, such as 
vat dyes, sulfite is formed. ш Matz, 
dithionate can be formed. 


55.11.3 Production 


All processes for the production of dithion- 
ite start with the reduction of sulfurous acid, 
which can either be present in the free form or 
as hydrogensulfite. The production processes 
with zinc dust, sodium amalgam, sodium for- 
mate, sodium borohydride, and electric cur- 
rent as the reducing agent are important 
industrially. 

Zinc-Dust Process. Some important produc- 
ers still use the zinc-dust process, which was 
developed by BASF. The basic reactions are: 
Zn +250, > ZnS,0, | 
715,0, + 2NaOH — Zn(OH), + Ма„5,О, 


An aqueous slurry of zinc dust is treated in 
a stirred reactor with cooling at ca. 40 °C with 
liquid or gaseous sulfur dioxide to give zinc 
dithionite. After completion of the reaction the 
solution is passed through a filter press to re- 


: move unreacted zinc dust and impurities from 


the zinc. 

The zinc is then precipitated from the zinc 
dithionite by adding sodium carbonate or so- 
dium hydroxide in stirred vessels. The zinc 
carbonate or hydroxide is removed in filter 
presses. Anhydrous sodium dithionite ispre- 
cipitated from the clarified sodium dithionite 
solution by concentration under vacuum and 
addition of sodium chloride at > 60 ?C. It is 
filtered, washed with methanol, and dried at 
90-100 °C. 

Besides the evaporation process the salting 
out process, which was more widely used pre- 
viously, is still known. In this process the 
dithionite is obtained from the solution by the 
addition of sodium chloride and methanol. 

The zinc carbonate or hydroxide formed as 
side products can be further processed to give 
zinc salts or zinc oxide. 
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Amalgam Process. In the amalgam process, 
sodium hydrogensulfite is reduced to sodium 
dithionite in aqueous solution in a cooled, 
stirred vessel using the sodium amalgam of a 
chlor-alkali electrolysis cell. The sodium-free 
mercury is returned to the electrolysis cell 
where it is recharged with sodium. During re- 
action of the amalgam with the hydrogen- 
sulfite solution a pH of 5-6 must be 
maintained. The. product is obtained-by pre- 
cipitation with salts or methanol or both. 


Formate Process [135]. Sodium formate, dis- 
solved in 80% aqueous methanol, is charged 
to a stirred vessel. At a pressure of 2—3 bar sul- 
fur dioxide and sodium hydroxide are intro- 
duced into this solution such that a pH of 4—5 
is maintained. The reaction can be described 
by the following equation: 


HCOONa + 250, + NaOH — Na,S,0, + CO, + Ho 


Under the above conditions anhydrous so- 
dium dithionite precipitates as fine crystals. It 
1s filtered, washed with methanol, and dried. 


Sodium Borohydride Process. Sodium boro- 
hydride is stable in strong aqueous alkali and 
can be used in this form for the production of 
sodium dithionite by adding SO, and sodium 
hydroxide: 

NaBH, + 8NaOH + 880, 2 4Na,8,0, + NaBO, + 6H,O 


Electrolytic Process [136]. The electrolytic 
process, developed by BASF and by Olin, is 
used in only one small plant: 

In a bipolar electrolysis cell, with the cath- 
ode and anode spaces separated by a semiper- 
meable membrane, disulfite ions are reduced 
to dithionite at the cathode at pH 5-6. At the 
anode chloride ions, for example, are oxidized 
to chlorine. For charge equalization sodium 
ions pass through the membrane from the an- 
ode space to the cathode space. This process 
gives a dithionite solution which can be fur- 
ther processed as in the amalgam process. 


55.11.4 Quality Specifications and 
Analysis [137] 


H 
; Commercial sodium dithionite generally 


has a purity of ca. 8896. It contains ca. 396 of 
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each of the following: sodium disulfite, so- 
dium sulfite, sodium sulfate, and sodium car- 
bonate. The latter stabilizes the Na,S,O,. The 
total heavy metal content is generally < 20 
ppm. The product from the zinc-dust process 
has a zinc content of up to 300 ppm. 

The sodium dithionite content can most 
réadily be determined iodometrically. It is dis- 
solved in a neutral formaldehyde solution in a 
standard flask. The dithionite, which is sensi- 
tive to oxidation, reacts immediately on dis- 
solving to give the more stable sodium 
hydroxymethanesulfinate, which can be ti- 
trated. 

Na,S,0, + 2CH,O + H,O > 
HOCH,SO,Na + HOCH,SO,Na 


HOCH,SO,Na + 21, + 2H,O — NaHSO, + 4HI + CH,O 


However, this method of analysis does not 
differentiate between dithionite and any thio- 
sulfate which may be present. Since no acid is 
formed in the iodometric oxidation of thiosul- 
fate, but is formed in the dithionite titration, 
the proportion of dithionite can be determined 
by subsequent titration of the solution with al- 
kali. 


§§.11.5 Trade Names and Uses 


Sodium dithionite is sold as the 88% prod- 
uct, for example, under the names Hydrosulfit 
(BASF, Brüggemann, Germany; Prayon, Bel- 
gium; Hoechst-Celanese, USA; Hoechst-UK, 
UK, etc.), Blankit (BASF), Albite A (Idrosol, 
Italy), and Konite (Akzo, Holland). Hydro- 
sulfit mixtures are sold, for example, under the 
names Blankit (with index, BASF), Blancolen 
(Briiggemann, Germany), Albite LA (Idrosol, 
Italy), Konite TP (Akzo, Holland), Zepar (Du 
Pont), Burmol (BASF), Arostit (Sandoz). 

All uses of sodium dithionite are based on 
its reducing properties. It is used predomi- 
nantly in the textile industry as a dyeing and 
printing auxiliary and as a bleaching agent in 
the textile and paper industries. 

In dyeing and printing, sodium dithionite is 
used to convert insoluble vat dyes to the solu- 
ble leuco form. High-purity sodium dithionite 
(e.g., Blankit) is used to bleach wool, cotton, 


Handbook of Extractive Metallurgy 


silk, bristle, straw, horsehair, coconut fiber, 
raffia, soaps, glues, clay, sand, bauxite, and in 
some countries for bleaching sugar, syrup, 
fruit, edible oils, edible fats, and gelatin. 

For special applications in the paper or tex- 
tile industries complexing agents such ‘as 
trilons or phosphates, or also optical brighten- 
ers are added to dithionite-containing prod- 
ucts. | 

The reducing action of sodium dithionite is 
also used in preparative and analytical chemis- 
try. It can reduce azo, diazo, nitro, nitroso, and 
carbonyl groups. 


55.11.6 Safety and Environmental 
Aspects; Storage and Transport 


Above a certain dithionite concentration, 
mixtures in powder form decompose if sub- 
jected to prolonged exposure to high tempera- 
tures or come into contact with water. In the 
case of very finely divided products this de- 
composition can already occur at 80 ?C. Prod- 
uct that is decomposing must be covered 
immediately with dry sand or powder extin- 
guisher, or dissolved by shovelling into large 
quantities of water If sodium dithionite 
packed in iron drums ignites, the SO, gas pro- 
duced must be allowed to escape by opening 
the container or drilling holes in the wall. The 
contents of the container are destroyed by 
throwing them into large quantities of water. 
The aqueous solution thus formed must be 
treated as it contains reducing agent and must 
be slowly introduced into an appropriate 
wastewater-treatment plant. Gloves and respi- 
ratory protection must be worn while extin- 
guishing fires. 

Dithionite is classified in the German water 
hazard class 1 as posing a slight hazard to wa- 
ter. 

The wastewater from all production pro- 
cesses contains approximately equal quanti- 
ties of reducing agent, which must be removed 
in a, wastewater-treatment plant The CO, 
formed in the formate process (Section 
55.11.3) must be freed from SO, methanol, 
and thiols before being released into ше atmo- 
sphere. 
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Commercial sodium dithionite (e.g., Hy- 
drosulfit and various product mixtures, which 
contain Hydrosulfit) are spontaneously com- 
bustible hazardous goods (Class 4.2, UN no. 
1384), and are therefore subject to the corre- 
sponding transport regulations [138-142]. 

Because of the danger of spontaneous igni- 
tion sodium dithionite and its mixtures must 
be stored dry and in a cool place. Storage or 
transport together with sodium nitrite, sodium 
nitrate, and ammonium nitrate is forbidden. 
Transport containers must always be kept 
closed. Product should only be removed in a 
dry area using dry equipment. 


55.11.7 Economic Aspects 


World consumption of sodium dithionite is 
ca. 300 000 t/a, corresponding to ca. 60% of 
production capacity. The zinc dust process ac- 
counts for ca. 3596 of the capacity, the formate 
process 40%, the amalgam process 15%, and 
the sodium borohydride process 109^. 


55.11.8 Toxicology [143] 


The LD, (rat, oral) is ca. 2500 mg/kg. In 
the rabbit the product has no irritant effect on 
the skin, but has an irritant effect on the mu- 
cous membrane (rabbit's eye). Therefore, in 
an emergency or as first aid measures it is suf- 
ficient to wash the skin thoroughly with water 
and to rinse the eyes for 10 min. with running 
water. An eye specialist should then be con- 
sulted. 

The 48-h Т.С in golden orfe is 10-100 
mg/L. 
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For Beryllium and Magnesium, see Light Metals. 
For Radium, see Radioactive Metals. 
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56.1 Introduction 


Calcium metal was discovered in 1808 in- 
dependently by Sm Humpnry Davy and by J. J. 
BerzELIUs and Pour. Its name derives from 
the Latin “calx”, for lime. It is the fifth most 
abundant element in the earth's crust. Some 
important, naturally occurring compounds are 
the carbonate (limestone), the sulfate, and 
complex silicates. 


56.2 Properties 


Calcium, stable isotopes 40, 42, 43, 44, 46, 
48, electronic configuration 2-8—8-2, is a sil- 
very white metal. Its major properties are: 


Density (20 °C) 1.55 

Melting point 838 °C 

Boiling point 1440 °C 
Specific heat (0-100 °C) 0.624 Jg'kt 
Heat of fusion 217.7 ig 

Heat of vaporization 4187 J/g 
Thermal expansion (0-400 °C) 22.3 x 10% K? 
Electrical resistivity (0 °C) 3.91x 105 Ост 
Thermal conductivity (20 °C) 1.26 Wem? kK"! 
Lattice constant (Fcc) 0.5582 nm 


Calcium is relatively unstable in moist air, 
rapidly forming a hydration coating. It can be 
stored in dry air (less than 30% R.H.) at room 
temperature. Calcium reacts spontaneously 
with water to form Ca(OH), and hydrogen 
gas; when finely divided, it will ignite in air. 

One of the alkaline earth group of metals, 
group IIA, calcium exists in the face centered 
cubic form at room temperature, transforming 
to a body centered cubic structure at 448 °C, 
and melting at 838 °C. 

The predominate stable isotope of calcium 
is “Ca. Calcium exhibits only one valence 
state, 2+, in all of its reactions. It is slightly 
less active than barium and strontium in the 
same series. Calcium is a very ductile metal 
and can be formed by casting, extrusion, roll- 
ing, etc. Table 56.1 presents mechanical prop- 
erties of calcium. 

Calcium is noted for its high reactivity, es- 
pecially the high heat of formation of some of 
its compounds. Examples are given in Table 
56.2. The low density and relatively low-elec- 
trical resistivity make calcium one of the most 
efficient electrical conductors on a mass basis. 
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Table 56.1: Mechanical properties of calcium metal. 


Mechanical properties Annealed Cold worked 
Tensile strength, N/mm? 4800 11 500 
Yield strength, N/mm? 1370 8500 
Elongation, % 51 7 
Modulus of elasticity, MN/mm^ 2.2-2.6 
Hardness, Rockwell B 16-18 





Table 56.2: Heats of formation AH, of calcium com- 
pounds. 


Е 
Compound АН, kJ/mol Compound AH, kJ/mol 


CaBr, 2675.3 Ca,N, -432.1 
CaCl, -795.5 CaO -636.0 
CaF, -1215.4 CaO, -659.4 
Сан, -188.8 Сар, -504.5 
Cal, -535.1 CaS -482.7 
Lo ML. ©з — =1827_. 


56.3 Production 


Calcium is produced in the United States by 
Minteq Int'] Inc. at Canaan, Connecticut; in 
Canada by Timminco Ltd; and in France by 
Pechiney. Prior to World War П, the major 
production method was electrolysis of fused 
calcium chloride, but this method has been 
discontinued. The world capacity is 8000 t/a, 
The United States accounts for over 50% of 
the world's consumption of calcium. Total 
world capacity utilization is under 6596; pric- 
ing has been stable. 

The process used today is thermal reduc- 
tion of lime with aluminum. The reactants, 
lime and aluminum powder, are briquetted and 
charged into a high-temperature alloy retort. 
The reaction vessel is evacuated to 0.1 Pa or 
less; it is then heated to 1200 °C. The alumi- 
num reduces the lime producing calcium 
metal] vapor. The calcium then is removed 
from the reaction by condensation, thus allow- 
ing the reaction to continue in the desired di- 
rection. 


High-purity grade calcium metal requires 
highly purified lime and aluminum. A further 
vacuum distillation step is also required be- 
cause the calcium produced in the reduction 
reaction is contaminated with aluminum. In 
addition this second operation reduces the 
level of other contaminants, such as manga- 
nese. Table 56.3 shows the purity after both 
the first and the second purification steps. 
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Table 56.3: Chemical analysis of typical commercial and 
redistilled calcium. 


Element Commercial grade, % Redistilled grade, % 


0.50 0.50 
ut 0.08 0.02 
Al 0.30 0.001 
Fe 0.008 0.001 
Mn 0.01 0.002 
Co — 0.0002 
Li — 0.0001 
Be bs 0.0001 
Cr = 0.0002 
B — 0.0001 
Caand Mg 99.5 99.9 
56.4 Uses 


Calcium is used in the production of en- 
ergy-efficient materials: high-strength steels, 
maintenance free automotive batteries, and 
advanced magnetic materials. 

The major use of calcium is to improve the 
quality of steel. For decades, calcium contain- 
ing ferroalloys have been used as tap stream 
additions to the molten metal, or calcium com- 
pounds were injected through a refractory 
lance using argon, a carrier gas. Although the 
benefits of using pure calcium metal were 
known, they were difficult to obtain; calcium 
is highly volatile, boiling well below steel- 
making temperatures. 

In the early 1970s, wire feeding technology 
was introduced. A steel clad calcium wire is 
fed through a delivery system which propels 
the wire well below the surface of the molten 
steel. The steel cladding protects the calcium 
until it reaches a depth where the ferrostatic 
pressure suppresses the vaporization. Systems 
have been developed for ladle, tundish, and 
degasser application. For large tonnage use, a 
wire-lance system combines the advantages of 
wire feeding, gas control of fluid dynamics, 
and treatment with pure calcium. This has re- 
sulted in the efficient production of improved 
quality ultraclean steels. 

Calcium is important in steel chemistry be- 
cause it is a strong oxide and sulfide former; 
furthermore, it has the uncommon ability to al- 
ter the oxides and sulfides. Treatment with 
calcium modifies the melting point of inclu- 
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sions which rapidly float out of the steel, and 
also alters the morphology of any remaining 
inclusions, rendering them spherical in shape, 
very small, and finely dispersed. The result is 
a fundamental quality improvement, espe- 
cially in the mechanical properties: formabil- 
ity, drawing, impact, tensile, machinability, 
resistance to cracking and tearing, and im- 
proved surface and internal cleanliness. Cal- 
cium also improves resistance to hydrogen 
induced cracking in line pipe associated with 
high-sulfur oil and gas pipelines. 

In the maintenance free automotive battery, 
calcium improves electrical performance and 
battery life. The antimony-lead used in the 
conventional lead-acid battery is replaced 
with a 0.196 Ca-Pb grid alloy. The calcium 
improves the conductivity and current capa- 
bility of the cell; it significantly reduces gas- 
sing, permitting the cell to be closed 
(preventing water loss and extending life). 

High-energy density magnetic materials 
are produced using calcium. Samarium cobalt 
magnets with energy products of between 8 
and 16 x 10* T-A/m have found applications 
in miniature transducers and other devices re- 
quiring high energy or volume restrictions. 
The reaction is: 


3Sm,0, + 10Co,O, + 49Са,,, — 6SmCo, + 49CaO 


The development of neodymium ferro bo- 
ron magnets involve the use of calcium metal 
as a reductant. This is an important develop- 
ment because these magnets have energy 
products approaching 40 x 104 T-A/m, over 
twice the value as for samanum cobalt. In ad- 
dition, the availability of the raw materials is 

+ - 
significantly greater than for samarium cobalt; 
both the quantity and stability of raw material 
supply limited the growth of samarium cobalt 
magnets. Therefore, neodymium ferro boron 
magnet materials are less expensive to pro- 
duce. 

The energy density is sufficient to permit 
the replacement of armature windings in mo- 
tors, transducers, and generators with perma- 
nent magnets. The mass of an automotive 
starting motor was reduced from 3.6 kg to 1.8 
kg; the size and cost of the motor were com- 
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mensurately reduced as well. This technology 
is finding extensive applications in automo- 
tive, computer peripheral, medical, home ap- 
pliance, and military markets. 

There are two methods of producing the 
neodymium fero boron raw material, a 
neodymium iron alloy. One is the calcium 
thermal reduction method: 

NdF, or NdCl, + Ca + Fe — NdFe + by-products 
Nd,O, + Ca + Fe — NdFe + by-products 

The second method is by electrolysis: 
NdCl, + electricity 2 Nd, + Cl, 

NdF,; + Nd,O, + electricity — Nd + by-products 


The calcium thermal reduction process is 
preferred. It has the greatest flexibility in pro- 
ducing the basic neodymium iron and alloy 
variations. The by-products are not toxic as 
they are in the electrolytic process. The cal- 
cium process is less capital intensive and 
readily scaled in volume to meet market de- 
mands. 

In the debismuthizing of lead by the Kroll- 
Betterton process, calcium metal is combined 
with bismuth which then floats out in a dross: 
3Pb,Ca + 2Bi — Bi,Ca, + 9Pb 


Lead ores are thus refined to commercial soft 
lead with 0.02% or less Bi. 

Calcium metal is reacted with zirconium 
fluoride to refine zirconium, the high heat of 
reaction melts the zirconium. The zirconium 
ingot produced by this method is remelted un- 
der vacuum for purification. To produce tho- 
rium and uranium, the oxides are mixed with a 
stoichiometric excess of calcium and reduced 
under an atmosphere of argon. The resulting 
metals are leached with acetic acid to remove 
the lime produced as a by-product of the reac- 
tion. 

Calcium metal is readily hydrided for use 
as a portable source of hydrogen gas. It also is 
used in the production of the B-complex vita- 
min calcium pantothenate. 

Calcium ferroalloys are used in the produc- 
tion of nodular iron castings. In magnesium 
ferrosilicon, calcium reduces the reactivity, 
enhances nucleation, and improves morphol- 
ogy. The ratio of calcium to magnesium varies 
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from 0.15 to 0.50. Pieces of the ferroalloy are 
placed in a protected pocket cut in the refrac. 
tory lining of the ladle prior to tap. The molten 
iron is then poured into the ladle where it re- 
acts with the alloy. The treated, nodularized 
iron is then cast into molds. 

In the recent in-mold process, granularized 
ferroalloy is placed in a special reaction cham- 
ber formed in the channels of the mold. This 
permits the reaction to occur when the iron is 
cast; it enhances the effectivity of the ferroal- 
loy and results in improved castings. The pro- 
cess can be automated for high productivity. 

Alloys of calcium also are used to deoxi- 
dize magnesium, to strengthen lead elec- 


trodes, and to produce special aluminum ` 


alloys. 

Calcium 1s used to improve the mechanical 
properties of lead. A proprietary process for 
improving the integrity and formability of the 
lead used in yacht keels was developed in 
Australia and contributed to the nation's suc- 
cess in winning the. America’s Cup in 1984, 


56.5 Lime and Limestone 


56.5.1 Introduction 


Limestone is a naturally occurring mineral 
that consists principally of calcium carbonate 
but may also contain magnesium carbonate as 
a secondary component. It is found in many 
forms and 1s classified in terms of its origin, 
chemical composition, structure, and geologi- 
cal formation. Limestone occurs widely 
throughout the world and is an essential raw 
material for many industries. 

Quicklime is produced by the thermal de- 
composition of limestone. It consists mainly 
of calcium oxide. Its quality depends on many 
factors, including physical properties, degree 
of sintering, and chemical composition. As the 
most readily available and cost effective al- 
kali, quicklime plays an essential part in a 
wide variety of industrial processes. 

Hydrated lime and slaked lime are pro- 
duced by reacting quicklime with water, they 
consist mainly of calcium hydroxide. In gen- 
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eral, hydrated lime refers to a dry calcium hy- 
droxide powder, while slaked lime refers to an 
aqueous suspension of calcium hydroxide par- 
ticles in water. Hydrated and slaked lime are- 
widely used in aqueous SE as low-cost 


alkalis. 

The term lime refers to uk and, less 
frequently, to hydrated or slaked lime. It is, 
however, sometimes used incorrectly to de- 
scribe limestone, which is a frequent cause of 


confusion. 


History. Limestone was probably used in the 
Stone Age. The first records relate to the 
Egyptian Second Dynasty (ca. 2800 B.C.), 
when it was employed in the construction of 
the Giza Pyramids. Marble, a highly crystal- 
line form of limestone, was used by the 
Greeks shortly after this period for statues and 
the decoration of buildings. Limestone was 
widely used by the Romans for building roads. 


There is evidence of the widespread use of 
quicklime and hydrated lime for building by 
many civilisations by about 1000 B.C., includ- 
ing the Greeks, Egyptians, Romans, Incas, 
Mayas, Chinese, and Mogul Indians. The Ro- 
mans employed hydraulic lime in many con- 
struction projects, including the Appian Way. 

Lime was also well known to the Romans 
as a chemical reagent. In 350 B.C. XENOPHON 
referred to the use of lime for bleaching linen. 
The medical use of limewater was recorded by 
Dioscormes in 75 A.D. 


The burning of limestone in kilns was men- 
tioned by Caro in 184 B.C. PLINY THE ELDER 
(ca. 70 A.D.), in his “Chapters on Chemical 
Subjects” described the production, slaking, 
and uses of lime, and stressed the importance 
of chemical purity. 

The use of limestone and lime in building 
spread throughout Europe in the 1400s. 


In the 1700s, Јоѕерн BLack gave the first 
sound technical explanation of the calcination 
of limestone, including the evolution of gas- 
eous carbon dioxide. Lavoisier confirmed and 
developed BrAck's explanation. In 1766, DE 
Ramecourt, published a detailed account of 
“The Art of the Lime Bumer” which covered 
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the design, operation, and economic aspects of 
limestone quarrying and lime burning. . 


Terminology. Because the quarrying of lime- 
stone and the production of quicklime and hy- 
drated lime are long-established industries, 
they have generated many traditional expres- 
sions which frequently cause confusion. The 
following definitions cover the most common 
terms. A more comprehensive list has been 
published [6]. 

Air-slaked lime 1s produced by excessive 
exposure of quicklime to the atmosphere. It 
contains varying proportions of the oxides, 
hydroxides, and carbonates of calcium and 
magnesium. 

Agricultural lime is a term which includes 
any limestone, quicklime, or hydrated lime 
product used to neutralize soil acidity. 

Aragonite is one of the less abundant crys- 
talline forms of calcium carbonate. |. 

Available lime 1s an analytical term for the 
calcium oxide content of quicklime or hy- 
drated lime that is able to react with sucrose 
under specified conditions. 

Bituminous limestone — see carboniferous 
limestone. 

Carbonaceous limestone contains organic 
matter as an impurity. It is often dark gray and 
has a musty odor. 

Carboniferous limestone was deposited i in 
the carboniferous period of the Palaeozoic era. 

Calcitic limestone refers to a high-calcium 
limestone. 

Calcite is the most abundant crystalline 
form of calcium carbonate. 

‘Cement is produced by calcining limestone 
with materials containing silica, alumina, and 
iron oxide to produce a controlled blend of 
calcium silicates, aluminates, and ferrates in 
the form of a clinker. The clinker is then 
ground with gypsum and other materials to 
form cement. 

Chalk is a naturally occurring form of lime- 
stone, which has been only partially com- 
pacted and, therefore, has a high porosity. 

i Chemical quality limestone is a high-cal- 
cium or dolomitic limestone with low levels of 
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impurities, which meets the requirements of 
the chemical industry. 

Dead-burned dolomite 1s a highly sintered 
form of dolomitic quicklime which is used pri- 
marily as a basic refractory. 

Dolime refers to calcined dolomite. 

Dolomite is strictly speaking the double 
carbonate containing 54-58% of CaCO, and 
40-44% of MgCO,. This term is, however, 
frequently used to describe dolomitic lime- 
stone. 

Dolomitic limestone is generally under- 
stood to contain 20-44% of MgCO,. 

Fine quicklime generally refers to screened 
products with a top size below 0.6 cm. 

Free lime is an analytical term for the cal- 
cium oxide component of quicklime or hy- 
drated lime. It excludes calcium oxide in 
CaCO,, Ca(OH),, and calcium silicates. 

Granular quicklime usually refers to 
screened products with a top size of 0.5—2.5 
cm. 

Ground quicklime refers to powdered prod- 
ucts produced by milling. Я 

Hard-burned quicklime is а sintered form 
of quicklime with low reactivity to water. 

High-calcium limestone is a general term 
for limestone consisting mainly of CaCO, and 
having a low content of MgCO, (max. 5%). 
Similarly, high-calcium quicklime contains 
mainly CaO and not more than 5% MgO. 

Hydrated lime 1s a dry powder produced by 
reacting quicklime with controlled amounts of 
water. 

Hydraulic limestone 15 an impure carbonate 
containing considerable amounts of silica and 
alumina. Calcination of hydraulic limestone 
produces hydraulic lime, which, after mixing 
with water, has cementing (or hydraulic) prop- 
erties and is capable of setting under water. 

Iceland spar is a rare and very pure form of 
crystalline limestone. It is transparent and has 
been used in optical instruments. 

Light-burned quicklime is quicklime that is 
lightly sintered and has a high reactivity to wa- 
ter. 

Lime putty is a viscous dispersion of cal- 
cium hydroxide in water. 
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Lump quicklime usually refers to products 
with a top size above 2 cm. 

Magnesian limestone is generally under- 
stood to be mainly CaCO, with 5-20% of 
MgCO,. 

Marble is a highly crystalline carbonate 
rock which may be high-calcium or dolomitic 
limestone. It occurs in many colors with 
veined and mottled effects. 

Marl 1s an impure, soft, earthy rock which 
contains clay and sand. If it contains more 
than 50% CaCO, it is classified as a lime- 
stone. 

Milk of lime is a fluid suspension of hy- 
drated lime in water. 

Neutralizing value is an analytical term for 
that proportion of limestone, quicklime, or hy- 
drated lime (expressed as СаО) that is capable 
of reacting with hydrochloric acid under spec- 
ified conditions. It includes the contribution of 
CaCO,, CaO, Ca(OH),, and the acid soluble 
fraction of the calcium silicates, aluminates, 
and ferrates. 

Pebble quicklime usually refers to 
screened products with a top size of 1.5-6 cm. 

Precipitated calcium carbonate (PCC) is 
produced by blowing carbon dioxide into milk 
of lime, thereby precipitating finely divided 
calcium carbonate with a mean particle size in 
the range 0.02 to 0.2 рт. | 

Reactivity of quicklime is a measure of the 
rate at which it reacts with water. There are 
many reactivity tests (see Section 56.5.3.1). 

Slaked lime generally describes an aqueous 
suspension of mainly calcium hydroxide. It in- 
cludes milk of lime and lime putties. The term 
slaked lime is sometimes used to describe hy- 
drated lime. 

Soft-burned quicklime — see light-bumed 
quicklime. 

Solid-burned quicklime — see hard-burned 
quicklime. 

Total lime is an analytical term for the total 
CaO plus MgO content of a limestone or lime, 
expressed in terms of CaO equivalent. It in- 
cludes the carbonates, oxides, hydroxides, sili- 
cates, aluminates, and ferrates. 

Type N or normal hydrated lime is defined 
in ASTM specification C-207 [7]. It 1s gener- 
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ally produced by hydrating high-calcium 
quicklime at ca. 100 °C. 

Type S hydrated lime is also defined in 
ASTM specification C-207 [7]. It is produced 
by heating high-calcium or magnesian lime in 
an autoclave at ca. 180 °C. It may contain up 
to 8% of unhydrated oxide. 

Whiting is a finely powdered product pro- 
duced by milling and classifying limestone 
(generally chalk). The nominal top size varies 
from 75 to 10 um. 


56.5.2 Limestone 


56.5.2.1 Physical and Chemical 
Properties 


The physical and chemical properties of 
limestones vary widely as a result of the origin 
of the deposit, its microstructure, and impuri- 
ties. The information given below is typical of 
most commercially exploited deposits. 


Color. Pure calcite is white. Chalk and marble 
are also generally white, although impurities 
in the latter can produce a variety of colors and 
patterns. Many limestones, however, contain 
carbonaceous material, which produces van- 
ous shades of gray. Iron compounds can intro- 
duce a red color. Some impurities produce a 
surface coloration on weathering. 


Odor. Any odor possessed by limestone gen- 
erally arises from its content of carbonaceous 
material. The smell is musty or earthy. 


Structure. All limestones are crystalline. The 
grain size increases with the amount of recrys- 
tallization that has occurred during formation 
of the deposit. Thus, shell limestones have a 
grain size of ca. 1 рт, marls and chalks from 2 
to 5 um, dense limestones from 5 to 250 рт, 
and marbles and calcite spar from 250 to 1000 
pm. Calcite and dolomite have rhombohedral 


crystal structures, and aragonite is orthorhom- 
bic. 


Porosity. The porosity of limestone decreases 
with increasing levels of compaction. Thus, 
marls have up to 50% porosity, chalks 20~ 
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40%, dense limestones 1-10%, and calcite 
spar « 1%. 


Density. For pure calcite, the density is 2.71 
g/cm? at 20 °С; for aragonite and dolomite, it 
is 2.93 g/cm? and ca. 3.0 р/ст?, respectively. 
The porosity of limestone results in apparent 
densities of 2.1-2.5 g/cm? for chalk, 2.5-2.7 
g/cm? for high-calcium limestone, and 2.75— 
2.9 g/cm? for dolomitic limestones. 


Bulk Density. The bulk density depends pri- 
marily on the apparent density of the lime- 
stone and its particle size distribution. 
Crushed, screened limestone with a 2:1 size 
ratio generally has a bulk density of 1300— 
1450 kg/m?. Crushed limestone, including the 
fines, has a bulk density of 1600-1750 kg/m’. 


Impurities. Magnesium carbonate is not gen- 
erally regarded as an impunity. Impurities may 
be dispersed homogeneously as a result of 
their being present during the recrystallization 
process. Alternatively they may be present 
heterogeneously in features such as faults, 
bedding planes, or nodules. Silica and alu- 
mina, in the form of clay, silt, and sand, are 
commonly found as homogeneous impurities, 
but also occur as heterogeneous impurities. 
Similarly, iron can exist homogeneously as 
iron carbonate and heterogeneously as pynte 
and limonite. Sulfur from sulfates and organic 
Temains generally exists as a homogeneous 
impurity. Other trace impurities such as lead 
are often found in the vicinity of faults where 
mineralization has occurred. Typical levels of 
trace elements are given in Table 56.4. 


Hardness. Pure calcite has a hardness of 3 
Mohs. Naturally occurring limestones lie in 
the range 2~4 Mohs. 


Strength. The compressive strength of lime- 
stone varies from 10 MPa for some marls and 
chalks to 200 MPa for some marbles. 


Specific Heat. The specific heats of high-cal- 
cium limestone and dolomite at 20 °C are 817 
and 880 Jkg ! K^, respectively. They increase 
with temperature [8]. 


Solubility. The solubility of calcite in distilled 
water free of carbon dioxide has been reported 
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as са. 15. mg/L at 20 °C [6]. The solubility in 
distilled water in equilibrium with atmo- 
spheric carbon dioxide is approximately dou- 
ble the above value. Dolomite has been 
reported as being somewhat more soluble than 
calcite [6]. 


Reaction with Acids. Calcium carbonate re- 
acts with acids with evolution of carbon diox- 
ide and heat (reported to be about 19 kJ/mol in 
hydrochloric acid [9]). 


pH. Both limestone and dolomite are essen- 
tially neutral products, giving pHs of 8.5-9.0. 


Thermal Dissociation. The heat of dissocia- 
tion of calcium carbonate is 3180 kJ/kg of 
CaO relative to 25 °C, and 3010 kJ/kg relative 
to 900 °C (760 kcal/kg and 720 kcal/kg, re- 
spectively). The corresponding values for 
magnesium carbonate are 3010 kJ/Ag MgO 
relative to 25 °С, and 2850 kJ/kg relative to 
700 °C. 


Table 56.4: Typical trace element concentrations in lime- 
stone. i 





Element Concentration Element Concentration 


Al 0.05-0.65% Ni 1-5 mg/kg 

Ba 0.02-0.2% P 0.02-0.2% 

B 1—50 mg/kg K 0.01-0.5% 

C 0.05-196 Ag 0.2qP0.5 mg/kg 
Cd 0.1-2 mg/kg Na 0.01-0.2% 

Cr 10—500 mg/kg Si 0.2-5% 

Cu 0.5-10 mg/kg Sr 20-2000 mg/kg 
Co 0.5-5 mg/kg S 0.01-0.2% 

Fe 0.01-0.1% Sn ca. 20 mg/kg 
Pb 1-100 mg/kg Ti 0.01-1% 

Mn 20-300 mg/kg ` V 5-50 mg/kg 

Hg <1 mg/kg Zn 1-200 mg/kg 
Mo ca. 20 mg/kg 


56.5.2.2 Formation and 
Occurrence 


Limestone is widely distributed throughout 
the world in deposits of varying sizes and de- 
grees of purity. Information regarding the de- 
posits in a given country is generally best 
obtained by contacting the appropriate na- 
tional geological society. 

The process of limestone formation 1s be- 
lieved to have started with the extraction of 
calcium salts from the earliest forms of igne- 
ous rocks by the combined effects of erosion 
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by the weather and corrosion by dissolved ac- 
ids, e.g., sulfurous acid and carbon dioxide, 

Under certain conditions of concentration 
and temperature, calcium carbonate precipi- 
tated from the solutions of calcium salts. De- 
posits with such cliemical origins. are 
generally thin, of limited extent, and therefore 
of little commercial importance. 

When the solutions of calcium salts drained 
into the sea, marine life extracted the dis- 
solved calcium hydrogen carbonate compo- 
nent to build shells and skeletons of calcium 
carbonate. These gradually accumulated on 
the bed of shallow tropical seas to produce de- 
posits, many of which were massive. The cal- 
cium carbonate became contaminated by 
waterborne clays and silts, and by airborne 
volcanic ash. The extent of contamination de- 
pended on the distance from estuanes and vol- 
canoes. In general the purest deposits 
originated from mid-ocean banks remote from 
land. E 

The limestone deposits became covered 
with other materials and were subjected to sol- 
vent action under high pressure and tempera- 
ture. This consolidated the deposits and 
caused recrystallization to varying degrees. 
The sequence marl, chalk, limestone, and mar- 
ble shows progressive consolidation and 
change of structure. Soft marls are porous and 
contain well-defined fossils. Marble is partic- 
ularly dense, highly crystalline, and contains 
no discemible fossils. The grain size ranges 
from less than 5 um for marls and chalks to 
over 250 um for some marbles and calcite. 
Such rocks in which the onginal marine de- 
posits have recrystallized are termed sedimen- 
tary clastic rocks, while the process of 
structural change is known as metamorphosis. 


56.5.2.3 Production 


Most limestone is produced by open-cast 
quarrying. A small proportion (less than 5%) 
is extracted by underground mining and a still 
smaller proportion (less than 1%) as cut di- 
mension-stone. 

The first operation in open-cast quarrying 
is to remove the overburden (1.е., the soil, clay, 
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and loose rock overlying the deposit). Various 
techniques and types of earth moving equip- 
ment are used for this. 

The next stage is generally to drill the bed- 
rock. Rotary and percussive drills are widely 
used to drill the holes. The spacing between 
holes and the burden (distance between the 
holes and the quarry face) is carefully con- 
trolled. The diameter of the holes varies from 
5—25 cm, depending on the design of the blast. 

The drill holes are then filled with con- 
trolled amounts of explosive. A mixture of 
ammonium nitrate and fuel oil (ANFO) is 
widely used; it is initiated with a high explo- 
sive. In a typical blast, 5000—50 000 t of stone 
is fragmented with about 140 g of explosive 
per 1 t limestone. 

Itis important to control the blast. Too little 
fragmentation produces oversize boulders 
which have to be broken using secondary 
blasting or a drop ball. Too much fragmenta- 
tion produces an excessive amount of fine par- 
ticles and increases the risk of throwing rock 
away from the quarry face. Optimum frag- 
mentation is obtained by selection of the cor- 
rect diameter and spacing of holes, time delay 
between holes, thickness of burden, and quan- 
tity of explosive. 

Some soft rocks, e.g., chalk and marl, are 
broken by using heavy rippers. Other soft de- 
posits, as found in lakes or in the sea, are ex- 
tracted with dredgers. Underground mining is 
used when the overburden is thick, or when 
the limestone deposit is overlain by other 
rocks. Most operations use the room and pillar 
technique. 

After blasting, the rock is loaded into dump 
trucks, generally by front-end shovels or hy- 
draulic excavators: and transported to the 
crushing and screening plant. In the crushing 
and screening plant, the larger lumps of rock 
are broken in a primary crusher to a size which 
suits the needs of the business and the charac- 
teristics of subsequent equipment. The rock is 
then screened into oversize (e.g., +15 cm), 
large (e.g., -15 +5 cm), medium (е.р., —5 +0.6 
cm), and fine (e.g., —0.6 cm) fractions. The 
oversize stone is frequently recrushed and re- 
screened. The fine fraction is rich in impurities 
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such as clay, and is often tipped. In some 
plants clay and the fine fractions are removed 
more efficiently by washing and screening. 

Compression machines such as jaw, gyra- 
tory, and roll crushers are generally selected 
when the amount of fine fraction must be min- 
imized and when slabby lumps can be toler- 
ated. Impact crushers such as hammer mills 
and impact breakers are selected when cubical 
lumps are required and increased fines pro- 
duction can be tolerated. Impact crushers have 
the advantage of being able to achieve a 
greater size reduction at lower capital cost. Al- 
though the major demand for limestone is in 
Ше —2.5 40.1 cm size range, specialized re- 
quirements exist for very finely divided prod- 
ucts, which are produced in a variety of mills, 
generally by dry grinding. 

Dimension-stone production (for facing 
buildings and ornamental use) is a specialized 
process in which blocks are cut from the rock 
face with channelling machines or wire saws. 
The blocks are then cut, shaped, and, if re- 
quired, polished to make the finished product. 


56.5.2.4 Uses and Specifications 


Construction. Limestone is the most widely 
used crushed rock, although it is generally out- 
sold by sand and gravel. 

The quality specifications for construction 
stone relate mainly to its physical properties. 
Thus the stone must be clean, strong, dense, 
durable, free from cracks, and have the re- 
quired particle size distribution. Some specifi- 
cations limit the amounts of organic matter, 
clay, or water-soluble components (e.g., al- 
kali-metal salts and gypsum). Specifications 
for the stone in the top dressing of roads (par- 
ticularly in the vicinity of junctions) some- 
tumes require a high resistance to polishing; 
this excludes the use of limestone. Standards 
for the testing and size distribution of road- 
stone and construction stone are given later. 


Cement. The production of cement is the 
main use for chalk, and a major use for dense, 
high-calcium limestone. Approximately 1.1 t 
of limestone is required for | t cement. For the 
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estimated worldwide production of cement in 
1987 of 1050 х 10$t [10], the consumption of 
limestone was ca. 1150 x 106 t. 

Because cement is a mixture of.calcium sil- 
icates, aluminate, and ferrate, the presence of 
BC. Al,O3, and Fe, in the feedstone is ac- 
ceptable, provided the level is uniform. When 
the composition of the limestone is variable, 
elaborate arrangements are made to produce a 
consistent chemical analysis by blending. The 
magnesium carbonate content, however, must 
be below 5%. 


Quicklime. Approximately 1.8 t of limestone 
is required per 1.0 t of quicklime. Further de- 
tails are given later. 


Agriculture. Many crops grow best under 
neutral to slightly acid conditions (1.е., pH 6— 
7). Thus soils which are more acidic than pH 6 
generally benefit from the application of lime- 
stone. The limestone also helps to replace the 
calcium and magnesium removed by crops. 
Other benefits include an increase in the sup- 
ply of other chemical nutrients, an increase in 
the organic matter of the soil, an increase in 
beneficial soil microorganisms, improved soil 
tilth, an umproved supply of trace elements, 
and an increase in the efficiency with which 
fertilizers are used by the crop [6]. 

It is important that the limestone used for 
agriculture is in the correct physical state; a 
top size of ca. 0.1 cm is generally required. 
The delivered cost per tonne of carbonate is an 
important factor. In some cases, the magne- 
sium content of dolomite gives it an advantage 
over high calcium limestone. 

Limestone is also used in animal feeds and 
poultry grit. In animal feeds, trace elements 
may be restricted (e.g., lead levels below 10 
mg/kg). 


Metal Refining. When limestone is used in 
metal refining it is initially converted to quick- 
lime, which reacts with acidic oxides (e.g., 
SiO., ALO, and Fe to produce molten 
slags. Most 1s used in blast furnaces for the 
production of iron, where the slag typically 
contains 40-50% CaO. Smaller amounts are 
used in the production of copper, lead, zinc, 
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and antimony. The quality requirements are as 
for chemical-quality stone. Some magnesium 
carbonate is acceptable but not essential. 


Flue Gas Desulfurization. A growing use of 
limestone is in the treatment of flue gas to re- 
move sulfur dioxide. The limestone is finely 
ground to 90% less than 45 um and reacted 
with flue gases in a scrubber. The resulting 
calcium sulfate may be converted to salable 
gypsum, in which case the MgCO, content 
should not exceed 1%. 


Other Uses. There are many other uses of 
limestone, e.g., production of alumina, glass, 
wood pulp, paper, ceramics, mineral wool, 
fillers, whiting, and coal-mine dusts, neutral- 
ization of acids and construction of filter beds; 
they are descnbed in [6]. 


56.5.3 Quicklime 


56.5.3.1 Physical and Chemical 
Properties. 


Color. Most quicklimes are white. Impurities 
can result in gray, brown, or yellow tints. 
When quicklime is produced by solid fuel fir- 
ing, a gray surface contamination is produced, 


Odor. Quicklime has a slight earthy odor. 


Porosity. The porosity of commercially pro- 
duced quicklime can be as high as 55%, if a 
highly porous limestone is lightly burned. Ex- 
posure to elevated temperature results in sin- 
tering (Figure 56.1) which can reduce the 
porosity to below 25%. Dead-burned dolo- 
mite has a porosity of ca. 1096. 


Density. The true density of calcium oxide is 
ca. 3.3 g/cm?. The apparent density of lumps 
can be as low as 1.4 g/cm? for highly porous 
quicklime. This can rise to over 2.3 g/cm? after 
sintering (Figure 56.2). | 

Calcined dolomite is generally denser than 
high-calcium quicklime, if given the same 
heat treatment. Dead-bumed dolomite has an 
apparent density of ca. 3.2 g/cm?. 
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Figure 56.1: Scanning electron micrographs of quick- 
limes. A) Apparent density 1.5 g/cm?; B) Apparent den- 
sity 1.9 g/cm*; C) Apparent density 2.3 g/cm?. 
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Figure 56.2: Variation of apparent density with tempera- 
ture and time for a dense, high-calcium quicklime: a) At 
1400 °C: b) 1300 °С; с) 1200 °C: d) 1100 °С; е) 1000 °C. 
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Bulk Density. The bulk density depends on 
the mean apparent density of the particles and 
on the voidage between them. The latter is re- 
lated to the particle size distribution and the 
particle shape. Most screened commercial 
quicklime products have compacted bulk den- 
sities of 900-1200 kg/m’. Inclusion of fines 
can increase the bulk density by 3096. 


Hardness. Most commercial quicklime prod- 
ucts have a hardness of 2—3 Mohs. The value 
for dead-burned dolomite is in the range 3 to 5 
Mohs. 


Melting Point. The melting points for cal- 
cium oxide and magnesium oxide are 2570 ?C 
and 2800 °C, respectively, with calcined dolo- 
mite being intermediate [11]. 


Specific Heat. The mean specific heats for 
high-calcium and dolomitic quicklime at 
20 °C are 760 and 830 Jkg ^! K^, respectively. 
They increase with temperature [8]. 


Angle of Repose. The angle of repose for cu- 
bical, well-graded pebble quicklime is about 
35°. This increases, however, as the fines con- 
tent increases. For bunker design, valley an- 
gles of not less than 60° are recommended. 


Heat of Hydration. The heat liberated by the 
reaction of quicklime with water is 1140 kJ/kg 
of CaO. The value for dolime is 880 kJ/kg of 
CaO-MgO. 


Reactivity to water may be measured by the 
rate of release of the heat of hydration [12, 13, 
14] or by the rate at which an aqueous suspen- 
sion reacts with hydrochloric acid [15]. The 
relationships between some reactivity tests are 
shown in Figure 56.3. Reactivity is related to 
the mean apparent density of quicklime pro- 
duced from a given source stone (Figure 56.4). 

It should be noted that the reactivity of 
quicklime can be markedly affected by impu- 
rities in the water. For this reason, distilled wa- 
ter should be used as a reference standard. 

The low reactivity of calcined dolomite 
probably arises mainly from the low solubility 
of Mg(OH), in water. Sintering of MgO, 
which forms at lower temperatures than CaO 
тау also be a factor. 
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Figure 56.3: Comparisons between reactivity tests for a 
high-calcium quicklime: a) BS 6463, temperature after 2 
min, °C [12]; b) DIN 1060, time (min) to 60 °C [13]; c) 
ASTM 110, temperature rise after 30 s, °C [14]; d) ASTM 
C 110, maximum temperature rise, °C [14]; e) ASTM C 
110, time (min) to maximum temperature [14]; f) Acid ti- 
tration, mL at 3 min [15]; g) Acid titration, mL at 5 min 
[15]; h) Acid titration, mL at 10 min [15]. 
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Figure 56.4: Relationship between reactivity and appar- 
ent density for a high-calcium quicklime. 

Affinity for Water. Quicklime has a high af- 
finity for water and is a more efficient desic- 
cant than silica gel. Because of its high affinity 
for water vapor and (after partial hydration) 
for carbon dioxide, care should be taken to 
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minimize exposure of quicklime to the atmo- 
sphere. Relatively small amounts of air slak- 
ing (less than 1.5%, of combined water) can 
reduce the reactivity significantly. 

The reaction of quicklime with water is as- 
sociated with an increase in volume. This can 
cause the expansion of products that contain 
some lime which is not fully hydrated. 


Reaction with Carbon Dioxide. In the ab- 
sence of calcium hydroxide, quicklime only 
reacts with dry carbon dioxide above ca, 
300 °С and below са. 800 °С, depending on 
the carbon dioxide pressure. Partial recarbon- 
ation in the absence of calcium hydroxide can 
occur in lime kilns under certain abnormal 
conditions. It can produce an unexpectedly 
low reactivity and markedly affects the normal 
relationship between reactivity and mean ap- 
parent specific gravity. 


Acid Neutralization. Quicklime is used ex- 
tensively to neutralize acidic oxides, such as 
SiO,, ALO,, and Fei, in high-temperature 
nonaqueous systems (e.g., in steel making). 
Temperatures are generally selected so that the 
resulting calcium and magnesium salts pro- 
duce molten slags. 


Reaction with Carbon. Above 1700 °C, саг- 
bon reduces calcium oxide to produce calcium 
carbide and carbon monoxide. 


56.5.3.2 Raw Materials 


Limestone 


Size. The ratio of the top to bottom sizes in the · 


stone fed to lime kilns should preferably be 
2:1 and certainly no more than 3: 1. This gives 
an open, porous bed which offers a low resis- 
tance to gas flow and heat transfer. The narrow 
size range also helps to limit sintering of the 
smaller sizes while the larger are still dissoci- 
ating. Selection of the size is influenced by the 
cost and availability of the stone and by the 
limitations imposed by the design of the lime 
kiln. 

Shape. While a cubical shape is generaily pre- 
ferred for lime kilns, the slabby shapes pro- 
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duced by jaw and roll crushers are acceptable, 
providing they do not lead to a packed bed 
with low porosity. 


Strength and Abrasion Resistance. Both the 
stone and the quicklime should be sufficiently 
strong to resist the physical forces to which 
they are exposed in the kiln and the handling 
and storage system. Excessive breakage in the 
kiln increases the resistance to gas flow and 
heat transfer. Breakage reduces the yield of 
granular products, which are usually at a pre- 
mium, and increases the yield of fines, which 
are usually in surplus. Various empirical tests 
have been developed by kiln manufacturers to 
quantify the above factors. 


Thermal Degradation. Some limestones, and 
particularly highly crystalline ones, are prone 
to break-down as a result of the heating, cal- 
cining, or thermal cycling processes within the 
kiln. Various empirical tests have been devel- 
oped to quantify these effects. 


Water. Some chalks are highly porous and 
may contain 10% water, which reduces the 
temperature of the kiln exhaust gas and ma 
cause condensation problems in dust collec- 
tors. 


Impurities. When limestone is burned in a 
kiln, most of the impurities persist in the 
quicklime. Permissible levels of SiO., MgO, 
ALO,, Fei, S, Pb, and F depend on the qual- 
ity specifications for the quicklime. Heteroge- 
neous impurities (e.g., those arising from 
contamination with clay) tend to concentrate 
in the smaller sizes of quicklime. Removal of 
the fines (e.g., -6 mm) by screening generally 
improves product quality. Much of the sodium 
and potassium compounds and some of the 
sulfur compounds are removed during calci- 
nation. Sulfur oxides, most of which may arise 
from the fuel, are reabsorbed onto the surface 
of the quicklime at the start of the calcining 
zone and concentrate in the fine fraction. 


Fuel 


In lime burning, the fuel is more than a 
source of heat. It interacts with the process, 
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and the combustion products react with the 
quicklime. Many different fuels are used in 
lume kilns. The most common is coal. Coke, 
fuel oil, and natural gas are also widely used. 


Selection of the correct fuel is important to 
the lime producer. Its cost per tonne of quick- 
lime frequently represents 50% of the total 
production cost. Some fuels cannot be used in 
certain kilns. Other fuels may markedly affect 
the heat usage, output, and product quality. 
Some require different refractory linings to be 
used. 


The selection of a new fuel, e.g., a different 
coal, is often a matter of trial and error. The se- 
lection for a new kiln should be made with 
great care. Most kilns can be operated on more 
than one fuel, and enable the operator to select 
the ones which give the optimum economic 
performance for his situation. 


The major factors relating to the perfor- 
mance and acceptability. of fuel are discussed 
briefly below. Further details are available in 


[6]. 


Calorific Value. The calorific value coupled 
with the unit cost of the fuel and the kiln heat 
usage enables the cost of the fuel per unit of 
quicklime to be calculated. Some confusion 
arises between the gross (or upper) and the net 
(or lower) calorific values. The former in- 
cludes the latent heat of condensation of the 
water produced by combustion; it is used in 
North America and the United Kingdom. The 
net value more logically excludes the latent 
heat; it is widely used in, for example, conti- 
nental Europe and Japan. 


Sulfur. Some of the most important markets 
for quicklime, notably steelmaking, require 
low sulfur levels. Sulfur from the fuel is ab- 
sorbed by quicklime in the cooler part of the 
calcining zone of lime kilns as calcium sulfate. 
In the more efficient kilns, e.g., shaft kilns, 
most of this sulfur is retained in the quicklime. 
In the less efficient units, e.g., some rotary 
kilns, much of the sulfur from the fue! may be 
eliminated from the kiln in the kiln gases by 
operating the calcining zone with low levels of 
excess air and high temperatures, and by limit- 
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ing contact between the kiln gases and the 
quicklime in the cooler part of that zone. 


Combustion Characteristics. The combus- 
tion characteristics of fuels vary markedly. 
Pulverized coal tends to burn with a short, hot, 
and highly (infrared) emissive flame. Natural 
gas and wood burn with longer, cooler flames 
which have lower emissivities. These differ- 
ences can affect many aspects of quality, and 
particularly the relationship between the resid- 
ual CaCO, content and the reactivity to water. 


Particle Size. Solid fuels should be of the cor- 
rect particle size. In some cases they need to 
have adequate strength. Their coking proper- 
ties may be critical, as may be the amount of 
volatile matter. The ash generally contami- 
nates the lime to some degree with silica, iron 
oxide, and alumina. It may cause bridging be- 
tween particles, and can also combine with 
lime dust and with volatile alkalis (sodium and 
potassium) to form troublesome deposits. 


Ash Fusion. The properties of the fuel ash can 
have a marked effect on the acceptability of 
the fuel. Key properties include the ash con- 
tent of the fuel, the ash fusion temperature 
(which is affected by lime dust and by the con- 
centration of oxygen and carbon monoxide in 
the atmosphere), and the level of alkalis. 


56.5.3.3 Production 


Calcination 


The chemical reaction for the decomposi- 
tion of calcium carbonate by heat is: 


CaCO, > СаО + СО, 
AH = +3010 kJ/kg at 900 °C (720 kcal/kg) 


Figure 56.5 shows the variation of the par- 
tial pressure of carbon dioxide above calcium 
carbonate with temperature. The pressure is 
101 kPa at ca. 900 °C. Thus, although surface 
calcination can proceed at lower temperatures, 
complete calcination only occurs above 
900 °C. 
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Figure 56.5: Variation of the CO, partial pressure above 
CaCO, with temperature. 


The calcination mechanism is complex and. 


involves several stages: heat transfer to the 
surface of the particle and through the outer 
layer of lime. The heat is absorbed by the 
chemical reaction at the lime-limestone inter- 
face. The carbon dioxide so generated mi- 
grates to the surface of the particle counter to 
the heat flow and then diffuses from the sur- 
face into the kiln gases. 


The rate-determining stage in the above 
process depends on the particle size, tempera- 
ture, amount of calcination that has already 
taken place, and the composition of the kiln 
gases. Although attempts have been made to 


produce a mathematical model to account for ` 


observed effects in practical lime burning, 
none has proved applicable over wide ranges 
of the above variables. 


Figures 56.6 and 56.7 summarize smoothed 
results for calcining spheres of U.K. carbonif- 
erous limestone. Although the results do not 
apply accurately to the random shapes en- 
countered in practice or to other limestones, 
they serve as a useful guide to the relative ef- 
fect of changing residence time or tempera- 
ture. ? 
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Figure 56.6: Calcining times for spheres of a dense, high- 
calcium limestone: a) 15 cm: b) 12.5 cm; c) 10 cm; d) 7.5 
cm; е) 5 cm; f) 2.5 cm diameter. 
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Figure 56.7: Progression of calcination of limestone 
spheres. 

Figure 56.6 shows the marked variation in 
the time for complete calcination caused by 
changes in particle size. This is one of the rea- 
sons why the size range of stone fed to lime 


2263 


kilns is generally in the ratio of 2:1. The other 

reasons are the effects on sintering and on the 

porosity of the stone bed, which must be suffi- 
ciently high to allow rapid gas flow and effi- 
cient heat transfer. 

When a high-calcium limestone particle is 
decomposed at low temperature (950 °С or 
below), its external dimensions do not change 
significantly. Calcination of limestone with 
2% porosity theoretically produces quicklime 
with a porosity of 54%, corresponding to an 
apparent density of 1.5 g/cm’. 

Prolonged heating of quicklime above 
900 °C causes sintering, a reduction in poros- 
ity, and an increase in apparent density (see 
Figure 56.2). This sintering process markedly 
reduces the reactivity of the quicklime to wa- 
ter (see Figure 56.4). 

In lime kilns, variations in heat distribution, 
temperature, and solids residence time further 
complicate the calcination process. As a result 
the quicklime particles discharged from the 
kiln can be grouped into three categories: 

e Particles that are not fully calcined (i.e., 
with a central CaCO, core), the lime layer of 
which has a low apparent density and a high 
reactivity to water 


e Particles that are just fully calcined and have 
a low apparent density and a high reactivity 
to water 


e Particles that have sintered to varying de- 
grees and which have an increased apparent 
density and a reduced reactivity to water 

The relative quantities of product in the 
above categories are influenced by the kiln de- 
sign, In most kilns, the quicklime is exposed to 
gas temperatures of 1200—1300 °C just before 
it enters the cooling zone. Generally, such 
kilns only produce highly reactive quicklime 
from high-calcium limestone if the residual 

CaCO, content is relatively high. Some de- 

signs complete the calcination at a lower tem- 

perature (са. 1100 °C), and produce a highly 
reactive quicklime with low levels of CaCO}. 

In some kilns, changing the air fuel ratio can 

affect the characteristics of the quicklime. A 

low ratio lengthens the flame, and hence the 

calcining zone, and reduces maximum gas 
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temperatures. This leads to a higher reactivity 
for a given CaCO, content. It may, however, 
increase unit heat usage. 

If the quicklime is exposed to kiln gases 
containing carbon dioxide at 600-800 °C, re- 
carbonation occurs. This increases the CaCO, 
level and reduces the active CaO content 
slightly. The most marked effect, however, is 
the reduction in the reactivity of the quick- 
lime. | 

A small amount of recarbonation always 
occurs in the cooling zone of the kiln as a re- 
sult of air slaking. The quantities involved are, 
however, small and the effect on the quality of 
the quicklime is negligible. 

Any magnesium carbonate in the lime- 
stone decomposes at ca. 700 °C. Its heat of 
calcination is lower than that of calcium car- 
bonate. The resulting magnesium oxide does 
not contribute significantly to the reactivity to- 
wards water. 


Lime Kilns 


Early lime kilns were constructed of stone 
and were generally built into the side of a hill 
[16]. An amount of fuel, originally wood, was 
placed on a hearth at the base of the kiln. 
Large stones were placed above the fuel, fol- 
lowed by layers of increasingly smaller stone. 
The fuel was then lit and allowed to burn for a 
few days. After the fire had burned out and the 
lime had cooled, the kiln was drawn-down by 
hand from the hearth. The product often con- 
tained substantial amounts of both over- and 
under-burned lumps, and the thermal efficien- 
cies were very low. 

It was then recognized that a continuously 
operating lime kiln would be more productive 
and more thermally efficient. For the purpose 
of heat transfer, a kiln should be regarded as 
consisting of three zones (Figure 56.8). 
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Figure 56.8: Schematic of a vertical shaft kiln: a) Preheat- 
ing zone; b) Calcining zone; c) Cooling zone. 

In the pre-heating zone, limestone is heated 
from ambient temperature to over 800 °C by 
the heat of the gases emerging from the calcin- 
ing zone. In the calcining zone, the calcium 
carbonate is decomposed into calcium oxide, 
thereby absorbing some of the heat of com- 
bustion produced by burning the fuel and pre- 
heated air. In the cooling zone, quicklime is 
cooled by part or all of the combustion air, 
which in turn is preheated. 


Subsequently, vertical shaft, mixed-feed 
kilns were developed in which layers of stone 
were alternated with layers of fuel (initially 
wood or coal). Calcined quicklime was drawn 
from the base of the kiln and further layers of 
fuel and stone were charged into the top of the 
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kiln. The thermal efficiencies of these designs 
were better than those of the earlier kilns, but 
were still poor, owing to the incomplete com- 
pustion of the volatile matter. Use of coke 
overcame this problem and high thermal effi- 
ciencies were obtained. A large number of 
shaft kilns were developed [16]. Kiln outputs 
were often increased by the use of fans to in- 
crease the gas and air flows. 

Most of the kilns in current use are based on 
either the vertical shaft or on the rotary design. 
There are a few other kilns based on different 
principles. All of these designs incorporate the 
concept of the three zones. In some kilns, they 
are incorporated into one unit, in others they 
exist as separate units (Figure 56.13). 


Vertical Shaft Designs. Figure 56.8 shows a 
schematic of a vertical shaft kiln. The major 
problem with shaft kilns is obtaining uniform 
heat release across the shaft. Fuel injected at a 
wall usually does not penetrate more than ] m 
into a packed bed. This limits the kiln width 
(or diameter) to 2 m. Increased fuel penetra- 
tion can be achieved in larger shafts by: 


e use of the mixed feed technique, d 
e use of central burners or lances, 


e injecting the fuel via tuyéres which pene- 
trate ca. ] m into the kiln, 


e injection of the fuel underneath arches, or 


e injection of air or recycled kiln gas above 
the fuel. 


In general, vertical shaft kilns have rela- 
tively low heat usages because of efficient 
heat transfer between the gases and the packed 
bed. However, they retain most of the sulfur in 
the fuel so that low-sulfur quicklime can only 
be produced if a low-sulfur (and generally ex- 
pensive) fuel is used to calcine a low-sulfur 
stone. Older designs tend to produce quick- 
lime with a low to moderate reactivity and a 
relatively high CaCO, content. Modern de- 
signs incorporate features which enable highly 
reactive lime to be produced with low CaCO, 
levels. The four designs which are used exten- 
zs throughout the world are described be- 
ow. 
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Mixed-Feed Shaft Kiln. Modern mixed-feed 
kilns use limestone with a top size in the range 
5to 15cm anda size ratio of ca. 2:1. The most 
widely used fuel is a dense grade of coke with 
low reactivity and low ash content. The coke 
size is only slightly smaller than that of the 
stone so that it moves with it rather than trick- 
ling through the interstices. The stone and 
coke are mixed together and are charged into 
the kiln in such a way as to minimize segrega- 
tion. 


The net heat usage can be very low at ca. 
3560 kJ/kg (850 kcal/kg). This advantage is 
offset by the high cost of coke compared to 
competitive fuels. Another advantage of the 
mixed-feed shaft kiln is that it produces kiln 
gas with a very high CO, content. For pro- 
cesses which can use both the quicklime and 
the CO, (e.g., the precipitated calcium carbon- 
ate process, the Solvay process, and the sugar 
beet process), this is an important factor in the 
overall economics. 


The quality of the quicklime tends to be 
moderate, with the reactivity being consider- 
ably lower than that obtained by rotary kilns at 
the same CaCO, level. This, however, can be 
an advantage for certain uses. The retention of 
sulfur from the fuel is high. 


Double-Inclined Shaft Kiln. In the double- 
inclined kilns (Figure 56.9), the stone moves 
downwards under gravity past an upper and 
then a lower hearth, both of which are inclined 
at about 60°. Opposite each hearth are burners 
mounted underneath arches. The products of 
combustion and calcination travel upwards 
through the stone and are removed by an ex- 
haust fan. Most of the combustion air is drawn 
through the cooling zone. 


These kilns accept stone with a top size as 


_low as 2 cm and as large as 10 cm. They pro- 


duce a reactive, low-carbonate quicklime at a 
net heat usage of about 4600 kIAg (1100 
kcal/kg). Although vanous fuels can be used, 
they should be selected to avoid excessive 
build-ups caused by fuel ash and calcium sul- 
fate deposits. 
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Figure 56.9: Schematic of a double-inclined shaft kiln: a) 
Upper bumers; b) Lower burners. 


Annular Shaft Kiln. The major feature of the 
annular shaft kiln (Figure 56.10) is a central 
cylinder which restricts the width of the annu- 
lus, and ensures good heat distribution. The 
central column also enables part of the com- 
bustion gases from the lower burners to be 
drawn down the shaft and to be injected back 
into the lower burner chamber. This recycle 
moderates the temperature at the lower burn- 
ers and ensures that the final stages of calcina- 
tion occur at low temperature. Both effects 
help to manufacture a product with a low 
CaCO, level and high reactivity. 


The annular shaft kiln accepts stone with a 
top size of 5—11 cm. Use of a heat recuperator, 
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in which 30% of the kiln gases are used to pre- 
heat part of the combustion air, reduces the net 
heat usage to about 4180 kJ/kg (1000 kcal/kg). 
The kiln can be fired by gas, oil, or solid fuel. 


Exhaust gases 
Limestone | 








| Cooling air 


Quicklime 


Figure 56.10: Schematic of an annular shaft kiln: a) Up- 
per burners; b) Lower burners; c) Combustion air to upper 
burners; d) Combustion air to lower burners; e) Kiln 
gases. 


Parallel-Flow Regenerative Kiln. The paral- 
lel-flow regenerative (or Maerz) kiln (Figures 
56.11 and 56.12) consists of two or three inter- 
connected vertical shafts. The following de- 
scription relates to the two-shafted design. 
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The operation consists of two equal stages, 
which last about 12 min. 
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Figure 56.11: Schematic of a parallel-flow regenerative 
kiln: a) Fuel; b) Combustion air; c) Cooling air; d) Lances; 
е) Cross-duct; f) Shaft 1; g) Shaft 2. 

In the first stage, fuel is injected through 
lances into shaft ] and burns with combustion 
air blown down the shaft. The heat released is 
partly absorbed by calcining the limestone in 
shaft 1. Airis blown into the base of each shaft 
tó cool the lime. The air in shaft 1 mixes with 
the combustion gases, including the carbon di- 
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oxide from calcination. The mixture passes 
through the cross-duct into shaft 2, at about 
1050 °C. In shaft 2, the gases from shaft 1 mix 
with the cooling air blown into shaft 2 and 
pass upwards. In so doing, they heat the stone 
in the pre-heating zone of that shaft. 





Figure 56.12: Two 300 td parallel-flow regenerative 
kilns. 


During the second stage of the operation, 
the converse applies. The same amounts of 
fuel and combustion air are added to shaft 2. 
The combustion gases plus cooling air pass 
upwards in shaft 1, heating the stone in the 
pré-heating zone of that shaft. 


: The two key principles of the above opera- 
tion are: 


e The stone-packed preheating zone in each 
shaft acts as a regenerative heat exchanger 
in addition to pre-heating the stone to cal- 
cining temperature. The surplus heat in the 
gases is transferred to the stone in shaft 2 
during the first stage. It is then transferred 
from the stone to the combustion air in the 
second stage. As a result, the combustion air 
is preheated to about 800 ?C. The net heat 
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usage of the kiln is very low at below 3770 
kJ/kg (900 kcal/kg) of quicklime. 


e The calcination of the quicklime is com- 
pleted at the level of the cross-duct at a mod- 
erate temperature of about 1100 °С. This 
favors the production of a highly reactive 
quicklime, which may, if required, be pro- 
duced with a low CaCO, content. The kiln 
accepts stone with a top size of 5-12 cm, 
and it can be fired with gas, oil, or solid fuel. 


Rotary Kilns. There are many designs and 
variants of the rotary kiln (Figure 56.13). Most 
use a feedstone with a top size in the range | to 
6 cm. They operate well on gaseous, liquid, or 
solid fuels. 


Heat usages for rotary kilns are generally 
much higher than those of shaft kilns and their 
capital costs tend to be higher. These adverse 
factors are often offset by their ability to pro- 
duce a high-quality quicklime with lower 
CaCO, and sulfur levels and high reactivity, 
when fired by less expensive fuels. 


In the earliest rotary kilns, stone was 
charged into the elevated end of the rotating 
section (generally inclined at about 4°). It was 
preheated by the gases drawn from the calcin- 
ing zone at the other end of the kiln, and then 
calcined as it moved towards and under the 
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flame. The hot lime was then discharged into 4 
pit to cool. 
In later designs, the thermal efficiency of 
the rotary kiln is improved by: 
e fitting lime coolers which preheat the com. 
bustion air, 


e fitting raised sections of refractory (ie, ` 


dams or mixers) in the calcining zone to im- 
prove heat transfer, 

e installing refractory trefoils, metal lifters, 
or similar devices in the pre-heating zone of 
the rotating section, or 

e using a stone pre-heater followed by a 
shorter rotary section. 

Net heat usages of rotary kilns range from 


over 8370 kI/kg (2000 kcal/kg) for the sim- 


plest gas-fired units, to about 5020 kJ/kg 
(1200 keal/ kg) for the more complex coal- 
fired installations. 

One complication often associated with ro- 
tary kilns is the build-up of “rings” on the re- 
fractory material in the rotary section. They 
are produced by the combination of lime dust 
with clay, ash (if present), and sodium and po- 


tassium salts. They can be particularly trou- 


blesome in kilns fitted with preheaters and in 


coal-fired kilns. In the latter case, fine end. ` 
ing of a well selected coal generally mini- | 


mizes ring formation. 


Quicklime 


Figure 56.13: Schematic of a rotary kiln: a) Burner; b) Combustion air; c) Preheater; d) Kiln; e) Cooler. 
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A particular.advantage of rotary kilns with- 
out preheaters is that it is possible to eliminate 
most of the sulfur introduced with the fuel. 
This enables low-sulfur lime to be made with 
cheaper, high-sulfur fuels. Use of a preheater 
increases the contact between the combustion 
gases and the partially calcined stone, in- 
creases the absorption of sulfur dioxide, and 


'reduces the ability to eliminate sulfur. Cal- 


cium sulfate build-ups in the kiln or in the pre- 
heater can be troublesome. 


Many lime producers have found that ro- 
tary kilns complement shaft kilns, because 
they use a smaller feedstone and produce 
quicklimes with different characteristics, 
which meet the requirements of certain cus- 
tomers. 


Other .Kilns. Various designs of lime kilns 
have been developed, based on the technology 
used in modem cement kilns. These accept 
small sizes of stone, e.g., below 0.6 cm, and 
carry out the calcination in fluidized beds or in 
a high-temperature gas stream by means of re- 
fractory-lined cyclones. They have not, as yet, 
proved to be viable. š 

The rotary hearth, or Calcimatic, kiln chal- 
lenged the rotary kilns in the late 1960s and 
early 1970s, but generally failed to match 
them as they became more sophisticated and 
more economical. 


Dolime Kilns. Dolomite is calcined in both 
shaft and rotary kilns. The principles of mak- 
ing lightly burned dolime are similar to those 
of making quicklime. Heat usages are lower 
owing to the lower heat of calcination and the 
lower calcination temperature of MgCO}. 


Dead-burned dolomite for brick making is 
generally produced in mixed-feed, coke-fired 
shaft kilns and in coal-fired rotary kilns, at 
temperatures of about 1800 °C, to give a den- 
sity of 3.2 g/cm?. It should be low in iron con- 
tent. 

When dolime is used for fettling purposes 
to protect the refractory lining of steelmaking 
vessels, 5—1096 of iron oxide may be added 
61 the product is sintered at 1400-1600 °C 

, 17]. 
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Quicklime Processing 


The major demand is for the screened 
grades of quicklime in the range 4 to 0.6 cm. 
To obtain the maximum yield of those sizes, 
particularly from shaft-kilns, it is generally 
necessary to crush the lime. Roll crushers are 
often used because they minimize formation 
of fines. Surplus grades (generally —0.6 cm) 
are often used as feed for the production-of hy- 
drated lime or ground quicklime. 


The production of finely ground quicklime 
has expanded markedly in recent years. As 
various grades are required, ranging from 30 
to over 99% passing 75 um, they аге generally 
produced in mills fitted with a variable speed 
classifier which returns coarse particles to the 
mill and controls the fineness of the finished 
product. 


56.5.3.4 Uses and Specifications 


Iron and Steel. A small amount of lime is 
used in the production of iron ore agglomer- 
ates from fines. The main advantage of adding 
1 to 6% of quicklime to the ore is a marked in- 
crease in the production capacity of the sinter 
strand. Ground quicklime is also used for the 
desulfurization of iron in the ladle before 
charging into the steelmaking furnace. 

The major use of quicklime, however, is in 
the Basic Oxygen Steelmaking Process. Its us- 
age varies from about 35 to 70 kg/t of steel. 
The quicklime neutralizes the acidic oxides, 
SiO., ALO,, and Fei, to produce a basic 
molten slag. Correct formation of the slag is 
essential for the refining process. 


‘A typical U.K. specification for steelmak- 
ing-quality quicklime is given in Table 56.5. 
The CaCO, content is limited to avoid exces- 
sive cooling of the melt through its decompo- 
sition to quicklime. The specifications for 
SiO, content and neutralizing value ensure 
that the quicklime has a high effective CaO 
content (196 of SiO. neutralizes about 2.8% of 
CaO) The grading and reactivity require- 
ments ensure that the quicklime has an ade- 
quate surface area and reacts rapidly to 
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produce the slag without excessive loss of 
fines from the vessel. 


Table 56.5: Quicklime specification for BOX steelmak- 
ing. 


Specification Criterion Value 
Sulfur max. average 0.0396 


maximum 0.05% 
Neutralizing value min. average 95.0% 
(CaO) at least 95% greater than 93.0% 
Silica (SOA тах. average 1.0% 
maximum 1.5% 
Loss onignition тах. average 2.0% 
due to CO, at least 9596 less than 2.596 
maximum 3.096 
Reactivity minimum 46 °C 
(BS 6463) 
Grading nominal top size 38mm 
nominal bottom size 5mm 


max. amount passing 3 mm 10% 


Further information on the role of quick- 
lime and the slag in removing phosphorus and 
sulfur from steel is given in the literature [18]. 

Calcined dolomite is also added to the BOS 
vessel to give about 6% MgO in the slag, 
thereby reducing slag viscosity and attack of 
the basic refractory lining. 

The electric arc steelmaking process uses 
quicklime to react with acidic oxides and pro- 
duce a molten slag. The specification is simi- 
lar to that for the BOS process. 

Quicklime is also used in the argon oxygen 
decarburization process, for which a—1.5 +0.6 
cm product is required with less than 0.15% C 
and 0.04% S. 


Calcium carbide is produced by reacting 
quicklime [19] with coke in furnaces which 
are heated electrically to 2000 °C. It is used to 
produce acetylene by reaction with water. The 
by-product is an impure form of hydrated 
lime. 


Aerated Concrete. Ground quicklime is used 
in the production of aerated concrete blocks, 
with densities of ca. 0.7 g/cm?. The quicklime 
is mixed with an active form of silicon (either 
ground silica sand or pulverized fuel ash), 
sand, water, aluminum powder and, depending 
on the quicklime quality, cement. The reaction 
of quicklime with aluminum powder gener- 
ates hydrogen bubbles which cause the “cake” 
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to rise. At the same time the quicklime reacts 
with the water, generating heat and causing 
the cake to set. Close control of the process re- 
sults in a green set, which enables the cake to 
be removed from the mold and cut into blocks 
before autoclaving at elevated temperature 
and pressure. 

The key aspect of the quicklime specifica- 
tion for this use is consistent reactivity (which 
includes a measure of the total free lime con- 


tent). The product should have at least 90% ` 
less than 75 jum and its MgO content should be | 


less than 2%. 


Soil Stabilization. Quicklime and hydrated 
lime can considerably increase the load carry- 
ing capacity of clay-containing soils. They do 
this by reacting with finely divided silica and 
alumina to produce calcium silicates and alu- 
minates, which possess cementing properties, 
Quicklime has the advantage over hy- 
drated lime of drying out the soil. It does this 


by absorbing 30% of its own weight of mois- . 


ture and also by generating heat which accel- 
erates evaporation. 

Soil stabilization is used in road and rail 
construction to strengthen subgrades, thereby 
reducing construction depths. It may also be 
used to produce a sub-base in place of aggre- 
gate. It is used on clay-rich construction sites 
for placement and compaction of on-site mate- 
rial. In some countries lime piling is used to 
pin unstable soils and to provide support for 
building slabs. 

The U.K. specification for quicklime used 
in soil stabilization is given in a Department of 
Transport publication [20]. 


Other Uses. Small quantities of quicklime are 
used in other processes [6], e.g., the produc- 
tion of glass, calcium aluminate cement, and 


organic chemicals. About 50% of the total. 


production, however, is converted to calcium 
hydroxide before use. 


Specifications. Because of the dominance of 
steelmaking customers, most of the quicklime 
is produced to meet their chemical require- 
ments. High reactivity is an advantage in soil 
stabilization. Consistent reactivity is essential 
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in the aerated concrete process. The particle 
size requirements often depend on the custom- 
ers’ handling, conveying, and blending sys- 
tems. 


56.5.4 Hydrated and Slaked Lime 


56.5.4.1 Physical and Chemical 
Properties 


Color. Most hydrated limes are white. High 
levels of impunty can result in a gray or buff 
color. 


Density. High-calctum hydrated lime has a 
density of about 2.3 g/cm?. The values for par- 
tially and fully hydrated dolomitic lime are 
about 2.7 and 2.5 g/cm’, respectively. 


Bulk Density. The compacted bulk density is 
in the range 550 to 650 kg/m’. In the as-poured 
state, it can be as low as 350 kg/m, owing to 
air entrainment. 

Specific surface area may be measured by 
air permeability [12], or by surface absorption 
of nitrogen (BET surface area). The former 
method generally gives areas of 1000-2060 
mike: the latter gives results which are some 
20 to 30 times greater. 


Angle of Repose. In the fluidized state, the an- 
gle of repose is 0°. In the compacted state, and 
particularly with 1% or more of excess water, 
the angle of repose can be over 80°. With bun- 
ker aeration, valley angles of 70° have proved 
to be satisfactory. 


Hardness. This is between 2 and 3 Mohs. 


Specific Heat. The specific heat of calcium 
hydroxide rises from 1130 Jkg К at 0 °C to 
1550 Tkg^! K^! at 400 °C [21]. That of dolo- 
mitic hydrate is believed to be about 596 
higher [6]. 


Solubility. This decreases from about 1.85 g 
Ca(OH)./L water at 0 °C to 0.71 g/L at 100 °C 
for commercial calcium hydroxide, depending 
on impurity levels [22]. 

Some inorganic compounds affect the solu- 
bility [23]. Calcium sulfate is of particular in- 
terest; a2 g/L solution reduces the solubility to 
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0.06 g Ca(OH)JL. Organic compounds can 
increase the “solubility” of calcium hydrox- 
ide, Sugar has the greatest effect, as a result of 
the formation of calcium saccharate [23]. 

Magnesium hydroxide is only sparingly 
soluble in water (ca. 0.01 g/L) [24]. 


Carbon Dioxide. Calcium hydroxide reacts 
readily with carbon dioxide in the absence of 
water at temperatures below its dissociation 
point (ca. 540 °C). The reaction of quicklime 
with carbon dioxide below 300 °C only pro- 
ceeds in the presence of some water vapor via 
formation of calcium hydroxide. 


CaO + H,O > Ca(OH), 

Ca(OH), + CO, > CaCO, + H,O 

Acid Neutralization. Hydrated lime, whether 
Ca(OH),, Ca(OH).-MgO, or 


Ca(OH),.-Mg(OH),, reacts readily with acids 
and acidic gases. The rate of reaction depends 
in part on the particle size of the hydrated 
lime. 

Silica and Alumina. Hydrated lime reacts 
with pozzolans (materials containing reactive 
silica and alumina) in the presence of water to 
produce hydrated calcium silicates and alumi- 
nates. The reactions may take months to pro- 
ceed to completion at ambient temperatures 
(e.g., in mortars and soil stabilization), but 
proceed within hours at elevated temperature 
and water vapor pressures (e.g., at 180 °C and 
a steam pressure of 1 MPa). This pozzolanic 
reaction is the basis of the strength generated 
by hydraulic quicklime. 


pH. Because calcium hydroxide is a strong 
base, a concentration of 0.1 р Ca(OH)./L 
gives a pH of about 11.3 at 25 °C. A saturated 
solution at 25 °C, containing 1.8 g/L, gives a 
pH of 12.45. Magnesium hydroxide gives a 
pH of about 10.5, owing to its lower solubility. 
The pH of dolomitic hydrate is dominated by 
its Ca(OH), content and is similar to that of 
calcium hydroxide. 


Thermal Dissociation. Calcium hydroxide 
decomposes at about 540 °C to quicklime and 
water. The quicklime so produced has an ex- 
ceptionally high reactivity to water. 
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Causticization. Hydrated lime reacts with 
soluble metal carbonates to produce insoluble 
calcium carbonate and the metal hydroxide. 
This reaction is used to produce caustic soda 
(see Section 56.5.4.4). 


56.5.4. Raw Materials 


Raw Materials For Dry Hydrated ` 
Lime 

Dry hydrated lime can be produced from 
any quicklime. Tn commercial practice, how- 
ever, the quicklime quality should be within 
well-defined limits to enable the processing 
plant to be selected to produce salable prod- 
ucts economically. 


Reactivity. The reactivity of the quicklime 
should be compatible with the characteristics 
of the plant. 

Thus highly reactive quicklime (over 
55 °C, BS 6463) tends to produce a water- 
burned gritty hydrate with a particle size up to 
3 mm. The grit is believed to be formed by 
very rapid hydration on the surface of a quick- 
lime particle, leading to the production of a 
putty which bakes into a hard layer and holds 
the particle together. If the plant includes a 
mill which has the capacity to grind the prod- 
uct to substantially less than 75 uim, such grit 
does not present any quality problems. 

Quicklime of intermediate reactivity (30- 
55 *C, BS 6463) generally hydrates well, pro- 
viding it is given adequate residence time in 
the hydrator. 

Quicklime of low reactivity (below 30 *C, 
BS 6463) also tends to produce a gritty hy- 
drate, unless given a long residence time. This 
grit consists largely of particles of unreacted 
solid-burned lime with a coating of hydrate. 
This must be ground to substantially less than 
75 um and returned to the hydrator if a fully 
hydrated product is required. Any free lime 
eventually hydrates and expands. This can 
cause expansion in, for example, sand-lime 
bricks, and may result in cracking, surface de- 
fects, and unsoundness in, for instance, plas- 
ter. 
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Calcium Carbonate. The permissible CaCO, 
content of the feed quicklime depends on the 
ability of the plant to reject a fraction rich in 
CaCO, and on the CaCO, specification for the 
finished hydrated lime. In some cases, with a 
hydrated lime specification of 2% CaCO}, 
feed quicklime CaCO, levels of up to 10% can 
be accepted; in others the level must be below 
2.6%. The CaCO, is removed by screening or 
air classification. 


Particle Size. The particle size of the quick- 
lime fed to hydrators is generally below 5 cm 
and sometimes as low as 0.6 cm, depending on 
the design of the plant. 


Magnesium Oxide. As MgO does not hydrate 
readily, the normal hydration process does not 
convert it to the hydrate. Providing the MgO 
content is below about 2%, the consequent un- 
soundness and expansion potential do not 
present problems. Higher MgO contents limit 
the markets into which the hydrated lime can 
be sold. Quicklimes with high MgO contents 
are often hydrated in the autoclave process, 
which produces a fully hydrated product with 
a high plasticity. 


Other Impurities. Some customers place lim- 
its on the permissible levels of impurities in 
hydrated lime, which in turn place constraints 
on the impurities in the feed lime. These in- 
clude lead, iron, silicon, and fluorine (see Sec- 
tion 56.5.4.4). 


Raw Materials For Slaked Lime 


In the slaking process, quicklime is reacted 
with a controlled excess of water to produce a 
milk or putty. The quicklime should be of a 
quality which gives the required quality of 
milk or putty, and which is compatible with 
the slaker used. 


Reactivity. It is generally necessary to specify 
the reactivity to match the characteristics of 
the slaker and to obtain the required physical 
properties of the milk or putty. 


Calcium Carbonate. Although many slakers 
remove grit rich in CaCO, by settling or filtra- 
tion, their capacity to do so is limited. There- 
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fore, the CaCO, content should also be 
limited. In other slakers, most or all of the 
CaCO, in the quicklime is included in the 
slaked lime; its content should be limited ac- 
cording to the acceptable level in the slaked 
lime. 


Particle Size. This is generally determined by 
the handling and processing equipment. In 
some cases a ~2 cm quicklime is required. In 
others a ground quicklime is specified. 


Magnesium Oxide. In applications where un- 
soundness or expansion potentials must bé 
low, the MgO content in the quicklime should 
be below 2%. 


Water. The presence of impurities in water 
can have a marked effect on the reaction of 
quicklime with water in the reactivity test (see 
Section 56.5.6). However, water quality does 
not generally affect the industrial. production 
of slaked lime. 

Restrictions on other impurities in the 
quicklime are as for the production of dry hy- 
drated lime. 


56.5.4.3 Production 


Normal Hydration Process 


The normal hydration process, leading to 
the production of Type N hydrate, as defined 
in ASTM specification C-207 [7], is carried 
out at atmospheric pressure and ca. 100 °C. 
There are many designs of equipment, the 
choice of which depends on the reactivity and 
chemical punty of the quicklime, its particle 
size, and on the requirements for the finished 
product. 

In a typical plant, the quicklime is mixed 
tapidly with about twice the stoichiometric 
amount of water in a premixer and is then 
passed into the main hydrating vessel, which 
is agitated and fitted with a weir at the dis- 
charge end to give an average solids residence 
time of 10-15 min. 

As the hydration reaction proceeds, part of 
the water boils off vigorously, producing a 
partially fluidized bed. Coarse particles of 
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gritty hydrate or unreacted lime are retained 
behind the weir, while fine particles of hydrate 
flow over it. A purge paddle close to the weir 
prevents excessive build up of coarse particles 
by lifting them over the weir. 

The raw hydrate is then conveyed along 
one or more tubes, which serve to complete 
the hydration and evaporate excess water. The 
hydrate is discharged at about 90 °C and con- 
tains less than 1% excess water. ` 

The raw hydrate is fed to an air classifier, in 
which a recycling air stream removes fine par- 
ticles into an outer settling chamber and al- 
lows coarse particles to fall to the base of the 
inner feed chamber. The fine particles make 
up the finished product. The coarse particles 
may then be rejected as a stream rich in 
CaCO,. Altematively, they may be milled, 
with the product being recycled to the hydra- 
tor, added to the fines from the air classifier, or 
reclassified. 

The steam generated in the hydrator, to- 
gether with any air drawn into the process, 
may be de-dusted in a wet scrubber before dis- 
charge to the atmosphere, in which case the 
milk of lime from the scrubber is fed to the 
premixer. 

Some plants use aging silos to retain damp 
hydrate at elevated temperature for about 24 h 
to increase the extent of hydration. They are 
generally used when the feed quicklime has a 
low reactivity; with dolomitic hydrate; or 
when a product with a particularly low expan- 
sion potential is required. 


Pressure Hydration Process 


_ Туре S hydrate, as defined in ASTM speci- 
fication C-207 [7], is produced by reacting 
quicklime (generally dolomitic) and water un- 
der a steam pressure of ca. 1 MPa and at a tem- 
perature of ca. 180?C. After hydration the 
product is dried, milled, and air classified. 


Slaking 


, There are many ways of slaking quicklime, 
ranging from the batch process to sophisti- 
cated continuous slakers. 
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In the batch process, water and quicklime 
are added as required to maintain the milk at 
about 90°C. With reactive quicklime, care 
should be taken to avoid local overheating 
which can lead to water-burning and a gritty 
hydrate. With cold water, this technique pro- 
duces a viscous suspension with 35—40% sol- 
ids. Grit arising from uncalcined limestone 
and from unreacted and water-burned lime 
settles on the floor of the vessel. 

There are various designs of continuous 
slakers, which produce either milk of lime or 
lime putty. Some feature automatic grit re- 
moval. 

Slaking at ca. 90 °C produces the finely di- 
vided particles of calcium hydroxide required 
by most users. If the slaking temperature 
drops, e.g., to 70 °C, the resulting increase in 
particle size reduces both the viscosity and re- 
action rate. 

Aging the slaked lime for 30 min generally 
ensures complete hydration. Aging for a day 
generally improves the physical properties, 
e.g., higher viscosity and greater workability. 

Some operators achieve the same benefits 
by subjecting the slaked lime to high shear 
(e.g., by use of a colloid mill). Milk of lime 
produced in this way, with dispersing agents, 
may be stored in unstirred tanks. 


56.5.4.4 Uses and Specifications 


Uses 


In this Section, the term hydrated lime is 
used to describe both dry hydrate and slaked 
lime, unless otherwise specified. 

There is little reliable information about the 
proportion of quicklime which is hydrated be- 
fore use. The author’s estimate for European 
countries is that it is roughly 50%, of which 
about one-third is initially converted into dry 
hydrated lime and two-thirds are initially 
slaked to give milk of lime or lime putty. 

Hydrated lime is used in a large number of 
processes. The more important ones are de- 
scribed briefly below. More detailed informa- 
tion is available in the literature [6]. 
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The Solvay Process. A key step in the Solvay 
(or ammonia-soda) process for the production 
of soda ash and sodium hydrogen carbonate is 
the recovery of ammonia from an ammonium 
chloride solution by reaction with milk of 
lime. 

2NH,CI + Ca(OH), > 2NH, + CaCl, + H,O 


Causticization. Caustic soda is produced by 
reacting sodium carbonate with milk of lime. 
Before the development of the electrolytic 
cell, this was the normal method of production 
of caustic soda. 

Na,CO, + Са(ОН), — 2NaOH + CaCO, 


In addition to its use in the Bayer alumina 
process (see below) this reaction is used for 
the regeneration of caustic soda in wood pulp 
plants for the production of kraft or sulfate pa- 
per. 


Nonferrous Metallurgy. Hydrated lime is 
used in the production of alumina by the Bayer 
process to regenerate sodium hydroxide from 
sodium carbonate solutions (see above). It is 
used in flotation processes to beneficiate cop- 
per ore and to extract gold and silver. It is an 
essential chemical for the extraction of ura- 
nium from gold slimes and for the recovery of 
nickel and tungsten after smelting. 

Hydrated lime is used in the production of 
magnesia and magnesium metal. In the seawa- 
ter processes, a high-calcium hydrate is used 
to precipitate magnesium hydroxide, while in 
the Dow natural brine process, dolomitic hy- 
drated lime is used. 


Water Treatment. Hydrated lime is used to 
remove temporary and permanent hardness. 
Calcium and magnesium hydrogen carbonates 
react with calcium hydroxide to produce insol- 
uble calcium carbonate and magnesium hy- 
droxide. 

Ca(HCO,), + Ca(OH), — 2CaCO, + 29,0 

Mg(HCO,), + 2Ca(OH), — Mg(OH), + 2CaCO, + 2Н„О 


Permanent hardness caused by calcium 
and magnesium chlorides and sulfates can be 
removed by hydrated lime plus sodium car- 
bonate. 

CaSO, + Na,CO, э CaCO, + Na,SO, 
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MgSO, + Ca(OH), + Na,CO, > 
Mg(OH), + CaCO; + Na,SO, 


Water can be purified by raising the pH to 
above 11 for 1—24, followed by recarbonation 
to pH 8-9. In addition to killing bacteria, this 
treatment removes temporary hardness. Acid 
water may be neutralized by the addition of 
lime. Specifications have been published for 
limes used in the United States for water treat- 
ment [19, 25]. A European standard is in prep- 
aration. 


Sewage Treatment. Treatment of sewage 
sludge with hydrated lime in conjunction with 
ferrous sulfate is an effective way of removing 
solids and phosphorus compounds, and for de- 
stroying pathogens. It produces a sludge 
which dewaters well and can be used as a fer- 
tilizer. 


Industrial Wastes. Hydrated lime is used 
widely to neutralize acid wastes and precipi- 
tate heavy metals in effluents from a wide 
range of industries. In some cases it is also 
used to assist with the clarification process. 


Flue Gas Desulfurization. Of the many flue 
gas desulfurization processes, three use hy- 
drated lime. 


In the wet scrubbing process, milk of lime 
is sprayed through the gases. The product is a 
suspension of calcium sulfite, which may be 
oxidized to produce salable gypsum. Up to 
9594 removal of sulfur dioxide has been re- 
ported, with over 9096 utilization of the hy- 
drated lime [26]. 


In the dry scrubbing process, milk of lime is 
fed into a spray drier in which the product is a 
dry powder consisting of calcium sulfite and 
hydrated lime. Up to 85% removal of sulfur 
dioxide and 40-60% utilization of the hy- 
drated lime have been obtained [26]. Sulfur di- 
oxide may also be removed by injection of dry 
hydrate either into the boiler, or downstream 
from the boiler. The reaction products are col- 
lected with the fly ash for disposal. Only 50- 
60% of the sulfur dioxide is removed, and the 
utilization of normal hydrated lime is less than 
40% [26]. Hydrated lime products, with 
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higher specific surface areas than those of nor- 
mal hydrate, have been developed for this use. 


Sugar Refining. In the refining of sugar beet, 
the crude solution of sugar is treated with milk 
of lime to precipitate calcium salts of organic 
and phosphonic acids. After filtering, the solu- 
tion is neutralized with carbon dioxide, cal- 
cium carbonate is removed by filtration, and a 
purified sugar solution is produced. 


As the process requires a large quantity of 
both lime (about 250 kg/t of sugar) and carbon 
dioxide, producers of sugar from beet gener- 
ally operate their own lime kilns as part of 
their process. 


Because cane sugar is purer, its refinement 
requires much less hydrated lime (typically 5 
kg/t). 


Sand-Lime Bricks. There is a substantial 
market in Europe for sand lime bricks. These 
are made by mixing hydrated lime with sand, 
followed by autoclaving for several hours un- 
der a steam pressure of ca. 1 MPa (180 °C). In 
Some processes, it is essential that the hy- 
drated lime is not expansive, because the ex- 
pansion can occur in the autoclave and result 
in the production of oversize bricks. 


Mortars. Hydrated lime is used in lime ce- 
ment sand mortars in various proportions. The 
required compressive strength of the mortar is 
obtained by adjusting its composition [54]. 
The lime confers several benefits. It increases 
the plasticity and water retentivity of the wet 
mortar and increases the bond strength of the 
mortar to the masonry. The mortar is more 
flexible and less prone to cracking. 


Soil Stabilization. Both dry hydrated lime 
and milk of lime are used in soil stabilization. 
Dry hydrate disperses readily when making a 
soil tilth. Milk of lime has advantages when 
the soil is dry; it can also be injected under 
pressure. 


Agriculture. The advantages of adjusting soil 
pH with limestone are described in Section 
56.5.2.4. Hydrated lime has the additional ad- 
vantage of being quick acting. 
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Bleaching. Chlorine is reacted with hydrated 
lime to produce a powdered mixture of cal- 
cium hypochlorite and calcium chloride, com- 
monly known as bleaching powder. 


2Ca(OH), + 2Cl, — Ca(OCl), + CaCl, + 2H,O 


Calcium hypochlorite solution is used in 
bleaching wood pulp. 


Precipitated calcium carbonate (PCC) is 
produced by blowing gases containing carbon 
dioxide through milk of lime. By controlling 
the conditions, a very finely divided calcium 
carbonate with a high reflexivity and a median 
particle size of 0.02-0.2 um is produced. 
Some PCCs are coated with compounds which 
facilitate their blending with organic sub- 
stances (e.g., plastics and rubber). 


Inorganic Salts and Bases. Hydrated lime is 
used in the production of mono-, di-, and tri- 
calcium phosphates as well as other calcium 
salts. It is used in the Solvay process to pro- 
duce calcium chloride as a by-product. Lith- 
ium and barum hydroxides are made by 
causticization. 


The brine purification process uses sodium 
carbonate and milk of lime to remove dis- 
solved calcium and magnesium. 


Other Uses. There are a wide range of other 
uses such as the production of calcium silicate 
insulation products, plasters, lubricants, pig- 
ments, soda lime, organic compounds and cal- 
cium salts. Hydrated lime is also used in the 
petroleum industry, glass manufacture, solid 
waste disposal, and leather tanning [6]. 


Specifications 


In many countries, the most widely recog- 
nized specifications for dry hydrated lime re- 
late to its use in building [7, 13, 27, 48]. These 
set minimum values for fineness, neutralizing 
value, and other properties. In practice, most 
dry hydrated limes meet these requirements 
with ease. A typical quality specification is 
given in Table 56.6. 
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Table 56.6: Typical specification for high-calcium hy- 
drated lime. 


Specification Criterion Value 
Carbon dioxide maximum 6% 
Acid insoluble matter maximum 1%? 
CaO + MgO minimum 65%? 
MgO maximum 4%? 
Residue on 200 pm maximum 2%" 

90 um maximum 799 
Soundness 

expansion maximum 20mm* 

pat test pops or pits nil 
Excess moisture maximum 196 


* As required by BS 890 (1995). 


Some end uses require especially low lev- 
els of impurities such as silica, iron oxide, 
magnesium oxide, and fluoride. Others re- 
quire uniform surface areas. 

Dry hydrated lime for use in the production 
of sand lime bricks should have an expansion 
below 1.0 cm [27] and less than 4% MgO (un- 
less itis Type 5). 


56.5.5 Environmental Protection 


Standards. The emission of dust from stone 
processing, lime kilns, and solids handling is 
often the major environmental problem asso- 
ciated with the production of lime and lime- 
stone products. 

In many countries, emissions of dust to the 
atmosphere are limited to below 50 mg of sol- 
ids per cubic meter (at 0 °C and 101 MPa) of 
exhaust gas or air. 

In the United Kingdom, the Pollution In- 
spectorate gives practical advice on control 
methods for all aspects of limestone process- 
ing and the production of quicklime and hy- 
drated lime [28, 29]. 


Equipment. A variety of techniques are used 
to control dust emissions from stone process- 
ing operations. Dust suppression, which uses 
water with a wetting agent to cause dust to ad- 
here to larger particles, can be an effective and 
inexpensive method. It may, however, cause 
undesirable surface contamination of screened 
products with fines and increase downstream 
dust problems. 
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As the effluent gases from stone processing 
and local exhaust ventilation systems are gen- 
erally at relatively low temperatures, bag fil- 
ters or high-energy wet scrubbers are widely 
used. The dust collected by bag filters can of- 
ten be sold as a filler for concrete production. 


The temperature of the effluent gases from 
lime kilns is commonly 200-400 °C. In the 
past, high efficiency multi-cyclones were 
widely used to collect the dust. They had the 
advantage of being relatively inexpensive to 
install and operate. However, their efficiency 
is generally no longer adequate in the context 
of current emission requirements. 


Electrostatic precipitators can handle gases 
at the above temperatures. Although their cap- 
ital cost is high, their operating costs are mod- 
erate. 


Gravel bed filters can be operated at high 
temperatures. They are efficient but have 
higher capital and operating costs than electro- 
static precipitators. Consequently, they are not 
widely used. 


Bag filters are widely used when the gas 
temperatures are below 200 °С. They are 
lower in capital cost than precipitators, have a 
high collection efficiency, but have high oper- 
ating costs. The reverse-jet method of clean- 
ing the bags has generally been found to be the 
most effective. 


The dust collected from lime kilns is gener- 
ally high in CaCO, but is contaminated with 
quicklime and possibly fuel ash. It is usually 
tipped. 


Wet collectors are not widely used with 
quicklime. They are, however, generally the 
preferred method of controlling dust from hy- 
drating plants. The collected milk of lime is 
fed back to the process. 


Dust collection from the handling, storage 
and loading of quicklime and hydrated lime 
generally involves bag filters. The collected 
dust usually has a high lime content and is 
sold. 
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56.5.6 Physical Testing and 
Chemical Analysis 


56.5.6.1 Sampling and Sample 
Preparation 


The most common cause of disagreement 
between laboratories arises from the failure to 
obtain representative samples. Sampling sol- 
ids, and particularly granular solids made 
from naturally occurring minerals, is espe- 
cially difficult. The problem is compounded 
when, as in the case of quicklime, the quality 
of the sample is affected by exposure to the at- 
mosphere. In general, if quicklime contains 
196 or more of combined water, it has not been 
correctly handled, and its reactivity to water 
will have been reduced. 

Guidance on the sampling of limestone, 
quicklime, and hydrated lime is given in BS 
6463, Part 1 [12]. Similar advice is given in 
ASTM D 75 for limestone and in ASTM C 
110 and C 50 for lime products [14, 30, 31]. 
The sampling of aggregate and the reproduc- 
ibility and repeatability of test results is de- 
scribed in BS 812, Parts 1, 101, and 102 [32]. 

Samples should be taken from a falling 
stream whenever possible. Precautions should 
be taken to ensure that segregation within the 
stream does not lead to bias. Samples may also 
be taken from conveyor belts; precautions are 
required to obtain a representative sample. It is 
very difficult to obtain a representative sample 
from the body of a truck or from a stockpile. 
Careful checks should therefore be made to 
establish whether the sampling method is 
valid. 
` Bach sample should consist of not less than 
10 increments. Each increment should be of an 
adequate volume (e.g., 10 L for lumps with a 
maximum size of 10 cm, decreasing to 2 L for 
a maximum size of | cm, and to 1 L for pow- 
ders). There are many mechanical aids to sam- 
pling ranging from augers to automatic 
samplers [33]. 

, Some physical tests are performed on the 
sample as taken. For other physical tests and 
for chemical analysis, it is necessary to crush, 
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subdivide and pulvenze the product to less 
than 300 um. This should be done on a sepa- 
rate sample from that used for the physical 
tests, and in such a way as to avoid bias and, in 
the case of quicklime and hydrated lime, to 
avoid excessive exposure to the atmosphere. 

All quicklime and hydrated lime samples 
should be stored in well sealed containers or 
bags. It is good practice to double-wrap sam- 
ples which are to be stored for prolonged peri- 
ods. Quicklime should not be stored in a 
desiccator because it removes water from 
some commonly used desiccants. 


56.5.6.2 Physical Testing 


Limestone. In the United Kingdom, limestone 
is generally processed to meet either BS 882 
(Aggregates from Natural Sources for Con- 
crete) [34] or to BS 63, Part 1 (Road Aggre- 
gates) [35]. The latter is generally referred to 
in specifications for drainage material and for 
feed for tarmac coating plants. Most of the 
physical tests are described in BS 812, Parts 
1-4 [32]. 


The susceptibility of crushed stone to frost 
damage may be tested using a Road Research 
Laboratory method [36]. With regard to resis- 
tance to the alkali silica reaction, the cause of 
so-called concrete cancer, limestone is gener- 
ally regarded as being inert. Requirements for 
coated macadams are given in BS 4987 [37], 
which includes their composition, manufac- 
ture, testing, and transport. Corresponding 
U.S. methods are available [6]. 


Quicklime and Hydrated Lime. Physical test 
methods for quicklime and hydrated lime are 
given in BS 6463 [12]. The corresponding 
U.S. standard is ASTM C 110 [14]. Test meth- 
ods for building limes are given in European 
standard DD ENV 459-1 [48]. 


56.5.6.3 Chemical Analysis 


The methods for chemical analysis of lime- 
stone, quicklime, and hydrated lime are 
closely related and are described in BS 6463, 
Part 2. The corresponding U.S. standard is 
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ASTM C 25 [38]; DIN 1060, Part 2 [13] re- 
lates to building limes. 


Increasingly, test methods using atomic 
spectrometry are being used for the analysis of 
minor components and trace elements, e.g., 
[49, 50]. 


56.5.7 Storage and Transportation 


Limestone. Screened sizes of limestone are 
stored in bunkers and in outside stockpiles, 
Fine grades are generally stored in sealed bun- 
kers. 

As most screened limestone is distributed 
to a large number of sites, generally within 
40-80 km of the quarry, it is mainly trans- 
ported in sheeted tipper road vehicles. Use of 
rail or water transport becomes more eco- 
nomic as the volume of business to a given site 
increases and as the distance becomes greater. 
It has been estimated that over 75% of lime- 
stone is transported by road [6]. Fine grades of 
limestone are transported by air pressure dis- 
charge vehicles, generally by road, but suit- 
able railroad cars are also available. 


Quicklime. Quicklime is stored in enclosed 
bunkers with well-sealed discharge mecha- 
nisms to minimise the reaction with atmo- 
spheric water and carbon dioxide and to 
control dust emission. Storage capacities 
equivalent to 2 to 5 days' production are usu- 
ally necessary. 


Screened grades of quicklime (generally 
0.5 cm and above) may be transported in tip- 
per trucks. Effective sheeting is essential to 
minimize atmospheric attack on the quicklime 
and to control dust emission. Air pressure dis- 
charge vehicles are used to transport fine 
grades of quicklime (below 0.5 cm) and, in- 
creasingly, screened grades up to 2 cm. Where 
appropriate, use of rail or water transport can 
extend the economic delivery distance. 


A small amount of quicklime is packaged. 
Plastic containers and sacks are used for 
amounts up to 50 kg. Intermediate bulk con- 
tainers, both rigid and flexible, are being used 
increasingly for quantities up to 1 t. There is a 
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small international market for packaged 
quicklime. 

Where totally enclosed bunkers cannot be 
provided, quicklime should be stored on a 
concrete base, preferably in a separate bay 
within a building. It should be used as soon as 
possible after delivery. It can be kept longer by 
covering the pile with a close-fitting imperme- 
able sheet. Open reception hoppers should be 
protected from the elements. 


Contact of quicklime with flammable mate- 
rials should be avoided, especially when there 
is a risk of water penetration. The heat of hy- 
dration has been known to cause fires. 


Further details on the delivery, storage and 
handling of quicklime are often available from 
the supplier, for example [39]. 


Hydrated Lime. Hydrated lime is stored in 
enclosed silos to minimize reaction with atmo- 
spheric carbon dioxide and to control dust 
emissions. 

Most hydrated lime is transported in air 
pressure discharge vehicles, both by road and 
rail. A substantial amount, however, is sold an 
paper sacks (generally 25 kg in the United 
Kingdom) Use of intermediate bulk containers 
holding up to 1 t is increasing. There is a sig- 
nificant international market for packaged hy- 
drate. 


The flow characteristics of hydrated lime 
are very variable. The angle of repose varies 
from 0-80? according to the amounts of en- 
trained air and excess water, and other factors. 
Silos may need to be fitted with devices to 
cope with bridging of the powder above dis- 
charge points and to encourage flow (e.g., bin 
activators and air pads). 


Hydrated lime in paper sacks is generally 
placed on pallets and stored under cover. By 
fitting impermeable slip sheets under the bags 
and shrink wrapping a cover over the loaded 
pallet, it may be stored out of doors for several 
months. 


Further details on the delivery, storage and 
handling of hydrated lime are often available 
from the supplier, for example [40]. 
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56.5.8 Economic Aspects 


Statistics on the production of limestone 
are not widely available and are often compli- 
cated by the inclusion of other crushed rock. 
The United States is probably the largest pro- 
ducer with over 700 x 10° t/a. Russia is be- 
lieved to produce ca. 500 x 106 t/a, and Japan 
200 x 10° t/a. Production in the United King- 
dom is about 120 x 10° t/a. 

The major uses of limestone (including 
chalk) in the United Kingdom and United 
States are compared in Table 56.7 [41, 51]. 

The quantities of dense, high-calcium lime- 
stone, dolomite, and chalk consumed in the 
United Kingdom by the main user industries 
are given in Table 56.8 [42]. 

The ex-works price for construction stone 
in the United Kingdom is in the range £1—5/t 
(1996). Chemical quality limestone for lime 
burning and glass manufacture commands 
higher ex-works prices. 

Ground limestone products, often known as 
whiting, can command prices of £20—200/t, 
depending on grading and quality. Precipitated 
calcium carbonate is a specialist chemical 
which sells for £200—1000/t (1996). 


Table 56.7: Main uses of limestone. 





U Market share, 96 
T UK (1993) USA (1987) 
Construction (mainly con- 79 75 
crete and roadstone) 
Cement 8 10 
Lime (including dead-burned 
dolomite) 4 4 
Agriculture 2 5 
Flux stone (mainly for iron 
4production) 2 3 
5 3 


Other 
Table 56.8: Consumption of limestone, in the United 
Kingdom (1986). 


Dense, high Dolo- 
1 calcium lime- mite, 





Chalk, Total, 
10°t/a 10% t/a 


stone, 10°t/a 10° t/a 

Construction 65.9 12.7 0.9 79.5 
Cement 9.1 0 9.6 18.7 
Agriculture 13 1.2 0.6 3.1 
Tron, steel, 4.9 1.7 1.0 7.6 
chemical and 

other uses 

Total 81.2 15.6 12.1 108.9 
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Table 56.9: Estimated world quicklime production, 1994. 


Country Production, 10° t/a 
Former Soviet Union 20.0 
China : 19.5 
United States 17.1 
Japan 10.5 
Germany 6.6 
Brazil 5.7 
Itaiy 4.4 
Mexico 4.0 
Romania 3.0 
France 22 
Belgium 2.1 
United Kingdom 1.3 
Others : 23.2 
Total 1222 


Table 56.10: Main uses of quicklime. 
Percentage of total market 
Use United Ger- United 





States Japan many France Kingdom 
Steel and 41 49 36 55 36 
iron 
Chemical 36 27 23 23 34 
and industrial 
Construction 7 7 26 9 11 
and roads 
Agricultural <1 3 6 9 
Refractories 5 


| kk |” 


The estimated production of quicklime (in- 
cluding hydrated lime) in various countries is 
given in Table 56.9 [51, 52]. The total is just 
over 100 x 10° t/a. The major producers are 
the former Soviet Union, China, United 
States, and Japan. 


Other 11 


Comparison of statistics on uses of quick- 
lime for different countries is complicated by 
the use of different classifications. Table 56.10 
lists information from various sources [17, 41, 
42] for five countries. In all five, the iron and 
steel industry dominates the market. There are 
a large number of uses in the chemical and 
construction industries (including building), 
as well as in general industry. 

The ex-works price of lime products in the 
United Kingdom is generally in the range 
£30—60/t (1996). Specialist products, which 
are tailored to the needs of individual markets, 
generally command higher prices. The prices 
of ground quicklime and hydrated lime are 
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typically some 25% higher than screened 
quicklime and reflect the capital and operating 
costs of the additional processing stage. 


56.5.9 Toxicology and 
Occupational Health 


56.5.9.1 Toxicology 


Limestone. Limestone is a practically non- 
harmful material. It is regarded as a nuisance 
dust and has a recommended occupational ех- 
posure limit of 10 mg/m? for total, and 5 
mg/m3 for respirable dust [43]. These limits 
are not affected by the presence of crystalline 
silica at levels below 196. Lower limits may 
apply at higher silica levels. The subject is un- 
der review. i 

The dust may irritate the eyes and cause 
discomfort. It is nonirritant to the skin. Expo- 
sure to high levels of dust can cause discom- 
fort as a result of its drying effect on the mouth 
and upper respiratory tract. 

Calcium carbonate is a recognized ingredi- 
ent of human and animal foodstuffs. It is used 
as an antacid. The therapeutic dose is 1—5 р. 
Chronic effects are unlikely to be encountered 
in industry. There are no occupational diseases 
known to be connected with the handling of 
limestone. 


Quicklime and Hydrated Lime. The recom- 
mended occupational exposure limits for 
quicklime and hydrated lime (8-h TWA) are 2 
mg/m? and 5 mg/m’, respectively, for total 
dust [43]. The dusts are irritant to the upper 
respiratory tract. Gross inhalation may result 
in inflammation of the respiratory passages, 
ulceration and perforation of the nasal septum, 
and possible pneumonitis. With minor expo- 
sures, only transitory effects may occur. 

Quicklime and hydrated lime in the eye can 
be very painful and may cause chemical bums 
which could lead to impairment or total loss of 
vision if immediate attention is not received. 
Speed of treatment is essential. 

Both products are irritant to the skin and 
cause chemical burns in the presence of mois- 
ture, including perspiration. Prolonged and re- 
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peated contact may cause the skin to become 
dry and cracked if proper care is neglected. 
They may cause dermatitis. Ingestion causes 
corrosion of, and damage to, the gastrointesti- 
nal tract. 


56.5.9.2 Occupational Health 


Limestone. The quarrying industry in general 
has a poor safety record. In the United King- 
dom, the risk of a fatal accident in quarrying is 
ca. 17 times greater than that in manufacturing 
industry [44]. 

While the use of explosives is generally 
perceived to be the greatest hazard in quarry- 
ing, it causes less than 5% of the deaths and 
major injuries [45] and is generally well cov- 
ered by legislation. Dump trucks, mechanical 
shovels, and other mobile equipment, how- 
ever, are the cause of over half of the deaths 
and major injuries. This category includes 
falls associated with mobile equipment. 


In limestone mines, rock falls account for 
about one-third of deaths and serious injuries, 
with haulage and transport being the next most 
significant category [46]. Special electrical 
precautions (e.g., high integrity earthing and 
use of low voltage portable tools) are essential 
as water percolates into most mines. 


Stone processing involves a number of me- 
chanical operations. The largest category of 
injuries caused by these processes generally 
anses from inadequate guarding of moving 
machinery and from failure to electrically iso- 
late equipment when carrying out mainte- 
nance. 


Stone processing generates high noise lev- 
els. Measures are required to reduce or contain 
the noise at source, or to exclude it from work 
areas. Use of television cameras and monitors 
can reduce the exposure of operators to high 
sound levels. Effective personal hearing pro- 
tection is also required. In dusty areas, suitable 
respiratory and eye protection equipment 
should be used. 


Quicklime and Hydrated Lime. The lime in- 
dustry has a lower accident rate than quarry- 
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ing. Tripping and falling constitute the largest 
category of accidents [47]. 


Both quicklime and hydrated lime are 
dusty, alkaline products. A common injury as- 
sociated with them is grit or dust in the eye. 
The use of adequate eye protection in all lime 
production and handling areas is essential. 
Eye wash facilities should be provided in all 
work areas so that the eye can be irrigated im- 
mediately. - 


Skin contact removes the natural oils and 
causes the skin to become dry. Sweating can 
result in chemical burns. Porous gloves pro- 
tect the skin and reduce the risk of sweating. 
Use of skin cream after exposure helps to re- 
moisturize the skin. 


Milk of lime, if splashed, presents a serious 
hazard to the eyes and skin. Use of suitable 
goggles, gloves and protective clothing is rec- 
ommended. 


Lime processing 1nvolves a number of me- 
chanical operations. Adequate guarding of 
moving machinery and effective electrical iso- 
lation when carrying our maintenance are es- 
sential. 


56.6 Calcium Sulfate 


Both gypsum, CaSO,,-2H,0, and anhydrite, 
CaSO, are widely distributed in the earth's 
crust. Only in volcanic regions are gypsum 
and anhydrite rock completely absent. In addi- 
tion, large quantities of gypsum and anhydrite 
are obtained from industrial processes when 
flue gases are desulfurized or calcium salts are 
reacted with sulfuric acid. In these cases cal- 
cium sulfate is usually obtained as a moist, 
fine powder. 


Gypsum 1s useful as an industrial material 
because (1) it readily loses its water of hydra- 
tion when heated, producing a partially or to- 
tally dehydrated calcined gypsum, it reverts to 
the original dihydrate — the set and hardened 
gypsum product. These two phenomena, de- 
hydration and rehydration, are the basis of 
gypsum technology: 


Dehydration 
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heat 
CaSO,2H,;0 ә CaSO,-14H,0 + 34H40 


heat 
CaSO,2H,O0 —› CaSO,-2H.0 


Rehydration 
CaSO,-'4H,O + */,H,O — CaSO,-2H,O + heat 
CaSO, + 2Н,О — Са$О,-2Н„О + heat 


The apparent density of the rehydrated cal- 
cium sulfate is much lower, 0.5-1.5 t/m?, than 
the density of the calcium sulfate rock, 2.3 
Ит. 

Gypsum and anhydrite аге nontoxic. 


Both gypsum plaster and lime were used as 
mortar in antiquity. Gypsum was called gatch 
in Persian, yowos in Greek, and gypsum in 
Latin. Iranians, Egyptians, Babylonians, 
Greeks, and Romans were familiar with the art 
of working with gypsum plaster, examples be- 
ing the walls of Jericho, the pyramid of 
Cheops, the palace of Knossos, and the deco- 
rated interior walls of Pompeii. In Germany 
gypsum plaster was used as mortar in walls 
and buildings during the early Middle Ages, 
e.g.. the monastery at Walkenried in the Harz 
Mountains. It gained popularity tremendously, 
reaching its peak during the Baroque and Ro- 
coco periods. Examples are the Wessobrunn 
school for stucco workers [71] and the stucco 
decorations in Charlottenburg palace, Berlin. 
The expansion of the cement industry in the 
second half of the nineteenth century also con- 
siderably increased the use of gypsum. 


Over the centuries the gypsum industry has 
developed empirically out of the old craft of 
gypsum plastering. The distinctions between 
gypsum plaster and lime, however, remained 
obscure up to the eighteenth century. Research 
into the principles of gypsum technology was 
begun in 1765 by Lavoisier, and has continued 
to this day. However, a craft so firmly steeped 
in tradition was slow to accept scientific con- 
clusions, and only in the last few decades has 
gypsum manufacture developed into a modem 
industry [55]. 


Handbook of Extractive Metal lurgy 
56.6.1 The CaSO,-H,O System 


56.6.1.1 Phases 


The CaSO,-H,O system is characterized 
by five solid phases. Four exist at room tem- 
perature: calcium sulfate dihydrate, calcium 
sulfate hemihydrate, anhydrite III, and anhy- 
drite П. The fifth phase, anhydrite I, only ex- 
ists above 1180 °C [72], and it has not proved 
possible to produce a stable form of anhydrite 
I below that temperature. Table 56.11 charac- 
terizes the phases in the CaSO,-H,0O system. 
The first four phases are of interest to industry. 


Calcium sulfate dihydrate, CaSO,-2H,0, is 
both the starting material before dehydration 
and the final product after rehydration. Cal- 
cium sulfate hemihydrate, CaSO,-'/,H,O, oc- 
curs in two different forms, a and В, 
representing two limiting states [74]. They 
differ from each other in their application 
characteristics, their heats of hydration, and 
their methods of preparation (see Table 56.18) 
[75]. The a-hemihydrate (Figure 56.14) con- 
sists of compact, well-formed, transparent; 
large primary particles. The f-hemihydrate 
(Figure 56.15) forms flaky, rugged secondary 
particles made up of extremely small crystals. 


LEHMANN et al. [76] postulated three limit- 
ing stages for anhydrite ПІ, also known as sol- 
uble anhydrite: B-anhydrite III, B-anhydrite 
ПГ, and a-anhydrite Ш. The three stages of 
anhydrite III were characterized by X-ray 
analysis, differential thermal analysis, scan- 
ning electron microscopy, mercury porosime- 
try, and measurement of the specific surface 
area. Anhydrite II is the naturally occurring 
form and also that produced from calcining 
the dihydrate, hemihydrate, and anhydrite III 
at elevated temperature. 

The most important physical properties of 


the calcium sulfate phases are shown in Table 
56.12. 
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Table 56.11: Phases in the CaSO,-H;O system. 
dan Calcium sulfate Calcium sulfate : Н : 
Characteristic dihydrate hemihydrate Anhydrite III Anhydrite II Anhydrite I 
Formula CaSO,-2H40 CaSO,-!,H,O CaSO, CaSO, CaSO, 
Thermodynamic < 40 metastable* metastable” 40-1180 > 1180 
stability, °C 
Forms or stages two forms: о, В three stages: three stages: 
B-anhydrite Ш All-s, slowly soluble 
B-anhydrite IH’ anhydrite, 
a-anhydrite IIT AII-u, insoluble an- 
hydrite, 
АП-Е, Estrichgips 
Othernames, oflen gypsum a-form: soluble anhydrite raw anhydrite high-tem- 
based on the ap- raw gypsum a-hemihydrate auto- natural anhydrite perature 
plication FGD gypsum clave plaster anhydrite anhydrite 
synthetic gypsum plaster synthetic anhydrite 
chemical gypsum fform: chemical anhydrite 
by-product gypsum B-hemihydrate stucco by-product anhydrite 
set gypsum plaster calcined anhydrite 
hardened gypsum ` B-plaster 
plaster of Paris 
Synthesis condi- < 40 a-form: > 45, from — a-andp-AIIT: 50 and 200-1180 > 1180 
tions: tempera- aqueous solution vacuum or 100 in 
ture, °С, and B-form: 45-200, in air 
atmosphere dry air В-АП“: 100 in dry air 
Productiontem- < 40 a-form: 80-180 В-АШ and B-AIII: 300-900, specifi- ^ not pro- 
perature, °C -form: 120-180 290 cally АП-5: < 500 duced com- 
«-АШ: 110 AII-u: 500-700 mercially 
AI-E: > 700 





a Metastable in air saturated with water vapor. 
b Metastable in dry air. e 








E EE 


Figure 56.14: a-Hemihydrate (scanning electron micro- 
graph), 200 x. 





Figure 56.15: B-Hemihydrate (scanning electron micro- 
graph), 200 x. 
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Table 56.12: Physical properties ofthe CaSO,-xH.O. 
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Calcium sulfate Calcium sulfate hemihydrate 





Property dihydrate mum Sen Anhydrite HI ` Anhydrite П Anhydrite I 
Water of crystalliza- 20.92 6.21 0.00 0.00 0.00 
tion, % 
Density, g/cm? 2.31 2.757 2.619-2.637 2.580 2.93-2.97 undetermined 
Mohs hardness 1.5 — — 3-4 — 
Solubility in water at 0.21 0.67 0.88 hydrates to the (0.27) — 
20 °C, gper 100 gof hemihydrate 
solution 
Refractive indices n, — 1.521 1.559* 1.501 1.570 undetermined 
пу 1.523 1.5595* 1.501 1.576 
1.530 1.584 1.546 1.614 
Optical character + + + undetermined 
Optical orientation пр l5 € || n, cl ny nalle undetermined 
Nge = 52° ng lle 
Axial angle 21" 58 60° 14° = 0? 42—44° undetermined 
Lattice symmetry monoclinic monoclinic orthorhombic orthorhombic cubic 
Space group I2/a I121 C222 Amma undetermined 
Lattice spacing, nm, a 0.5679 1.20317 1.20777 0.7006 undetermined 
b 1.5202 0.69269 0.69723 0.6998 undetermined 
c 0.6522 1.26712 0.63040 0.6245 undetermined 
В 118.43° 90.27° 
* Average. 


56.6.1.2 Laboratory Synthesis 


The thermodynamic stability ranges for the 
calcium sulfate phases are shown in Table 
56.11. Below 40 °C, i.e., under normal atmo- 
spheric conditions, only calcium sulfate dihy- 
drate is stable. The other phases are obtained 
at higher temperatures by progressive dehy- 
dration of the calcium dihydrate in the follow- 
ing order: 
dihydrate — hemihydrate — anhydrite Ш — anhydrite П 


Under normal atmospheric conditions 
hemihydrate and anhydrite III are metastable, 
and below 40 ?C in the presence of water or 
water vapor they undergo conversion to the di- 
hydrate, as anhydrite II does. However, be- 
tween 40°C and 1180°C anhydrite II is 
stable. 

To synthesize pure phases in the laboratory, 
B-hemihydrate is made from the dihydrate by 
heating at a low water-vapor partial pressure, 
ie., in dry air or vacuum, between 45 *C and 
200 °C. Further careful heating at 50°C in a 
vacuum or up to = 200 °C at atmospheric pres- 
sure produces B-anhydrite III. 


At very low water-vapor partial pressure, if 
water vapor is released rapidly and particle 
size is small B-anhydrite III' forms directly 
from the dihydrate, without formation of an 
intermediate hemihydrate. The specific sur- 
face area of such B-anhydrite ITI’ can be up to 
ten times that of B-anhydrite II. 

a-Hemihydrate is obtained from the dihy- 
drate at high water-vapor partial pressure, e.g., 
above 45 ?C in acid or salt solutions, or above 
97.2 °C in water under pressure (e.g., 134 °C, 
3 bar) Further careful release of water at 
50 °C in a vacuum or at 100 °C under atmo- 
spheric pressure yields o-anhydrite III. 

Anhydrite [Tis difficult to prepare pure be- 
cause anhydrite П begins to form above 
100 °C, and anhydrite [II reacts readily with 
water vapor to form hemihydrate. 

The B-hemihydrates from B-anhydnte Ш 
and B-anhydrite III’ differ in their physical 
properties [77]. Therefore hemihydrates from 
B-anhydrite III’ should be designated as B- 
hemihydrate’. &-Anhydrite III absorbs water 
vapor to form o-hemihydrate. Likewise, the 
hemihydrates, in humid air, reversibly adsorb 
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up to 2% of their weight in water without con- 
verting to dihydrate. This nonstoichiometric 
water in the hemihydrate can be completely 
removed by drying at 40 °C. 

Gypsum dehydration kinetics have been in- 
vestigated by several authors. 


Neutron and x-ray powder diffraction stud- 
ies have shown that the dehydration (and hy- 
dration) mechanism is strongly topotactic in 
the temperature range of 20-350 °C [78, 79]. 

In neutron thermodiffractometry experi- 
ments it was found that gypsum decomposes 
to CaSO,(H,0), ;, then to anhydrite III, and fi- 
nally to anhydrite II. With high local steam 
pressure, а subhydrate with 0.74 Н.О was 
found [79]. 


According to another paper three phases of 
the a-hemihydrate type can be prepared as 
pure samples: — CaSO4(H.O), CaSO, 
(Н.О), х, and anhydrite Ш. The crystal stuc- 
tures of these phases were determined; data 


· for CaSO4(H,O)s; and for anhydrite III are 


listed in Table 56.12. The structure of the sub- 
hydrate СаЅО (Н,О), с was found to be mono- 
clinic, space group I 121, with a = 1.19845, b 
= 0.69292, c = 1.27505 nm and p = 90°. The 
density is 2.74 g/cm? [80]. 

In general the hemihydrate сао EO), 
1s considered to be the kinetically most stable 
subhydrate. Table 56.12 also lists the well-es- 
tablished crystallographic data of gypsum [81] 
and of anhydrite П [82, 83]. 


Anhydrite II is formed at temperatures be- 
tween 200 °С and 1180 °С. Above 1180 °C, 
anhydrite I forms; below 1180 °C it reverts to 
anhydrite II. 


Another mechanism for conversion of gyp- 
sum directly to anhydrite II has been found in 
the catalytic action of small quantities of sul- 
furic acid on moist, finely divided gypsum at 
100—200 °C. In this case anhydrite II with 
orthorhombic crystal structure is produced by 
neoformation [84]. 


2285 


56.6.1.3 Industrial Dehydration of 
Gypsum 


Industrially it is most important that dehy- 
dration is achieved in the shortest time with 
the lowest energy consumption, i.e., that the 
costs be held to a minimum. Because of ki- 
netic inhibitions calcination is carried out at 
much higher temperatures than those used in 
the laboratory (Table 56.11). Rarely are pure 
phases produced during manufacture; rather, 
mixtures of phases of the CaSO,-H,O system 
are produced. Three types of calcined anhy- 
drite II (anhydrous gypsum plaster or over- 
burnt plaster) are manufactured, depending 
on burn temperature and time: 


e Anhydrite П-5 (slowly soluble anhydrite), 
produced between 300 and 500 °C 


e Anhydrite II-u (insoluble anhydrite), pro- 
duced between 500 and 700 °C 


e Anhydrite П-Е (partially dissociated anhy- 
drite; floor plaster, Estrichgips), produced 
above = 700 °C 


In use the difference among these products 
lies in the rates of rehydration with water, 
which for anhydrite ATI-s is fast, for anhydrite 
II-u slow, and for anhydrite II-E in between, a 
little faster than anhydrite II-u (Figure 56.23). 
Transitions between these different stages of 
reaction are possible. 


Anhydnte II-E consists of a solid mixture 
of anhydrite II and calcium oxide formed by 
the partial dissociation of anhydrite into sulfur 
trioxide and calcium oxide when raw gypsum 
is heated above 700 °C. The presence of impu- 
rities lowers the normal dissociation tempera- 
ture of anhydrite II, = 1450 °C. 


56.6.1.4 Energy Aspects 


Кешу et al. made a thorough study of the 
thermodynamic properties of the CaSO,-H.O 
system [85, 86]. Tables 56.13 and 56. 14 list 
the heats of hydration and dehydration of the 
various phase changes that are of industrial 
significance. 
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Table 56.13: Heats of hydration. 


Phase change 
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Heats of hydration per mole (gram) of dihydrate at 25 °C, J 


19 300 + 85 (111.9 + 0.50) 


B-CaSO,-1/,H,O + */,H,O,, > CaSO,-2H,O 
a-CaSO,-'/,H,O + .Н,О э CaSO,-2H,O 
B-CaSO,qn, + 29,00, > CaSO,-2H,O 
a-CaSO,qm + 29,00, — CaSO,-2H,0 
Caëtia + 29.0, > CaSO,:2H,0 


Table 56.14: Heats of dehydration. 
Phase change 


CaSO,-2H,0 > В-СаЅ0, -1/,Н,О + HD 
CaSO,-2H,O > a-CaSO,-1/,H.O +H, Og 
CaSO,-2H40 — В-СаЅО, пу + 2H-O 
CaSO,-2H,O 2 a-CaSO,q + 290, 
CaSO,-2H,O — CaSO,q, + 2 Dt 





56.6.1.5 Structure, Mixed 
Compounds, Solubility 


Crystal Structure. All structures in the 
CaSO,-H.O system consist of chains of alter- 
nate Са?* and SOF ions. These CaSO, chains 
remain intact during phase changes. 

Calcium sulfate dihydrate has a layered 
structure, and the water of crystallization is 
embedded in between the layers. 

When calcium sulfate dihydrate is dehy- 
drated to hemihydrate, a tunnel structure is 
formed with wide channels parallel to the 
CaSO, chains. In the subhydrates the tunnels 
are filled with water molecules; in anhydrite 
ПІ they are empty. 

The relative ease of escape of these water 
molecules explains the facile conversion from 
subhydrate to anhydrite IIL. 

Anhydrite II exhibits closest packing of 
ions, which makes it the densest and strongest 
of the calcium sulfates. However, lacking 
empty channels, it reacts only very slowly 
with water. 

The a- and B-forms of calcium sulfate 
hemihydrate exhibit no crystallographic dif- 
ferences. The B-forms of calcium sulfate 
hemihydrate are active states of the a-form 
[87]. 


Isomorphism. Isomorphic incorporation of 
chemical compounds into the lattice of 
CaSO,-H4O phases is of interest in connec- 


17 200 + 85 (100.00 + 0.50) 

30 200 + 85 (175.3 0.50) 

25 700 + 85 (149.6 +0.50) 
16 900 + 85 (98.0 + 0.50) 





Heat of dehydration per mole or tonne of 
dehydration products at 25 °C 








J/mol кюл 

86 700 597 200 

84 600 582 700 
121 800 895 700 
117 400 863 100 
108 600 798 000 


tion with gypsums from flue-gas desulfuriza- 
tion and wet phosphoric acid processes. 
Isomorphic incorporation of calcium hydro- 
genphosphate dihydrate occurs because the 
CaHPO,:2H,O has lattice spacings almost 
identical with those of CaSO,-2H,O [88]. 
Monosodium phosphate, Nat! PO. can also 
be incorporated into the gypsum lattice [89]. 
Кітснем et al. [90] consider isomorphism be- 
tween the ions AIF? and SOF a possibility. 
ЕРЕ ТАЧЕК [74, 91] reports on further isomor- 
phism, incorporation of the anion FPO} as 
well as the incorporation of Na‘, € 0.2% in the 
hemihydrate lattice, but only 0.02% in the di- 
hydrate lattice. Chlorides are not incorporated. 


Double and Triple Salts. Gypsum forms dou- 
ble salts with alkali-metal or ammonium sul- 
fate, some of which occur in nature, such as 
syngenite, CaSO,:K,50,- H,O. 

There are triple sulfates of calcium with the 
divalent ions of the iron and zinc subgroups 
and of manganese, copper, and magnesium 
along with the univalent alkali metals, also in- 
cluding ammonium. A good example is the 
well known polyhalite, 2CaSO,:MgSO, 
K,SO,,-2H.0, which also occurs in natural salt 
deposits. 

Ettringite, ЗСаО :А1,0;:3СаЅ0, :32Н,0, is 
important іп cement chemistry [92], as аге 
syngenite [93] and thaumasite [94]. 
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Adducts. Gypsum forms sulfuric acid adducts 
in concentrated sulfuric acid: CaSO,-3H,SO, 
and CaSO,: H4SO, [95]. 


Calcium sulfate dihydrate can combine 
with four molecules of urea to form an addi- 
tion compound. 


Solubility and Supersaturation. Gypsum is 
slightly soluble in water (Table 56.12). The 
solubilities of the various forms of calcium 
sulfate are strongly affected by the presence of 
other solutes. The references [58, 61] can be 
consulted for particulars on the solubility of 
gypsum in acids, especially sulfuric acid, 
phosphoric acid, and nitric acid. Gypsum is 
readily soluble in glycerol and sugar solutions 
and in aqueous solutions of chelating agents, 
such as EDTA. All calcium sulfates have a 
tendency to supersaturation [58]. 


56.6.2 Occurrence, Raw Materials 


56.6.2.1 Gypsum and Anhydrite 
Rock А 


Gypsum and anhydrite deposits are found 
in many countries. They originated from su- 
persaturated aqueous solutions in shallow 
seas, which evaporated and deposited first car- 
bonates, then sulfates, and finally chlorides, 
i.e., in order of increasing solubility (59, 60]. 


Gypsum and anhydrite are almost always 
found in the Permian, Triassic, and Tertiary 
formations. The Permian includes the Upper 
Permian (Zechstein deposits, Germany). The 
Triassic consists of Lower (Buntsandstein), 
Middle (Muschelkalk), and Upper Triassic 
(Keuper) The Tertiary deposits include the 
Eocene (Spain, Persia, Near East), the Oli- 
gocene (Paris) and the Miocene deposits 
(Mediterranean area, North Africa). The Ju- 
Tassic and Cretaceous formations, which lie 
between the Triassic and Tertiary, are almost 
devoid of useful gypsum deposits, as are the 
older pre-Permian formations — at least in the 
Old World — as, for example, the Carbonifer- 
ous formation. 
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The currently accepted view is that gyp- 
sum, CaSO,-2H,O, was formed upon initial 
crystallization. The best known deposits of 
primary gypsum are those of the Paris Basin 
and the areas around the Mediterranean. Un- 
der increased pressure and thus temperature, 
anhydrite could have developed locally from 
the original gypsum [96, 97]. However, uptake 
of surface water can convert the anhydrite 
back into gypsum. This gypsum is therefore a 
secondary rock, especially in formations 
older than the Middle Tertiary [98]. 


The various gypsum and anhydrite deposits 
differ in purity, structure, and color. The major 
impurities are calcium carbonate (limestone), 
dolomite, marl, clay; less frequently, silica, bi- 
tumen, glauberite, syngenite, and polyhalite. 
If these are present in the gypsum and anhy- 
drite from its formation, they are called pri- 
mary impurities. A distinction is drawn 
between carbonate-sulfate deposits, mainly 
found in the Upper Permian (Zechstein), and 
the clay-sulfate deposits, which predominate 
in the Triassic [99]. Secondary impurities are 
formed during exposure to materials flushed 
into cracks and leached cavities, but may also 
be introduced into the rock as waste material 
during mining. Gypsum is readily soluble in 
water, even if it is only slightly- soluble, and 
therefore gypsum rock is leached by surface 
water. The chemical composition of some cal- 
cium sulfates is shown in Table 56.15. 


Workable gypsum and anhydrite rock are 
structurally quite distinct from one another. 
The most important types of native gypsum 
are sparry gypsum, also called gypsum spar or 
flaky gypsum (selenite), fibrous gypsum, ala- 
baster (grainy gypsum), gypsum rock (com- 
mon gypsum, also massive gypsum), 
porphyritic gypsum, earthy gypsum (gypsite 
in the United States), and gypsum sand (con- 
taminated with Glauber’s salt Na,SO,- 
10H,O). Anhydrite, always crystalline, can ei- 
ther be sparry (anhydrite spar), coarse to close 
grained, or even rod shaped. 
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Table 56.15: Chemical composition of some calcium sulfates. 














Natural gypsums Natural anhydrites Phosphogypsums Fluoroanhydrite 
Zechstein Keuper Zechstein Keuper 5 y n H 
Mineralogical analysis 
CaSO,:2H,0 91.6 96.4 6.0 3.8 930 976 96.5 0.0 
CaSO, II 6.4 0.9 88.8 83.7 0.0 0.0 0.0 94.7 · 
MgCO, 0.1 0.6 2.0 3.6 0.0 0.0 0.0 0.0 
CaCO, 1.9 1.3 3.1 5.3 0.0 0.0 0.0 0.0 
Chemical analysis 
Combined water 19.1 20.1 1.3 0.8 19.5 19.2 19.2 0.0 
SO, 46.4 45.4 55.1 51.0 432 45.4 46.9 56.4 
СаО 33.6 32.5 40.3 38.7 322 325 32.1 40.8 
MgO 0.05 0.28 0.95 1.71 0.01 0.01 0.01 0.13 
SrO 0.07 0.16. 0.07 0.14 0.06 2.05 0.05 0.0 
Fe, + ALO, 0.01 0.08 0.01 0.39 027 0.70 0.93 0.27 
HCl-insoluble residue 0.10 0.47 0.10 2.49 1.51 1.00 0.68 0.69 
Na,O 0.02 0.01 0.04 0.11 047 0.14 0.02 0.03 
Total PO. 0.0 0.0 0.0 0.0 1.01 0.11 0.30 0.0 
F 0.0 0.0 0.0 0.0 176 0.4 0.29 0.92 
Others 0.11 ZnO 
0.69 K.O 
Organics 0.0 0.0 0.0 0.0 0.08 0.03 0.04 00. 
Ignition loss 0.54 0.71 2.08 4.45 1.538 0.34 0.43 0.14 
pH 6-7 6-7 6-7 6-7 3 9 4 10-12 





*From Moroccan raw phosphate, dihydrate process. 


*From Kola raw phosphate, dihydrate/hemihydrate process, after rehydration to dihydrate. 


*From Moroccan raw phosphate, hemihydrate/dihydrate process. 


4From hydrofluoric acid production, Zechstein is an Upper Permian deposit; Keuper, an Upper Triassic. 


Gypsum can be pure white. If it contains 
iron oxide, it is reddish to yellowish. If clay 
and/or bitumen is present, it is gray to black. 
Very pure anhydrite is bluish white, but usu- 
ally it is gray with a bluish tinge. The white 
veins sometimes found on the boundary be- 
tween gypsum and anhydrite consist largely of 
glauberite (CaSO,-Na.SO,) or Glauber's salt 
(Na4SO,- 10H50). 


56.6.2[.2 Flue-Gas Desulfurization 
(FGD) Gypsum 


FGD gypsum is produced from the desulfu- 
rization of combustion gases of fossil fuels 
(coal, lignite, oil) in power stations as a prod- 
uct with a specification and quality standards. 
The internationally accepted definition of 
FGD gypsum is: “Gypsum from flue gas des- 
ulfurization plants (FGD gypsum, desulfogyp- 
sum) is moist, finely divided, crystalline, 
high-purity calcium sulfate dihydrate, CaSO, 
2Н,0. It is specifically produced in a flue gas 
desulfurization process incorporating after 
lime(stone) scrubbing, a refining process in- 


volving oxidation followed by gypsum sepa- 
ration, washing, and dewatering." [100] 


FGD gypsum is produced in four stages: 


e Desulfurization: In a first circuit the de- 
dusted flue gas is sprayed with a limestone 
suspension in counterflow. The reaction, 
which takes place at pH 7-8, produces in- 
soluble calcium sulfite: 


SO44 + СаСО, „ + 4 H,0 2 CaS0,-!4H)0,, + СО, 


e Forced oxidation: In a second circuit the cal- 
cium sulfate reacts spontaneously with at- 
mospheric oxygen at pH 5, initially forming 
soluble calcium bisulfite, which is then oxi- 
dized to calcium sulfate dihydrate: 


2Ca80,-!/,H50;, + Ом, + 3Н„О — 2CaSO,-2H.O 


During this procedure the gypsum crystals 
grow by continuous circulation to the re- 
quired average size of 30—70 um. 


e Gypsum separation: In a hydrocyclone, the 
calcium sulfate dihydrate crystals produced 
in the quencher slurry are separated and 
solid impurities are removed. 
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e Gypsum washing and dewatering: The cal- 
cium sulfate crystals are separated from the 
process water in filters or centrifuges and 
washed with clean wash water to remove 
unwanted water-soluble chlorides and so- 
dium and magnesium salts. The resulting 

Clean flue gas to stack 





m 
AA AAA | 








Crude flue gas —> 


Air —> 
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FGD gypsum contains < 10% free moisture 

by weight. About 5.4 t of gypsum is pro- 

duced per tonne of sulfur in the fuel. 

Figure 56.16 shows a typical flow diagram 
of a flue gas desulfurization plant for produc- 
ing FGD gypsum. 


~<t— Process water 


— Limestone 


— FDG gypsum 


=» Filtrate 


Figure 56.16: Flowsheet of a flue gas desulfurization plant for producing FGD gypsum with the four operation stages 1 
to 4 (see text for explanation): a) Quencher; b) Hydrocyclone; c) Filter. 


Sometimes FGD gypsum from lignite- 
fired power stations is darker than that from 
coal-fired power stations. Therefore a special 
"overflow cleaning" operation was developed 
to improve the color of lignite FGD gypsum. 
Such lignite FGD gypsum meets international 
quality specifications and can be used for all 
applications. This could be important, for ex- 
ample in Germany, where lignite FGD gyp- 
sum will predominate in the future [101]. 

A large-scale investigation has been carried 
out to compare FGD gypsum to natural gyp- 
sum in the production, processing, utilization, 
and disposal of building materials. The con- 
clusion was that the differences in chemical 
composition and in trace element content be- 
tween FGD gypsum and natural gypsum are 
insignificant. FGD gypsum can be used for the 
production of all building materials [102]. 


Table 56.16 lists quality standards for FGD 
gypsum. 
Table 56.16: Quality standards for FGD gypsum. 
Quality parameters Quality standards 


Free moisture < 10.090 
Calcium sulfate dihydrate > 95.0%? 
Magnesium oxide. water soluble <0.10% 
Sodium oxide, water soluble « 0.06% 
Chloride «0.0196 
Sulfur dioxide < 0.25% 
pH 5-9 
Color white? 
Odor neutral 
Toxicity nontoxic 


" The reduction of the calcium sulfate dihydrate content by inert el- 
ements is not detrimental to the different areas of application. 

* Different color values may apply depending on the use of the 
FGD gypsum and the final praducts. 
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FGD gypsum is not regarded as a waste and 
is therefore not included in the European 
Waste Catalogue (EWC). 

FGD gypsum is used directly in the gypsum 
industry (and small quantities in the cement 
industry) without any further treatment, and is 
equivalent to natural gypsum. 

The predicted quantities of FGD gypsum 
from coal-fired and lignite-fired power sta- 
tions in Europe, the United States and Canada, 
and Japan and Taiwan in 1996 are listed in Ta- 
ble 56.17 [101]. 


Table 56.17: Predicted quantities of FGD gypsum in 
1996. 


Country Quantity of FGD gypsum, 10? t 
Germany 4920 
Denmark 340 
Finland 190 
Great Britain 1200 
Italy 40 
Netherlands 360 
Austria 100 
Poland 770 
Russia 60 
Czech Republic 40 
Ukraine 85 
Total for Europe 8225 
USA and Canada 3000 
Japan and Taiwan 2300 


In Germany the quantities of FGD gypsum 
will rise from 4.9 x 10° t in 1996 to 6.3 x 10°t 
in the year 2000 due to lignite FGD gypsum 
from new power stations in the former Demo- 
cratic Republic. 

In Spain, France, Italy and Turkey, fairly 
large quantities are to be expected after 1996. 

The quantities of FGD gypsum produced i in 

Tapan and Taiwan of ca. 2.3 X 106 t are ex- 
pected to remain stable after 1996 [137]. 

The quantities of FGD gypsum predicted 
for the United States and Canada will proba- 
bly be attained later than predicted above, i.e., 
only after 1996. 


56.6.2.3 Phosphogypsum 


By far the largest amount of by-product 
gypsum is obtained from the production of 
wet phosphoric acid from phosphate rock 
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(usually fluorapatite) and sulfuric acid (л x 
M): 


Ca,(PO,),F + 5H.SO, + 10H,O > 
(504) (x98) (10x 18) 


5CaSO,-2H,O + 3H,PO, + HF 
(5 x 172) (3x98) (20) 


Worldwide, about 100 Mt/a of phospho- 
gypsum are currently obtained. Phosphogyp- 
sum is a waste and therefore listed in the EWC 
as follows [105]: 

06 00 00: Wastes from inorganic chemical processes 

06 09 01: Phosphogypsum 

In the OECD lists on the Control of Transfron- 
tier Movements of Wastes, phosphogypsum is 
listed as follows [106]: 


Amber list AB 140:Gypsum arising from chemical indus- 
try processes 


This phosphogypsum is a moist, fine powder 
with a free water content of = 20-30% and 
considerable amounts of impurities, the exact 
impurities and their amounts depending on the 
rock and the specific process. The radioactive 
substances present in small amounts in phos- 
phate rock are partly transferred to the phos- 
phogypsum as “Ка, leading to slightly 
increased radioactivity of such gypsums [68]. 
About 1.7 t of gypsum are produced per tonne 
of raw phosphate, corresponding to 5 t of gyp- 
sum per tonne of phosphorus pentoxide pro- 
duced. 

Currently « 4% of the phosphogypsum ob- 
tained is utilized. The principal difference in 
using phosphogypsum compared to FGD gyp- 
sum is the need to refine phosphogypsum by 
washing, flotation, and recrystallization to re- 
move harmful impurities and to modify its un- 
suitable particle shape. However, today it is 
simply cheaper to use natural gypsum or FGD 
gypsum than to purify and process phospho- 
gypsum. The quantity of phosphogypsum ob- 
tained annually is nearly equal to world 
demand for natural gypsum and anhydrite of 
ca. 100 x 108 t/a. 


56.6.2.4 Fluoroanhydrite 


Anhydrite is a by-product in the production 
of hydrofluoric acid from fluorspar and sulfu- 
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ric acid, to the extent of 2—3 Mt per year (n x 
М): 


CaF, + H,SO, — CaSO, + 2HF 
as) (98) (36) (40) 


One tonne of fluorspar produces 1.75 t of an- 
hydrite. Fluoroanhydrite is used as a raw ma- 
terial for the gypsum industry only in 
Germany and some of its neighbors. 


56.6.2.5 Other By-product 
Gypsums 


Calcium sulfate dihydrate is obtained as a 
waste in small quantities in the production or 
treatment of organic acids (e.g., tartaric acid, 
citric acid, and oxalic acid) or inorganic acids 
(e.g., boric acid). All these acids are produced 
by reaction of their calcium salt with sulfuric 
acid. 

The amounts of industrial by-product gyp- 
sums are expected to increase from treating 
sulfate-containing waste waters and neutraliz- 
ing dilute sulfuric acids that are produced in 
the processing of minerals (e.g., zinc ore) and 
the manufacture of pigments (e.g., titanium di- 
oxide). Especially titanogy psum is obtained in 
large quantities and can be used in the gypsum 
industry if it is produced in the titanium diox- 
ide industry with specification and quality 
standards similar to FGD gypsum. Several 
100 000 tonnes are already used in the gypsum 
industries of Japan, the United States and Eu- 
rope [137]. 

Gypsum scrap from the ceramic industry 
and metal foundries has likewise not been 
used so far as a raw material for the gypsum 
industry, although efforts continue to be made 
in that direction [107]. The quantities are 
small and recovery operations are very costly 
because of the impurities originating from slip 
casting. 


56.6.3 Production 


Although a dozen industrial processes for 
the preparation of cementitious calcium sul- 
fates are well known, only a few are used ex- 
tensively in the industrial countries. The 
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processes characterized by low capital and op- 
erating costs, simple design and operation, ro- 
bust and long-lasting equipment, and uniform 
high-grade calcined gypsum product subse- 
quently used to manufacture gypsum building 
components and gypsum plaster are discussed 
in the following chapter. 

Since the two major raw materials — natu- 
ral gypsum and FGD gypsum — are processed 
differently, they are discussed separately, as is 
the processing of phosphogypsum. 


56.6.3.1 Natural Gypsum to 
Calcined Products 


Natural gypsum is mined by the open-pit 
method [108] and by underground mining 
[109]. In open-pit mining the gypsum is recov- 
ered by drilling and blasting, mostly on one or 
more levels. In deep mining, chamber blasting 
is used [110]. The blasted rock consists of 
large lumps, containing 0-3% free moisture 
(quarry water) The amounts of explosives 
needed are about 250 g/t for open-cast mining 
and 400 g/t for underground mining. 

The coarse rock is conveyed to the crushing 
plants, normally at the gypsum works, by 
means of trackless loading and haulage gear. 
Impact crushers, jaw crushers, and single-roll 
crushers with screen and oversize return are 
all suitable for coarse size reduction. Impact 
pulverizers or roller mills are used for inter- 
mediate size reduction; and hammer mills, 
ball mills, or ring-roll mills are used for fine 
grinding. The degree of size reduction is deter- 
mined by the calcining unit or the intended use 


of the gypsum: 
Rotary kiln 0-25 mm 
Kettle 0-2 mm 


Kettle with combined drying and grinding unit 0-0.2 mm 
Conveyor kiln 4-60 mm 
Gypsum and anhydrite for cement 5-50 mm 

If transport by ship or truck to distant gyp- 
sum or cement plants is necessary, the material 
is reduced to required size for further treat- 
ment prior to transport. 

Cleaning or beneficiating the blasted rock 
is no longer common practice, except for gyp- 
sum with much Glauber's salt, which is 
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readily removed by leaching with water. This 
1s still done in Britain [108]. 

Often the mined and crushed rock is ho- 
mogenized before being calcined. This is done 
in homogenizing plants with capacities of 
about one week's production. 


The final stage in gypsum open-pit mining 
1s the restoration of the quarry site and its rein- 
clusion in the environment of the area. 


B-Hemihydrate Plasters. Stucco and plaster 
of Paris are prepared by dry calcination be- 
tween 120°C and 180°C, either in directly 
fired rotary kilns or else in indirectly heated 
kettles, to produce the B-hemihydrate. The 
kettles may be upright or horizontal. 


The rotary kiln (capacities up to 600 t/d) is 
particularly suitable for calcining granular (0— 
25 mm) gypsum rock. This, without predry- 
ing, 15 fed continuously to the kiln in cocurrent 
flow with the hot gases with a weigh-belt 
feeder and cellular wheel sluice (Figure 
56.17). The hot gases are produced in a brick- 
lined combustion chamber ahead of the gyp- 
sum feed. The shell of the rotary kiln is not 
brick-lined but consists of thick steel plates 
with steel inserts to ensure an even distribu- 
tion of gypsum particles across the furnace 
CIOSS section. 


Gypsum rock 


КЕ M 


Stucco 


Figure 56.17: Production of stucco (plaster of Paris, В- 
hemihydrate plaster) by the rotary kiln process: a) Weigh- 
belt feeder; b) Rotary kiln with combustion chamber; c) 
Cyclone; d) Pulverizer. 
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High thermal efficiency is achieved by the 
direct transfer of heat from the hot gases to the 
gypsum. The residence time of the gypsum 
rock in the kiln is self-regulating. It increases 
with the size of the grains, but complete calci- 
nation can be achieved regardless of particle 
size, to produce B-hemihydrate of uniform 
quality and invariant properties after fine 
grinding and air classifying. Any gypsum not 
dehydrated to hemihydrate at start-up or shut- 
down is collected in a bin and added in small 
quantities to the calcined gypsum. Rotary kiln 
plants are fully automatic and usually can be 
controlled by one worker. 


The externally heated kettle, of capacity up 
to 760 t/d, is the first of a series of similar cal- 
cining units heated indirectly. The gypsum is 
predried and ground to < 2 mm. In modem 
plants fine grinding, which used to follow the 
calcining process, is combined with the pre- 
drying and carried out in drying-grinding 
units to produce particles « 0.2 mm (Raymond 
mill, Claudius Peters mill, Attritor). The prop- 
erties of the product hemihydrate are shown in 
Table 56.18. The phase composition of plaster 
of Paris is shown in Table 56.19. 


In the 1960s [112, 113] the kettle process 
was improved and made continuous, espe- 
cially in England (British Plaster Board Ltd.) 
and North America. Predried and finely 
ground gypsum is fed continuously from 
above. As it dehydrates, the gypsum sinks to 
the bottom, the water vapor set free keeping 
the gypsum bed fluidized. The calcined gyp- 
sum settles at the bottom of the kettle, where it 
is continuously discharged through a pipe con- 
nected to the side of the kettle. 

Figure 56.18 shows a flow diagram for 
such a plant. The thermal balance is not quite 
as good as for directly fired rotary kilns, but 
the waste gases are less dust laden. Up to 760t 
of hemihydrate plaster per day can be pro- 
duced in this type of plant. 
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Table 56.18: Properties of calcined gypsum [111]. 





oen: Setting time, Strength of hardened plaste, ^ Density of 
ater-to- m Nimm? \ 
Manufactur- Type of plaster део, plaster С SE . 
ing proc? Быт ratio Stat End Flexural "Р! Hardness kg/m? i 
sive 
Rotary kiln B-hemihydrate 137 0.73 13 28 4.8 11.2 19.1 1069 
Conveyor kiln multiphase 167 0.60 6 35 5.1 15.5 25.9 1225 
Kettle B-hemihydrate 156 0.64 9 22 5.2 14.0 26.8 1133 
Autoclave a-hemihydrate 263 0.38 10 22 12.8 40.4 92.0. 1602 





140 x 40 x 160 mm specimen. 


Table 56.19: Phase compositions, in 96, of overburnt plaster, plaster of Paris, and multiphase plaster (impurities not con- 


sidered). 
Plaster of Paris 
(rotary kiln) 
Dihydrate, CaSO,:2H;,0 0 
B-Hemihydrate, B-CaSO,°'/,H,O 75 
B-Anhydrite Ш, B-CaSO, Ш і 20 
Anhydrite П, CaSO, I 5 





Overbumt plaster Multiphase plaster, a mixture of plas- 
(conveyor kiln) 


ter of Paris and overburnt plaster 


0 0 
6 27 

19 15 

75 58 


* Consisting of reaction stages, АП-5 (slowly soluble A), АП-о (insoluble A), and AH-E (Estrichgips). 





Stucco 
Figure 56.18: Production of stucco (plaster of Paris, B- 
hemihydrate plaster) by the continuous kettle process: a) 
Kettle with combustion chamber and ascending pipe; b) 
Cyclone; c) Pulverizer. 

Recently the submerged | combustion 
method — more specifically indirect heat 
transmission of the externally heated boiler 
casing combined with direct heat transmission 
— has been introduced. The advantages are 
high thermal efficiency and low energy con- 
sumption. Kettles heated only by submerged 
combustion are being tested at present. Exist- 
ing kettles can also be fitted with submerged 
combustion burners, which reduces energy 
consumption and increases the flow rates. Fig- 
ure 56.19 shows a kettle with such a burner 


A that is designed for continuous operation 
Gypsum rock b "n 


[113]. 
Raw gypsum feed 
Exhaust gas | Water vapor 








B.-Hemihydrate 
plaster (plaster 


Figure 56.19: Kettle with submerged combustion burner 
for continuous production of B-hemihydrate (plaster of 
Paris): a) Agitator; b) Outer casing of kettle; c) Ascending 
pipe for stucco plaster discharge; d) Combustion cham- 
ber; e) Cross pipes for hot gases; f) Submerged pipe with 
submerged combustion burner; g) Ventilating fan for ex- 
haust and circulating gas. 

Batch horizontal kettles, with capacities of 
5-10 t/h, are popular in France under the name 
of Beau. 

Almost the total world production of p- 
hemihydrate is carried out in plants of the 
types just described. Today in North America 
indirectly heated kettles and directly heated 


2294 


rotary kilns are in use in a proportion of about 
5:1, whereas earlier only the kettle had been 
used. In Britain and France, the indirectly 
heated kettle is widely used, and in Germany, 
the rotary kiln and the kettle. 

Most of the B-hemihydrate or stucco pro- 
duced is used in gypsum building compo- 
nents; to a lesser extent B-hemihydrate is used 
in special building plaster. 

Other calcining processes for the manufac- 
ture of B-hemihydrate have also been used in- 
dustrially. In a grinding-calcining process 
[114], the raw gypsum is continuously crushed 
and calcined to B-hemihydrate in one single 
unit (Claudius Peters) (Figure 56.20). A few 
plants produce B-hemihydrate and to some ex- 
tent also multiphase plaster in a fluidized bed 
[115-117] — the dried and finely ground gyp- 
sum rock is calcined in the stream of hot gases 
(Thyssen-Rheinstahl). Another development 
is the indirectly heated, continuously operated 
horizontal kettle. Externally it resembles a ro- 
tary kiln. In this unit the hot gases first pass 
through a central tube in cocurrent flow and 
then through further heating tubes in counter- 
current flow. Similar is the continuously oper- 
ated Holoflite calcining unit, using hot oil or 
superheated steam as the heat exchange me- 
dium. In this case the gypsum is moved along 
on a screw conveyor that has hot oil passing 
through it [118]. 
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Stucco 


Figure 56.20: Production of stucco (plaster of Paris, B- 
hemihydrate plaster) by the grinding-calcining process: a) 
Combustion chamber; b) Grinding-calcining unit; c) Sep- 
arating cyclone; d) Pulverizer. 


Calcined Anhydrous Plasters and Mul- 
tiphase Plasters. Overburnt plasters are pro- 


Handbook of Extractive M. etallurgy 


duced in dry calcining processes at 
temperatures between 300 and 900 °C. For the 
most part they are calcined anhydrite. There 
are three reaction stages: 

e All-s, slowly soluble anhydrite, « 500 °C 

e All-u, insoluble anhydrite, 500—700 °C 

e АП-Е, Estrichgips, > 700 °C 

The properties and final phase compositions 
of overburnt plaster are shown in Tables 56.18 
and 56.19. 

In overburnt plaster, and also in multiphase 
plaster, these three stages of reaction have to 
have a definite ratio, which is determined 
jointly by the raw material and the calcining 
process. In some of these processes [55] the 
gypsum is calcined in such a way that the an- 
hydrite phase is obtained along with the hemi- 
hydrate. In other processes the overburnt 
plaster is produced separately and mixed with 
B-hemihydrate afterwards. These plasters are 
designated as multiphase plasters, Putzgips in 
Germany (Tables 56.18 and 56.19). 

A modem calcining unit for overburnt plas- 
ter and multiphase plaster is the conveyor kiln 
developed by Knaur [119] (Figure 56.21). To- 
day, capacities up to 1200 t/d are usual, mak- 
ing it the most efficient kiln used for gypsum. 
Before being fed to the conveyor kiln, the gyp- 
sum rock is crushed to size 4-60 mm and split 
into three or four sieve fractions (e.g., 7-25 
mm, 25—40 mm, and 40-60 mm or 4-11 mm, 
11—25 mm, 25—40 mm, and 40-60 mm). The 
fractions are piled on the continuous conveyor 
grate, the smallest on the bottom. The grate, 
which moves continuously at a speed of 20-35 
m/h, passes through a calcining hood. There 
the hot gases are drawn through the gypsum 
bed by exhaust fans. The top layer can reach a 
temperature up to 700 °C; the bottom layer, up 
to 300 °C. The temperature of the heat-resis- 
tant plates of the conveyor grate does not ex- 
ceed 270 °C. The gypsum is not mixed during 
calcination, and therefore little dust is formed 
and no dust collection system is needed. 
About half the hot gases are discharged into 
the atmosphere as waste gas, issuing from the 
chimney at about 100 °C; the remainder (at = 
270°C) is recirculated to the combustion 
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chamber together with air (= 230 °C) drawn 
through the calcined gypsum bed to cool it. 
The thermal efficiency of such a conveyor kiln 
is high, greater than 70%. In Germany and 
elsewhere conveyor kilns with a total capacity 
of more than 2 Mt/a are currently in operation. 


Figure 56.22 shows a flow diagram of a 
process producing construction plaster. In ad- 
dition to a conveyor kiln it also uses a rotary 
kiln in which raw gypsum of small particle 
size (0-4 mm ог 0—7 mm) is calcined to B- 
hemihydrate and subsequently mixed with an- 
hydrous plaster that has been ground to the re- 
quired fineness. In this way, multiphase 
plasters are produced. They differ from each 
other in their setting properties and also from 
B-hemihydrate plaster in that they are coarser 
(see Table 56.19 for composition, Table 56.18 
for properties, Figure 56.23 for representation 
as three-component diagram) [55]. 

Multiphase plasters are used to finish inte- 
rior walls and ceilings. Since 1965 machine- 
applied plaster has been produced in large 
quantities by incorporating chemical additives 
to one such multiphase plaster. Even pure con- 
struction plasters (Saarland construction plas- 
ter, southem German Doppelbrandgips), 
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which have been used in Germany for years, 
but which recently have declined in impor- 
tance, can be prepared in these types of plants. 
This is also true for the construction plasters 
used in Latin countries, North Africa, and the 
Near East [120]. | 


Other calcining plants producing anhy- 
drous plasters operate on the principle of a 
countercurrent rotary kiln (Vernon). For ex- 
ample, in France an overburnt plaster, surcuit, 
is produced and mixed with B-hemihydrate to 
produce Paris construction plaster [121]. In 
such a countercurrent rotary kiln, the gypsum 
enters at the end opposite to the combustion 
chamber and travels into hot gases. The dehy- 
drating gypsum reaches its maximum temper- 
ature, = 500 °C, just before exiting the kiln. 
These kilns, with capacities of 15-30 t/h, are 
sometimes linked together and used to pro- 
duce anhydrous plaster and B-hemihydrate si- 
multaneously [122]. This improves the 
efficiency and offers the opportunity of cool- 
ing the anhydrous plaster obtained at very 
high temperatures advantageously. The prob- 
lem of cooling has also been solved by making 
use of the planetary cooling system of the ce- 
ment industry. 




















Figure 56.21: Conveyor kiln for the production of anhydrous plaster: a) Conveyor grate; b) Feed hoppers; c) Calcining 
hood; d) Layers of gypsum: e) Combustion chamber, f) Discharger; g) Circulating and cooling air fans for exhaust gas. 
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Gypsum quarry, loaders, each 120t/h cesses have so far achieved industrial impor- 


Table 56.20: Examples of characteristic energy data in manufacturing calcined gypsum. 
tance for the small amounts produced. 






















Parameter А Rotary kiln кеше Conveyor kiln Autoclave 
І quickly hydrates, о hemihydrate (B-hemihydrate) (B-hemihydrate) ` (Putzgips) ^ (o-hemihydrate) 
Transport with trucks, 32t 1005, AN Calcined gypsum capacity, t/d 600 - 760 1200 150 
distance from quarry to ° Theoretical energy requirement, kJ/t 598 600 584 000 770 400 560 000 

gypsum works <10km Practical energy requirement, kJ/t 892 000 800 000 1 100 000 1 590 000 
Thermal efficiency, 96 67 73 70 35 
- Moisture content of gypsum rock, % 1.5 L5 1.6 0.0 
Crude gypsum purity, % 90.0 90.0 94.0 95.0 
Water of crystallization, raw gypsum, 96 18.8 18.8 19.7 19.9 
Water of crystallization, calcined gypsum, 96 : 3.0 5.5 1.0 5.8 
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Figure 56.22: Flow diagram for production of projection 
plaster with a conveyor kiln. 


o-Hemihydrate can be produced by wet cal- 
cining processes, either under elevated pres- 
sure in autoclaves or at atmospheric pressure 
in acids or aqueous salt solutions between = 80 
and 150 °C. However, only the autoclave pro- 
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Figure 56.23: Three-phase composition diagram of cal- 
cined gypsums [55]. Point P indicates the composition of 
a multiphase plaster consisting of 26% B-hemihydrate, 
14% anhydrite III, and 58% anhydrite II, the composition 
given in Table 56.19 for multiphase plaster. 

o-Hemihydrate from natural gypsum is 
nearly always batch-processed. For instance, 
gypsum rock (particle size 150-300 mm, > 
95% CaSO,:2H,0, rocklike) is put in wire 
baskets, and either stacked in upright auto- 
claves or wheeled into horizontal autoclaves 
with capacities of 0.5-10 m°. The autoclaves 
are heated directly or indirectly with steam at 
130—135 °C. The heating is carried out so that 
after about four hours a pressure of 4—5 bar 
has built up. The autoclave is then emptied; 
the a-hemihydrate formed is immediately 
transferred in the baskets to a chamber to be 
dried at 105 °C under atmospheric pressure. It 
is subsequently ground to the desired particle 
size and size distribution. Variation in pressure 
and temperature during dehydration and dry- 
ing can be used to affect the properties of the 
products (Table 56.18). 

a-Hemihydrate is often mixed with [- 
hemihydrate. For that reason processes have 
been developed that produce a mixture of a- 
and f.-hemihydrates in a single operation 
[123]. In one such process the a-hemihydrate 
is dried in a rotary kiln, which at the same time 
serves to both calcine the B-hemihydrate and 
blend the two types of material. 
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Process Control. Dry gypsum calcining pro- 
cesses are usually equipped with dry dust col- 
lection systems. The amount of dust formed 
depends on the type of calcining unit. For the 
most part electrostatic filters are used for dust 
collection, but recently mechanical filters 
have also been used (see the B Series). Sieves 
and grinders, as well as conveying equipment, 
forcalcined gypsum are fitted with flat screen- 
type filters for internal dust collection. The 
dust collected is added to the calcined gyp- 
sum. 

The water liberated in the process is dis- 
charged as vapor through outlet stacks into the 
atmosphere. There are no wastes or by-prod- 
ucts. No environmental problems are encour- 
tered, provided the processing of the gypsum 
plaster proceeds normally. 

The energy consumption of a gypsum plant 
is the sum of the fuel used in the calcination of 
the gypsum and the electric power needed to 
operate the machinery. Table 56.20 shows the 
energy consumption of various types of pro- 
cesses based on experience. Mainly oil and 
gas have been used as the fuel. However, coal 
is being used increasingly, chiefly in grate fir- 
ing, pulverized coal firing, and fluidized firing 
systems [124]. To improve the energy con- 
sumption of these units, the design is opti- 
mized and the waste heat is utilized. At the 
same time large modern gypsum plants are in- 
creasingly using automatic process control. 


56.6.3. FGD Gypsum to 
Calcined Products 


FGD gypsum is used directly as a major 


raw material by the gypsum and the cement in- 
dustries. 


B-Hemihydrate and Multiphase 
Plasters 


FGD gypsum is a finely divided powder 
with less than 10% surface moisture. It there- 
fore differs considerably in its state of aggre- 
gation from natural gypsum and requires 
treatment not needed for natural gypsum. 

To produce B-hemihydrate for the manu- 
facture of gypsum plasterboards and other 
gypsum building components, FGD gypsum 
must be dried before calcination. This can be 
carried out in cocurrent drying units in which 
the hot gases come into direct contact with the 
moist gypsum (e.g., flash dryers), or in tube 
dryers heated indirectly with steam. After dry- 
ing the gypsum is calcined to B-hemihydrate 
in kettles [125, 126]. 

FGD gypsum used for the production of 
multiphase plaster and gypsum building plas- 
ter must be treated further. Its particle struc- 
ture, which ranges from cubic (bulk density 
1200 kg/m narrow particle size distribution 
(40-60 рт) are unsuitable for the production 
of multiphase plaster [127]. It is this particle 
structure that is the cause of its thixotropy if it 
is used as multiphase plaster. As plaster it also 
lacks smoothness, and its volume yield is too 
variable. 

Agglomeration processes have been devel- 
oped to modify the particle structure of flue- 
gas gypsum and convert it into a lump prod- 
uct. Of all the agglomeration processes — bri- 
quetting with a compacting press, granulating 
with extrusion presses, pelletizing — briquet- 
ting has proved the most effective and is the 

most widely accepted. In this process the flue- 
gas gypsum 1s compacted in the dry state with- 
out addition of bonding agents or additives to 


2298 


produce briquettes 2 cm thick and 6 cm long, 
in their mechanical properties comparable to 
natural gypsum [128]. 

Their point strength exceeds 500 N, and 
their apparent density is = 2.15 g/cm?. These 
briquettes are exceptionally abrasion resistant. 
They can be stored in the open and are unaf- 
fected even by frost or rain. In this form all 
types of flue-gas gypsum have bulk density of 
= 1.1 t/m? and can be used alone or mixed with 
natural gypsum. 

Figure 56.24 shows a flow diagram for a 
plant processing FGD gypsum by drying and 


briquetting. Several of these plants operate in - 


Germany. 

The flue-gas gypsum briquettes can be pro- 
cessed to multiphase gypsum plaster in the 
calcining units used for natural gypsum. 

The extra energy input per tonne of dry 
CaSO,:2H,O consists of (а) 550 000 kJ of 
thermal energy and 12 kWh of electrical en- 
ergy for drying to 10% moisture and (b) 10 
kWh of electrical energy for agglomeration 
into briquettes. 

The value of FGD gypsum can be estab- 
lished from a cost comparison between pro- 
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cessing FGD gypsum and natural gypsum. A 
second major factor is the transport of the 
FGD gypsum from power station to gypsum 
plant. In comparison with the transport of nat- 
ural gypsum from the quarry to the gypsum 
plant, the transport of FGD gypsum is associ- 
ated with additional costs, e.g., for intermedi- 
ate storage due to seasonal differences in 
production of the power station and consump- 
tion of the gypsum plant. 


For a gypsum plant the long-term security 
of supply of FGD gypsum is vital. In times of 
FGD gypsum shortages it must therefore be 
possible to fall back on natural gypsum. The 
surplus quantities of FGD gypsum that will be 
available in the future in parts of Europe 
should be placed in intermediate storage lo- 
cally in artificial deposits as a future raw mate- 
rial reserve. An environmental compatibility 
study is at present being prepared. With such a 
gypsum reserve it would be possible to fulfill 
the requirement of the gypsum industry for an 
assured long-term supply of raw material over 
the life-time of the power station [101, 129]. 


4 Exhaust gas 


FGD gypsum, ————» 
moist b 
a 
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Figure 56.24: Flowsheet of a FGD gypsum drying and briquetting plant: a) Dryer; b) Cyclone; c) Press. 
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Figure 56.25: Production of a-hemihydrate plaster by the 
continuous autoclave process (Nitto Gypsum—Knauf): a) 
Autoclave; b) Expander; c) Vacuum filter; d) Dryer; e) 
Pulverizer. 


a-Hemihydrate Plaster from FGD 
Gypsum 


FGD gypsum is an ideal raw material for 
manufacturing a-hemihydrate plaster by the 
continuous autoclave process (Nitto Gypsum- 
Knauf). The gypsum is used in its original 
moist, finely divided state without predrying. 
In the continuous autoclave process, shown 
schematically in Figure 56.25, FGD gypsum 
having a free water content of 10% is slumed 
with water (one part gypsum, two parts water) 
and pumped continuously into the autoclave 
where it is dehydrated to «-hemthydrate under 
controlled conditions (135 °C, 2 h). Additives 
in the suspension change the crystal habit of 
the a-plaster and yield a product of defined, 
consistent properties. The a-hemihydrate pro- 
duced is withdrawn as an aqueous suspension 
and dewatered in a vacuum filter. The product 
that has a free water content of = 10-15% is 
immediately dried at = 150 °C in an indirectly 
heated dryer and ground. This dry o-hemihy- 
drate can then be used for all types of a-hemi- 
hydrate plasters and products. 

Today the continuous autoclave process is 
also used industrially for the processing of 
finely divided natural gypsum and synthetic 
gypsum. 

Another a-hemihydrate plaster process was 
recently developed especially for utilizing lig- 
nite FGD gypsum (ProMineral-SICOWA). 
The moist, finely divided FGD gypsum is 
mixed with auxiliaries, pressed into stable 
stackable blocks and converted into a-hemi- 
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hydrate plaster in large hot pressure auto- 
claves. The resulting blocks of a-gypsum are 
dried and ground. Important applications for 
this type of a-gypsum are the manufacture of 
self-levelling floor plaster, floor slabs and 
mining mortar. 

Other continuous autoclave processes have 
ceased operations within a few years (Giulini), 
never got beyond the pilot stage (ICT), or re- 
mained dormant in patents. ' 

Processes in which a-hemihydrate is pro- 
duced without pressure in sulfuric acid, nitric 
acid, or salt solutions are found in the litera- 
ture, but they never came into operation. 


All efforts to produce an a-hemihydrate 
plaster similar in its properties to B-hemihy- 
drate plaster have so far been unsuccessful. 


56.6.3.3  Phosphogypsum to 
Calcined Products 


Moist, finely divided phosphogypsum is a 
waste from the production of wet phosphoric 
acid [67]. It is available as filter cake with face 
water content of 20-30%. The content of im- 
purities is high and the impurities must be re- 
moved or rendered harmless by operations 
such as washing, flotation, and recrystalliza- 
tion before phosphogypsum can be used by 
the gypsum industry. 

All phosphogy psums contain inorganic im- 
purities such as phosphates, nitricofluorides, 
and sodium salts. They affect the properties of 
the-gypsum. 

Organic impurities and small amounts of 
radiation (Ra) are present in sedimentary 
phosphate rocks (Morocco), part of which ap- 
pears in the gypsum. Magmatic phosphate 
rocks (Kola) contain no organic impurities and 
no radioactive matter. | 

The unsuitable crystal shape of all phosph- 
ogypsums must be modified by fine grinding 
or by recrystallization. 

The one- and two-stage phosphoric acid 
processes that have been developed for the 
manufacture of wet phosphoric acid produce 
different qualities of phosphogy psum. In the 
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one-stage processes, phosphogypsum is ob- 
tained as dihydrate (dihydrate process, e.g., 
that of Prayon, altogether representing 84% of 
all phosphogypsum produced) or hemihy- 
drate (hemihydrate process, e.g, that of 
VEBA [130] or Fisons [131], but representing 
less than 1%). 

In the two-stage phosphoric acid processes, 
either gypsum or hemihydrate is produced in 
the first stage. In the second stage it 1s con- 
verted to another state of hydration before be- 
ing removed by filtration. These processes 
include the hemihydrate-dihydrate process 
(e.g., Nissan [132]; 1596 of all phosphogyp- 
sum produced) and the dihydrate-hemihydrate 
process (e.g., Central Prayon [133], less than 
196). Generally, gypsum obtained from the 
two-stage processes is of better quality in re- 
gard to inorganic impurities such as phos- 
phate, fluorine, and sodium. 

The gypsum industry is faced with the need 
for recovery operations if it attempts to use 
phosphogypsum [134, 135]. Removal of or- 
ganic impurities, which discolor the gypsum, 
and of water-soluble inorganic contaminants, 
which cause efflorescence, involves first re- 
mashing the phosphogypsum with water, then 
subjecting it to flotation, classification (hydro- 
cyclone), thorough washing, and filtering. Up 
to 5 t of water per tonne of phosphogy psum is 
consumed. Gypsum purified in this way is ob- 
tained as filter cake with a free water content 
of 20-30%. 

For production of B-hemihydrate intended 
for gypsum building components the filter 
cake is dried (e.g., rapid dryer from Hazemag, 
or the contact dryer from Serapic) and then 
calcined to B-hemihydrate in the same way as 
finely ground natural gypsum. Today this 
method is still the principal one used by the 
gypsum industry in Japan, where this method 
was developed in 1940 by Yoshino. 

For use in gypsum building plaster and 
multiphase plaster, phosphogypsum is made 
unsuitable by its particle shape, fineness, and 
isomorphous acid phosphate impurities. Its 
particle shape and fineness seriously impair 
the workability of the multiphase plaster, i.e., 
the plaster is thixotropic. The cocrystallized 
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acid phosphates cause calcined products to de- 
velop lime sensitivity, which interferes with 
setting and development of the strength [136]. 

In order to overcome these deficiencies the 
phosphogypsum is dried, calcined, and after 
addition of aqueous calcium hydroxide sus- 
pension simultaneously agglomerated and re- 
crystallized in a pelletizer. Such alkaline- 
recrystallized pellets are used as starting mate- 
rial for gypsum building plaster and mul- 
tiphase plaster. 

In one process pliosphohemihydrate gyp- 
sum is the starting material. If the process is 
carried out with adequate care, the phosphohe- 
mihydrate is sufficiently pure that the gypsum 
recovery phase can be dispensed with. The 
fine phosphohemihydrate, having a residual 
water content of = 20-25%, is mixed immedi- 
ately with a calcium hydroxide suspension or 
calcium hydroxide powder so that the calcium 
sulfate crystallizes into coarse-grained dihy- 
drate. Part of the moisture and all of the acid 
phosphate are bound chemically, and the parti- 
cle size and structure are satisfactory. 

The phosphogypsum pellets or lumps thus 
produced can then be calcined and further pro- 
cessed in rotary kilns or, after grinding, in ket- 
tles to produce a B-hemihydrate plaster similar 
in composition to plaster of Paris. They can be 
converted on a conveyor grate into overburnt 
plaster, which consists of coarse particles and 
is comparable to multiphase plaster. These 
plasters can be processed into all kinds of ma- 
chine-applied and premixed plasters. 

Such processing methods were developed 
and put into operation by Knauf in 1962 and 
1970. Most other processes designed to use 
phosphogy psum (e.g., those of Rhóne-Progil, 
Charbonnages de France, Chimie-Air Indus- 
trie, Imperial Chemical Industry, Buell) have 
not resulted in viable commercial operation. 

The recovery operations required by phos- 
phogypsum involve additional capital expen- 
diture and operating costs, jeopardizing its 
competitiveness with natural gypsum and gen- 
erally rendering phosphogypsum uneconomit- 
cal for commercial use. The repercussions felt 
after the first energy crisis, in 1973, because 
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the extra treatment is energy intensive, were 
an additional set-back. 

Phosphoric acid producers do not pay for 
the extra treatment required by the gypsum 
manufacturer. In summary, the conclusion 
must be drawn that the chance of phosphogyp- 
sum ever being utilized on a large scale world- 
wide is extremely remote, even though 
disposal of phosphogypsum is becoming more 
of a problem [104]. | 

Only Japan has so far managed to continu- 
ously use phosphogypsum, an accomplish- 
ment favored by its total lack of natural 
gypsum resources. South Korea also uses 
phosphogypsum as a source of gypsum. 


56.6.3.4 Anhydrite Plaster 


Anhydrite plaster is produced by grinding 
anhydrite rock in tube mills or impact pulver- 
izers to a particle size below 0.2 mm. Activa- 
tors to promote setting are added together with 
the gauging water However, the very fine 
grinding is expensive. 

The activators are mixtures of alkali-metal 
or heavy-metal salts and calcium hydroxide, 
up to = 2% of the anhydrite. Acid activators, 
e.g; potassium hydrogensulfate or ігоп(П) 
sulfate, can also be used [138]. 

Fluoroanhydrite, a dry fine powder, is neu- 
tralized with calcium hydroxide and ground 
very finely for use as an anhydrite plaster. Sul- 
fates, e.g., potassium sulfate and zinc sulfate, 
and calcium hydroxide or Portland cement are 
activators [139], which are usually added and 
mixed with the anhydrite powder in the fac- 
tory. 

Natural anhydrite and fluoroanhydrite dif- 
fer from each other in crystal structures. Fluo- 
roanhydrite consists of very small primary 
crystals that have been agglomerated to sec- 

ondary particles with a high specific surface 
area and high reactivity, whereas natural anhy- 
drite consists of large primary particles, which 
are rendered reactive by fine grinding. 

Recently, a process has been developed for 
the manufacture of thermal anhydrite from 
FGD gypsum using the suspension gas calcin- 
ing process (POLCAL” process). The appara- 
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tus consists of one or more preheating 
cyclones, a reactor with integrated separating 
cyclone, and a cyclone coder. The conversion 
temperature is above 700 ?C, and the resi- 
dence time of the small gypsum particles in 
the reactor is a few seconds. 

Thermal anhydrite from FGD gypsum is 
used as a binder component in self-levelling 
floor plasters [101]. 


56.6.4 Use and Properties of 
Gypsum Plasters and Products and 
Anhydrite Plasters 


56.6.4.1 Hydration, Setting, 
Hardening 


Calcium sulfate hemihydrate, anhydrite 
III, and anhydrite II undergo hydration under 
ambient conditions, converting into calcium 
sulfate dihydrate. If hydration is carried out 
with just enough water to produce a homoge- 
neous, fluid, stable, nonsedimenting slurry, 
then this mixture sets and hardens because the 
calcium sulfate dihydrate forms needles that 
intergrow and interlock. 

Much research has gone into the mecha- 
nism of hydration. Around 1900, LE CHATE- 
LER [140, 141] established the theory of 
crystallization, which gained universal accep- 
tance [142, 143]. According to this theory the 
calcium sulfate hemihydrate in water first 
forms a saturated solution, about 8 g/L at 
20 °С. However, this solution is actually su- 
persaturated, because at 20 °C calcium sulfate 
dihydrate has a solubility of only 2 g/L, and 
Са5О„-2Н-О precipitates. 

' Cavazzi [145], and later ВАҮКОЕЕ [146], put 
forward a colloid theory, which states that the 
hydration proceeds via a colloidal intermedi- 
ate involving formation of a type of gel or an 
adsorption complex between the calcium sul- 
fate hemihydrate and water. However, this gel 
has not yet been demonstrated experimentally. 

In recent years the Le Chatelier theory of 
crystallization has been supplemented by the 
detection of topochemical reactions taking 
place during hydration [147]. The two mecha- 
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nisms are not mutually exclusive, because 
transformation into dihydrate in both cases 
takes place via the solution phase. The to- 
pochemical hydration is an internal hydration 
of the hemihydrate particles taking place over 
very short distances. | 


Hemihydrate 
Anbydrite Ill + water (+ additives) 
Anhydrite Il 













Mixing (gauging) 
Wetting, disintegration, 
homogenization, stabilization 
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Figure 56.26: Stages of hydration, setting, and hardening 
of calcium sulfates. 






20F ш | 20r 
Е | ME 
o o > HE a eene e a n em 
х OPE wor 15: "= 
5 lam. г S EE - 
e me MEE we ffi 
5 Z soka j / H 

а rf D 

х [vg // 
в {| VF E thi у n 
S ig 5 о 30 60 90 120 


Hydration time, min ——» 


Figure 56.27: Rate of hydration of B-hemihydrate dem- 
onstrated by combined water content (—), intensity of x- 
ray diffraction (———), and temperature increase from heat 
of hydration (---) [150]. 

Formation of dihydrate crystals conforms 
to the laws of nuclei formation and crystal 
growth (Figure 56.26). Mixing and wetting of 
the hemihydrate powder, which causes disin- 
tegration of the hemihydrate particles, is fol- 
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lowed by a short induction period, after which 
nuclei begin to form from the supersaturated 
solution. The accumulation of very small di- 
hydrate crystals with much excess water has 
been described by КкОмевт et al. as clustering 
[148]. Subsequently, after this nucleation, 
crystal growth begins, which at least initially 
is accompanied by continuous recrystalliza- 
tion [144]. The rate of nuclei formation is pro- 
portional to the relative supersaturation (von 
Weimarn's theory), and the rate of crystal 
growth is proportional to the absolute super- 
saturation (Nernst—Noyes equation). Hemihy- 
drate is converted directly into dihydrate; 
there are no intermediate stages. Anhydrite III 
is converted via the hemihydrate, and anhy- 
drite II is converted directly into dihydrate, 
without anhydrite III or hemihydrate interme- 
diates. If the proportion of water is correct for 
setting and hardening, the slurry hardens by 
forming a dihydrate structure, a final crystalli- 
zation, which according to Lupwic et al. [149] 
consists of intergrown, overgrown, and inter- 
locking dihydrate crystals and inclusions of 
unhydrated components. Excess water can be 
removed by drying. 

The rate of hydration of f-hemihydrate as 
shown in Figure 56.27 is demonstrated by 
combined water content, intensity of the X-ray 
diffraction, and rise in temperature due to the 
heat of hydration [148]. 

There are many ways in which these pro- 
cesses of hydration, setting, and hardening can 
be applied in practice. Parameters for charac- 
terizing these processes are the water-to-plas- 
ter ratio on mixing, the consistency of the 
mixture, the initial and final set, the rate of 
strength development, and the strength and 
density of the final dry gypsum product. 

The method of manufacture of the plaster 
influences the gypsum technology to a very 
large extent. For instance, B-hemihydrate from 
a rotary kiln requires more water to produce a 
fluid slurry of uniform consistency than does 
plaster from a kettle. The latter, in turn, re- 
quires more water than multiphase plaster, 
which, in turn, requires more than autoclave 
plaster. This water-to-plaster ratio (water ca- 
pacity of the gypsum plaster), an inverse of the 
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quantity of gypsum plaster in grams per 100 g 
of water, is related to the strength and density 
of the set and hardened gypsum product. 

a-Plasters, which are workable with little 
water, can be simply tumed into gypsum prod- 
ucts of high strength and high density. How- 
ever, these products are avoided in the 
building industry on account of their brittle- 
ness. 

B-Plaster and multiphase plaster require 
more water than a-plaster to obtain a fluid 
consistency. They produce products of aver- 
age strength. higher elasticity, and lower den- 
sities, and are used universaly in the 
construction industry. 

The particle shape, particle-size distribu- 
tion, and specific surface area also determine 
the quantity of water required to give a spe- 
cific consistency. Generally, very fine plaster 
requires more water than coarse-grained plas- 
ter. Rod-shaped particles also increase the 
amount of water needed. B-Hemihydrate parti- 
cles may disintegrate on first contact with wa- 
ter, breaking up into a multitude of very fine 
loose particles, thus changing their particle 
size distribution [151]. The particle size distri- 
bution of multiphase plasters determines their 
workability to a great extent. 

When stored, calcined gypsums are subject 
to changes in their properties, called aging. 
This aging is caused to some extent by the up- 
take of water vapor from the air. The degree of 
aging affects the water needed for given con- 
sistency; more water is needed for fresh cal- 
cined gypsum than for aged. If a considerable 
amount of water vapor is adsorbed, dihydrate 
nuclei may form, accelerating the hydration 
process. However, the reactions taking place 
on aging have not yet been entirely elucidated 
[150, 152]. Natural aging of calcined gypsum 
produces gradual changes in the properties of 
the plaster over a period of months. To avoid 
this, methods have been developed to bnng 
about aging artificially, so that the plaster un- 
dergoes no significant changes during storage. 
One process is called aridization: calcium 
chloride or similar salts are added 1n quantities 
up to about 0.296 to the raw gypsum before 
calcination [153]. Aging of calcined gypsum 
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is also achieved by injecting small quantities 
of water containing a wetting agent to prevent 
the formation of a dihydrate [154, 155]. 

The mixing and gauging of calcined gyp- 
sum with water to form a slurry of specific 
consistency can be affected by various wetting 
agents. Most of these, called p/asticizers or 
water-reducing agents, lower the water de- 
mand. They include alkylarylsulfonates, li- 
gnosulfonates, or melamine resins [156]. It is 
also possible to increase the water requirement 
by adding flocculating agents, e.g., polyethyl- 
ene oxide [157]. Chemicals that thicken, e.g., 
cellulose and starch ethers, can be added to 
stabilize the water plaster slurry or prevent 
sedimentation and segregation; however, 
these have little effect on water demand [158]. 

Setting and hardening can be accelerated or 
retarded by numerous additives [159, 160]. 
Many inorganic acids and their salts are useful 
as accelerators, especially sulfuric acid and its 
salts. Calcium sulfate dihydrate is regarded as 
a special additive in this respect. Finely di- 
vided, it acts as a strong accelerator and there- 
fore must be completely removed when raw 
gypsum is calcined. The accelerating effect of 
these substances is due to an increase in solu- 
bility and the rate of dissolution of the cal- 
cined gypsum and to an increase in the rate of 
nuclei formation. 

Retarders are usually organic acids [161] 
and their salts and organic colloids that are the 
decomposition and hydrolysis product of 
biopolymers such as proteins as well as salts 
of phosphoric acid or boric acid. The mecha- 
nism of retardation varies: high molecular 
mass colloids prolong the induction period be- 
cause they are nuclei poisons. Other retarders 
slow down the rate of dissolution of the hemi- 
hydrate or the growth of the dihydrate crystals. 
The hydration of anhydrite II usually does not 
have to be retarded since it is slow enough and 
almost always requires acceleration. 

In every case, temperature affects the rate 
of hydration of plaster, the rate increasing up 
to = 30 °C, after which it decreases [162]. 

The strength of set dried gypsum is directly 
proportional to its density, therefore depen- 
dent only on its porosity or, less directly, on 


2304 


the water-to-plaster ratio and the size and 
structure of the pores [163, 164]. The strength 
is affected by moisture or additives without a 
change in density. The strength of gypsum 
products with a moisture content exceeding 
5% is only about one half that of air-dried 
gypsum products. When a gypsum product 
dries, the strength begins to increase below 
594 moisture content, becomes evident around 
196 moisture content, and reaches its final 
value in the region of its equilibrium moisture 
content [65]. 

Persistently moist conditions reduce 
strength, because crystalline and textural 
changes, especially recrystallization, take 
place as a result of the solubility of gypsum in 
water [165]. The deformation or creep of 
moist gypsum products under mechanical 
stress is likewise the result of structural 
change. Additives induce a change in structure 
by changing the crystal habit of the dihydrate 
so that without a change in density strength is 
changed even in the dry state. 

An extreme example of reducing strength is 
the effect of citric acid, commonly used as a 
retarder. Used sparingly, less than 0.1%, it 
does have a retarding effect and lessens the 
strength only slightly. More, say, above 0.2%, 
changes the crystal habit of the dihydrate to 
such an extent that hardening of the gypsum is 
no longer possible because the crystals no 
longer interlock and intergrow [166]. 

Munar [167] has studied the morphology 
of natural and synthetic calcium sulfate dihy- 
drates with up-to-date techniques and the ef- 
fects of additives upon the crystal habit of the 
dihydrate. 


56.6.4.2  Prefabricated Gypsum 
Building Components 


Prefabricated gypsum building components 
are manufactured in large quantities: plaster- 
boards, partition panels, ceiling tiles, and fi- 
ber-reinforced boards. These are light, porous, 
dry, and nonbnittle products possessing excel- 
lent workability. B-Hemihydrate is the starting 
material for all these because it sets quickly 
and easily meets the building industry’s de- 
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mand for certain properties for the finished 
product. 
The plants for the manufacture of gypsum 


building components are usually built adja- 


cent to gypsum works. 

Gypsum plasterboards are large thin gyp- 
sum panels covered with cardboard; they have 
a density of 750-950 kg/m’. They аге manu- 
factured by feeding B-hemihydrate plaster into 
a continuous mixer from controlled feeding 
devices, mixing it continuously with water 
and additives, e.g., adhesives, to form a homo- 
geneous and rapidly setting slurry. This slurry 
is spread on a continuous sheet of cardboard 
about 0.5 mm thick (200-300 g/m?) The 
slurry is then covered with a second sheet of 
cardboard and passed over a molding platform 
to be shaped into a completely encased strip, 
1.20-1.25 m wide and 9.25, 12.5, 15.0, 18.0, 
or 25.0 mm thick. This strip of gypsum plas- 
terboard, initially soft, hardens within minutes 
and is cut into separate panels. These panels, 
with approximately one third of their weight 
being free water, are dried immediately in a 
continuous tunnel dryer heated either indi- 
rectly with steam or directly with gas or oil. 
The finished gypsum plasterboard, consisting 
of a gypsum core tightly encased and bonded 
to cardboard, is considered to be a laminated 
building material. 

Many different types of gypsum plaster- 
boards are manufactured, depending on their 
intended use. Distinctive features are size, 
edge configuration, weight, water resistance, 
structural behavior, and strength. Gypsum 
plasterboards with specific fire-resistant prop- 
erties incorporate fiberglass. The noncombus- 
tible gypsum lightweight board is a recent 
development, making use of a laminate of 
glass fiber mat with a lined-on glass silk scrim 
to replace the cardboard [168]. Modern plants 
for the manufacture of plasterboards have a 
capacity of about (20-40) x 10$ m? per year 
and an annual consumption of 150 000- 
300 000 t of hemihydrate plaster. 

Plasterboard is used in interior finishing, 
e.g, for wall and ceiling panelling. It is 
screwed to wooden or metal frames or pasted 
on masonry or concrete with special building 
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plaster (adhesive plaster, the German Zzsetz- 
gips). The joints are covered and finished with 
special paper and joint filler to form a smooth 
surface. Plasterboard can also be used for the 
construction of dismountable partitions and 
lightweight dividing walls having various 
characteristics (weight, sound proofing, fire 
resistance) in concrete or steel-framed build- 
ings as well as in prefabricated dwellings. 
Plasterboard undergoes further processing in 
factories into special-sized panels, coffers, or 
lightweight laminated panels with intermedi- 
ate layers of polystyrene or polyurethane, the 
last called insulating board. Multilayered plas- 
terboards are used for dry floorings and for the 
construction of lift shafts. Factory-made tiles 
with decorative surface finishes such as plastic 
sheet or special coats of paint or else an alumi- 
num foil to prevent water vapor transmission 
are available. 

Gypsum partition panels consist of set gyp- 
sum plaster. To produce them B-hemihydrate 
plaster is mixed with water (water-to-plaster 
ratio 0.9—1.0) and the slurry, which sets 
quickly, is poured into molds. After 5-8 min 
the panels are taken out of the molds and dried 
[169]. 

The standard size of gypsum partition pan- 
els is 500 x 666 mm, with a thickness of 60, 
70, 80, or 100 mm and a density of 700—900 
kg/m). They are used in interiors as light- 
weight dividing walls, the tongue and groove 
joints being bonded with joint plaster. The par- 
tition walls can be single or multilayered. 
Characteristic features are low weight, aver- 
age to good sound insulation, and excellent 
fire resistance. 

Gypsum ceiling tiles are produced by mix- 
ing B-hemihydrate, water, and small amounts 
of glass fiber and pouring the slurry into rub- 
ber molds. The molds allow for designs of in- 
dividual choice. 

Ceiling tiles are used as decorative tiles, 
ventilation tiles, heating tiles, or sound-proof- 
ing tiles with mineral wool bonded on the 
back. They are screwed to a base frame and 
fitted into the framework. They are normally 
625 x 625 mm in size and weigh between 10 
and 20 kg/m". 
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Gypsum fiber board and fiber-reinforced 
gypsum elements are, another group of gyp- 
sum building components manufactured from 
hemihydrate plaster and paper fibers, glass fi- 
bers, or another type of fiber material (170— 
174]. Glass fiber, as mat or web, can be incor- 
porated [175]. The proportion of fiber in these 
components, evenly distributed in the plaster, 
ranges up to 1596. These fiber boards have an 
apparent density between 800 and 1200 
kg/m’. 

Factories for the manufacture of gypsum 
partition panels and ceiling tiles have capaci- 
ties up to 1 000 000 m?/a, consuming about 
50 000 t/a of hemihydrate plaster, or else gyp- 
sum fiber boards up to 10 x 10° m?/a, consum- 
ing the same amount of hemihydrate. 


56.6.4.3 Gypsum Plaster 


Calcined gypsum is used for plastering. 
Best is multiphase plaster (Table 56.19) be- 
cause its phase composition results in quick 
initial setting and gradual final setting; 
smoothness, plasticity, and high coverage; sin- 
gle-coat application without additives or ag- 
gregates; rapid drying of the finished 
plasterwork; and suitable density and high 
strength. 

B-Hemihydrate plaster without additives is 
not suitable for plastering because the initial 
setting occurs too late and the final setting too 
early. Also its particle size distribution is not 
suitable for plaster. However, additives permit 
B-hemihydrate to be made into certain types of 
plastering material, known as retarded hemi- 
hydrate gypsum plaster and premixed light- 
weight gypsum plaster Because of 
inadequate setting properties, lack of smooth- 
ness, and insufficient coverage, a-plasters are 
not used in construction [65, 176]. 

Over the past twenty years considerable 
progress has been made in Germany towards 
development of a factory-made machine-ap- 
pled gypsum plaster Ordinary multiphase 
plaster is used as the starting material. Mixed 
with additives it is processed into a material 
that can be used for continuous machine appli- 
cation in single coats. The rate of setting and 
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the hardening process have been adjusted to 
suit the longer working cycle for material ap- 
plied over a large surface area. Too rapid water 
uptake 1s controlled by adding water-retaining 
hydrophilic colloids, e.g., methyl cellulose. In 
this way the soft plaster slurry remains plastic 
until the work has been completed, resulting in 
better bonding to the base. The uniformity of 
the properties and the homogeneity of these 
plasters are particularly good when they are 
manufactured in large plants. 

Such plants are equipped with high-capac- 
ity mixing and handling devices (Figure 
56.22) and can produce up to 400 000 t/a. At 
the construction site the dry plaster is fed con- 
tinuously into the plastering machine (e.g., 
Gipsomat) where it is mixed with water at a 
metered rate to form a slurry applied in a sin- 
gle coat to the base by means of a screw pump 
and hose. A smooth and even surface is ob- 
tained with an electrically powered felting tool 
(e.g., Power Float, Gipsoglatt). 
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Plastering machines operated inside build- 
ings are supplied with plaster directly from 
bins or containers installed just outside the 
building by pneumatic conveyor pumps 
through flexible hoses. Such a plastering ma- 
chine can be operated by one person. 


Premixed gypsum plasters (bonding plas- 
ter, lightweight plaster), factory-processed 
from B-hemihydrate plaster (or multiphase 
plaster) containing additives and aggregates, 
e.g., expanded perlite or vermiculite, are 
worked batchwise on site. The plasters are 
mixed with water and applied in one coat on 
all types of concrete and masonry. Premixed 
plasters already contain the necessary addi- 
tives to ensure good workability. Only water 
need be added by the plasterer, who can then 
apply the plaster, independent of the weather, 
without fear of making a mistake. The applica- 
tion properties of these plasters are listed in 
Table 56.21. 


Table 56.21: Application properties of projection plaster, bonding plaster, and premixed plaster [64]. Tests conform to 
German (DIN) standard 1168 [111]. 


Property 
Water: plaster ratio 
Initial setting, min 
Final setting, min 
Strength of set and hardened gypsum, N/mm? 
Flexural strength 
Compressive strength 
Apparent density of dry gypsum, kg/m? 
Coverage, m? per 100 kg of plaster 


In some countries, especially in Great Brit- 
ain, the two- or three-coat method of plaster- 
ing is still employed. The undercoat is 
browning plaster, a factory-processed hemihy- 
drate plaster containing a retarder, which is 
mixed with sand or expanded perlite either in 
the factory or on the building site. It takes sev- 
eral hours to set, i.e., far longer than premixed 
plaster. The next day a smooth finishing coat 
of plaster of Paris and hydrated white lime is 
applied. 


In France, Spain, some countries in North 
Afnca and the Near East, and to some extent 
in southwest Germany, especially in the Saar- 
land, pure multiphase plaster containing no 
additives (Paris construction plaster, southern 


Projection plaster Bonding plaster Lightweight plaster 
0.45—0.65 0.60—0.80 0.55-0.75 
60—120 40-90 40-90 
120-240 60-120 60—120 
1-2 1-2 1-2 
2.5-5 2.54 2.54 
1000-1200 850-1000 900-1100 
> 60 >120 > 110 


German Doppelbrandgips, Saarland mul- 
tiphase plaster) is used for single-coat and 
multicoat plasterwork. In countries with a dry 
climate, e.g., Iran, multiphase plaster is also 
used as mortar for brickwork and for external 
claddings. 


56.6.4.4 Other Uses 


Anhydrite capable of setting and a-hemi- 
hydrate plaster are extensively used as a 
binder for mining mortar and as a flooring 
plaster, uses where its brittleness is not a hand- 
icap [177]. 

Substantial amounts of natural anhydrite 
are consumed by the mining industry for the 
construction of roof supports for galleries and 
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ventilating air structures in coal mines. Dry 
mining anhydrite having a specified particle 
size distribution, e.g., 0-6 mm, and containing 
an accelerator is used in underground coal 
mines worked by the long-wall method. With 
the aid of large blowers the anhydrite is con- 
veyed pneumatically through hoses and wet- 
ted at the site of use before being sprayed in 
layers to form a barrier. The anhydrite barriers 
rapidly develop a high initial compressive 
strength of about 15 N/mm’, their strength ex- 
ceeding 40 N/mm? after 28 d. They serve to 
support the gallery and roofs in the roadways 
[178]. a-Hemihydrate plaster is also used as a 
binder for mining mortars [179]. 


Finely ground natural anhydrite, processed 
fluoroanhydrite and a-hemihydrate plaster, all 
capable of setting, are used as binders for self- 
levelling floor plasters. When uses for laying 
floor screeds, the cementitious material is first 
mixed with sand in the proportions of 2:5 and 
then batch-mixed with water in a pan mixer 
until it attains a stiff consistency. Piston 
pumps and hoses pump the mix to the different 
floors and rooms, where it is spread on the 
floors. More recently o-hemihydrate plaster, 
with or without additives, mixed with water to 
form a fluid slurry, has been used as machine- 
applied floor plaster (self-levelling floor plas- 
ter). Since calcium sulfate floor screeds do not 
shrink, they can be laid free of joints and, 
when properly done, free of cracks over a 
large surface area. 


Substantial quantities of natural gypsum, 
FGD gypsum, and anhydrite rock are used as a 
retarder for Portland and blast-furnace ce- 
ments. In compliance with German (DIN) 
standards, the maximum permissible calcium 
sulfate content of cement is 3% SO, for Port- 
land cement and 4% SO, for blast-furnace ce- 
ment [180]. Gypsum rock or FGD gypsum 
(briquettes) or anhydrite rock, or a mixture 
with a particle size range 5—50 mm, is directly 
added to the cement clinker before grinding. It 
is then present in the cement in a finely di- 
vided reactive form [181]. More than 5096 of 
the entire gypsum and anhydrite rock produc- 
tion is consumed by the cement industry. 
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In Russia a gypsum cement mortar is manu- 
factured by calcination of raw gypsum in com- 
bination with certain types of cement and 
active silica. Because of its water-resistant 
properties, this mortar is used for the produc- 
tion of prefabricated washrooms, occasion- 
ally also for exterior wall elements of 
prefabricated cottages. However, pure gypsum 
building components have not found wide- 
spread use externally because of the solubility 
of gypsum in water [66, 182, 183]. 

a-Hemihydrate is used as a high-strength 
molding material for roofing tile, cast metal, 
and dental materials [69]. Mixed with B-hemi- 
hydrate, a-hemihydrate is the favored mold- 
ing plaster — especially for ceramics — 
because its expansion on setting and the 
strength and absorbency of the final mold can 
be varied by varying ће о: В hemihydrate ra- 
tio [184]. Addition of high molecular mass 
compounds perhaps improves the stability of 
gypsum molds without adversely affecting the 
plaster. Molding plaster is used to make surgi- 
cal casts and orthopedic bandages. 

Calcium sulfate dihydrate is used as a soil 
stabilizer and to displace sodium in soils too 
high in sodium salts, e.g., those soils flooded 
by seawater. It also serves as a fertilizer in 
soils deficient in sulfur, especially in North 
America [185]. 

The classical Müller-Kühne process (gyp- 
sum-sulfuric acid-cement process) has once 
again become of interest for treating second- 
ary materials such as unrefined calcium sulfite 
and calcium sulfate from FGD or SAP spray 
absorption residues (OECD Amber List AB 
150) [106], gypsum wallboard or plasterboard 
fróm demolished buildings (OECD Green List 
GG 20) [106], or fly ash. Today in Wolfen, 
Germany, 100 000 t/a of cement is produced 
by the Müller-Kühne process [186]. 

Unrefined calcium sulfite and calcium sul- 
fate from FGD or SAP spray absorption resi- 
dues, together with fly ash and activating 
additives, can be converted to a stabilized 
back-filling material for landfills and mining 
cayerns [187]. 

i The Merseburg process for the manufacture 
of ammonium sulfate from natural gypsum or 
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phosphogypsum has never been important be- 
cause the demand for ammonium sulfate has 
always been met from the large quantities aris- 
ing as by-product in the chemical industry 
[188]. 

Anhydrite III is an effective drying agent 
(Drierite) in laboratories and in industry. 

Fillers made from FGD gypsum have been 
investigated thoroughly and their application 
in adhesives, paints and plastics gave good re- 
sults. In principle, it is possible to produce cal- 
cium sulfate fillers from FGD gypsum, but the 
economic situation compared to competitive 
fillers 1s unsatisfactory [189]. 


Also coating pigments produced from FGD 
gypsum for the paper industry have been de- 
veloped, showing new fields of application of 
FGD gypsum outside the construction indus- 
try [190]. 

Natural gypsum and anhydrite are insuffi- 
ciently pure and therefore not suitable for pro- 
ducing fillers and coating pigments. 

In the beverage industry, especially brewer- 
ies, pure natural gypsum is used to obtain and 
standardize the desired water hardness. 
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Processes for the manufacture of calcium 
sulfate whiskers, developed in the United 


States and Japan, have not yet become estab- 
lished [191]. 


Pure finely ground anhydrite has found a 
ready market in the glass industry as a substi- 
tute for sodium sulfate because of its low 
price. 


56.6.4.5 Properties of Gypsum 
Building Products Installed in Situ 


Gypsum building materials are suitable for 
the construction of non-load-bearing interior 
finishes in dry locations. Gypsum building 
components and prefabricated units are dried 
at the factory. Gypsum plasters dry after appli- 
cation, with ventilation within a few days. 
These plasters adhere to the base well [192, 
193]. Once gypsum building materials are suf- 
ficiently dry, i.e., moisture content < 2%, they 
can be decorated immediately with interior 
coatings, wallpaper, ceramic tiles, and other 
facings. The surfaces of gypsum building ma- 
terials are inert [194]. 


Table 56.22: Gypsum building materials and their properties. 





Plasterboard, Finished gypsum 
9.5 mm thick projection plaster 

Apparent density and porosity 
Density, kg/m 900 800-1200 
Pore volume, 96 60* 50-65 
Pore radius, ym = 99% > 0.05 = 99% > 0.05 
Climatic properties 
Heat conductivity A, Wm™'K7! (DIN 4108) 0.21 0.35 
Heat penetration coefficient b (equivalent) 

1j, h test, Js! "^m^? K 412 1200 

2-h test 489 1400 
Resistance to transmission of water vapor p (DIN 4108) 8 10 
Water vapor absorption coefficient a, m/h 

untreated surface 2.29 

rough fiber coated 2.98 2:5 

wallpapered 2.66 
Heat expansion and equilibrium moisture content 
Linear coefficient of thermal expansion о, K^! (13-20) x 10% 20x 10° 
Equilibrium moisture content at 20 °C and 65% relative humidity, 9o 0.6-1.0 0.3 
Modulus of elasticity, N/mm? 2000-2500 2800 





* Core. 
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Figure 56.28: Structure of set and hardened gypsum 
(scanning electron micrograph). The structure shown in 
the photograph of set hemihydrate plaster is typical of re- 
hydrated gypsum: the characteristic features are deter- 
mined by needle-like particles that interlock and 
intergrow and by the high degree of porosity (2000 x). 

Table 56.22 summarizes some of the most 
important properties of gypsum building prod- 
ucts installed in situ [64, 195]. Set and hard- 
ened gypsum has low density and high роге 
volume and thus has a low thermal conductiv- 
ity. The large pore size allows rapid absorption 
and desorption of water vapor, resulting in 
high breathing capacity. Gypsum walls and 
ceilings in living and working rooms feel 
warm to the touch; they do not sweat. Figure 
56.28 shows a scanning electron micrograph 
of the structure of set and hardened gypsum. 

Gypsum building materials have volume 
stability, only slight changes in size resulting 
from changes in temperature or moisture con- 
tent. Their equilibrium moisture content is be- 
low 1%; however, permanent wetting and 
continuous exposure to temperatures above 
60 °C change the crystal structure, and should 
be avoided. 

Gypsum building materials promote fire 
protection because of the combined water of 
the dihydrate, which, in case of fire, evapo- 
rates, not allowing the other surface of the 
gypsum to reach much above 100 °C. Plaster- 
board and fiber-reinforced gypsum boards re- 
tain their structural integrity during exposure 
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to fire because of the fibers in the material [63, 
196]. 


56.6.5 Material Testing and 
Chemical Analysis 


56.6.5.1 Standards 


Today there are international standards for 
gypsum products (ISO — International Stan- 
dards Organisation), European standards 
(CEN — Comité européen de coordination 
des normes), and national standards (e.g., 
DIN, Germany; AFNOR, France; B.S., United 
Kingdom; ASTM, United States; GOST, Rus- 
sia; J.LS., Japan). 

Eurogypsum, the Association of European 
Gypsum Industries, through its scientific and 
technical committee, constantly exchanges in- 
formation with the International Standards Or- 
ganisation [197] and RILEM, the International 
Union of Testing and Research Laboratories 
for Materials and Structures. The German 
standards for gypsum comprise material stan- 
dards [111, 198—201] and application stan- 
dards [202—215]. 

European standards (EN) for gypsum 
building materials are in preparation. Quality 
assurance systems and standards, in accor- 
dance with ISO 9000, are being introduced 
into the gypsum industry. 


56.6.5.2 Testing 


The German (DIN) standard methods of 
testing for gypsum building plasters comprise 
tests on particle size by sieving, initial set with 
a water: plaster ratio defined by the water ca- 
pacity of the plaster or the spread in a flow ta- 
ble test, flexural strength, compressive 
strength, and hardness. A test for bond 
strength, e.g., for bonding plaster to concrete, 
is also recommended. Gypsum partition pan- 
els and gypsum ceiling tiles are characterized 
by apparent density, dimensions, weight, and 
breaking load. Plasterboards are characterized 
by dimensions, weight, breaking load, and 
permanent deflection after specified loading 
and unloading. 
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A method for determining the Blaine spe- 
cific surface area 1s used for comparative test- 
ing [216]. A simple and inexpensive device 
for the determination of impact strength can 
be used for comparative and routine testing, 
especially for building components [217, 
218]. 

The ceramic industry, which itself has not 
yet established any guidelines for the testing 
of molding plaster, determines additional 
properties, such as setting and final expansion 
and water absorption coefficient. A standard- 
ized vacuum mixer is used to gauge the gyp- 
sum slurry and to remove air bubbles from the 
mixture [219]. 

Classification of gypsum building materials 
with regard to their behavior during fires is set 
out in DIN 4102. Gypsum building materials 
come within Class À, rated as noncombustible 
building materials. Materials with no combus- 
tible components (such as plaster, partition 
panels, and ceiling tiles) are classified as Class 
A1. Gypsum plasterboard is classed as Class 
A2. For materials classified under Class A2 
there are limits for smoke density and toxicity. 

Gypsum building materials and compo- 
nents that comply with DIN 4102 are ideal for 
structures ranging from fire-retardant to 
highly fire-resistant walls, partitions, ceilings, 
steel columns, and supporting beams. Test cer- 
tificates issued for built-in components are 
based on compliance with Classes F30, F60, 
F90, F120, and F180 — fire retardant to 
highly fire resistant. The figures 30—180 de- 
note the fire resistance rating (period of time 
in minutes) of the components for a given tem- 
perature-time curve. 


56.6.5.3 Chemical Analysis 


Conventional chemical analysis [57] is 
used in arbitrational analysis. Free water con- 
tent in raw gypsum, calcined gypsum, and set 
and hardened gypsum is determined by drying 
at 45°C. Combined water content is deter- 
mined by drying at 360 °C. 

Calcium sulfate in solution is qualitatively 
determined by precipitation of syngenite, 
CaSO,:K,S0,-H4O. 
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Today the following methods of analysis 
are used for routine quantitative testing in the 
laboratories of the gypsum industry: com- 
plexometric titration of calcium and magne- 
sium; flame photometry for sodium and 
potassium; and atomic absorption for sodium, 
potassium, magnesium, calcium, strontium 
iron, aluminum, and sulfate, the last indirectly, 
via barium [220]. The phosphates contained in 
phosphogypsums are determined spectropho- 
tometrically or gravimetrically with ammo- 
nium molybdate. Water-soluble, citrate- 
soluble, and total phosphates are distin- 
guished. Fluorine can be determined titrimet- 
rically. Organic substances can be determined 
by oxidation with potassium permanganate, 
Acidity is determined by titration with alkali 
using methyl orange or bromophenol blue, 
Calcium sulfite is determined via SO,; chlo- 
rine, by the Volhard method or with a chloride 
electrode. 


56.6.5.4 Phase Analysis 


Phase analysis differentiates between dihy- 
drate, hemihydrate, anhydrite Ш, and anhy- 
drite II, including its three reaction stages AII- 
s, АП-и, and АП-Е. This differentiation of cal- 
cined gypsum according to phases is not pos- 
sible by chemical analysis. 

Phase analysis can be carried out by x-ray 
diffraction, infrared spectroscopy, micros- 
copy, and calorimetry. However, it takes con- 
siderable experience to reach +5% accuracy 
[221]. The conventional method in any indus- 
trial laboratory is the gravimetric determina- 
tion utilizing the differing rates of hydration 
[55, 57, 222, 223]. 

The determination of dihydrate is not espe- 
cially accurate, particularly when small quan- 
tities (€ 596) are involved. In such cases, 
however, an exact determination is possible by 
differential thermal analysis [224, 225]. 

The determination of anhydrite II by expo- 
sure to moisture is a matter of definition. Thus 
the anhydrite hydrating within three days is 
designated as АП-5, anhydrite hydrated in 
seven days as AII-u, and anhydrite that after 
seven days remains nonhydrated is assigned to 
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the nonhydrated constituents and can be deter- 
mined by an additional measurement. (By the 
addition of a 1% aqueous potassium sulfate 
solution in place of distilled water the seven- 
day period can be reduced to a few hours 
[55].) The stages AII-s and AII-E can be dis- 
tinguished from each other by measurements 
of the pH value, which for AII-E is above 9, 
but is otherwise 6—7. 

Distinction between &- and B-hemihydrates 
is not possible by hydration methods. Today 
a-hemihydrate and B-hemihydrate are usually 
determined by microscopy, the quantitative 
proportions are simply estimated. 


56.6.6 Economic Aspects 


The estimated world consumption of natu- 
ral gypsum and natural anhydrite in the gyp- 
sum and cement industries was ca. 95 x 10° t/a 
in 1995. 

The cement industry, as the largest con- 
sumer of raw gypsum and raw anhydrite, used 
ca. 55 x 106 t/a for a world cement production 
of 1400 x 10$ t in 1995. 

The gypsum industry uses ca. 40 x 10° t/a 
natural gypsum and anhydrite and ca. 5 x 10° 
t/a FGD gypsum. Less than 2 x 10° t/a of phos- 
phogypsum is used, mainly in Japan, Korea, 
and Europe. Titanogypsum and fluoroanhy- 
drite consumption is less than 1 Mio t/a world- 
wide. 

The most important gypsum building mate- 
rials are gypsum plasterboards with a per cap- 
ita consumption of 8 m7/a in the United States; 
6 m7/a in Japan; and 2 т>/а in the EU, with the 
highest consumption in France and Great Brit- 
ain (ca. 3 m*/a), and the lowest in Spain and 
Portugal (0.35 m*/a). Machine-applied plaster 
is important in Central Europe, and mul- 
tiphase plaster in Spain, Italy, North Africa, 
and the Near East. 

Since 1985 the demand for calcium sulfate 
has increased at an average annual rate of 596 
in Asia, 3% in Western Europe, and 1% in 
North America [226]. 

The gypsum and cement industries will re- 
main the prime consumers In only a few 
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countries, perhaps China and the countries in 
Eastern Europe, the states around the Persian 
Gulf, and some rapidly developing areas in the 
Far East, is gypsum consumption expected to 
rise in response to increased building activi- 
ties. 


56.7 Calcium Chloride 


Calcium chloride is found in small quanti- 
ties, along with other salts, in seawater and in 
many mineral springs. It is found in higher 
concentrations in natural brines in California 
and Michigan (USA), in the mineral antarctic- 
ite, CaCl,-6H.O; in the yellow colored min- 
eral tachhydrite (from the Greek word 
meaning easily soluble), 2MgCl,-CaCl,- 
12H,O; and in the mineral chlorocalcite, 
KCaCl,. Calcium chloride is reportedly also 
contained in small amounts in the mineral car- 
nallite, KMgCl, [227—230]. 


Calcium chloride appears to have been dis- 
covered as early as the 15th century but appar- 
ently received little attention or study until the 
latter part of the 18th century. All of the work 
was done with laboratory prepared samples 
because it was not commercially produced un- 
til after the development of the Solvay ammo- 
nia-soda process in the mid-1800s. This 


. process was originally designed to produce 


soda ash (crude sodium carbonate). Calcium 
chloride was considered a waste product until 
uses for it were developed some years later. Its 
importance has grown continuously to the ex- 
tent that it is now invaluable for various uses, 
including ice and dust control, oil well drill- 
ing, refrigeration, coal thawing, and food pro- 
cessing. Natural brines now account for as 
much as 70-75% of United States calcium 
chloride production [231, 232]. 


56.7.1 Physical Properties 


Calcium chloride, CaCl,, is a white, odor- 
less, extremely water soluble salt that forms 
hydrates with properties as indicated in Table 
56.23. 
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Table 56.23: Properties of pure calcium chloride, anhydrous and hydrates (Courtesy Allied Corp.). 


Property CaCl, 
CaCl, % 100.00 
mp, °C 772 
bp, °C 1670 
p (25 °C), g/cm? 2.22 
Heat of formation (18 °С), kJ/kg —7190 
Heat of fusion, kJ/kg 256 (772 °C) 
Heat of hydration (anhydrous salt), kJ/kg — 
Heat of solution? (hydrate, 291 °C), kJ/kg —680 
Specific heat (hydrate), JK"!kg 670 





CaCl-H,O CaCl,-2H,O CaCl:4H,0 CaCl,-6H,0 


86.03 75.49 60.63 50.66 
260 176 45 30 
2.24 1.85 1.83 1.72 

-8160 ~9490 -10 980 -11 911 

=í — — 170 (30 °С) 

—240 -295 600 ~840 
-380 -290 -50 +80 
840 1170 1340 1420 





*One mol solute in 400 mol of water, except monohydrate, which is in 300 mol. 


Table 56.24: Data for Figure 56.29 (Courtesy Allied Corp.). 





ў Liquid phase Solid phase 
% CaCl, Temperature, °C ` da 
Aus Saturation А d Р F contains % CaCl, Solid phases transition at 
LET atand f fi t %CaCl, ° 
rom to below om to rom с о CaCl, C 

A ice 0 29.8 0 —55 0 29.8 ice 

B 0 50.7 —55 попе ice 29.8 —55 
CaCl,-6H,O 

C CaCl,-6H,O 29.8 50.7 -55 429.8 29.8 50.3 CaCl,-6H,O 

D 50.7 60.6 129.8 none CaCl,-6H,O 
CaCl,-4H,0 

E CaCi,-4H,O 50.3 60.6 +29.8 45.3 50.3 56.6 CaCl,-4H,0 

F 60.6 75.5 45.3 none CaCl,-4H,O 56.6 45.3 
CaCl,-2H,O 

С CaCl,-2H,O 56.6 75.5 45.3 175.5 56.6 749 CaCl,-2H,O 

H 75.5 86.0 175.5 none CaCL:2H.O 74.9 175.5 
Cal, HO 

І CaCl,-H,0 749 86.0 175.5 260.0 74.9 86.0 CaCl,-H,O 

J Area above saturation curve unsaturated solutions none 


Calcium chloride is highly soluble in water 
over a wide temperature range, with maxi- 
mum solubility of approximately 75% at tem- 
peratures above 175°C. Although calcium 
chloride dissolves readily in water to form 
highly concentrated solutions, due account 
must be taken of the temperature at which 
solid hydrates precipitate from these solutions. 
A detailed diagram of the solid and liquid 
phases, showing temperatures and concentra- 
tions of calcium chloride and water, is given in 
Figure 56.29. The solubility data in this dia- 
gram were obtained with pure calcium chlo- 
ride. The saturation curve and the freezing 
points of solutions of commercial calcium 
chloride up to a concentration of 29.8% CaCl, 
are practically the same as for pure solutions, 
above 29.8% CaCl, the curve follows the 


same general pattern (and direction) but falis 
slightly to the left of the curve for pure cal- 
cium chloride. The difference in the curves is 
small between 29.8% and 50% CaCl, but in- 
creases somewhat at higher concentrations. 


The effect of a small percentage of sodium 
chloride and other minor impurities is to raise 
the saturation temperature slightly for any 
given concentration of calcium chloride. 
Thus, a 40% CaCl, solution becomes satu- 
rated when cooled to ca. 13 °C, whereas a pure 
40% CaCl, solution is saturated at ca. 12 °C. 


Calcium chloride forms solutions with high 
densities. This property is commonly used to 
determine the strength of calcium chloride 
brines. Density data for commercial calcium 
chloride solutions are presented in Table 
56.25. 
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Figure 56.29: Solubility of pure calcium chloride in wa- 
ter-freezing point diagram (Courtesy Allied Corp.). Data 
for areas A-J given in Table 56.24. 


Table 56.25: Densities and crystallizing temperatures of 
commercial calcium chloride solutions (Courtesy Allied 
Corp.). R 








сос, :% p (15.5 °С), віст? acu е 
0 0.999 0 
2 1.017 -09 
4 1.033 -19 
6 1.051 -29 
8 1.068 41 
10 1.086 ES 
12 1.104 -7.1 
14 1.124 -9.2 
16 1.144 -11.6 
18 1.164 145 
20 1.185 180 
25 1.238 294 
30 1.294 46.0 
35 1.349 -9.8 
40 1.409 +133 





Calcium chloride is extremely hygroscopic 
and deliquescent when the vapor pressure of 
the air equals or exceeds that of the saturated 
solution at the prevailing temperature. Data on 
calcium chloride solutions in equilibrium with 
air at various temperatures and relative humid- 
ities are presented in Figure 56.30. 
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Figure 56.30: Vapor pressure of calcium chloride solu- 
tions (Courtesy Allied Corp.). 


Freshly prepared solutions of commercial 
calcium chloride are somewhat alkaline due to 
the presence of a small amount of lime (CaO). 
Although these solutions may exhibit a rela- 
tively high pH (pH x 10.3), they have little 
acid-neutralizing value because of the small 
percentage of lime present. 


Calcium chloride solutions exposed to air 
gradually absorb carbon dioxide to form cal- 
cium carbonate from the lime, thus reducing 
Se pH of freshly prepared solutions [231, 

3]. 


56.7.2 Chemical Properties 


Calcium chloride is a source of soluble in- 
organic calcium and reacts with carbonates, 
fluorides, and sulfates to form insoluble or 
moderately soluble salts. Calcium chloride 
forms water soluble compounds with ammo- 
nia, e.g., CaCl,-8NH,, and with alcohol, e.g., 
CaCl,: C;H;OH. Calcium chloride reacts with 
sodium tungstate, Na,WO,, to form calcium 
tungstate, CaWO,, also known as synthetic 
scheelite [233-237]. 
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Table 56.26: Calcium chloride standards. 
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ASTM? D 98-80 ААЅНТО? М 144-78 Food Chemicals Codex* 

77% 90% 94% 7196 9496 77% 94% 
Calcium chloride, % min. 77 90 94 77 94 74.7 to 80.8 93 
Total alkali chlorides, % max. as NaCl 6.8 8 8 2 5 — — 
Magnesium, % max. as MgCl, 0.43 0.5 0.5 0.5 0.5 — == 
Magnesium and alkali salts, % max. — — — — — 4 5 
Other impurities excluding water, 96 max. 0.85 1 1 1 1 — — 
Arsenic, ppm max. as As — — — — — 3 3 
Fluoride, % max. as F — 0.004 0.004 
Heavy metals, % max. as Pb — — — — — 0.02 0.02 
Lead. ppm max. as Pb — — — — — 10 10 





* American Society of Testing Materials specification is based on 90.5% calcium chloride; for comparison, the values shown have been ad- 


justed and are on an “as received” basis. 


American Association of State Highway & Transportation Officials. 


*Food Chemicals Codex actually specifies a range of 99-107% for calcium chloride dihydrate assay; for comparison, this range has been 


converted to actual calcium chloride content. 


56.7.3 Production 


Calcium chlonde is produced in commer- 
cial quantities by several processes: (1) refin- 
ing of natural brines, (2) the reaction of 
calcium hydroxide with ammonium chloride 
in Solvay (synthetic) soda ash production, and 
(3) the reaction of hydrochloric acid with cal- 
cium carbonate. The refining of natural brines 
and calcium chloride recovered from synthetic 
soda ash production together account for over 
90% of calcium chloride production [232]. 

Natural brines in California and Michigan 
contain a mixture of chloride salts of calcium, 
magnesium, and sodium. Magnesium is re- 
moved by precipitating magnesium hydrox- 
ide, Mg(OH), with lime. The solution 
remaining after filtration is concentrated. So- 
dium chloride precipitates because it is only 
slightly soluble in calcium chloride solutions. 

In the ammonia—soda (Solvay) process, 
ammonia serves as a catalyst for the reaction 
of sodium chloride with calcium carbonate. 
Although this process is actually quite compli- 
cated, it can be summarized as follows: 


NH, 
QNaCl+CaCO, — Ма,СО, + CaCl, 


The calcium chloride solutions produced 
by the purification of natural brines and by the 
Solvay process are relatively dilute. Part of the 
solution is concentrated by evaporation to 30— 
45% calcium chloride and marketed as such. 


An additional part is concentrated to ca. 7596 
solids, corresponding to calcium chloride di- 
hydrate, CaCl,-2H,O. This material is flaked 
and dried to the commercial calcium chloride 
dihydrate (77-82% CaCl,) and anhydrous 
(94-97% CaCl,) products [238—240]. Anhy- 
drous pellets can be produced by substituting 
an agglomeration procedure in place of the 
flaker [241, 242]. 


56.7.4 Environmental Protection 


Calcium chloride is not generally consid- 
ered harmful to the environment. However, as 
with any chemical, calcium chloride spills 
should be promptly contained and disposed of 
in accordance with local ordinances. 

The taste threshold of calcium chloride in 
potable water is reported as, 150—350 ppm. 
However, depending on the calcium hardness 
of the water, even concentrations as low as 50 
ppm can be objectionable [243]. 

In high concentrations (> 1000 ppm), cal- 
cium chloride retards plant growth and can 
damage foliage. Because calcium is a nutrient 
for plants, these effects are most likely caused 
by accumulation of the chloride ion in the 
plant tissue. High chloride concentrations are 
seldom found in U.S. water supplies, even in 
areas of high salt usage for dust and ice control 
[243-245]. 

Calcium chloride concentrations of 10 000 
to 20 000 ppm in water have been shown to be 
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hazardous to animals and fish because of dif- 
ferences in osmotic pressure. The effects vary 
from reduced growth rate and impaired repro- 
duction to death. Such high concentrations are 
readily detected by the presence of an unpleas- 
ant saline taste. In general, the environmental 
effects of calcium chloride are quite similar to 
those of rock salt (sodium chloride) [243, 
246]. 


56.7.5 Quality Specifications 


The major uses of calcium chloride (ice and 
dust control) do not require high chemical pu- 
rity. However, the calcium chloride must be 
free of materials that are harmful to the envi- 
ronment. Commercial calcium chloride from 
the three main processes contains low levels 
of heavy metals and organic compounds and is 
relatively innocuous. 


The current standards established by vari- 
ous organizations are perhaps the best indica- 
tion of calcium chloride quality (Table 56.26) 
[247—249]. : 

Total alkali chlorides are generally the im- 
purities of concem to calcium chloride pro- 
ducers. These impurities, essentially sodium 
chloride with smaller amounts of potassium 
chloride, are known to be harmful when in- 
cluded in cement. Because calcium chloride is 
utilized in cement, its total alkali chlorides 
content must be kept at a reasonable level. 


In general, commercial calcium chloride 
meets the requirements of the Food Chemicals 
Codex. However, food-grade calcium chloride 
is not currently available from the major pro- 
ducers and is marketed regionally by compa- 
nies that generally refine the commercial 
material. Because of the high quality of com- 
mercial calcium chloride, the FDA has 
granted variances covering some commercial 
grades of calcium chloride for use in vegetable 
brining and apple dipping. However, direct ad- 
dition of commercial grades of calcium chlo- 
ride to foods, such as cheese, continues to 
require food-grade material. 
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56.7.6 Chemical Analysis 


Routine analytical tests performed on cal- 
cium chloride include: assay, total alkali chlo- 
rides, percent sodium chloride, percent 


potassium chloride, and various granulation 


tests [250—253]. 


The concentration of calcium chloride is 
most easily determined by an ethylenedi- 
aminetetraacetic acid (EDTA) titration. This 
procedure determines total calcium, which is 
expressed as calcium chloride. In the determi- 
nation of total alkali chlorides, sodium chlo- 
ride, and potassium chloride, atomic 
absorption spectroscopy is most widely used. 
Sodium and potassium are determined indi- 
vidually, and these results are combined and 
expressed as total alkali chlorides. 


56.7.7 Storage and Transportation 


Calcium chloride is not classified as a haz- 
ardous material by the DOT and is, therefore, 
not subject to specific handling regulations 
[254]. The various modes of transportation in- 
clude: bulk rail cars (30—90 t), bulk trucks (up 
to 20 t), box rail cars, and van and flat-bed 
trailers. Depending on whether the shipments 
are in liquid or dry form, there are several vari- 
ations to the above general classifications. 


Dry bulk calcium chloride can be stored in 
bins fabricated from most construction-grade 
steel materials. Care should be taken to mini- 
mize moisture. Venting should be limited to 
times of filling and discharging calcium chlo- 
ride from the storage bin. Liquid calcium chlo- 
ride can be stored in either horizontal or 
vertical cylindrical tanks constructed of steel. 
Fiberglass and plastic may also be used within 
limits of strength and temperature. 


Because calcium chioride is hygroscopic, 
the common safety precautions involved in the 
handling of chemicals should be observed: 
wearing gloves, boots, long-sleeve shirts, and 
safety glasses, and if dry products are being 
handled, dust protection must be insured. 
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56.7.8 Uses 


Calcium chloride’s versatility is related to 
its unique combination of physical properties: 
moisture attraction and retention, high solubil- 
ity, high heat of solution, and freezing point 
depression of solutions. Calcium chloride is 
most widely known for its deicing and dust- 
controlling abilities. 


The largest market for calcium chloride 
(30% of total production) is for deicing of 
roads, sidewalks, and parking lots (Table 
56.27). Calcium chloride melts ice at tempera- 
tures as low as —51 °C (—60 °F). Because it lib- 
erates heat when exposed to moisture, ice is 
melted quickly, usually within 15—30 min of 
application. Calcium chloride is also used in 
conjunction with rock salt (sodium chloride) 
to enhance and sustain the effectiveness of the 
rock salt. 


Table 56.27: Calcium chloride end uses in the United 
States. 








Deicing 30 
Dust control, road stabilization 25 
Industrial (refrigerant, coal thawing, etc.) 15 
Oil and gas drilling fluids 10 
Concrete 5 
Tire ballast 4 
Miscellaneous 11 


Dust control accounts for ca. 25% of cal- 
cium chloride production. Its hygroscopic and 
deliquescent properties make it ideal for this 
use. Calcium chloride absorbs moisture from 
the air and forms a solution that acts to coat 
dust particles and bind them together, greatly 
reducing dusting. Calcium chloride solutions 
are slow to evaporate because of their low va- 
por pressure and are, therefore, useful in the 
compaction of road surfaces. 


Calcium chloride is used in the cement and 
concrete industries. Addition of 1-2% cal- 
cium chloride accelerates the setting time of 
concrete, resulting in earlier strength develop- 
ment. Calcium chloride should not be consid- 
ered as an antifreeze in concreting; however, 
the addition of calcium chloride to concrete 
mixes poured at temperatures below 21 °С 
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(70 °F) largely offsets the retarding effects of 
the lower temperatures [255]. 


Calcium chloride solutions, because of 
their low freezing points, are used extensively 
as heat-transfer media in food processing. Cal- 
cium chloride brine greatly increases the heat- 
transfer rate compared to chilled air or to a so- 
dium chloride brine. Contact time between the 
brine and the various food molds is decreased, 
resulting in higher production rates [256]. 


Calcium chloride is also used in the food 
industry to increase the firmness of fruits and 
vegetables and to prevent spoilage during pro- 
cessing. 


In the petroleum and petrochemical indus- 
tries calcium chloride is used as a desiccant 
for hydrocarbons. It is also used in drilling flu- 
ids, packer fluids, completion fluids, and 
workover fluids in oil well drilling. 


Other uses for calcium chloride include: 


humectant 

lowers gel temperature 
Animal feed supplement source of calcium 
Tractor tire weight 


Adhesives 


lowers freezing temperature of 
water 

improves traction by increasing 
tire weight 

Highway shoulderand retains moisture which im- 
base stabilization proves compaction of soils 


Freezeproofing of coal lowers freezing point of resid- 
ual water 


Paper manufacture increases web strength of cor- 
rugated media 
Rubber manufacture coagulates latex emulsions 
Steel and pig iron manu- eliminates alkalies that attack 
facture furnace refractory 
Wastewater treatment precipitates fluorides 
breaks oil emulsions 
densifies floc 





Table 56.28: World calcium chloride production from the 
Solvay process (1979). 





Continent Production (100% basis), 10°t 
Europe? 15 480 
Asia 3 390 
North America 1460 
Australia 290 
South America 210 
Africa 10 
Total 20 840 





"Includes the USSR. 
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Table 56.29: United States calcium chloride producers 
(1983). 








Producer Capacity (100% basis), 10° t 
Allied 263 
Dow 900 
Hill Brothers 4 
Leslie Salt А 27 
National Chloride 13 
Occidental 6 
Reichhold 6 
Texas United 32 
Wilkinson Salt 15 
Total 1266 





56.7.9 Economic Aspects 


The majority of the world’s calcium chlo- 
ride is a by-product from synthetic (Solvay) 
soda ash production. About 1 t of calcium 
chloride (anhydrous basis) is produced with 
each ton of synthetic soda ash. Synthetic soda 
ash production worldwide was ca. 20.8 x 10°t 
(1979), and a similar quantity of calcium chlo- 
ride was also produced. However, most of this 
material is produced as а 5-10% waste solu- 
tion and is simply discarded. World produc- 
tion of calcium chloride (waste and refined) 
from the Solvay process is shown by continent 
in Table 56.28 [257]. 

In the United States, synthetic soda ash has 
been largely replaced by natural material from 
Sweetwater County, Wyoming. As a result, 
natural brines now account for ca: 7096 of the 
U.S. calcium chloride production. The major 
calcium chloride producers and their capaci- 
ties are shown in Table 56.29. 

Because of the widespread use of calcium 
chloride in deicing and dust control, demand 
for this chemical is erratic (demand, 100% ba- 
sis, 1000 t): 

Year 1975 1979 1980 1981 1982 
Demand 550 690 550 670 590 


Demand is expected to grow at a rate of 3% 
per year through 1986 [232, 258]. 


56.7.10 Toxicology and 
Occupational Health 


Calcium chloride is not generally consid- 
ered toxic; however, prolonged exposure may 
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be detrimental to health. Contact with skin 
may cause irritation. Calcium chloride can ir- 
ritate or burn eyes. Inhalation of product dust 
may irritate nose, throat, or lungs. Ingestion 
could irritate the mouth, esophagus, or stom- 
ach. In rats calcium chloride has an acute oral 
LD; of 1 g/kg. No TLV or MAK has been es- 
tablished for calcium chloride in air [259]. 


56.8 Calcium Cyanamide 


Calcium cyanamide was probably first ob- 
tained in the laboratory in 1877 by heating cal- 
cium carbamate to red heat [268]. In 1889 it 
was prepared in larger quantities by heating 
thoroughly mixed, finely pulverized urea and 
calcium oxide [269]. A commercial process 
for the nitrogenation of calcium carbide, the 
Frank-Caro process, was patented in Ger- 
many in 1895 [270]. A calcium cyanamide 
plant using a batch oven furnace was erected 
at Piano d'Orta, Italy, in 1905. At about the 
same time, the Polzeniusz-Krauss channel 
furnace was put into service. By 1910, plants 
were established in Germany (Bayerische 
Kalkstickstoffwerke; АС г  Stickst- 
offdünger), France, Japan, Sweden, Switzer- 
land, and the United States (Amer. 
Cyanamid). 

Calcium cyanamide, CaNCsN, is the neu- 
tral salt of cyanamide, NH,CN; it is also 
known as lime nitrogen, nitrolime, and kalk- 
stickstoff. 

Industrial-grade calcium cyanamide con- 
tains, in addition to CaCN,, ca. 20% CaO and 
10-12% free carbon, which gives the product 
its, gray-black color. It also contains a small 
amount of nitrides formed from silica and alu- 
mina. The total nitrogen content varies from 
22 to 25%, depending on the raw materials 
used. Of the total nitrogen, 92-95% is present 
as cyanamide and 0.1-0.4% as dicyandia- 
mide; the remainder is present as nitrides. 


56.8.1 Physical Properties [270] 


Pure calcium cyanamide is a colorless hy- 
groscopic salt, which forms rhombohedral 
crystals. In a nitrogen atmosphere, it melts 
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with decomposition at 1300 °C. Other physi- 
cal properties are given below. 


Density at 25 °C 2.36 g/cm? 
Heat of fusion 54 kJ/kg 
Specific heat, 20—100 °C 909 J/kg 
Enthalpy of formation A —348 kJ/mol 
Free energy of formation Ab ` —303 kJ/mol 
Normal entropy S 87.1 Jmol K? 


56.8.2 Chemical Properties [271] 


Calcium cyanamide decomposes above 
1000 °C in a way that depends on the tempera- 
ture, the partial pressure of nitrogen, and im- 
purities present. The principal decomposition 
products formed by heating under vacuum or 
in an inert gas are calcium carbide, calcium 
metal, and nitrogen: 


2CaCN, > CaC, + Cat 2N, 


Decomposition at higher nitrogen pressure 
gives primarily cyanide products. Calcium ni- 
tride and carbon are always formed. 

Calcium cyanamide reacts with oxygen and 
carbon dioxide, starting at ca. 475 °С, with 
formation of nitrogen and calcium carbonate, 
calcium oxide forms above 850—900 °C. Car- 
bon present as an impurity cannot be removed 
by oxidation, which attacks calcium cyana- 
mide preferentially. 

Carbon monoxide and calcium cyanamide 
react above 1000 °C to form CaO and calcium 
carbide. 

The reactions of calcium cyanamide in 
aqueous solution are determined primarily by 
temperature and pH [272]. At room tempera- 
ture, monocalcium cyanamide, Ca(HCN;) 
forms; when heated at pH 9-10, this is con- 
verted to calcium hydroxide and dicyandia- 
mide, (NH,),CNCN. Below 40 °C, cyanamide 
is obtained at pH 6-8; lime is precipitated with 
carbon dioxide. 

Urea forms in the presence of acid and cata- 
lysts, thiourea in the presence of sulfides. 

At 200 ?C under pressure, calcium cyana- 
mide is hydrolyzed to ammonia and calcium 
carbonate in an alkaline medium. The reaction 
was employed to produce ammonia early in 
this century. 
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56.8.3 Production 


56.8.3.1 Overall Process 


Calcium cyanamide is manufactured in 
three steps. First, lime is made by heating 
high-grade limestone: 


^ 
CaCO, > СаО + CO, 


Second, calcium carbide is synthesized from 
lime and coke or coal in an electric furnace: 


A 
ЗС + СаО > CaC, +CO 


A smothered electric arc is used to melt the 
lime and effect the reaction with the coke. 

Third, calcium cyanamide is synthesized 
from calcium carbide and nitrogen. This reac- 
tion is exothermic but requires heating of a 
portion of the reaction mixture to the initiation 
temperature of 900-1000 °C: 


A 
CaC, +N, — CaCN, +C 


The heat source is then removed [272]. The re- 
action continues by controlled addition of ni- 
trogen; it produces 286.6 kJ/mol at 1100 °C 
and 295 kJ/mol at 0 °C. 


Mechanism. It is believed that calcium cyana- 
mide is formed through a number of interme- 
diates, such as Ca(CN),, CaC;N,, Cat, and 
Ca N, [273-275]. However, in the nitrogena- 
tion of calcium carbide, the main products are 
calcium cyanamide and carbon. Above 
1000 °C, cyanide also forms and is in equilib- 
rium with cyanamide and carbon: 


CaCN,*C = Ca(CN), АН, = 163 kJ/mol 


This reaction is endothermic, whereas the ni- 
trogenation is exothermic. 

Above 1160 °С, the system CaCN/C/ 
Ca(CN), melts, with over 60% cyanamide 
present at equilibrium. 

Small amounts of cyanide present at the 
usual reaction temperatures of 1000-1100 °C 
are rapidly converted to calcium cyanamide 
by slow cooling; the cooled product is practi- 
cally free of cyanide. 
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When the cyanide-containing melt is 
cooled in the presence of alkali-metal com- 
pounds, complete conversion to cyanamide 
does not take place. This is the basis of the fu- 
sion cyanide process, which is still used at the 
present time. Commercially, cyanide (ca. 5096 
NaCN equivalent) is prepared by melting and 
cooling a mixture of calcium cyanamide and 
sodium chloride [276]; the product is used 
mainly for precious metal extraction. 


Nitrogenation ` By-products. Technical- 
grade calcium carbide contains impurities 
that, during nitrogenation, lower the yield of 
desired product. This is due to the fact that sil- 
ica and alumina, which are only partially re- 
duced in the carbide furnace, are present in the 
carbide raw materials. In the nitrogenation, 
AL, and SiO, react with CaCN, to form ni- 
trides. 


3CaCN, + ALO; э 3CaO + AIN + 3C +2N, 
9CaCN, +3510, > 6CaO + Ca,N, + SiN; + 9C +6N, 


Industrial-grade calcium carbide also con- 
tains calcium hydroxide, Са(ОН)., and cal- 
cium carbonate, CaCO,. On heating, water 
and carbon dioxide are liberated: reaction with 
carbide gives acetylene. As a result, hydrogen, 
formed by decomposition of acetylene, is al- 
ways found in the exhaust gas of the nitroge- 
nation furnaces. 

These side reactions and the inadvertent in- 
troduction of some oxygen during the nitroge- 
nation reduce the overall yield by ca. 10%. 
The purest possible raw materials give the 
most favorable results economically. 


Catalysts. Various catalysts that act as fluxes 
are used to accelerate the reaction or lower the 
required temperature. The most commonly 
used are calcium chloride and calcium fluo- 
ride. Their function is not completely clear, 
but they may provide a liquid phase in which 
the reaction can occur. The product is in the 
form of a well-sintered pig, indicating the 
presence of a liquid phase at some stage of the 
reaction. 


Rate studies have shown that calcium fluo- 
ride reduces the temperature of optimum reac- 
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tivity and increases the reaction rate 4.5 times 
at 1000 °C [277]. 


Reaction Kinetics. The conversion rate de- 
pends on temperature, partial nitrogen pres- 
sure, carbide purity, and additives present. The 
crystallite size also plays a part. High-grade 
carbide with a coarse crystal structure reacts 
more slowly than fine material of a lower 
grade. As indicated above, metal halides ac- 
celerate the reaction. | 

In the nitrogenation of calcium carbide, the 
reaction proceeds inward from the grain sur- 
face. The rate of nitrogen transport through the 
porous layer is a determining factor at lower 
temperature, whereas the chemical reaction at 
the boundary layer governs at higher tempera- 
ture and in the presence of additives. The de- 
pendence of the rate constants on temperature, 
additives, and nitrogen pressure has been re- 
ported [278]. Figure 56.31 shows the effect of 
nitrogen pressure. 
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Figure 56.31: Rate of calcium carbide nitrogenation as a 
function of nitrogen pressure [278]. Powdered CaC, 
(67%) containing 1.2% CaF, used. 


56.8.3.2 Manufacture 


"Both batch and continuous processes have 
been used to prepare calcium cyanamide 
[287]. The more important processes include 
the Frank-Caro batch furnace process, the 
Polzeniusz-Krauss channel furnace process, 
the Trostberg rotary furnace process, and the 
Fujiyama shaft furnace process. Other pro- 
cesses have been explored, but have not 
achieved comparable importance. 

In these processes, the exothermal reaction 
between carbide and nitrogen takes place be- 
tween 1000 and 1150 °C. In the continuous ro- 
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tary furnace process, the reactants, except at 
the beginning, are heated exclusively by the 
heat of reaction, whereas the batch furnace 
process requires ignition for each batch. 


All processes use finely ground high-grade 
calcium carbide and control of the reaction 
temperature by the addition of lime nitrogen 
(crude calcium cyanamide). This dilution of 
the carbide prevents a temperature rise that 
would decompose the cyanamide and pro- 
motes homogeneity and nitrogen diffusion. 
This type of temperature control is of particu- 
lar importance in the Trostberg rotary furnace 
process to prevent caking on the furnace wall. 


Frank—Caro Batch Oven Process [277]. The 
batch oven process is widely used in North 
America. It employs a batch reactor filled with 
ground calcium carbide. After an initial igni- 
tion, the reaction proceeds spontaneously. 
Large stationary furnaces with and without 
basket inserts have been used in several varia- 
tions. A basket insert with a capacity up to 101 
is filled with ground carbide and inserted into 
` a steel furnace equipped with nitrogen inlets 
and a current supply. Graphite heating rods 
(up to 3.5 m long) are inserted into the carbide, 
and contact is established with the cover and 
grounded furnace shell. Before application of 
the electrical charge, nitrogen is introduced 
through inlets in the lower part of the furnace 
shell. When the walls of the channels glow af- 
ter being heated for 3—4 h, the current is turned 
off and the reaction 1s allowed to go to com- 
pletion. After being initiated, the exothermic 
reaction is self-sustaining. 

During the reaction, the contents sinter to a 
block or pig. In an 8—10-t furnace, the reaction 
is completed and the mixture partially cooled 
in ca. 70 h. Although calcium cyanamide is 
white, the pig is black because of graphite 
formed during the reaction. It contains ca. 
70% calcium cyanamide, 10% free lime, 12% 
graphite, and 0.5% unreacted carbide. The pig 
is broken into pieces and milled. 

Furnaces and Electrodes. The batch oven 
furnaces used in North America by Amer. Cy- 
anamid are cylindrical, firebrick-lined steel 
shells (Figure 56.32). The firebrick floor of 
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the furnace (20 cm is adequate) is covered 
with carbon blocks cemented with pitch. This 
refractory material withstands the high tem- 
perature and alkalinity of the molten lime. The 
sides of the furnaces are not subjected to vig- 
orous conditions because they are insulated by 
a mass of charge and product. The external di- 
mensions of a typical large furnace are 12.5 x 
13.8 m at the top, 8.8 x 3.3 m at the bottom, 
and a height of 5.5 m [277]. 





Figure 56.32: Self-heating nitrogenation oven: a) Insula- 
tor; b) Graphite contact; c) Steel cover; d) Diatomaceous 
earth; e) Sand seal; f) Graphite rod; g) Firebrick; h) Paper 
lining; i) Steel shell; j) Nitrogen inlets and outlets; k) Sand 
tray; 1) Graphite ground contact; m) Ground lead. 


A number of electrode systems have been 
used in batch furnaces. In one system the elec- 
trodes are equipped with one to three compos- 
ite rectangular rods made of electrolytic-grade 
carbon held in a line to give a composite cross- 
section of 510 x 280 cm when all are used. 
Another system uses sliding contacts, permit- 
ting the addition of electrode components 
without removing the assembly from the fur- 
nace. Component electrodes have also been 
replaced with continuous electrodes of the 
Sóderberg type, where a paste of carbonized 
anthracite, coke fines, and tar is packed into 
the top of a 12.2-m thin steel tube. The tube 
serves as an electrode and is fed into the fur- 
nace as it burns away from the bottom. As the 
paste moves closer to the surface of the 
charge, it is slowly baked, conferring great 
mechanical strength when it reaches the 2-m 
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section below the sliding electrical contacts 
[277]. 


Polzeniusz-Krauss Channel Furnace Pro- 
cess. In the channel furnace process, the car- 
bide mixture is diluted with lime nitrogen (ca. 
67% carbide solids) and 2-3% calcium chlo- 
ride or fluorspar. This mixture is loaded into 
iron boxes of ca. 1800 kg capacity and rolled 
into the channel furnace by a rail assembly. 
The furnace is 50-80 m long and can be closed 
by gastight doors made of brickwork in the re- 
action zone and of sheet metal muffles in the 
cooling zone (Figure 56.33). A significant ad- 
vantage of the channel furnace is its flexibility 
of operation, which can be modified, depend- 
ing on the quality of the carbide, the duration 
of the reaction, and the temperature of the 
cooling zone. To accelerate ignition at 750 °C, 
a small amount of calcium nitrate is added. 
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After conversion, the carriages are pulled 
from the furnace and cooled. The product is 
easily crushed because the blocks have a coke- 
like structure and readily fall apart. Up to 30 
Ud of calcium cyanamide can be produced in a 
single furnace. 


Trostberg Rotary Furnace Process. In this 
continuous nitrogenation process, ground lime 
nitrogen is metered onto a material bed in a 
broadened part of the rotary furnace in such a 
way as to keep the carbide concentration in the 
bed as low as possible. The process is con- 
trolled by varying the carbide content. 


The rotary furnace developed by Süddeut- 
sche Kalkstickstoff-Werke is ca. 20 m long 
and includes the broadened furnace head, 
where the main reaction takes place [279]. The 
furnace is lined with fireclay (Figure 56.34). 


{ 





Figure 56.33: Channel furnace: a) Cast steel carriage; b) Doors; c) Temperature measuring connection; d) Refractory 
walls; e) Sheet metal muffler; f) Rails: g) Orifice gauge; h) Nitrogen inlet tube. 





Figure 56.34: Trostberg rotary furnace: a) Feed; b) Silo for ground material; c) Metering; d) Reaction section; e) Cooling 


unit; f) Discharge: g) Filter; h) Hammer mill. 


$ 
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Ground carbide with a Cat, content of 55- 
6094 is continuously mixed with calcium fluo- 
ride and ground lime nitrogen and 1s blown 
into the furnace with nitrogen. The average 
residence time of the solid is between 5 and 
6 h. The resultant reaction product is a granu- 
lar or powdered lime nitrogen, which is trans- 
ferred from the rotary furnace to a cooling 
drum. The heat released by the reaction is suf- 
ficient to bring the starting materials to the de- 
sired temperature of 1000-1100 °C. After the 
furnace has been started, it remains in opera- 
tion without external heating for many 
months. The capacity of a unit is about 25 t/d 
of fixed nitrogen. For the manufacture of cal- 
cium cyanamide, crude calcium carbide (ca. 
3.36 x 1.68 mm or 6 x 12 mesh) can be used; 
for cyanamide and dicyandiamide a 74-pm 
(200-mesh) anhydrous carbide is used. 


Knapsack Rotary Furnace Process [280]. 
The Knapsack rotary kiln process was devel- 
oped 20 years before the Trostberg process, 
but has not been in operation at Knapsack 
since 1971. It is the only industrial process 
that does not use finely ground calcium car- 
bide and that operates without dilution with 
lime nitrogen. Granular carbide, up to 2 mm in 
diameter, is nitrogenated in the presence of 1— 
29^ of calcium chloride in a cylindrical rotary 
drum, giving a product of the same grain size 
as the starting carbide. À typical Kiln can pro- 
duce 12-13 t/d of fixed nitrogen; the product 
can be sold without further processing. 


Fujiyama Process. This Japanese process 
employs a shaft furnace equipped with a con- 
tinuous charging unit for ground carbide and a 
scraping device at the lower end of the furnace 
where the calcium cyanamide is formed. 


Carlson Process. This fluidized-bed process, 
operated in a furnace with stirrers, was used 
for a few years in Sweden. It failed because of 
the tendency of the reaction material to ag- 
glomerate [281]. A combination of this ap- 
proach with a rotary furnace was explored, but 
was not adapted commercially [282]. 


Other Processes. Because large amounts of 
energy are consumed, particularly in the prep- 
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aration of calcium carbide, less energy inten- 
sive methods for manufacturing calcium 
cyanamide have been examined. Between 
600 and ca. 1000 °C many reactions of lime 
with nitrogen compounds containing hydro- 
gen or carbon lead to calcium cyanamide, 
Compounds such as hydrocy anic acid, dicyan- 
ogen, urea, and dicyandiamide form calcium 
cyanamide with lime. Another example is the 
reaction of limestone with ammonia [283]: 


700-800 °C 
CaCO,+2NH, —> CaCN,+3H,O 


Lime and urea form calcium cyanate [284, 
285], which on heating is converted to calcium 
cyanurate and finally to calcium cyanamide: 


200 °C 


200 
СаО + МН,СОМН, — Ca(OCN), + H,O + 2NH, 


Hä 

400°C, МА ^N 

3Ca(OCN), > 2 Js Д 
СаО “у ОСа,„ 

700 °C 


— 3CaCN, * 3CO, 
Lime reacts with hydrogen cyanide [286]: 


750-850 °C 
СаО -*2HCN — CaCN,+CO+H, 


An ammonia-carbon monoxide mixture 
produces 9996 calcium cyanamide: 


700-900 °C 
СаО +2NH,+3CO -> CaCN,+2CO,+3H, 


The above processes give white calcium 
cyanamide, whereas the product obtained 
from limestone and coal always contains car- 
bonaceous impurities. None of these processes 
have yet been commercialized because of cost 
or poor yield [287]. 


56.8.3.3 Processing of Technical 
Calcium Cyanamide 
Crude calcium cyanamide is reduced in 


size and ground in tube mills to allow passage 
through a 0.2-mm screen. If calcium cyana- 
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mide is sold in granular form, grinding is 
omitted and the desired grain size is separated 
by screening. 

When the carbide content is above 0.1%, as 
in the Frank-Caro process, calcium cyana- 
mide is degassed by treatment with water to 
convert the carbide to acetylene and calcium 
hydroxide. For safety reasons, the acetylene is 
dispersed with an inert gas [277]. 


Granulation. Because of the dust problems 
associated with finely ground calcium cyana- 
mide in fertilizer applications, the product is 
oiled. Attempts have also been made to con- 
vert it to a more compact form by granulation 
or compression. A stable, abrasion-resistant 
granular material is produced by a two-stage 
process, in which ground calcium cyanamide 
is initially treated with a small amount of wa- 
ter or an aqueous solution to hydrate any free 
calcium oxide. In the second stage, the mate- 
ral is moistened, granulated, and dried or 
pressed [288]. 


Beads. Granulation with calcium nitrate solu- 
tions gives a fine, finished calcium cyanamide 
bead. This form affords a nitrate nitrogen sys- 
tem that can be used directly in the plant as 
starter nitrogen. In addition, it affords a slowly 
acting cyanamide nitrogen source [289]. This 
product has an almost unlimited storage life, 
because the free calcium oxide is completely 
hydrated and no expansion can occur. In Eu- 
торе, the Trostberg plant of Süddeutsche 
Kalkstickstoff-Werke is the main producer of 
beaded calcium cyanamide. 


Encapsulation of Granular Calcium Cyan- 
amide. Various coating methods have been 
used to protect crushed granular calcium cyan- 
amide against decomposition. Waxes and res- 
ins have been investigated, but only sulfur is 
used in practice [289]. It functions by limiting 
the diffusion of water into the material, and it 
permits fertilizing action in use. 


56.8.4 


Commercial-grade calcium cyanamide has 
approximately the following composition: 
Total nitrogen 19-20% 


Quality Specifications 
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Cyanamide nitrogen ca. 15% 
Nitrate nitrogen ca. 2% 
Dicyandiamide nitrogen 0.4-0.7% 
Other nitrogen 2.0-2.5% 
Total calcium oxide 53-55% 
Water (chemically hound) 7-8% 


Total nitrogen is determined by the Kjeldahl 
or Dumas method. 


56.8.5 Storage and Transportation 


Calcium cyanamide is stored in warehouses 
or silos, but storage life with free calcium ox- 
ide is limited because the latter is expanded by 
moisture. 

Production-grade ground calcium cyana- 
mide, with a nitrogen content of 22-24%, is 
adjusted to the usual commercial nitrogen 
content of 19-20% by adding a diluent such as 
ground limestone. Oiling may be used to pre- 
vent dusting. 

Valve bags are used almost exclusively for 
packaging. Bags used for ground and granular 
calcium cyanamide must be moisture-tight to 
prevent grain breakdown and expansion. Poly- 
ethylene valve bags in combination with mul- 
tilayer paper bags are excellent for granular 
calcium cyanamide. Paper and plastic bags are 
used for the less sensitive, beaded product. 
Loose beaded calcium cyanamide may be 
transported in special containers in Germany. 
For agricultural applications, 50-kg bags are 
used; smaller packages of finely beaded prod- 
uct are sold for horticultural applications. 


56.8.6 Uses 


In Europe, cyanamide and calcium cyana- 
mide are used as fertilizers, weed killers, and 
defoliants. In North America these applica- 
tions have been practically discontinued. In 
fertilizer applications, calcium cyanamide is 
broken down by soil moisture into highly re- 
active lime and free cyanamide; the latter is 
converted by soil microbes to urea and then ul- 
timately to ammonia. Nitrifying bacteria con- 
vert ammonia to mitrate [290]. Calcium 
cyanamide is particularly valuable for acid 
soils in need of lime. It can also be used in 
mixed fertilizers, although if it is used in ex- 
cess, the resultant high alkalinity reduces solu- 
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ble phosphate. Calcium cyanamide is used on 
asparagus and onions as a weed killer. Heavy 
applications approximately 1 month before 
planting control soil-borne plant disease and 
weed seed. 

Calcium cyanamide has been used to con- 
trol animal pests. On grasslands it is used to 
kil the dwarf water snail, the intermediate 
host of the liver fluke. It also kills gastric and 
intestinal parasites in domestic animals and 
destroys salmonellz in liquid sewage. 

Nitrogen oxides are removed from waste 
gases with over 99% efficiency by scrubbing 
with calcium cyanamide [291]. In portland ce- 
ment, cyanamide and calcium cyanamide im- 


prove set characteristics, increase 
compression strength, and reduce freeze-thaw 
damage [292]. 


Pharmaceutical-grade calcium cyanamide 
is used to treat alcoholism. A small pill, taken 
once a day, subjects the alcohol user to an un- 
pleasant cyanamide flush (see Section 56.8.5), 
which discourages drinking [293]. Calcium 
cyanamide is used for steel nitridation [294] 
and, to some extent, for desulfurization [295]. 
It has various uses in the production of cyana- 
mide, dicyandiamide, melamine and other 
substituted triazines, thiourea, and guanidines. 
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57.1 Introduction 


Strontium belongs to group 2 of the peri- 
odic table and is one of the alkaline earth met- 
als. Strontium, with atomic number 38, lies 
between calcium and barium in this group. 
Strontium was first discovered by A. Craw- 
FORD in 1790. The discovery of strontium car- 
bonate, which was originally thought to be 
barium carbonate, is associated with a lead 
mine located in Strontian, Scotland, hence the 
name strontium. In 1791 T. C. Hope confirmed 
CnRAwFORD's discovery, distinguishing stron- 
tium carbonate from calcium and barium car- 
bonates. 

In 1808 H. Davy [8] produced strontium 
metal from strontium carbonate originating 
from the Strontian deposit. Davy produced an 
oxide from the carbonate, and electrolyzed a 
mixture thereof with mercuric oxide to pro- 
duce a strontium amalgam. 


57.2 Properties 


Strontium metal is silvery white and lus- 
trous, but it readily forms a white surface coat- 
ing when exposed to air and water. Strontium 
is allotropic and displays three crystal] struc- 
tures; at temperatures below 215 °C it is face- 
centered cubic. The crystal system properties 
are summarized in Table 57.1. Some other 
properties are listed below: 

Atomic number 38 
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Atomic mass 87.62 
Stable isotopes 
MU 0.56% 
Sr 9.96% 
wot 7.02% 
Sr 82.5696 
Density, g/cm? 2.63 
Melting point, °C 768 
Boiling point, °C 1381 
Heat of fusion, kJ/kg 104.7 
Electrical resistivity, ШО/стп 22.76 


Table 57.1: Strontium crystal structures. 


Tempera- — Atomic ra- Lattice constants, pm 
ture, °C dius, pm a c 

«215 fcc 213 607 

215-605 hep 202 431 705 

> 605 bcc 195 484 


Strontium is generally more reactive than 
magnesium and calcium and less reactive than 
banum. Strontium reacts with Н,О, O,, N,, Ёл, 
and S producing compounds which corre- 
spond to its valence of two. 

| Common practice for the analysis of stron- 
tium is based on the use of spectral emissions. 
Strontium and strontium compounds impart a 
bright crimson color to a flame. Some of the 
lines useful in the quantitative analysis of 
strontium are listed below (wavelength in 
nm): 


Arc spectra 460.7, 421.6 
Spark spectra 407.8, 421.6 
Flame photometry 460.7, 407.8 
- Atomic absorption 460.7, 407.8 


Strontium, while less reactive than the al- 
kali metals. is a strong reducing agent and re- 
quires appropriate handling. Strontium reacts 
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vigorously with water to form SrOH, liberat- 
ing H, in the process. 


57.3 Occurrence 


Strontium is present in the earth's crust at 
an average concentration of 0.04%, and is 
therefore 15th in abundance. In seawater it is 
the 10th most abundant element, having a con- 
centration of 0.0008% [9]. 

Of the naturally occurring strontium com- 
pounds, only the minerals strontianite (stron- 
tium carbonate, SrCO,) апа celestite 
(strontium sulfate, SrSO,) are of economic 
importance. 

Celestite can be formed as a direct precipi- 
tate in a series of marine salt deposits. Hydro- 
thermal formation is also possible [10]. In 
addition, it seems possible that strontium sul- 
fate could be formed by modification of pri- 
mary strontium-bearing minerals (aragonite, 
calcite, anhydrite), whereby part of the stron- 
tium included in the crystal lattice is liberated 
and then precipitated as celestite by sulfate- 
containing solutions [11]. Strontianite can be 
formed both as a primary mineral from the hy- 
drothermal phase and as a secondary mineral 
from, e.g., celestite [12]. 

Celestite occurs principally as nodules, 
lenses, beds and materials filling crevices in 
sedimentary rocks such as carbonates, gyp- 
sums, clays, and evaporites. The economic 
importance of celestite is considerably greater 
than that of strontianite. 

Very large, exploited deposits occur in 
Spain, Mexico, Turkey, China, and Iran. There 
are much less important deposits in Algeria, 
Cyprus, Argentina, and Morocco. Mining in 
the United Kingdom, the traditional producer, 
ended in 1992. Little is yet known of the de- 
posits and their extraction in the former east- 
ern bloc [13, 14]. 


57.4 Mining and Processing 


Celestite ores are obtained by both open- 
cast and underground mining. In most cases, 
only coarsely intergrown rich ores are worked, 
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which can be further enriched by hand picking 
to give a material containing > 90% 8180, 
Demands for increasing purity in chemically 
produced strontium salts together with the 
growth of mechanized mining techniques ne- 
cessitate a continually increasing amount of 
processing. 


Finely divided impurities are removed by 


desliming. By means of density separation, 
celestite (р = 3.8-3.9 g/cm?) is separated from 
limestone, quartz, gypsum, and dolomite, 
which have densities of < 3 g/cm’, giving end 
products containing > 95% SrSO,. In Spain, a 
flotation plant for separating finely intergrown 
celestite ores has been in operation since 1990. 
The introduction of this technology has mark- 
edly increased the number of deposits world- 
wide that can be profitably worked. 


Many important deposits cannot be mined 
because of unacceptably high levels of barium 
and deposit-specific trace elements that can- 
not be removed by available processing tech- 
nologies. 


Economic Aspects. Whereas strontianite was 
the principal starting material used in the pro- 
duction of strontium compounds between 
1870 and 1920, it has now been almost com- 
pletely replaced by celestite for this purpose. 


Practically the only use for celestite is the 
production of other strontium compounds. It is 
used only to a small extent as a white filler in 
competition with ground barite (barium sul- 
fate). 

World production of celestite in the early 
1990s was estimated at ca. 250 000-300 000 
t/a. The most important producing countries, 
with their production figures, are listed in Ta- 
ble 57.2. 


Table 57.2: Estimated production of celestite (10? t). 


Country 1988 1991 
Spain 45 70 
Turkey 55 65 
United Kingdom 20 2 
China 20 25 
Mexico 40 90 
Iran 10 20 
Morocco , 2 4 











Strontium 


57.5 Digestion of Ores 


Reduction with Carbon. Celestite, flotated 
or ground to 0.1-] mm, is chemically reduced 
according to the equation 


SrSO, + 2C > 5:5 + 2CO, 


The reduction is carried out at 1100-1200 °C 
with coal in a rotary kiln, heated by fuel oil, 
natural gas, or coal dust in countercurrent 
flow. The conditions used depend in particular 
on the type of celestite and its impurities. 

The light gray to grayish-black crude stron- 
tium sulfide (75-80% SrS) produced is ex- 
tracted with hot water. The insoluble solids are 
removed in a series of thickeners. The solution 
obtained is generally used to produce stron- 
tium carbonate. 


Reaction with Sedium Carbonate. Ground 
celestite (SrSO,) is converted to strontium car- 
bonate by adding it to hot sodium carbonate 
solution. Numerous variations of this process 
have been proposed. Typically, an excess of 
Na,CO, solution is used. The crude product so 
obtained is not usually acceptable without fur- 
ther treatment. A product sufficiently pure for 
most applications is obtained by dissolving the 
crude material in hydrochloric acid, neutraliz- 
ing with sodium carbonate solution to precipi- 
tate iron and aluminum, filtering, and 
reprecipitating with caustic soda. This pro- 
cess also produces impure sodium sulfate so- 
lution as a by-product which must be further 
treated or disposed of. The high consumption 
of sodium carbonate is a further drawback. 


Other Processes. Celestite can be reacted 
with ammonium carbonate in a continuous 
countercurrent reactor to form strontium car- 
bonate and ammonium sulfate [15]. The am- 
monium sulfate is treated with calcium oxide 
or calcium carbonate to form calcium sulfate, 
ammonia, and carbon dioxide, which are re- 
used for producing ammonium carbonate. 

In the Odda process for producing ortho- 
phosphoric acid, phosphate rock is reacted 
with nitric acid. The strontium present in 
many types of phosphate rock is converted to 
Strontium nitrate, which remains in the insolu- 
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ble residues if the concentrations of HNO, and 
Ca(NO,), are kept within certain limits. It can 
then be recovered by extraction with water. 


57.6 Inorganic Compounds 


Like the compounds of the other alkaline re 
white or colorless. The sulfate and the carbon- 
ate are of low solubility, being intermediate 
between the corresponding compounds of cal- 
cium and barium in this respect. 

Strontium compounds give a striking car- 
mine red color to a flame. This property is 
used both for the rapid detection of strontium 
compounds and in pyrotechnics. Quantitative 
analysis of the industrial strontium. com- 
pounds is usually carried out by means of titri- 
metry, X-ray fluorescence spectroscopy, and 
atomic absorption spectroscopy. 


57.6.1 Strontium Carbonate 


Strontium carbonate, SrCO,, р 3.70 g/cm}, 
mp 1497 °C (6.99 MPa) forms rhombic crys- 
tals (aragonite type) below 924 °C, and hexa- 
gonal crystals (calcite type) above this 
temperature. Its solubility at 25 °С is 10? 
g/100 mL. Strontium carbonate is produced 
from strontium sulfide, SrS. 


Precipitation by Carbon Dioxide. Strontium 
carbonate is precipitated from the clarified so- 
lution of strontium sulfide with carbon diox- 
ide. Strontium carbonate and hydrogen sulfide 
are formed. 

SrS + CO, + H,O — SrCO, + H.S 


The carbon dioxide is obtained from natu- 
ral wells or from industrial processes. The re- 
action is carried out in gas-tight reactors, and 
is So controlled that the hydrogen sulfide pro- 
duced has a low CO, content. The hydrogen 
sulfide is converted to sulfur in a Claus plant. 


Precipitation with Sodium Carbonate. So- 
dium carbonate can be used instead of carbon 
dioxide in the above reaction. 

SrS + Na,CO, > SrCO, + Na,S 

In addition to strontium carbonate, a dilute so- 
lution of sodium sulfide is formed, which is 
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concentrated to give a 6096 solution; the solid- 
ified product is marketable. 

The choice of production method depends 
on the comparative availabilities of carbon di- 
oxide and sodium carbonate, and the opportu- 
nities for exploiting the by-products sulfur and 
sodium sulfide. | 

The two processes lead to products with 
different properties. The impurities in the 
strontium carbonate depend partly on the raw 
materials used. Also, the concentrations, tem- 
peratures, and reaction times lead to different 
values of bulk density, particle size distribu- 
tion, and concentrations of sulfur and heavy 
metals. Р 

The strontium carbonate powder is often 
converted into granules in a further process. 


Quality Specifications. Typical specifications 
for strontium carbonate from the two precipi- 
tation processes are as follows: 


SrCO, 98.0-98.5% 
BaCO, 1.0-2.596 
Sulfur (as SO,) 0.3-0.596 
HCI insolubles 0.1-0.6% 
Eech 0.005-0.01% 
For powder: 
Bulk density 0.4-1.2 g/cm? 
Fraction of particles <3 ym 95-100% 
For granules: 
Bulk density 1.2-1.8 g/cm? 
Grain size > 850 jum 0-5% 

< 150 pm 5-15% 


Transport. Strontium carbonate is stored in 
silos, and transported in 25 or 50 kg multi-ply 
paper sacks, 1 t big bags, or silo wagons. 
Strontium carbonate is not listed as a danger- 
ous material in current regulations. 


Uses. Strontium carbonate is by far the most 
important industrial compound of strontium. 
Its main use is in the manufacture of X-ray -ab- 
sorbing glass for cathode ray tubes. Strontium 
carbonate is also used in the manufacture of 
ceramic permanent magnets (strontium fer- 
rite), for removing lead from solutions of zinc 
sulfate in the electrolytic zinc process, and for 
the production of strontium metal, electrocer- 
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amics, and oxide superconductors [14, 16]. 
Strontium carbonate is also the starting mate- 
rial for the production of other strontium com- 
pounds. For example, heating strontium 
carbonate with carbon in an electric furnace 
gives strontium oxide, which is used for pro- 
duction of strontium metal. 

Between 1980 and 1990, world consump- 
tion of strontium carbonate increased from ca. 
80 000 t/a to > 150 000 t/a. Percentage con- 
sumption of strontium carbonate in 1990 was 
[14]: 


Glass for cathode ray tubes 74 
Electroceramics 12 
Pyrotechnics 5 
Electrolytic zinc extraction 2 
Other uses 7 


57.6.2 Strontium Nitrate 


` Strontium nitrate, Sr(NO,),, p 2.986 g/cm}, 
mp 570°C, forms face-centered cubic crys- 
tals. Below 29.3 °C, the solid phase in equilib- 
rium with an aqueous solution on strontium 
nitrate is strontium nitrate tetrahydrate, 
Sr(NO,),° 49,0. The solubility of strontium 
nitrate (in grams per 100 g solution) at various 
temperatures is as follows: 
Temperature, °C 20 293 60 105 
Solubility 40.7 47.0 48.3 51.2 
Production. Strontium nitrate is obtained by 
dissolving strontium carbonate in 60% nitric 
acid. 

If the solution is maintained above ca. 
30 °C during the evaporation, colorless crys- 
tals of the anhydrous compound are formed. 
After the carbonate, the nitrate is the strontium 
compound produced commercially in the larg 
est quantities. : 


Uses. Strontium nitrate has long been used in 
pyrotechnics and as a component of signalling 
devices. Related. devices are used in the 
United States and Japan as alternatives to por- 
table electric lamps 1n motor trucks [14]. 


Packaging and Storage. Strontium nitrate is 
packed in 50 kg polyethylene bags. The fol- 
lowing transport regulations apply: 

RID/ADR: Class 5.1, 22C 

IMDG Code: Class 5.1, UN no. 1507 
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57.6.3 Strontium Chloride 


Strontium chloride. SrCl,, p 3.052 g/cm?, 
mp 875 °C, forms cubic crystals. Its solubility 
at 20 °C is 34.5%. 


Production. Strontium chloride is obtained by 
dissolving strontium carbonate in concen- 
trated hydrochloric acid. The hexahydrate, 
SrCl,-6H,0, is formed on crystallizing below 
61 °C. On dehydration, the hexahydrate dis- 
solves in its water of crystallization at 61 °C. 
After passing through the di- and monohy- 
drate stages, strontium chloride becomes fully 
dehydrated at 320 °C. 


Uses. Strontium chloride is mainly used as an 
intermediate in the production of other stron- 
tium compounds. Compared with the sulfide, 
it has the advantage of not reacting with оху- 
gen.and carbon dioxide, which facilitates in- 
dustrial handling. 

Strontium chloride hexahydrate is used in 
toothpastes for sensitive teeth [17]. 

Strontium chloride is not classified as a 
dangerous material in transport regulations. 


[4 


57.6.4 Strontium Chromate 


Strontium chromate, SrCrO,, p 3.895 
g/cm?, forms monoclinic crystals. Strontium 
chromate is included in dangerous materials 
regulations [18] (symbol: T). 


Production. Strontium chromate is produced 
by precipitating a solution of chromate ions 
with a strontium salt, or by reacting strontium 
hydroxide solution with chromic acid. 


Uses. Strontium chromate (strontium yellow) 
is used as an anti-corrosion primer for alumi- 
num and its alloys in aircraft and ship con- 
struction [19]. 


57.7 Strontium Metal 


Production. Commercial strontium produc- 
tion relies on a variant of the Pidgeon process, 
exploiting the reaction proposed by Guwiz 
[20]: 


4SrO + 2Al — 3Sr + SrO-ALO, 
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Produced under vacuum, the strontium 
evolves as a gas and is transported through the 
production retort to a cooler end where precip- 
itation occurs. The strontium precipitates as a 
solid and when the production cycle is com- 
plete the vacuum is broken and the product re- 
moved. Strontium is produced by Timminco 
Limited in Canada, Pechiney Électrometallur- 
gie in France, and Cal-Stron Corporation in 
the United States. In addition, production may 
well occur in the CIS and China but the extent 
of production, if any, is unknown. 

Strontium metal is commercially available 
as pure metal, and as an alloy with aluminum 
or aluminum and magnesium. 

A typical percentage chemical analysis of 
commercial strontium is as follows: 


Sr 99.0 min. 
Mg 0.20 

Ca 0.10 

Ba 0.50 

Na 0.07 

N 0.03 

Al 0.01 

Fe 0.015 


Transportation, Storage, and Safety, Due to 
its reactive nature strontium must be handled 
with care. The pure metal and the commercial 
eutectic alloy, 90% $г-10% AI, are classified 
as alkaline earth metals n.o.s. (not otherwise 
specified), UN no. 1393, for the purposes of 
transportation [21]. This classification is in- 
dicative of materials requiring special ap- 
proved packaging for transport. These two 
forms of commercial strontium are packed un- 
der an inert atmosphere to prevent formation 
of an oxide coating. Strontium is a strong re- 
ducing agent and forms explosive hydrogen 
gas when in contact with water. Strontium is 
therefore classified as a flammable solid. 
Hence strontium is a Class 4.3 material, i.e., 
one that emits a flammable gas on contact with 
water. Strontium should therefore be stored in 
a well ventilated dry place, avoiding all con- 
tact with water. It is recommended that protec- 
tive gloves and glasses should be worn when 
handling pure strontium. However, commer- 
cial alloys of strontium, such as the Sr-Mg-AI 
máster alloy or the family of aluminum-stron- 
tium master alloys which contain up to 10 per- 
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cent strontium do not require these special 
precautions. 


Uses. Metallic strontium and master alloys 
containing strontium have experiencéd signif- 
icant expansion in application in modern 
foundry practice. In aluminum foundries 
strontium is used as an additive to Al-Si alloys 
to enhance their mechanical properties and 
improve the machining performance. Stron- 
tium improves the mechanical properties of 
Al-Si castings by changing the morphology of 
the eutectic silicon phase. In an unmodified 
А151 alloy this eutectic silicon phase precipi- 
tates as coarse acicular plates, which causes 
the casting to exhibit poor mechanical proper- 
ties. Modification causes the silicon to assume 
a fine, interconnected fibrous morphology, re- 
sulting in higher tensile strength and greatly 
improved ductility. Impact resistance and ma- 
chining characteristics are also enhanced 
through modification. 


The optimum strontium level to achieve the 
best possible mechanical properties in hy- 
poeutectic Al—Si alloys is 0.005-0.015 per- 
cent strontium [22]. The impact of strontium is 
also influenced by the solidification rate, with 
faster rates producing better properties. 


Early foundry practice utilized sodium as a 
modification agent. In 1920, Pacz outlined a 
process by which the solidification structure 
of Al-Si alloys was modified by the addition 
of sodium to the melt. The sodium addition 
produced a fibrous eutectic structure which 
showed improved mechanical properties, es- 
pecially elongation. 


The principal drawback with sodium is that 
the effect of the sodium rapidly dissipates as 
sodium is lost by evaporation and/or oxidation 
during the holding of the molten alloy. 


Strontium has the advantage of imparting a 
semi-permanent modifying effect, as it is less 
prone to the fading observed with sodium. 
This allows the production of so called pre- 
modified aluminum ingots which can be sold 
to end users. Nevertheless, many foundries for 
economic and logistical reasons chose to mod- 
ify in house. 
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Recent developments in aluminum meta]- 
lurgy now suggest that strontium also acts to 
improve the properties and processing of 
wrought aluminum alloys. 

Strontium appears to act on both the me- 
chanical and forming properties of 6xxx series 
wrought alloys. These improvements are re- 
ported to occur when, in the presence of stron- 
tium, the complex intermetallic compounds 
found in these alloys are precipitated in more 
favorable crystal structures [23]. Under nor- 
mal or nonstrontium treated conditions the 
formation of B-AlFeSi intermetallic is fa- 
vored. The presence of this compound can 
contribute to surface defects upon extrusion of 
6xxx series alloys. The controlled addition of 
strontium promotes the less detrimental g- 
AlFeSi leading to better surface quality in the 
extrusion and faster extrusion speeds. 

In the 7xxx series of wrought alloys it has 
been reported that strontium, at levels of at 
least 0.005 percent, refines the intermetallic 
phases, including Mg,Si, Al-Cu-Mg, and Al- 
Cu-Fe. When these phases are refined the al- 
loy has enhanced toughness, finer grain size, 
and can be processed more quickly due to 
shortened homogenizing times compared to 
strontium-free alloys [24]. 

In an aluminum alloy sheet which requires 
high formability the presence of strontium is 
reported to reduce the number of intermetallic 
precipitates. This improves the alloy's form- 
ability and reduces the incidence of edge 
cracking [25]. | І 

In ferrous metallurgy strontium finds appli- 
cation as a component in certain foundry 
grades of ferrosilicon, used as inoculants in 
gray iron casting. The addition of 0.65—1 05 % 

strontium controls the carbon structure in an 
iron casting and inhibits the chill. The chill, 
which is in some cases a desired phenomena, 
is a rapidly solidified zone in a casting where 
the formation of mottled iron (cementite and 
graphite) is favored over a pearlite structure 
with graphite. By controlling the chill the 
foundry may be able to decrease the minimum 
section size in a casting keeping it free from 
the brittle carbides which would most likely 
form without inoculation. In addition stron- 
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tium-bearing inoculants are particularly effec- 
tive in helping to control internal shrinkage in 
these castings and thereby enhancing the pres- 
sure tightness of the casting [26]. : 


57.8 Toxicology 


Strontium carbonate is not considered to 
have any dangerous properties. There are no 
known occupational diseases associated with 
handling strontium carbonate, the most impor- 
tant industrial strontium compound. 


The strontium ion is slightly toxic. The 
toxic action of strontium compounds is thus 
closely associated with the anion of the com- 
pound concerned. Strontium behaves simi- 
larly to calcium both chemically апа 
biologically. The biological effects of stron- 
tium and its compounds have been described 
in detail [27]. 

Strontium is deposited preferentially in the 
bones and teeth of the human body. Strontium 
salts are not readily absorbed via the intestinal 
tract. 

Symptoms of acute toxicity are excessive 
salivation, vomiting, colic and diarrhea, and 
possibly respiratory failure. А 

The ГР. values (oral) of various strontium 
salts (nitrate, hydroxide, chloride, fluoride) 
are > 2000 mg/kg body weight [28]. 

Strontium nitrate was administered orally 
in the food of rats at a concentration of 50 
mg/kg (1030 ppm daily for 8 weeks) without 
harmful effects. Strontium lactate at a level of 
16 000 ppm, after more than one year, caused 
temporary cessation of growth and reduction 
of bone mineralization [14]. 

The inhalation of ca. 50 mg/m? strontium 
nitrate (4 h daily for one month, particle size 
mainly < 5 um) was less well tolerated by 
male rats. As well as local effects on the respi- 
ratory tract, functional and histological sys- 
temic changes took place, especially in the 
liver and kidneys [29]. 

Strontium oxide and strontium hydroxide 
have a strongly irritant effect on the skin and 
mucous membranes, especially the eyes. 
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No special hygienic measures are taken in 
the industrialized countries, except in the case 
of strontium chromate. The TLV/MAK value 
for strontium nitrate is | mg/m?, and for stron- 
tium sulfate and strontium carbonate, 6mg/m? 
[30]. However, these values are still the sub- 
ject of debate. 


Strontium chromate is included in the list of 
MAK values for carcinogenic industrial mate- 
tials in Group 111, A2 [31]. The TRK of stron- 
tium chromate (SrCrO,) is 0.1 mg/m? 
calculated as CrO}. 
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58.1 Introduction 


Barium is 19th in atomic abundance. Its av- 
erage content in the earth's crust 1s estimated 
to be 250 g/t [10]. 

The metal is very reactive and does not ор- 
cur free in nature. However, its compounds are 
widely distributed. Its major minerals are bar- 
ium sulfate (barite, heavy spar) and barium 
carbonate (witherite). Barium sulfate occurs in 
large deposits throughout the world, and it is 
the most important raw material for all other 
barium chemicals. : i 

Davy first prepared barium metal by elec- 
trolyzing mixtures of barium oxide and mer- 
curic oxide and subsequently evaporating the 
mercury [11]. He proposed the name barium 
(Ворос heavy). The principles of the reduc- 
tion of the oxides of alkaline-earth metals with 
aluminum were described by Maer [12] as 
early as 1878, but Guntz [13] is considered to 
be the first who obtained a considerable 
amount of barium of good purity by alumino- 
thermic reduction of the oxide. 


58.1.1 Physical Properties 


Barium has a body-centered cubic crystal 
structure at standard temperature and pressure. 
It is a soft silvery-white metal of medium spe- 








cific weight and good electrical conductivity 
(see Table 58.1). Ultrahigh-purity barium is 
described as slightly golden yellow [14]. The 
color changes into silvery white as soon as the 
surface is contaminated. It is not easy to obtain 
samples of ultrahigh purity, and therefore ac- 
curate measurements of some physical proper- 
ties of barium metal are difficult to carry out. 
In fact, the values for some physical properties 
are still the subject of controversy. 


58.1.2 Chemical Properties 


Barium is clearly metallic and is strongly 
electropositive. In all of its compounds it has 
an oxidation state of 2+. Barium 1s very reac- 
tive, and its compounds have high energies of 
formation. Barium forms stable salts with 
nearly all oxoacids. Table 58.2 summarizes 
the physicochemical properties that are asso- 
ciated with the chemical properties of the ele- 
ment. 

Generally speaking, barium is more reac- 
tive than magnesium, calcium, or strontium. 
On heating, it readily combines with the halo- 
gens in strongly exothermic reactions. It also 
reacts with the chalcogens to form BaO, BaS, 
BaSe, and BaTe [15]. These compounds are 
also formed by reduction of the carbonate, sul- 
fate, selenate, or tellurate [16]. Barium com- 
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bines with oxygen even at room temperature. 
Therefore, the metal must be protected from 
oxidation by storage under paraffin oil or an 
inert gas. A series of phosphides can be iso- 
lated [17]. Reaction of barium with nitrogen 
starts at about 250 °C. The compound Ba,N, 
is formed [16, 18]. 

Silicon reacts with barium at 1150 °С to 
form the silicides BaSi, BaSi,, and Ba,Si, 
[19]. Barium combines with carbon to form 
the carbide BaC, [20]. At moderately elevated 
temperatures barium reacts with hydrogen to 
form the hydride BaH, [16]. Barium reacts 
vigorously with water, liberating hydrogen, to 
form the strong base barium hydroxide. The 
metal reacts similarly with alcohols to form 
the alkoxides and hydrogen. Barium dissolves 
readily in liquid ammonia. The blue or black 
solutions contain ammine complexes such as 
Ba(NH,),. Evaporation of the solvent leaves 
residues of barium amide, Ba(NH,)., imide, 
Ba(NH), and nitride, Ba,N, [21, 22]. 

Little is known about organobarium com- 
pounds. Alkyl- and arylbanum halogenides, 
RBaX, as well as dialkyl- and diarylbarium, 
R,Ba, have been synthesized [23, 24]. 

Barium forms many alloys, and many bi- 
nary phases have been described [25]. Never- 
theless, only the system barium-aluminum 
has commercial importance. 


58.1.3 Production 


On an industrial scale barium metal is pro- 
duced in a vacuum by reduction of its oxide 
with aluminum: 
4BaO + 2Al э 3Ba + BaALO, 


The two-stage process is similar to that for 
calcium. The raw material is barium oxide. 

The barium oxide is mixed with aluminum 
granules, and the mixture briquetted and 
charged into long tubular retorts of heat-resis- 
tant steel. These are evacuated and heated to = 
1100 °C at the end containing the charge, 
while the other end is kept cool. Molten alumi- 
num and aluminum vapor react with the solid 
barium oxide, releasing barium vapor, which 
condenses in the cooler part of the apparatus 
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[26], where it 1s collected and cast into chill 
molds under argon. 


Table 58.1: Physical properties of barium. 





Property Value 
Atomic number Z 56 
Relative atomic mass А, 137.34 


Mass number (natural abun- 
dance, 96) of stable isotopes 


130 (0.101), 132 
(0.097), 134 (2.42), 
135 (6.59), 136 (7.81), 
137 (11.3), 138 (71.7) 


Density p at 20 °C 3.74 g/cm? 

Melting point mp 726.2 °C 

Boiling point bp at 101.3 kPa 1637 °C 

Hardness (Mohs scale) 1.25 

Crystal structure body-centered cubic 


Lattice constant a, at 20 °С 0.5025 nm 


Coefficient of thermal expansion 1.8 х 10° K. 
о, (mean, 0-100 °C) 


Modulus of elasticity E 1.265 x 10!° Mim? 
Heat of fusion AH, 7.98 kJ/mol 
Heat of vaporization AH, 140.3 kJ/mol 
Specific heat capacity cat20°C 192 Ikg'K™ 

at 900 °C 230 
Vapor pressure P at 630 °C 1.33 Pa 

730 1.33 x 10! 

860 1.33 x 10? 
1050 1.33 x 10° 
1300 1.33 x 104 
1520 5.33 x 104 
1637 1.013 x 10° 

Electrical resistivity p 
Commercial purity 40 x 105 Ост 
Extra high purity 30 x 10% 
Liquid barium at mp 314 x 105 


Thermal coefficient of electrical 6.5 x 10? К" 
resistivity dp/dT (mean, 0— 
100 *C) 





Table 58.2: Physicochemical properties of barium. 
Property Value 


Work function Ф 3.38 х 107 Jor2.11 eV 
Ionization potential 

First 8.33 x 107? Jor 5.212 eV 

Second 1.60 x 107? J or 10.00 eV 
Standard electrode potential 

Ва? + 22- — Ba -2.91 V 


Electronegativity (Pauling) 1.02 

Ionic radius (Ba**, Pauling) 0.135 пт 
Atomic radius 0.217 nm 
Enthalpy of hydration (Ва?*) 1290 kJ/mol 


Standard heats of formation 
(25 °C) 
BaO —558 kJ/mol 
BaCl, —858 
Ван, -191 
Ba, N, -377 





BaAl, is an intermediate [27], and the net 
reaction is actually the sum of three reactions: 





] 
| 


Ватїит 


3BaO + 14А1—› 3BaAl, + ALO, 
8ВаО + BaAl, — 7Ba + 2BaALO, 
BaO + ALO, > BaALO, 


In the laboratory the aluminothermic reduc- 
tion of barium oxide is also the most useful 
method of preparation [7, 21, 28-31]. Itis also 
the method of choice for preparing of high-pu- 
rity samples [32]. 

Silicon powder can be used to reduce bar- 
ium oxide, but somewhat higher temperatures 
are required, 1200 ?C in a vacuum [33]: 


3BaO + Si— 2 Ba + BaSiO, 


Either no reduction or only partial reduc- 
tion combined with alloying occurs when bar- 
ium oxide is treated with magnesium, calcium, 
sodium, or potassium. Barium can be isolated 
by reaction of barium iodide with sodium, 
whereas the chloride does not react. Electro- 
lytic methods are not useful for industrial pro- 
duction and are only rarely useful for 
laboratory synthesis because of the solubility 
of barium in its molten halides [34]. It is un- 
likely that barium has ever been isolated in 
sufficient punty by electrolysis, even though 
this method has been mentioned numerous 
times [2]. 


58.1.4 Analysis 


Volatile barium compounds impart a pale 
green color to flames, and this is an effective, 
simple qualitative test for barium (455.4, 
493.4, 553.6, and 611.1 nm). 

Barium is separated from magnesium, 
strontium, and calcium by precipitation from a 
dilute solution in nitric or hydrochloric acid 
with a solution of potassium dichromate in 
aqueous acetic acid. Barium is determined 
gravimetrically by precipitation of the sulfate 
{35]; small quantities are determined spectro- 
metrically [36]. 

The metallic impurities in commercial bar- 
ium (Table 58.3) are determined by atomic ab- 
sorption and flame emission spectroscopy. 
Trace impurities are best determined by induc- 
tively coupled emission spectroscopy (ICP) 
[38]. The carbon content in barium is deter- 
mined by combustion; nitrogen, by the 
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Kjeldahl method; and hydrogen, by vacuum 
hot extraction. Vacuum hot extraction is not 
useful for analysis of oxygen. Neutron activa- 
tion analysis based on the reaction 


150 (n, p) э "N 


1s the recommended method for determination 
of oxygen in alkaline-earth metals [39]. 


Table 58.3: Chemical analysis of commercial barium 
[37]. 


Element Percentage 


Ba 99.3 + 0.3 
Sr 0.8 
Ca 0.25 
Al 0.05 
Mg 0.02 
N 0.02 
Fe 0.01 
СІ 0.01 
с 0.01 
Li, Na, К 0.01 





58.1.5 Transportation, Storage, 
Safety 


Barium metal is commercially available in 
bars of 5-20 kg or in rods 22 mm in diameter 
and 400 mm in length. The rods can be cut into 
small pieces or extruded into wires. 

Barium is packaged in air-tight steel drums 
containing up to 100 kg of the metal under ar- 
gon or paraffin oil. Smaller amounts (1-10 kg) 
are packaged in tin cans, and even smaller 
samples are packaged in hermetically sealed 
glass bottles [40, 41]. 

Barium is a flammable solid and cannot be 
mailed. If it comes into contact with water, 
there 1s always the danger of explosion on ac- 
count of the liberated hydrogen. Therefore 
barium should always be stored in a dry, well 
ventilated place and every contact with mois- 
ture and air avoided. Protective glasses and 
safety gloves should be worn while handling 
barium. Burning barium can be extinguished 
with sand, aluminum oxide, etc. 


58.1.6 Uses 


The main use of barium and barium-alumi- 
num alloys is as getter to remove the last 
traces of unwanted gases from television pic- 
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ture tubes, transmitter valves, and other vac- 
uum tubes [42-48]. Barium and its aluminum 
alloys also are used in incandescent lamps [49, 
50]. Barium is particularly well suited as a get- 
ter because it has a low vapor pressure at the 
working temperatures of the tubes and is very 
reactive toward undesired gases, such as oxy- 
gen, nitrogen, hydrogen, carbon dioxide, wa- 
ter vapor, even removing residues of inert 
gases by inclusion. 


Many other uses of barium have been de-- 


scribed in the literature, but they are minor. 
For example, barium has been used in bearing 
alloys [51]; in lead-tin soldering alloys, where 
it increases creep resistance [52]; in nickel al- 
loys for spark plugs [53]; in alloys with cal- 
cium, silicon, aluminum, and manganese that 
are used as deoxidizers for high-grade steel 
[19, 54]; and as an inoculant for steel and cast 
iron [55, 56]. Barium has also been used as a 
modifying agent for silumin, instead of stron- 
tium or sodium, because barium also refines 
the structure of the eutectic aluminum-silicon 
alloy [57]. Barium is also a good reducing 
agent; however, itis not normally used for this 
purpose because of its high atomic mass and 
its relatively high price, one kilogram of the 
metal costing about DM 100 ($260) in 1983. 


58.1.7 Economic Aspects 


The leading producer is Degussa AG, Ger- 
many. Production is about 30 t/a of pure metal 
and 10 t/a of barium-aluminum alloy [58], es- 
sentially covering the demand in the West. 
Some barium metal, perhaps about 6 t/a, is 
produced by Union Carbide Corp. in the 
United States. There may also be production 
facilities at Pfizer Inc. (United States) and 
Chromasco Corp. (Canada), but no metal is 
produced there at present [59]. Nothing is 
known about production in the former USSR, 
although facilities doubtlessly exist. 


It is difficult to predict the future demand 
for barium. However, the replacement of tele- 
vision picture tubes by liquid crystal displays, 
or similar systems, is likely to decrease de- 
mand and production over the long term. 
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58.2 Inorganic Compounds 


History. The first mention of barium com- 
pounds dates from the year 1602 when V. 
CascioRoLus, in Bologna, realized that barite 
heated in the presence of organic substances, 
phosphoresces in the dark. Much later, after 
1774, C. W. ScHEELE discovered barium oxide 
and described its properties. He noted that a 
precipitate formed when sulfunc acid was 
added to barium oxide dissolved in water. 


J. G. Gann recognized that this was a reac- 
tion of the oxide to form barite, i.e., that the 
oxides were anew class of compounds. At that 


time the oxide was given the name baryta 


(Baptc = heavy), which in some countries is 
still the name for technical grades: caustic 
baryta for the oxide, hydrate of baryta for the 
hydroxide. Today, however, the mineral heavy 
spar, BaSO,, is meant by baryta or barite. Bar- 
ium carbonate also occurs in nature. Native 
barium carbonate was named witherite, for W. 
WITHERING discovered the mineral in Cumber- 
land, Great Britain, in 1783. 


Raw Materials and Processing. The most 
important barium minéral is barite (barytes, 
heavy spar, barium sulfate, BaSO,), today al- 
most exclusively used as the raw material for 
the production of barium compounds. Barite 
occurs all over the earth in hydrothermal vein 
and sedimentary deposits. The main deposits 
of the mineral witherite (BaCO,) are situated 
in England, Romania, and the former USSR, 
but witherite is no longer of economic impor- 
tance. No other mineral containing barium is 
used as a raw material for barium or its com- 
pounds at present. 


The maximum world output of barite was = 
8.3 x 105 t (1981); however, only 7-8% of this 
was used for the production of other barium 
compounds. Figure 58.1 shows how dressed 
barite is converted into other barium com- 
pounds. The barite is first reduced with carbon 
to give water-soluble barium sulfide, which is 
used mainly as an intermediate for the produc- 
tion of all other barium compounds and litho- 
pone [60-64]. 
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Figure 58.1: Production pathways to various barium compounds starting from barite. 


Chemical Analysis. All barium compounds 
may be identified by the green color imparted 
to flames. For quantitative analysis, atomic 
absorption spectroscopy, flame emission spec- 
troscopy, X-ray spectroscopy, complexometry, 
and gravimetry are suitable. 


Economic Aspects. Production data is avail- 
able only for barium sulfate, the most impor- 
tant banum compound and the starting 
material for the production of most other bar- 
ium compounds. The reason for this is the 
small number of producers of barium com- 
pounds worldwide, and these release only a 
limited amount of production information. 
The worldwide production of barite (BaSO,) 
has increased from 3900 kt in 1970 to 8300 kt 
in 1981. This dramatic increasé in production 
was the result of increased exploration and 
drilling for oil and gas, itself a result of the oil 


crisis of the early 1970s. Coupled with a re- 
duction in exploration and drilling in 1982, the 
production of BaSO, fell in 1982 to about 
7300 kt, a trend that has continued. At this rate 
of production the known and probable re- 
serves, estimated at 400 Mt worldwide, will 
last at least 60 years. The production by coun- 
try is shown in Table 58.4. 


Table 58.4: Estimated production of barium sulfate, x 10° 
t. 


Country 1980 1981 1982 
United States 2030 2590 1800 
Canada 86 82 77 
Мехїсо 270 318 254 
South America 845 820 800 
Western Europe 1200 1100 1030 
“Comecon 800 810 820 
Africa 480 600 580 
Middle and Far East 1810 1960 1890 


World production 7520 8280 7250 
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Around 88-90% of the world production of 
barite is used to increase the density of drilling 
muds. About 7-8% is used to produce barium 
compounds. Over one half of this amount is 
used to produce barium carbonate. Other im- 
portant compounds are the chloride, the hy- 
droxide, and blanc fixe. Only about 3-5% of 
the world production is used as a filler — both 
bleached and unbleached — in paints, rubbers, 
etc. 


58.2.1 Barium Sulfate 


Barium sulfate is the most important bar- 
ium compound, and the mineral barite, 
BaSO,, also called heavy spar or baryte, is by 
far the most important barium mineral. 


58.2.1.1 Properties 


Barium sulfate, BaSO, The industrially 
precipitated product is called blanc fixe. Pure 
BaSO, forms colorless rhombic crystals of re- 
fractive index = 1.64, hardness 3—3.5 (Mohs 
scale), and density p 4.48 g/cm. Heating 
BaSO, decomposes it, the rate increasing with 
temperature over the range 1100-1500 °C. 
The main products are BaO, 80,, and О, For 
this reason melting points given in the older 
literature 1345 *C or 1580 *C differ. Barium 
sulfate is almost insoluble in water, the solu- 
bility being 2.5 x 10 ^96 at 20 °С and 3.9 x 
10-4 % at 100 °C. Barium sulfate is more sol- 
uble in hot concentrated sulfuric acid and in 
melts of alkali-metal salts. The most important 
reaction of barite is its reduction with carbon 
to produce barium sulfide. 


58.2.1.2 Barite 


In nature barite rarely occurs as a pure 
white mineral; generally, its color is yellow- 
ish, pink, reddish brown, dark gray, or black. 
The main impurities are quartz, calcium car- 
bonate, iron and manganese oxides, fluorite, 
strontium sulfate, pyrite, lead glance, zinc 
blende, and sometimes bituminous sub- 
stances, the impurities and their amounts de- 
pending on the particular deposit. To remove 
these impurities before the barium sulfate is 
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used industrially, in most cases barite is given 
a preliminary treatment to increase the BaSO, 
content to 90-97%. 


Deposits. Barite deposits are found in all re- 
gions of the world. The most important in Eu- 
rope are found in Ireland, France, Italy, 
Germany, and Greece, but barite is also mined 
in Spain, Turkey, and Yugoslavia. Another im- 
portant producer of barite is the former USSR. 

The most significant deposits in the Ameri- 
cas are found in the United States, but other 
large deposits are mined in Canada, Mexico, 
Peru, and Argentina. 

Morocco is the most important producing 
country in Africa. Smaller quantities are 
mined in Algeria, Tunisia, and Egypt. Large 
deposits are situated in China, India, Thailand, 
and Iran. 


Mining and Dressing of the Ore. Barite is 
usually mined in open cuts, only sometimes in 
open pits or underground galleries. The ore is 
washed in trommels to remove adherent 
argillaceous impurities, then crushed in break- 
ers, and classified. The various grain sizes are 
liberated from the mostly quartz gangue in 
jigs, thus enriching the barium sulfate. This 
wet mechanical dressing is adequate for many 
uses. If there is a high degree of intergrowth of 
quartz and barite and if the ore contains much 
iron, lead, or zinc, flotation is required. This 
produces 98% BaSO, [65]. Sometimes barite 
is a by-product of the flotation of pyritiferous 
ores. The flotation agents and the pH depend, 
among other things, on the impurities present 
in the crude ore [66]. Generally the barite is 
wet ground to a grain size of 0.1 mm before 
flotation. Sodium oleate, tall oil, oleic acid, 
and most recently alkyl sulfonates and sulfates 
have been used as collectors. Water glass is the 
preferred depressant, especially for quartz 
and iron oxides. Flotation processes to depress 
the BaSO, and float the impurities are con- 
fined to a few special cases, e.g., ore rich in 
fluorite [67]. 

Another method applicable only to special 
barite types is based on the tendency of these 
barites to decrepitate. The broken ore is heated 
to 700 °С in rotary kilns, the barite crystals 
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bursting while the gangue is unaffected. The 
decrepitated fines rich in barite are screened 
off from the gangue. The yield depends above 
all else on the suitability of the barite for this 
treatment. 

Barite grades with special properties are 
produced for the various industrial uses. 


Drilling Мид. About 88-90% of the world 
output of barite is ground and used to increase 
the density of driling muds, especially for 
drilling oil and gas wells. The muds consist of 
an aqueous clay suspension and additives. The 
large amount of barite that can be added to this 
suspension allows adjustment of the density to 
a high value without the viscosity being af- 
fected significantly. The increased density al- 
lows faster discharge of cuttings and prevents 
blowouts. The standards for drilling-mud- 
grade barite vary from country to country; for 
instance, they are described in the OCMA or 
API standards [68]. However, in every case 
the barte must be free from water-soluble 
salts because these cause clay suspension to 
flocculate [69]. 


For the production of barite for drillig 
muds, generally it is sufficient to jig the ore to 
increase the density by removing the quartz. In 
most cases the other impurities do not cause 
trouble. On the other hand, barite that has been 
flotated must be heated or treated in some 
other way to destroy its hydrophobic charac- 
ter. 


Raw Material for Barium Chemicals. The 
7-8% of the total barite production to be used 
as a raw material for other barium compounds 
is always reduced to barium sulfide as the first 
stage. The BaSO, content must be > 95%, and 
the BaSO, should contain as little silica and 
iron as possible, as these impurities reduce the 
yield of water-soluble barium sulfide. Fluor- 
spar (fluorite) and lead glance interfere with 
the reduction. Such barite is generally shipped 
in bulk as coarsely broken material, either 
granular (jigged) or ground (floated). 


White Ground Barite Filler. Ground barite is 
used as a filler owing to its resistance to chem- 
icals and weathering, its wettability and dis- 
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persibility, and its low adsorption of binders. 
The properties of barite flour vary, depending 
on the commercial grade: 


Grain size 0.1-40 шп 
Brightness (reference, MgO = 100) 85-95 

Refractive index nj = 1.64 

Oil requirement 10-12 g of oil/100 g 
Bulk density, tamped 1.4-2.2 g/cm? 
Density 4.0—4.25 g/cm? 


Some white barite grades may be’ ground 
directly without further treatment. More usual, 
however, is to subject the spar to coarse crush- 
ing and gravity dressing. Then the granular 
material is treated in bleaching vats with hot 
dilute acid, preferably sulfuric or hydrochloric 
acid, to remove the colored iron or manganese 
oxides, washed, and dried. The bleached spar 
is dry-milled in edge or ball mills to obtain the 
desired grain size, then air classified. 

There is a more economical procedure: the 
coarsely crushed, gravity dressed barite is 
ground to the desired grain size by continuous 
wet milling in lined ceramic tubes. The 
screened suspension of ground material is 
bleached in agitator vessels, with dilute sulfu- 
ric or hydrochloric acid along with reducing 
agents (e.g., sodium sulfite) or oxidizing 
agents (e.g., nitric acid), depending on the 
kind of impurities, then washed, decanted, and 
dried. If floated barite is used in this process, 
then the barite must be floated again after 
bleaching to remove the decomposed organic 
material [70]. 

A third bleaching procedure lacks eco- 
nomic importance: here the barite is heated in 
a rotary kiln by adding alkali-metal salts, e.g., 
sodium chloride or sodium hydrogensulfate. 
This procedure is confined to special cases 
due to its high cost. 

The specifications for ground barite are 
given in DIN 55911 for Germany and ISO 
3262 internationally. The requirements of the 

buyers differ in regard to grain size and white- 
ness. Some products, such as EWO-Albaryt 
grades of the Deutsche Baryt-Industrie, Bad 
Lauterberg/Harz, are equivalent to synthetic 
blanc fixe in many respects. White ground 
barite is generally shipped in 50-kg paper 
bags. 
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Barite flours are mainly used as fillers and 
extenders in paints, varnishes, plastics, rubber, 
linoleum, sealing compounds, stoppers, plas- 
ters, and adhesives (3-496 of the total bante 
production). High-quality grades сап be used 
as an X-ray-opaque medium in medicine, in- 
sofar as the grades meet the requirements of 
the individual countries as given in USP, EP, 
JP, DAB, etc. 


58.2.1.3 Blanc Fixe 


Precipitated barium sulfate is usually called 
blanc fixe. It is mainly used as a filler and ex- 
tender, in some fields also as a white pigment. 
The most important properties for the con- 
sumer are its insolubility in water and organic 
binders, its high degree of whiteness, and its 
homogeneous granulation: 

Grain size 0.120 рт 

Average grain size 0.2-2 um 

Brightness (reference, MgO = 100) 95-99 

Refractive index np = 1.65 

Oil requirement 12-22 g of oil/100 р 
Bulk density, tamped 0.9-2.2 g/cm? 
Density 4.04.4 g/cm? 
Production. Blanc fixe is usually precipitated 
in stirred tanks from solutions of barium chlo- 
ride or barium sulfide by adding dilute sulfuric 
acid or sodium sulfate solutions. The sulfuric 
acid or the sodium sulfate solution must be 
free from heavy metals that can impart color to 
the product. 

The method of manufacture and the reac- 
tion conditions depend on the ultimate use of 
the blanc fixe, especially the desired grain 
size. For example, fine-grained blanc fixe is 
produced by rapid precipitation from highly 
concentrated solutions at high pH and low 
temperatures. Coarse blanc fixe is produced 
from dilute solutions at high temperatures, say 
80—100 °C. The use of seed crystals and pro- 
longed residence time, e.g., by stirring for an 
extended period at low pH, produces a larger 
average grain size in the finished product. The 
precipitated blanc fixe is filtered or centri- 
fuged and washed. It is drawn off and packed 
as paste, slurry, or powder, the last involving 
an additional process step of drying and per- 
haps one of regrinding. 
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A special problem in preparing blanc fixe 
from barium sulfide and sodium sulfate solu- 
tions 1s washing out the sodium sulfide. How- 
ever, this problem can be overcome by 
enlarging the particle size of the extremely 
fine material by sintering (at 300-1000 °C) 
with fluxes like sodium sulfate and extracting 
the clinker [71]. 

Another procedure for the manufacture of 
blanc fixe is based on the conversion of an 
aqueous suspension of barium carbonate with 
dilute sulfuric acid, sometimes in the presence 
of small amounts of hydrochloric acid. The re- 
sulting product is characterized by its white- 
ness [72]. 

Formerly blanc fixe was obtained as a by- 
product of hydrogen peroxide production by 
reaction of barium peroxide and sulfuric acid~ 
but today hydrogen peroxide is prepared by 
other procedures. 


Quality Specifications. In Germany, the stan- 
dards for blanc fixe, the methods of analysis, 
and tests are defined in DIN 55911. The vari- 
ous grades differ mainly in grain size. The 
smaller the grain diameter the higher the lus- 
ter. In fact, grades are still sometimes charac- 
terized as mat, semimat, or lustrous. 

The standards for blanc fixe to be used as 
X-ray-opaque medium in medicine are de- 
scribed and defined for the various countries 
in USP, EP, JP, DAB, etc. The standards devi- 
ate slightly from one to another. 


Shipping and Packing. Blanc fixe is shipped 
as powder (25- or 50-kg paper bags, 1000-kg 
bags, or in silo trucks); slurry (30-40% water 
in 460-kg plastic barrels or in tank trucks); and 
agglomerate-free paste (25-35% water in 50- 
kg polyethylene-lined iron barrels). Because 
blanc fixe is nontoxic, it is not classified as a 
dangerous good. 


Uses. About 70% of the blanc fixe consumed 
in Western Europe is used in paint and varnish 
as well as in printing ink asa filler. It is used as 
a coating pigment to upgrade the surface of 
paper and is sometimes used as a pulp filler. 
Photographic paper requires grades free from 
sulfur and heavy metals, but recently this mar- 
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ket has lost significance. Blanc fixe is also 
used as a filler in plastics, rubber, and adhe- 
sives and as an additive in the negative plates 
of lead storage batteries. Special grades are 
used as a medium opaque to X rays for medi- 
cal purposes (stomach X rays). 


58.2.2 Barium Sulfide and 
Polysulfides 


The principal intermediate between barium 
sulfate and other banum compounds is barium 
sulfide. 


Properties. Pure barium sulfide, BaS, p 4.3 
g/cm?, forms colorless cubic crystals. It melts 
above 1200 °C. Its heat capacity c, is 287 Jkg^ 
ІК! At room temperature barium sulfide is 
unaffected by dry air, but over the range 500— 
1000 °C it is oxidized to barium sulfate, at an 
ever-increasing rate. In humid air containing 
carbon dioxide, some barium carbonate forms, 
and the odor of hydrogen sulfide is noticeable. 
The solubility of barium sulfide in water de- 
pends strongly on the temperature, the maxi- 
mum being near 90 ?C: , 

© — 0 20 40 e 80 90 10 
%BaS 2.8 73 13.0 21.7 333 40.2 376 


Owing to complete hydrolysis a solution of 
sulfide is actually an equimolar solution of 
barium hydroxide, Ba(OH),, and barium hy- 
drosulfide, Ba(SH),. Accordingly, barium sul- 
fide does not precipitate when the solution is 
cooled; instead, a double salt of composition 
Ba(OH),.Ba(SH), 10H;,O precipitates. Ex- 
cess hydrogen sulfide converts the barium hy- 
droxide in solution quantitatively to barium 
hydrosulfide, which can be precipitated as 
Ba(SH),-4H,O by addition of ethyl alcohol. 

Aqueous barium sulfide reacts with carbon 
dioxide to form barium carbonate, BaC O, and 
the solution is also susceptible to atmospheric 
oxygen, which easily oxidizes the hydrosul- 
fide to polysulfide, thiosulfate, and sulfite. 


Production. Barium sulfide is produced by re- 
ducing barite (BaSO,) with carbon. The net re- 
action is 


BaSO, + 2C — BaS + 2CO, 
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However, the thermodynamic data suggests 
that the actual reducing agent is carbon mon- 
oxide [73]: 

BaSO, + 4CO — BaS + 4CO, 


Barium sulfite, BaSO,, is an intermediate 
[74]. The CO forms in the reaction between 
carbon and CO,, the Boudouard equilibrium: 


C «CO, = 2CO 


The barite should have a BaSO, content 2 
95%. Large amounts of impurities, especially 
silica and iron oxide, reduce the yield of wa- 
ter-soluble barium sulfide by forming the in- 
soluble barium silicates and ferrates. The spar 
is ground to 0.1-2 mm and mixed with low- 
ash reducing carbon or coke, one part of car- 
bon to 4-6 parts of barite. 

Today the reduction is usually carried out in 
a continuous process centered around rotary 
kilns up to 50 m long. A burner at the outlet of 
the kiln fired with fuel oil, natural gas, or coal 
dust provides countercurrent heating. Reduc- 
tion takes place at 1000-1200 °C; average res- 
idence time is 90-120 min. The operating 
conditions must be carefully controlled to pre- 
vent secondary reactions with the gangue and 
to impede caking. The barium sulfide melt 
should be obtained in a fine-grained condition. 
The sulfide melt leaves the kiln continuously 
through a cooling drum. Generally further 
grinding is not necessary. 

The older batch method, using rotary kilns, 
is still in use, especially in smaller companies. 
Essentially the operating conditions corre- 
spond to those of the continuous process. 
However, batch operation is characterized by 
lower output and higher unit operating cost. 

Recently, various processes using a fluid- 
ized-bed kiln have been reported. Here, the 
pulverized spar, e.g., from flotation, is granu- 
lated together with carbon and reacted in a flu- 
idized bed, a part of the carbon being used for 
heat generation and a part for reduction (74, 
75]. Other processes use a reducing gas, e.g., 
carbon monoxide or methane, instead of car- 
bon. The gas serves three functions: it pro- 
vides heat upon combustion, it supports the 
fluidization, and it is the reducing agent. The 
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advantages are a reduction temperature below 
1000 ?C, a residence time less than 1 h, and a 
more favorable energy balance [76, 77]. How- 
ever, large-scale plants of this kind have not 
-been reported. 


Crude barium sulfide (black ash) is leached 
countercurrently with 50—70 °C water to dis- 
solve the barium sulfide. This leaching is car- 
пей out batchwise in batteries of Shank 
leaching vats or continuously in closed agi- 
tated vessels followed by several thickeners. 
The suspended matter is filtered off, and the 
lye, containing 13-18% Ва$, is immediately 
treated further to prevent oxidation or crystal- 
lization. At this point the barium sulfide solu- 
tion is very pure. 


The residue still contains 5096 barium, in 
the form of compounds insoluble in water, 
such as silicates and ferrates of barium and un- 
reacted barite. The silicates and ferrates can be 
dissolved with hydrochloric acid to form bar- 
ium chloride; however, this process is often 
uneconomical because of the cost of purifying 
the barium chloride solution. To avoid these 
problems a recent method proposed that the 
leaching residue be resuspended in water and, 
by adding hydrogen sulfide, the portion of bar- 
ium compounds that are insoluble in water be 
converted into readily soluble barium hydro- 
sulfide that can be led back into the sulfide lye 
[78]. 


Quality Specifications. Barium sulfide is 
available only as a technical-grade, granular, 
dark gray crude product called black ash. It 
contains 75-8596 water-soluble BaS, barium 
compounds soluble in hydrochloric acid (8 
10% as BaO), 2-496 51О„, 2-3% Ее,О, and 
ALO, 24% BaSO,, and 1-2% carbon. The 
economic value depends directly on the con- 
tent of water-soluble BaS, which. is deter- 
mined analytically by  acidimetry and 
iodometry. 


Packing and Shipping. Barium sulfide is 
packed in multilayered paper bags with an in- 
ner polyethylene bag or in 50-kg polyethylene 
bags. Shipment is governed by TMDG Class 
6.1, UN 1564, and RID/ADR Class 6.1, 71. 
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Uses. Barium sulfide is mainly used for the 
production of other barium compounds, espe- 
cially lithopone. Some Bas is used for the pro- 
duction of hydrogen sulfide, in this case, 
barium chloride is the by-product. Other uses 
(depilatories, purification of mineral acids) are 
far less important. 


Barium Polysulfides. The polysulfides have 
the general composition BaS, (x = 2—5). They 
include barium disulfide, Ва$,; barium trisul- 
fide, BaS,; barium tetrasulfide, BaS,; barium 
tetrasulfide monohydrate, Dat, H,O; barium 
tetrasulfide dihydrate, BaS,-2H,O; and bar- 
ium pentasulfide, BaS, Polysulfides form 
when barium sulfide solutions are oxidized by 
air, when sulfur is dissolved in barium sulfide 
solutions, when barium sulfide is fused with 
sulfur in a vacuum, еіс. . 

The isolation of individual polysulfides 
from solution is difficult because of their ten- 
dency to decompose. Technical barium 
polysulfide is produced by grinding barium 
sulfide with sulfur (Ba:S = 1:4—5). It is mar- 
keted as a grayish-yellow powder. The forma- 
tion of polysulfide does not take place until the 
powder is dissolved. 

A new process, however, produces a mix- 
ture of true barium polysulfides, Da, — by 
sudden evaporation of a solution in a spray 
dryer [79]. The resulting light yellow powder 
is stable and dissolves in water without leav- 
ing a residue. 

As a 1-3% solution barium polysulfide is a 
fungicidal and acaricidal agent used in fruit 
and grape growing. 

Shipment of barium polysulfides is gov- 
erned by the IMDG Class 6.1, UN 1564, or 
RID/ADR Class 6.1, 71. 


58.2.3 Barium Carbonate 


Barium carbonate is the most important 
manufactured barium compound. It occurs in 
nature as witherite, which has little economic 
significance due to rareness, inevitable impu- 
rities, and almost fully depleted deposits. 


Properties. Barium carbonate, BaCO, mp 
1360 °C accompanied by loss of CO,. Pure 
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barium carbonate is a white fine crystalline 
powder having several modifications: ` ` 


. 803*C 980 *C А 
y rhombic В, һехаропа = о, cubic 


The rhombic modification is isomorphous 
with the carbonates of calcium (aragonite), 
strontium (strontianite), and lead (cerussite). 

Barium carbonate has a density of 4.29 
g/cm?. Its solubility in water at 20 °C is only 2 
x 103%, although it is a little more soluble in 
water containing СО,. Its refractive index is = 
1.6. Its heat capacity c, at room temperature is 
433 Ikg "Kl. 

When barium carbonate is heated, it loses 
carbon dioxide and forms barium oxide. The 
dissociation is promoted by traces of water. 
Barium carbonate and its decomposition prod- 
uct barium oxide are partially soluble in each 
other at elevated temperatures, at 1000 °C = 
10 mol% oxide in the carbonate and 5 mol% 
of carbonate in the oxide — this partial solu- 
bility was not adequately appreciated in the 
older literature. Moreover, there is a eutectic at 
1060 °C with 34 mol% barium oxide. The 
equilibrium CO, pressure above barium car~ 
bonate saturated with oxide increases rapidly 
above 1000 °C [80, 81]: 
eC 900 1000 1100 1200 1250 1300 1360 
kPa 0 0.21 16 101 216 46.4 101.3 
Tor 0 16 12 76 162 348 760 


Production. Barium carbonate is produced al- 
most exclusively by precipitation from barium 
sulfide solutions. There are two processes: 
e precipitation with carbon dioxide 
e precipitation with soda 

The first is based on the reactions 


_ 2BaS + CO, + H,O — BaCO; + Ba(HS), 


Ba(HS), + CO, + H,O — BaCO; ^ 2H,S 


The carbon dioxide is usually available 
from combustion gases or native carbonic 
acid. The precipitation is carried out batch- 
wise in gastight vessels, several of which may 
be arranged in series to absorb the carbon di- 
oxide that breaks through with the hydrogen 
sulfide in fresh lye; a utilizable hydrogen sul- 
fide poor in carbon dioxide is produced in this 
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way. Also there are continuous processes, e.g., 
using precipitation columns [82, 83]. 

The second process is based on the reaction 
BaS + Na,CO, — BaCO; + Na,S 


The barium sulfide lye containing 15~18% 
BaS is run into 30% soda solution in agitator 
vessels. 

The decision to favor one or the other of the 
two processes does not depend only on the 
availability and relative cost of carbon dioxide 
or soda. Above all else the value or sales pros- 
pects of the by-products, H,S or Na,S, is deci- 
sive. The hydrogen sulfide must be worked up 
to sulfur, sulfuric acid, sodium hydrosulfide, 
or sodium sulfide. The dilute sodium sulfide 
solution produced in the soda process in most 
cases is upgraded to crystalline sodium sulfide 
hydrate (60% Na,S). 

The main impurity in BaCO,, sulfur as sul- 
fide, elementary sulfur, or sulfate, is the major 
problem. Patents offer a number of solutions: 
adding aluminum powder to the barium sul- 
fide lye to reduce the polysulfide sulfur [84], 
continuously maintaining a residual barium 
sulfide content in the solution of 0.5% during 
the precipitation with carbon dioxide to keep 
the sulfur dissolved [85]; or a careful step-by- 
step precipitation, perhaps first to BaCO, and 
Ba(HS), and then to BaCO, and H,S [82, 83]. 


Quality Specifications. Purity, bulk density, 
and grain-size distribution depend on the par- 
ticular use. Usually, low sulfur and heavy- 
metal content is demanded. The manufactur- 
ers of electroceramics require low strontium 
content. The numbers below refer to products 
of various origin, quality, and process and 
should only be regarded as reference values: 


Barium carbonate 298.5% 

Sulfur 0.08 (0.02)% 
Strontium 0.5-1.4 (0.3)% 
bon ' 6-20 x 107% 
Insoluble in HCl coin 0.1-0.6% 

Density 4.29 g/cm? 
Bulk density, tamped 0.4—1.8 (202) g/cm? 
Grain size, < 5 um 80-95% 


An important standard for barium carbon- 
ate as a sulfate-binding agent is its reactivity. 
This: is determined by conversion of barium 
carbonate with known quantities of sulfate, as 
gypsum water or sodium sulfate solution. 
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Packing and Shipping. Barium carbonate is 
stored in silos and shipped in 50-kg multilayer 
paper bags, = 1000-kg bags, or silo wagons. 
Shipment is governed by the IMDG Class 6.1, 
UN 1564, or RID/ADR Class 6.1, 71. 


Uses. Barium carbonate is used to remove the 
detrimental sulfate ion from the input solu- 
tions of the alkali-metal chloride electrolysis, 
e.g., the mercury process, as well as from in- 
dustrial waters of various kinds. In brick pro- 
duction barium carbonate is a binder for the 
soluble sulfates in the raw mixture. The for- 
mation of insoluble barium sulfate prevents 
discoloration (efflorescence) during produc- 
tion. Moreover, barium carbonate reduces the 
tendency of baked bodies to effloresce on ex- 
posure to moisture. Barium carbonate 1s used 
to incorporate barium oxide into special fine 
glassware, apparatus glass, and many optical 
glasses. The barium oxide increases the work- 
ability ofthe glass melt, improves the mechan- 
ical and chemical resistance, and increases the 
refractive index of the glass. Barium in televi- 
sion screens prevents the leakage of X rays. 

Barium carbonate is also used in enamels, 
the electroceramic barium titanate and the 
magnetoceramic barium ferrites. These last 
two uses require high-purity BaCO,. 


58.2.4 Barium Chlorate 


Barium chlorate monohydrate, Ba(ClO j),- 
H,O, forms monoclinic short prismatic crys- 
tals of density 3.18 g/cm”. Its solubility in wa- 
ter is 21.2% at 10 °C ара 51.3% at 100 °C. 
Near 120 °C barium chlorate begins to lose its 
water of crystallization; and above 250 °C ox- 
ygen is lost. The anhydrous salt melts at 
415 °C; however, explosions can occur on fu- 
sion or if a mixture with sulfur or organic sub- 
stances is heated even at 110°C. Banum 
chlorate is a good oxidant. 

Barium chlorate is produced on an indus- 
trial scale by mixing concentrated barium 
chloride solution into hot concentrated sodium 
chlorate solution. On cooling, barium chlorate 
monohydrate crystallizes. Although it crystal- 
lizes in.a rather pure form, barium chlorate can 
be purified even further by recrystallization. 
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This double conversion is more economical 
than electrolysis of a barium chloride solution, 
a process that is no longer used. 

Banum chlorate is almost exclusively used 
in pyrotechnics, where it produces a green 
color. In addition, it has been used as an oxi- 
dizing agent, e.g., in textile printing. Shipment 
is governed by IMDG Class 5.1, UN 1445, or 
RID/ADR, Class 5.1, 4a. 


58.2.5 Barium Chloride 


Anhydrous barium chloride BaCl, mp 
962 °С, Pr 3.91 g/em?, crystallizes in two 
modifications: o-BaCl, (rhombic, mostly 
lamelliform) and B-BaCl, (cubic). The con- 
version temperature is 925 °C. Barium chlo- 
ride is soluble in water: 


°C 0 20 40 60 80 100 
% BaCl, 23.6 26.3 29.0 316 35.0 36.6 


The enthalpy of fusion is 193 kJ/kg, and the 
entropy of fusion is 87.7 Jkg K^. The heat 
capacity c, is 361.8 Jkg К" near room tem- 
perature. 

Barium chloride crystallizes from aqueous 
solutions as the dihydrate in monoclinic color- 
less plates, p 3.097 g/cm?. Water of crystalli- 
zation is not lost much before 110 °C, this 
process being finished around 160 °C. 


Production. Today the production of barium 
chionde on an industrial scale is carried out by 
the reaction of 15-18% barium sulfide solu- 
tion with 31-32% hydrochloric acid. In addi- 
tion, the reaction of barium sulfide solution 
with chlorine is of commercial interest. 


In both methods reaction is continued until 


‘the solution becomes acid to assure complete 


conversion of the barium sulfide and to re- 
move from solution the hydrogen sulfide 
formed. The reaction with hydrochloric acid 1s 
often followed by oxidation with air or chlo- 
fine to convert any dissolved sulfur com- 
pounds into barium sulfate, which removes 
the sulfur from the solution. In both methods 
the solution is neutralizéd afterwards with bar- 
ium carbonate or sodium hydroxide to precipi- 
tate heavy metals. 
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The solubility of BaCl, in water does not 
depend strongly on temperature. If the barium 
chloride is to be crystallized, this is carried out 
by evaporative crystallization. In most cases 
vacuum evaporation is used, the salt crystal- 
lizing as the dihydrate. Normally it is only 
dried but it can be dehydrated further if neces- 
sary. The mother lye, which still contains bar- 
ium chloride, can be processed to produce 
insoluble blanc fixe (BaSO,) or barium car- 
bonate. The by-product hydrogen sulfide from 
the hydrochloric acid process is usually con- 
verted into sodium sulfide or sodium bisul- 
fide. 

In the chlorine process the by-product is 
sulfur, usually containing barium carbonate 
and heavy metals. 

By-product barium chloride is obtained in 
the production of lithopone grades containing 
more than 30% zinc sulfide, for in these cases 
barium sulfide is reacted with zinc sulfate and 
zinc chloride. Another source of barium chlo- 
ride is the black ash leaching residues. These 
are reacted with hydrochloric acid by some 
manufacturers. However, the resulting barium 
chloride solutions contain such a concentra- 
tion of impurities that they must be purified 
extensively before further use. 

The literature reports various procedures to 
convert barite directly into barium chloride. 
These procedures, e.g., the reaction of barite 
with carbon and calcium chloride or the chlo- 
ridizing reduction of barite, no longer have 
significance in Western Europe or America, 
for they are now uneconomical. Direct con- 
version still seems to be of interest in Eastern 
Europe, where numerous scientific papers 
and patents on direct conversion are issued, 
e.g., [86]. The industrial production of barium 
chloride from barium sulfate, carbon, and cal- 
cium chloride is reported only from China. 


Quality Specifications, Packing, Shipping. 
Both the dihydrate and anhydrous barium 
chloride are marketed as technical grades of 
99-99.5%, the dihydrate also being available 
as a high-purity grade (= 100%). They are 
packed in 50-kg multilayer paper bags with 
polyethylene covers or liners to make the bags 
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moistureproof. Shipment is governed by 
IMDG Class 6.1, UN 1564 (harmful, keep 
separate from foodstuffs), or RID/ADR Class 
6.1, 71. 


Uses. Along with other chlorides barium chlo- 
ride is used as a component of melt quenching 
baths for steel. It is used as a starting material 
for the production of blanc fixe and, instead of 
barium carbonate, to remove sulfate fram so- 
lutions. Finally, it has a limited importance as 
a stabilizer for plastics. 


58.2.6 Barium Ferrite 


Barium hexaferrite, BaFe,,0,9, forms hex- 
agonal needle-shaped ferrimagnetic crystals. 
It is usually manufactured in a two-stage 
solid-state reaction, first stage at 650—750 °C, 
second stage > 850 °C. An intermediate is bar- 
ium monoferrite, BaFe,O,. 


58.2.7 Barium Oxide 


Barium oxide, caustic baryta (an older 
term), BaO, mp = 1920°C, sublimes = 
2000 °C. Pure commercial barium oxide is a 
white fine crystalline powder, whereas techni- 
cal grades are often gray due to carbon impuri- 
ties. Barium oxide forms face-centered cubic 
crystals. The densities reported in the litera- 
ture vary considerably, perhaps depending on 
preparation. The most likely value is = 5.7 
g/cm’. 

Usually barium oxide is very reactive. 
However, its reactivity depends on the prepar- 
ative conditions, the reaction temperature, and 
the;coreactant. Tn the absence of water BaO 
often reacts very slowly with carbon dioxide. 
In the presence of small amounts of water, 
however, it is converted by carbon dioxide 
into barium carbonate in a very exothermic re- 
action. The conversion of barium oxide by wa- 
ter into barium hydroxide is also very 
exothermic. Self-ignition may occur on con- 
tact with wet organic substances. Barium ox- 
ide is soluble in methanol: 20% dissolves at 
15 ?С, and therefore barium oxide can be puri- 
fied by recrystallization before it is used as a 
starting material for organic barium com- 
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pounds or for incorporation, as a methylate, 
into organic systems. 


Production. Barium oxide is mainly produced 
by decomposition of barium carbonate in the 
presence of carbonaceous material at high 
temperature. The use of carbon significantly 
lowers the temperature at which the barium 
carbonate decomposes, which to a large extent 
avoids unwanted corrosion of the reactor 
when barium carbonate is decomposed by heat 
alone at 1400 ?C. Also important is the de- 
composition of barium carbonate mixed with 
channel black (6.2196 C) in retorts of silicon 
carbide-corundum externally heated to = 
1250 °С. 


The modern procedures tend to use contin- 
uous fluidized beds. Barium carbonate-soot 
pellets are used [87, 88], or the carbon is 
added to the fluidized bed as methane [89]. 
The advantages are, among others, that the 
low reaction temperatures give less-sintered 
products, i.e., more reactive BaO. 


There are also procedures using electrical 
arcs in a core zone [90]. In such processes a 
steep temperature drop is maintained between 
the hot core zone and the reactor shell, to pro- 
vide a protective layer for the shell material. 
Addition of carbon is not absolutely neces- 
sary. 

The crude barium oxide can be reacted [88, 
89] in a second stage with carbon for more 
complete conversion. 


The latest literature reports preparation of 
barium oxide by direct decomposition of bar- 
ium sulfate or barium carbonate on a plasma 
torch, although production using this method 
has not been reported. 


Quality Specifications. Barium oxide is mar- 
keted in grades of a purity of 97-99%. The 
main impurities are 1—3 % barium carbonate, € 
1% barium peroxide, and a few tenths of a 
percent of nonconverted carbon. 


Storage and Shipping. Barium oxide is 
shipped mainly in iron drums or, for smaller 
quantities, in tin cans. Shipment is governed 
by the regulations on the transport of harmful 
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goods of the IMDG Class 6.1, UN 1884, or 
RID/ ADR Class 6.1, 71. 


Uses. Barium oxide, like barium hydroxide, is 
mainly used for the preparation of additives 
for oils and greases; however, this is losing 
significance. In addition, barium oxide is used 
as a starting material for organic barium salts 
used in plastics. Barium oxide is frequently in- 
corporated into fluorescent material, recently 
also into polyphenylene sulfide sealing pastes. 


58.2.8 Barium Hydroxide 


The anhydrous hydroxide has only a sec- 
ondary industrial importance; the monohy- 
drate and octahydrate are used in industry on a 
far larger scale. 


Properties. Barium hydroxide octahydrate, 
hydrate of baryta, caustic baryta, Ba(OH),- 
Н.О, forms monoclinic pseudotetragonal 
crystals, often plates when rapidly crystal- 
lized. It melts at 78 °C in its own water of 


crystallization, releasing the water when 


heated above 108 °С to yield the monohy- 
drate. The density is = 2.18 g/cm’. The spe- 
cific heat capacity c, of the solid is. 1250 Jkg™ 
K- of the melt 1675 Jkg ^ K^ at 80 °C. 

The solubility in water depends on the tem- 
perature dramatically: 
°C 0 2 4 60 78 
% Ba(OH),8H,O0 3.0 69 141 326 100.0 
gBaO/l00gH,O 15 3.48 735 188 947 





The solutions are strongly alkaline and tend to 
supersaturate. 

Like all soluble hydroxides, barium hy- 
droxide, especially in aqueous solution, reacts 
readily with acidic gases. The most important 
example in practice is carbon dioxide, to form 
barium carbonate. 

Barium hydroxide monohydrate, Ва(ОН),: 
H,O, crystallizes as often radially intergrown 
needles. Its density p is = 3.74 g/cm’. The 
monohydrate does not react with dry carbon 
dioxide. 

Arhydrous barium hydroxide, Ва(ОН), 
mp = 407 °C. The course of the dehydration, 
i.e., the temperatures and times, from mono- 
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hydrate to anhydrous Ba(OH), depends on the 
reactivity of the monohydrate. Molten anhy- 
drous hydroxide is so corrosive, attacking 
steel and most ceramics, that the conversion of 
banum hydroxide into barum oxide, which 
takes place at 800 to 850 ?C, is not carried out 
on an industrial scale. 


Production. Barium hydroxide octahydrate is 
produced by hydration of barium oxide. The 
barium oxide is suspended in recycled mother 
lye and heated for several hours to destroy per- 
oxides. The insolubles, e.g., BaCO,, are sepa- 
rated, and the hydroxide is precipitated by 
crystallization at low temperatures in stainless 
steel vessels. The crystals are removed from 
the mother lye by centrifugation. 

Another industrial method 1s based on the 
oxidation of a banum sulfide solution [91— 
93]. Air is passed into the stirred solution con- 
taining barium hydroxide and barium hydro- 
sulfide, the hydrolysis products of banum 
sulfide, until the hydrosulfide is oxidized to 
form polysulfide. Then the banum hydroxide 
octahy drate is crystallized at low temperatures 
and separated with a centrifuge. The polysul+ 
fidic mother lye is partly recycled, the rest 
usually processed for other barium com- 
pounds. 

The monohydrate is generally produced on 
a commercial scale by dehydration of the oc- 
tahydrate in heated vacuum driers. A monohy- 
drate of especially high reactivity is obtained 
with drum driers [94]. This highly reactive 
monohydrate is particularly suitable for the 
production of oil additives. 


Storage, Packing, Shipping. Both the mono- 
hydrate and the octahydrate are packed and 
stored in 50-kg polyethylene-lined multilayer 
paper bags. Shipping is governed by IMDG 
Class 6.1, UN 1564, or RID/ADR Class 6.1, 
71. 


Uses. Barium hydroxide, especially the mono- 
hydrate, is used to produce organic barium 
compounds such as additives for oil and stabi- 
lizers for plastics. In addition, barium hydrox- 
ide is used for dehydration and 
deacidification, especially for removing sulfu- 
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ric acid from fats, oils, waxes, and glycerol. In 
some applications, e.g., removal of sulfate 
from water and as starting material for other 
barium compounds, barium hydroxide to 
some extent replaces barium carbonate. The 
earlier use of the hydroxide in some countries 
for extracting the residual sucrose from molas- 
ses is no longer of much significance. The re- 
cent patent literature describes a procedure in 
which barium hydroxide is reacted with hy- 
drogen peroxide to produce barium peroxide 
monohydrate [95]. 


58.2.9 Barium Nitrate 


Barium nitrate, Ba(NO3),, mp 593 °C, col- 
orless cubic crystals, often octahedra, pag 3.24 
g/cm?. The solubility of barium nitrate in wa- 
ter increases with temperature: 
°C 0 10 20 50 100 
%Ba(NO;), 48 65 84 146 254 


On heating, barium nitrate decomposes into 
barium oxide, barium peroxide, nitric oxide, 
nitrogen, and oxygen. The gaseous products 
formed and their proportions depend largely 
on the temperature and rate of heating [96]. 
The presence of sulfur or organic substances 
may cause an explosion. 

For the production of barium nitrate vari- 
ous procedures are possible, starting from 
BaCO,, Ba(OH),-8H,0, BaS, or Da), How- 
ever, for industnal production there are two 
main procedures. In the first, barium carbon- 
ate is suspended in recycled mother lye and re- 
acted with nitric acid. If necessary, heavy 
metals are precipitated, and the solution is fil- 
tered hot. The nitrate is then crystallized, if 
necessary with vacuum evaporation. The sec- 
ond procedure consists of reacting a barium 
sulfide solution, directly or after the removal 
of barium hydroxide, with nitric acid. After 
carefully removing any sulfur formed and the 
heavy metals, the barium nitrate is crystallized 
at low temperatures. 

The preparation of Ba(NO,), by double 
conversion of barium chloride and sodium ni- 
trate or calcium nitrate is described in the 
Eastern European patent literature. 
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Barium nitrate is packed and stored in 50- 
kg polyethylene-lined multilayer. paper bags. 
Shipping is governed by IMDG Class 5.1, UN 
1446, or RID/ADR Class 5.1, 7c. 

One of the main uses, a component in pyro- 
technics to produce a green color, requires 
very pure barium nitrate, 99.5-99.8%. The 
content of other flame colorants — sodium, 
strontium, calcium — must be extremely low. 
Barium nitrate is used as a plaining agent in 
the manufacture of special glasses and optical 
glasses in place of the combination alkali- 
metal nitrate-arsenic. In addition it is used to 
incorporate barium oxide into catalysts, in lu- 
minescent cathode-ray screens, and as a com- 
ponent of metallurgical hardening agents. 


58.2.10 Barium Titanate 


Barium titanate, BaTiO,, тр 1625 °С, £j, 
6.02 g/cm}, has phase transitions and both fer- 
roelectric and piezoelectric properties. 


58.3 Toxicology 


Water-soluble barium compounds are toxic, 
as is shown in Table 58.5. Most barium poi- 
sonings are caused by mistaking soluble bar- 
ium compounds, such as barium carbonate, for 
the insoluble and therefore nontoxic — 
barium sulfate, which is used as a contrast 
agent in X-ray diagnosis. 





Table 58.5: Acute lethal doses of soluble barium com- 
pounds. 

Compound Toxicity ' Ref. 
Barium carbonate TDLo 29 mg/kg (human, oral) (97] 


LD,4,8.5mg/kg(mouse,iv) [98] 
LD,, 355 mg/kg (rat, oral) [99] 


Barium chloride LDLo 11.4 mg/kg (human, oral) [100] 


Barium nitrate 


Barium oxide LD,, 50 mg/kg (mouse, [101] 
subcutaneous) 
Barium fluoride LD,, 250 mg/kg (rat, oral) [102] 


The symptoms of poisoning are convul- 
sions of both striated and smooth muscles, in- 
cluding the heart, followed by paralysis of the 
peripheral nerve system. These effects on the 
nerve system are accompanied by severe in- 
flammation of the gastrointestinal tract. 
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Barium carbonate is often used in the ce- 
ramics industry. Detailed examination of 
workers exposed to BaCO, dust for 7-27 
years did not reveal any specific chronic poi- 
soning [103]. Damage to the lungs is often 
caused by contaminants in the barium com- 
pounds, such as quartz [104] or zinc sulfide 
[105]. However, it is possible that BaSO, 
causes benign pneumoconiosis (barytosis) be- 
cause, unlike BaCO,, BaSO, is not absorbed 
by the organism [106, 107]. 

For soluble barium compounds an exposure 
limit of 0.5 mg/m? (as Ba) has been estab- 
lished by both TLV and MAK commissions 
(1983). According to the MAK, short-term ex- 
posure limits may be as high as 10 mg/m? (av- 
erage over 30 min, four times within 8 h). 
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Du Pont Experimental Station 
P.O. Box 80262 

Wilmington, DE 19880-0262 
USA 


Udo Bertmann 

@ §5.22.7 

DMT-Gesellschaft für Forschung und Prüfung mbH 
Franz-Fischer- Weg 61 . 

45307 Essen 

Germany 


Robert Besold 
e 88.12 

e 5 10.9.3 

e 521.11.3 

Carl Schlenk AG 
Postfach 4548 
90024 Nümberg 
Germany 


Manfred Bick 
ө Chapter 54 
Chemetall GmbH 
Reuterweg 14 
60323 Frankfurt 
Germany 


Christian Boidart 

e §51.13.3.4 

CIE Salins du Midi et Salines de l'Est 
68, Cours Gambetta 

F-34063 Montpellier Cedex 4 

France 


Bernhard Bonn 

e 85227 

DMT-Gesellschaft für Forschung und Prüfung mbH 
Franz-Fischer-Weg 61 

45307 Essen 

Germany 


Handbook of Extractive Metallurgy 


Thomas B. Bonney 


e 521.8 

Aluminum Company of America 
Alcoa Technical Center 

Alcoa Center, PA 15069 

USA 


Karl Brandt 


e $27.7.41 

ө $$ 46.10.2.1—46.10.2.4 

Dr. Hans Heubach GmbH & Co. KG 
Postfach 1160 

38679 Langelsheim 

Germany 


Robert J. Brotherton 


e $$ 49.2—49.3 

U.S. Borax Research Corp. 
Chemical Research 

412 Crescent Way 
Anaheim, CA 92801 

USA | 


Volker Brückmann 


e 56.8 
Wirtschaftsvereinigung Stahl 
Postfach 10 54 64 

40045 Düsseldorf 

Germany 


Jórg Brüning 

ө 852.1-522, 52.5-52.10 
Callery Chemical Company 
P.O. Box 429 

Pittsburgh, PA 15230 

USA 


Heinz-Lothar Bünnagel 
e 55.13 

e $6.8 
Wirtschaftsvereinigung Stahl 
Postfach 10 54 64 

40045 Düsseldorf 

Germany 


Andreas Buhr 


e $57 

Krupp Hoesch Stahl AG 

Abt. 20 GWT-STP Feuerfeste Stoffe 
44120 Dortmund 

Germany 
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Elizabeth R. Burkhardt 


@ 55 52.1—52.2, 52.5-52.10 
Callery Chemical Company 
P.O. Box 429 

Pittsburgh, PA 15230 

USA 


Alfred Richard Burkin 
e §§ 27.2-27.3, 27.8 

Dept. of Mineral Resources Eng. 
Imperial College 

Prince Consort Rd. 

London, SW7 2AZ 

England 


Gunter Buxbaum 
e 55.21.1 

Bayer AG 

Werk Uerdingen, R & G 
Postfach 166 

47812 Krefeld 
Germany 


Dodd S. Carr 


e $9.13 


Int. Lead Zinc Res. Organization 
P.O. Box 12036 


Research Triangle Park, NC 27709-2036 
USA 


Douglas A. Church 

e 5279 

Climax Metals Co. 

Amax Center 

Greenwich, CT 06836-1700 
USA 


Bernard Clercx 
e 851.1333 


Salzgewinnungsgesellschaft Westfalen mbH 
Graeser Brook 9 

48683 Ahaus 

Germany 


Joseph A. Corella 


ө $$ 49.4-49.5 
Callery Chemical Co. 
P.O. Box 429 
Pittsburgh, PA 15230 
USA 


William Brian Cork 
e 521111 


155 Newland Park 

Hull 

North Humberside HU5 2DX 
England 


Peter M. Craven 

e 57.4 

e 55 47.1-47.9 
Samancor House 

88 Marshall St. 
Johannesburg 2001 
Republic of South Africa 


John C. Crelling 


ө $$ 5.22.1-5.22.4, 5.22.9-5.22.11 
Department of Geology 

Southern Illinois University 
: Carbondale, IL 62901 

USA 


Winfried Dahl 


e $6.63: 

RWTH Aachen 

Institut für Eisenhüttenkunde 
IntzestraBe 1 

52072 Aachen 

Germany 


Max Danner 

e 55 21.10.5.2-21.10.5.3, 21.10.6 
Hoechst Aktiengeselischaft 

Werk Gersthofen 

-Chemikalien- 

86368 Gersthofen 

Germany 


Max Daunderer 


e 817.14 
KreuzeckstraBe 9 
82049 Pullach 
Germany 


Robert K. Dawless 

e §21.5 

Aluminum Company of America 
Alcoa Technical Center 

Alcoa Center, PA 15069 

USA 


Paul D. Deeley 

e 5 46.8 

Paul/Deeley & Associates 
27 Lonesome Pine Trail 


2357 


2358 


Yalaha, FL 34797-3060 
USA 


Herbert Diskowski 


ө 57.7 
Fasanenaue 4 
50374 Erftstadt 
Germany 


John Dallas Donaldson 


e $818.1-18.11 

Brunel University 

Dept. of Chemistry 
Uxbridge, Middx UB8 3PH 
England 


Robert R. Dorfler 

e 55 27.4.1-27.4.4 
Cyprus Minerals Company 
Green Valley, AZ 85622 
USA 


James H. Downing 


e $$ 46.1-46.7 

Elkem Metals Company 
P.O. Box 1344 

Niagara Falls, NY 14302 
USA 


Franz Ludwig Ebenhich (retired) 
e §5.17.6 

Philipp-Stempel-StraBe 9 

67069 Ludwigshafen 

Germany 


Joachim Eckert 

e §7.10 

ө Chapter 28 

H. C. Starck GmbH & Co.KG 
Postfach 2540 

38615 Goslar 

Germany 


Ralf Emmert 
e $5215 

e 59.14.5 

e 815.12.5 

e 5 22.7.11 

Копа 

Bayonne, NJ 07002 
USA 


Handbook of Extractive Metallurgy 


Hartmut Endrifi 


e § 16.12 

BASF Aktiengesellschaft 
-ЕРМ/ТР, J 550- 

67056 Ludwigshafen 
Germany 


Bernard Epron 
e 5 51.13.3.4 


Compagnie des Salins du Midi et des Salines de l'Est 


Dép. Coopération technique 
53, Rue des Mathurins 
F-75008 Paris 

France 


Semih Eser 

e $522.13 

404 Academic Activities Bldg. 
The Pennsylvania State Univ. 
University Park, PA 16802 
USA 


Manfred Ettlinger 
e § 48.7.6 

Degussa AG 
-AC-KS-AT/AE- 
Postfach 1345 

63403 Hanau 

Germany 


Günter Etzrodt 

e 55.21.4 

e §§ 9.14.1-9.14.4 

e 55 10.9.2.8, 10.9.3-10.9.7 
e 821.112 

e 827.7.42 

€ §§ 46.10.2.5, 46.10.4 
e § 49.14 

BASF Aktiengesellschaft 
-EPM/KK - J 550- 

67056 Ludwigshafen 
Germany 


Harald Fabian 3 


e 55 8.1-8.10 
Buchholzer Weg la 
21079 Hamburg 
Germany 


Noël Felix 


e Chapter 36 
Metallurgie Hoboken-Overpelt 
R + D Department 





A. Greinerstraat 14 
B-2710 Hoboken 
Belgium 


Horst Ferch 

e 5 5.21.2 
Justus-Liebig-Strafe 13 
63486 Bruchkóbel 
Germany 


Rudolf Fichte 

e 887.1, 7.5, 7.9 
Karl-Giermann-Strafe 14 
90473 Nürnberg 
Germany 


Wilhelm Flick 


e $20.11.3.5 


An der Wielermaar 16 
51143 Köln 
Germany 


Jürgen Flickenschild 
e 55.11 

Deutsche Voest- Alpine 
Industrieanlagen GmbH 
Postfach 26 01 52 

40094 Düsseldorf 
Germany 


Otto W. Flórke 


e 55 48.7.1-48.7.2 
WagenfeldstraBe 11 
58456 Witten 
Germany 


Peter Forgione 
@§568 ` 
120 Little Hill Dr. 


Stamford, CT 06905 
USA 


Lothar Formanek 
© § 5.10 except 5.10.1 


Lurgi Metallurgie GmbH 
Lurgiallee 5 

60295 Frankfurt/Main 
Germany 


William B. Frank 


e $821.1-21.9 
Aluminum Company of America 


Alcoa Technical Center 
Alcoa Center, PA 15069 
USA 


Klaus-Dieter Franz 


e 55.21.5 

e 89.145 

e 815.12.5 

e § 22.7.11 

E. Merck KGaA 

Abt. PK FO PE 
Frankfurter Straße 250 
64271 Darmstadt 
Germany 


Gabriele Friedrich 
e §5.17.6 

BASF Aktiengesellschaft 
ZAA-A, M300 

67056 Ludwigshafen 
Germany 


Harald Gaedcke 

ө 55 5.21.6-5.21.7 

ө §10.9.2.9 

е §18.12 

e $22.7.12 

BASF Aktiengesellschaft 
Lacke und Farben AG 
Gustav-Siegle Strafie 19 
74354 Besigheim 
Germany 


Wolfgang Gatzka 
е 5 5.2212 
Bredeneyer $1гайе 141 
45133 Essen 
Germany 

Le 


Rolf Gerstenberg 
ө 55 57.3-57.6, 57.8 


Solvay Barium Strontium GmbH 


Postfach 220 
30002 Hannover 
Germany 


Helmut Geyer 


Ф §51.13.3.3 
Schelverweg 13 
48599 Gronau-Epe 
Germany 


2360 


` Hermann Gies 

e $48.73 
Ruhr-Unviersitát Bochum 
Institut für Mineralogie 
Postfach 10 21 48 

44780 Bochum 

Germany 


James C. Gilliland (retired) 


ө 55 27.10-27.11 

Атах Mineral Resources Co. 
1626 Cole Boulevard 
Golden, CO 80401-3293 
USA 


Hans-Jürgen Grabke . 

e 86.62 

Max-Planck-Institut für Eisenforschung GmbH 
Abt. Physikalische Chemie 

Postfach 14 04 44 

40074 Düsseldorf 

Germany 


Günter G. Graf 

e 55 10.1—10.6 

ө Сһарїет 11 
Schulweg 17b 

09599 Freiberg/Sachsen 
Germany 


Douglas A. Granger 


e §21.6 

Aluminum Company of America 
Alcoa Technical Center 

Alcoa Center, PA 15069 

USA 


Jörg Friedrich Greber 


9 8835.1-35.9 
Am Weingarten 16 
38154 Königslutter 
Germany 


Jürgen Griebel 


e 840.5 

Forschungsz. f. Umwelt u. Gesund 
(GSF) Inst. f. Strahlenbiologie 
Ingolstädter Landstraße 1 

91465 Ergersheim 

Germany 


Wolf-Dieter Griebler 
ө 510.9.1 


Handbook of Extractive Metallurgy 


Sachtleben Chemie GmbH 
Dr.-Rudolf-Sachtleben-Strabe 4 
47198 Duisberg 

Germany 


Horst Grofiman 


e $8 13.1-13.9 
Rosa-Luxemburg-Strabe 14 
44534 Lünen 

Germany 


Clarence Guibert 


ө 55 49.4-49.5 
Callery Chemical Co. 
P.O. Box 429 
Pittsburgh, PA 15230 
USA 


Volker Güther 


e 88 7.11-7.12 

ө Chapter 32 

Gesellschaft für Elektrometallurgie 
Postfach 2844 

90013 Nürnberg 

Germany 


Fathi Habashi 

e Chapters 1-4 Е 

@ 55 5.1, 5.2, 5.4-5.6 except 5.5.6—5.5.11, 5.8—5.9, 5.14— 
5.16, 5.17.1, 5.18-5.19 

е 57.2 (introductory paragraph) 

e 58.11.3.4 

e 822.13 

e 534.12 

e 535.10 

Laval University 

Department of Mining and Metallurgy 

Sainte-Foy, Québec 

G1K 7Р4 

Canada 


Fritz Hagedorn 


e 88 52.11.3, 52.11.7 
Kali und Salz AG 
Friedrich-Ebert-Str. 160 
34119 Kassel 

Germany 


Fred W. Hall 
@ § 7.2 (except introductory paragraph) 
537 Fulwood Road 


Sheffield S10 30G 
South Yorkshire 





England 


Jost Halstenberg 

€ $$ 46.9.1-46.9.6 except 46.9.2.2; 46.9.10 
Bayer AG - 

-GB-SP-Chrom, Geb. T18- 

51368 Leverkusen 

Germany 


Rudolf Hammer + 
e §§ 6.3.5.1-6.3.5.3 
Im Kirchbruch 23 
46535 Dinslaken 
Germany 


Kunibert Hanusch 

e §§ 13.1-13.9 

ө 55 14.1-14.10, 14.12-14.13 
Hüttenwerke Kayser AG 
KupferstraBe 23 

44532 Lünen 

Germany 


Gabriele Hartmann 
ө 55 51.1-51.12 
Degussa AG 

Werk Wesseling 

Postfach 1164 

50375 Wesseling 
Germany 


Hartmut Hártner 
ө §5.21.5 

e 59.14.5 

e 515.12.5 

e § 22.7.11 

E. Merck 
-Pigment-Sparte- 
Frankfurter Straße 250 
64271 Darmstadt 
Germany 


Turid Haugered 
е 55 20.1-20.10 
Norsk Hydro a.s 

P.O. Box 2594, Solli 
N-0203 Oslo 2 
Norway 


Rolf Hauk 

e 85.1l 

Deutsche Voest- Alpine 
Industrieanlagen GmbH 


Postfach 26 01 52 
40094 Düsseldorf 
Germany 


Warren E. Haupin 

e $821.1-21.9 

Aluminum Company of America 
Alcoa Technical Center 

Alcoa Center, PA 15069 

USA 


Otto Helmboldt 
ө 5821.10.2-21.10.3 


Giulini Chemie GmbH & Co. OHG 
Postfach 15 04 80 

67029 Ludwigshafen 

Germany 


Robert Hentrich 
© $63.54 
Thymianweg 10 
57078 Siegen 
Germany 


Karl-Albert Herbst 
e $8 13.1-13.9 
© 55 14.1-14.10, 14.12-14.13 


Rosa-Luxemburg-StraBe 14 
44534 Lünen 
Germany 


Wolfgang Herde 
e 5 51.13.2 
Husarenweg 11 
38272 Burgdorf 
Germany 


Hans Hess 
e $712 
9 Chapter 32 


Gesellschaft für Elektrometallurgie mbH 
Postfach 2844 

90013 Nümberg 

Germany 


Stephen Hluchan 


e §§ 56.1-56.4 
Speciality Minerals Inc. 


‘The Chrysler Building 


405 Lexington Avenue 
New York, NY 10174-190 
USA : 


2361 


2362 


Klaus Hochgeschwender 


ө $$ 46.9.7-46.9.9 


Вауег АС 

AI-S/6K + Si, Geb. 01 
51368 Leverkusen 
Germany 


Hans-Georg Hoff 


e 85.13 
Wirtschaftsvereinigung Stahl 
Postfach 10 54 64 

40045 Düsseldorf 

Germany 


Hans Hougardy 
e 56.6.1 


Max-Planck-Institut für Eisenforschung GmbH 


Postfach 14 04 44 
40074 Düsseldorf 
Germany 


Nils Ove Hay-Petersen T 
e $820.1-20.10 

Norsk Hydro a.s 

P.O. Box 2594, Solli 

N-0203 Oslo 2 

Norway 


L. Keith Hudson (retired) 


е 8521.10.1, 21.10.3.1 

Aluminum Company of America 
Corporate Research & Development 
Alcoa Technical Center 

Alcoa Center, PA 15069 

USA 


Hatto Jacobi 

ө $$ 6.3.5.1-6.3.5.3 
Mannesmannróhrenwerke AG 
Mannesmann Forschungsinstitut 
Postfach 25 11 67 

47251 Duisburg 

Germany 


Paul Jáger 


ө 8582 

Kali-Chemie AG 
Hauptverwaltung, C-AF 
Postfach 220 

30002 Hannover 
Germany 


Handbook of Extractive Metallurgy 


Helmut Jakusch 


e 852134 

e § 46.103 : 
BASF Aktiengesellchaft 
-EPR/P, J653- 

67056 Ludwigshafen 
Germany 


Robert James 


e 521.9 

Aluminum Company of America 
Alcoa Technical Center 

Alcoa Center, PA 15069 

USA 


Dieter Janke 

e 56.3.2 

TU Bergakademie Freiberg 

Institut für Eisen- und Stahltechnologie 
09596 Freiberg 

Germany 


José Jiménez 

e 5 55.9 

Geisenheimer Straße 90 
60529 Frankfurt 
Germany 


Heinrich J. Johnen + 


e § 10.7 
Bruchweg 38 
41564 Kaarst 
Germany 


Mark W. Johns 


@ § 23.4.3 

MINTEK · 

Privat Box X3015 
Randburg 2125 TVL 
Republic of South Africa 


Peter Jónk (retired) 
e 817.11 

RosenstraBe 4 

63480 Ro dorf 

Germany 


Sigurd Jónsson 


@ Chapter 19 
Leybold-Heraeus GmbH 
Wilhelm-Rohn-Strafe 25 
63450 Hanau 

Germany 








Hendrik Kathrein 


ө §§ 5.21.3.1-5.21.3.3 
Bayer Corp. 

Industrial Chemicals Division 
100 BayerRoad  . 
Pittsburgh, PA 15205-9741 
USA 


Suzanne E. Keegan 
e 556.7 · 

Allied Corporation 

P.O. Box 6 

Solvay, NY 13209 

USA 


Cornelius Keller 3 

e § 40.4 

Kernforschungszentrum Karlsruhe 
Schule für Kerntechnik 

Postfach 3640 

76021 Karlsruhe 

Germany 


Albrecht M. Kellerer 

@ § 40.5 

Forschungsz. f. Umwelt u. Gesund 
(GSF) Inst. f. Strahlenbiologie 
Ingolstádter LandstraBe 1 

85758 OberschleiBheim 

Germany 


Robert Kemp 


e 556.7 

Allied Corporation 
P.O. Box 6 
Solvay, NY 13209 
USA 


Robert C. Kerby 

e 569.62, 9.11 
General Manager В + D 
Сотіпсо Ltd, 

Trail 

British Columbia VIR 4L8 
Canada 


Derek G. E. Kerfoot 

e 57.6 

e 8812.1-12.15 

Sherritt International Corporation 
P.O. Box 3388 

Fort Saskatchewan, Alberta T8L 2P2 
Canada 


Dieter Kerner 


e § 48.7.7 
Degussa Corp. 
65 Challenger Road 


Ridgefield Park, NJ 07660 
USA 


M. Rashid Khan 

e § 5.22.13 

U.S. Dept. of Energy 
Morgantown Energy Tech. Center 


Morgantown, WV 26505 
USA 


Peter Kleinschmit 

e 8487.7 

Degussa AG 

Kieselsduren und Chemiekatal. 
Forschung u. Anwendungstechnik 
Postfach 1345 

63403 Hanau 

Germany 


Alfred Klemm 
e 55 51.1-51.12 


Max Planck Institut für Chemie 
Otto Hahn Institut 

Beuthener StraBe 25 

55131 Mainz 

Germany 


Guy Knockaert 

@ Chapter 39 

UM-Ge & Special Metals 
A.Greinerstraat 14 
B-2660 Hoboken 
Belgium ` 


Herbert Knopf 


e 55 46.9.1—46.9.5 except 46.9.2.2; 46.9.10 


Bertha-von-Suttner-StraBe 
51373 Leverkusen 
Germany 


Lothar Koch 

ө Chapter 43 

Institute for Transuranium Elements 
Nuclear Chemistry 

P.O: Box 2340 

76125 Karlsruhe 

Gerinany 


2363 


2364 


Karl Kóhler 

ө 55 57.3-57.6, 57.8 

Solvay Barium Strontium GmbH 
Postfach 220 

30002 Hannover 

Germany 


Manfred Koltermann 


ө §5.7 

Krupp Hoesch Stahl AG 

Abt. 20 GWT-STP Feuerfeste Stoffe 
44120 Dortmund 

Germany 


Morgan Kommer 


@ §21.7 

Aluminum Company of America 
Alcoa Technical Center 

Alcoa Center, PA 15069 

USA 


Ulrich Korallus (retired) 
e $469.11 

Walter-Flex-Strafle 25 

51373 Leverkusen 

Germany 


Ulrich Kowalski 

e §51.13.5 
Südsalz-Vertriebs GmbH 
Postfach 1254 

74174 Bad Friedrichshall 
Germany 


Gerhard Kristen 


e $51.13.1 

Solvay Alkali GmbH 
Postfach 10 13 61 
47493 Rheinberg 
Germany 


Joachim Krüger 


ө $$ 15.1—15.10 

RWTH Aachen 

Institut für Metallhüttenwesen und Elektrometallurgie 
52056 Aachen 

Germany 


Lothar Kucharcik 
e 5 6.3.5.5 

Ат Коћеп 7 

40822 Mettmann 
Germany 


Handbook of Extractive Metallurgy 


Brigitte Kühborth 


@ 5 5.17.6 (Toxicology and Occupational Health) 


BASF Aktiengesellschaft 
Toxikologie ZST, Geb. 470 
67056 Ludwigshafen 
Germany 


John M. Laferty (retired) 
e 55 27.4.1-27.4.4 

Climax Molybdenum Company 
Wheatridge, CO 80033 

USA 


Ludwig Lange 
e $851.1-51.12 
e $$ 55.1-55.8 
Degussa AG 

Abt. USAN 
Postfach 11 05 33 
60287 Frankfurt 
Germany 


Bernd E. Langner 

@ Chapter 38 
Norddeutsche Affinerie AG 
Forschung und Entwicklung 
HoverstraBe 50 

20539 Hamburg 

Germany 


Keith Lascelles 

@ $$ 12.17 except 12.17.2 and 12.17.5 
INCO Europe Ltd. 

Clydach, Swansea SA6 SQR 

Wales 

Great Britain 


Erik Lassner 


© 55 26.1, 26.2.2, 26.3-26.11 
Grazerstrafle 34 C 

A-8045 Graz 

Austria 


Gerhard Leichtfried 
e 55 27.4.5-27.4.8, 27.5 
Plansee AG 

A-6600 Reutte 

Austria 


Dieter Leininger T 
e § 5.22.6 


Bergbauforschung GmbH 
Franz-Fischer-Weg 61 





45307 Essen 
Germany 


Lutz Leitner 

e 55 5.21.3.1-5.21.3.3 
Bayer AG 

-GB A1- 

51368 Leverkusen 
Germany 


Winfried Lenk 
@ Chapter 53 
Chemetall GmbH 
Reuterweg 14 
60323 Frankfurt 
Germany 


Marcel de Liedekerke 


e 8810.22.1-10.92.7 
Graaf de Geloeslaan 8 
NL-6245 AS Eysden 
Netherlands 


Alfred Lipp 

‚© 8849.6 
Bürgermeister-Singer-Str. 15 
86825 Bad Wörishofen 
Germany 


John L. Little 


€ 55 49.4-49.5 
Callery Chemical Co. 
Research & Development 


. Boron Labs. 


Callery, PA 16024 
USA 


Manfred Lück 
ө 55 15.1-15.10 
RWTH Aachen 


Institut für Metallhüttenwesen und Elektrometallurgie 
52056 Aachen 


Germany 


Eberhard Liideritz 
e 87.8 
ө $$ 15.1—15.10 


World Resources Company (WRC) GmbH 
Büro Wurzen 

Lüptitzer Strafe 24c 

04808 Wurzen 

Germany 


Heribert Luig 

e § 40.1—40.3 

Universitat Göttingen 
Institut für Nuklearmedizin 
Robert-Koch-StraBe 40° 
37075 Gottingen 

Germany 


J. Paul Lyle 


e §21.10 

Aluminum Company of America 
Alcoa Laboratories 

Alcoa Center, PA 15069 

USA 


Paul MacMillan 


@ §§ 57.1, 57.2, 57.7 

493 Fortington St. 
Renfrew, Ontario K7V 1E3 
Canada 


Takao Maki 
e §21.10.7 

6 §51.17 

e §52.16 


Mitsubishi Chemical Industries Ltd. 


Research Center 

1000 Kamoshida-cho 
Midori-ku, Yokohama 
Kanagawa 227 

Japan 


Manfred Mansmann 

e 5 22.7.10 

© § 46.10.1 

Bayer AG 

Geschäftsbereich PK, Geb. R20 
51368 Leverkusen 

Germany 


1. 
Brigitte Martin 

ө 55 48.7.1-48.7.2 
Ruhr-Universitát Bochum 

Fak f. Geowiss., Inst. f. Mineralog. 
Postfach 10 21 48 

44780 Bochum 

Germany 


Wilfried Mayer 
e 55212 

Degíissa AG 

Abt: US-IT 

Postfach 1345 


2365 


2366 


63403 Hanau 
Germany 


Gernot Mayer-Schwinning 
e 85.12 

Lurgi Umwelt GmbH 

Forschung und Entwicklung 
GwinnerstraBe 27-33 

60388 Frankfurt 

Germany 


Ian McGill 

@ Chapter 44 

4 Sheepwalk 
Surley Row 
Caversham 
Reading RG4 8NE 
England 


Albert Melin 
e §§9.1-9.6 
CockerillstraBe 69-73 


52222 Stolberg 
Germany 


Heinrich Meiler 
e $53 

BomstraBe 65 

65719 Hofheim 
Germany 


Adolf Metzger 


e 855.10 
Matterhornstrafle 3 
65199 Wiesbaden 
Germany 


Jürgen Meyer 

e 848.7.7 ` 

Degussa AG 

GB Anorg. Chemieprodukte F + E 
Postfach 1345 

63403 Hanau 

Germany 


Hartmut Meyer-Grünow 


e §7.13 

SKW Metals + Alloys Inc. 
3801 Highland Avenue 
Niagara Falls, NY 14305 
USA 


Handbook of Extractive M: etallurgy 


Heinrich Micke 
e §§ 37.1-37.10 
Am Domacker 77 


47447 Moers 
Germany 


Edward F. Milner 


e 55 9.1-9.9 

Cominco Ltd. 

Research and Development 
Trail, British Columbia 
Canada VIR ALS ` 


Franz-Rudolf Minz 


e 851.14 
Hans-Sachs-Strafe 14 
41542 Dormagen 
Germany 


Chanakya Misra 


e §§ 21.10.1, 21.10.3.1 

Aluminum Company of America 
Corporate Research & Development 
Alcoa Technical Center 

Alcoa Center, PA 15069 

USA 


Philip C. H. Mitchell 


© 527.6 

The University 
Dept. of Chemistry 
Whiteknights 5 
Reading RG6 2AD 
England 


Lindsay G. Morgan 

e 812.17.5 

Glynteg 

Park Road 

Ynystawe, Swansea SA6 5AP 
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Carboxylic acids 1718 
Carburization 370 
Carcinogenicity 625, 883 
Carnallite 983, 987, 1004, 1007—1009, 2143, 2145, 
2153, 2154, 2159, 2162, 2166, 2174, 2180, 2212, 
2311 

decomposition 2169 

dehydration 988 
Camegieite 1902 
Carnotite 1472, 1606 
Caron process 758, 764, 767, 776, 1831 
Carrollite 928, 930 
Case hardening of steels 370 
Case-hardened steels 471 
Cassiterite 686, 689, 1418, 1656 
Cassiterite-sulfide deposits 687 
Cast house dedusting 135 
Castiron 1, 146, 341 
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ductile 2 

gey 2 

malleable 2 

white 1 

with vermicular graphite 342 
Cast steel 338 
Casting 318, 1374 
Casting of anodes 531 
Casting thin slabs 334 
Castner process 2057, 2060 
Catalan forge 31, 275 
Catalyst in organic syntheses 676 
Catalyst poisoning 1310 
Catalyst support 1105 
Catalyst-forming methods 1099 
Catalysts 4, 6, 9, 10, 21, 152, 665, 1308, 2213 
Catalytic aluminas 1096, 1099 
Catalytic dehydrogenation of methanol 1258 
Catalytic hydrolysis of benzotrichloride 665 
Cathode lining 1057 
Cathode-ray tubes 1539 
Cathodic protection 661 
Cathodic sputtering 1255, 1314 
Cation complexation 873 
Cattierite 928 
Caustic magnesia 1020, 1021 

in agriculture 1024 

in building industry 1024 
Causticization 1075, 2274 
Celestite 2330 
Cell design 1094 
Cell gas dry scrubbing 1094 
Cell heat loss 1051 
Cement 2253, 2257 
Cement copper 529 
Cementation 527, 656 

of cadmium 871 

withzinc 657 
Cementation furnaces 278 
Cemented carbides 936 
Cemented tungsten carbide 1357 
Cementite 145, 146 
Centre d'information cuivre, laitons et alliages 545 
Centrifuge 208 
Ceramic capacitors 1409 
Ceramic coatings 944 
Ceramic industries 1374 
Ceramic method 188 
Ceramic silicon carbide 1373 
Ceramic uses of alumina 1101 
Ceramic-bonded bricks 1023 
Ceramic-grade niobium pentoxide 1409 
Ceramics 943, 1921 
Cerargyrite 1221 


Cerium 12, 1743, 1749 
Cerium earths 1695, 1698 
Cerium(IV) oxide 1753 
Cermets 1771 
Cerro Matoso ferronickel 457 
Cerulean blue 944 
Cerussite 584 
Cervantite 825 
Cesium 2215 
Cestibtantite 2216 
Chain reaction 11 
Chalcanthite 498 
Chalcedonies 1919 
Chalcedony 1907, 1908 
Chalcocite 498, 930, 1363, 1367 
Chalcopyrite 24, 33, 34, 152, 498, 719, 1277, 1363, 
1367 

chlorination 509 

leaching 152 

reduction 509 
Chalcothallite 1544 
Chalk 2255 
Challenger expedition 1828 
Chamotte 696, 1023 
Champion WP 572 
Changing technology 17 
Char 242, 243, 244 
Characterization of coals 202 


Char-forming reactions 244 e 


Chemical detinning 706 : 

Chemical manganese dioxide 1840 

Chemical structure of coal 200 

Chemical vapor deposition 159, 1865, 1866, 1868 

Chemically bonded bricks 1023 

Chemically resistant steels 270 

Chemico process 931 

Cheralite 1655 

Chert 1912 

Chevrel phases, see Ternary molybdenum chalcogenides 

Chilex anodes 527 

Chillagite 1363 

Chinese blue 179 

Chloanthite 797, 815 

Chlor-alkali electrolysis 2096, 2188 

Chlorhydrol 1116 

Chloride distillation 1438 

Chloride leach processes 743 

Chloride process 1141, 1143, 1150 

Chloridization 504, 694, 834 

Chloridizing roasting of copper ores 1218 

Chlorinated organic compounds 999 

Chlorinating agents 1161 

Chlorination 151, 963, 1406, 1744 
ofaluminum 1112 
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of aluminum oxide 1112 
of beryllium oxide 965 
of chalcopyrite 509 
of ferroalloys 1406 
of magnesia 984 
of magnesite 984 
of pyrite cinder 2126 
of titanium dioxide 1160 
Chlorine 2062 
Chlorine dioxide 2126 
Chloroantimonic acid 836 
Chlorobenzenes 999 
Chlorocalcite 2311 
Chlorodibenzofurans 999 
Chlorodibenzo-p-dioxins 999 
Chloromethanes 999 
Chloropentamminerhodium(III) chloride 1294 
Chlorosilanes 1878 
Chioro-tris-(triphenylphosphine)rhodium(T) 1304, 1310 
Chromate pigments 1801, 1805 
Chrome green 1803 
Chrome orange 1803 
Chrome yellow 1801 
Chrome-magnesia 101 
Chromia-impregnated alumina catalyst 1100 
Chromic acid 453 
Chromic acids 1787 
Chromite 33, 1762 
Chromite ores 439, 441 
Chromium 12, 405, 1761 
master alloys 448 
ores 1022, 1763 
spinels 1764 
Chromium(II]) acetate 1786 
Chromium alum 1106 
Chromium(III) aquoxides 1777 
Chromium(III) chloride 1786 
Chromium-coated steel 359 
Chromium(Ii) compounds 1792 
Chromium dioxide 1779, 1796, 1806 
Chromium(III) fluoride 1785 
Chromium hydroxide 1777 
Chromium lignosulfonates 1787 
Chromium-molybdenum master alloys 449 
Chromium-niobium 472 
Chromium-niobium master alloys 449 
Сһготішт(Ш) nitrate 1786 
Chromium nitrides 448 
Chromium oxide pigments 1797 
Chromium(III) oxide pigments 1777 
Chromium oxides 413, 1777, 1797, 1800 
Chromium phosphate 1807 
Chromium(III) phosphate 1787 
Chromium rutile yellow 1156 
Chromium(III) salts 1782 
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Chromium(lll) sulfate 1783 
Chromium trioxide 1780 
Chromy! chloride 1779, 1792 
Chrysene 1057 
Chrysoberyl 961 
Chrysocolla 498 
Cinnabar 893, 895,911 
Circofer process 118 
Circored process 117 
Cladding 362 
Classification of coal 199 
Classification of TiO, pigments 1150 
Clathrasils 1969 
Claus process 1099 
Clay activation 1119 
Clay depressants 2175 
CLEAR process 529 
Clinobisvanite 863 
Coagulant 150 
Coal 191 
carbonization 211 
classification 199 
coking 210 
combustion 215 
conversion 210 
dewatering 207 
for smelting-reduction processes 123 
gasification 210,213 
hydrogenation 212 
liquefaction 210, 212 
mineral matter content 219 
organic components 200 
petrology 191 
pyrolysis 191, 211, 224 
thermoplastic properties 224 
Coaltar 215 
Coal tar pitch 253 
Coalification 193-196 
Coarse quartz 1911 
Coating of silver sulfide 1220 
Coating systems 361 
Cobalt 5, 923, 1370 
asacatalyst 945 
corrosion 937 
electroplating 947 
electrowinning 743 
extraction 743 
from arsenide ores 933 
from laterite ores 933 
from nickel ores 770 
in igneous rocks 928 
in ZnS lattice 670 
powders 936 
separation from other metalions 933 
Cobalt acetate 944 
Cobalt(II) acetate 942 


Cobalt alum 
Cobalt arsenide minerals 930 


Cobalt blue 
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1106 


944, 950 


Cobalt boron 469 
Cobalt(II) carbonate 942 
Cobalt carbonyl complexes 940 
Cobalt carbonyls 934, 939 
Cobalt carboxylates 935 
Cobalt) carboxylates 943 
Cobalt(II) chloride 942 
Cobalt(II) complexes 938 
Cobalt compounds 938 
Cobalt(III) compounds 938 
Cobalt Development Institute 


Cobalt(IT) dicobalt(IIT) tetroxide 940. 


Cobalt fluoride 946 

Cobalt hydroxide 938 
Cobalt(II) hydroxide 941 
Cobalt(III) hydroxide 741, 748 
Cobalt ion reduction 935 


Cobalt molybdenum-alumina catalysts 


Cobalt(II) nitrate 942 
Cobalt(II) oxalate 943 


Cobalt(1I) oxide 


Cobalt) oxide 938, 940 
Cobalt oxides 940 


Cobalt pentammine complex 931 


Cobalt) phosphate 942 
Cobalt sulfamate 947 
Cobalt(II) sulfate 942 
Cobalt sulfide 
Cobalt tripotassium hexanitrite 
Cobalt violet 944 
Cobaltammines 938 
Cobalt-base superalloys 1375 


Cobalt-chromium-molybdenum 449 


937, 945 


19 


935, 938, 940, 948 


943 


1100 


Cobalt-containing iron oxide pigments 187 
Cobalt-containing pigments 944 


Cobalt-containing plating baths 947 


Cobaltite 797,928, 930 


Cobalt-niobium 472 
Cobalt-tungsten alloys 947 
Cobre Nordox 572 

Cobre Sandoz 572 


Cochranite 


1173 


COED pyrolysis process 255 
1903, 1904, 1905 


Coesite 


Coffinite 


1606 


COGAS process 254 
Coil coating 360 
Coin process 


Coinage 


132 


1251, 1307 


Coinage alloys 1205, 1223 


Coke 


31, 53 


consumption 53 
microstructure 233 
Coke oven gas 211 
Coke oven silica bricks 1917 
Coke ovens 251 
Coke properties 252 
Coking 211 
Coking ofcoal 210 
Colcord process 604 
Cold press welding 1255 
Colemanite 466, 468, 1987, 2010, 2016 
Collectors 2175 
Colloidal gold 1188 
Colloidal hydrous ferric oxide 148 
Colloidal silica 1932, 1945, 1946, 1947 
Colloidal silica surface 1937 
Colloidal silica-water system 1943 
Colloidal silver 1250, 1259 
Colloidal silver sols 1253 
Colmonoy 471 
Color photography 1258 
Colored gold alloys 1205 
Colored quartz 1914 
Coloring of silver 1252 
Columbite 33, 472, 686, 1404, 1418, 1419 
Combismelt process 126 
Commercial forms of nickel 771 
Compact cassettes 186 
Complex antimony sulfide ores 833 
Coinplex compounds of iron 148 
Complex iron(II) cyanides 179 
Complex oxides 33 
Complex silicides 1374 
Complex tin concentrates 689 
Complexation of cations 873 
Composite metals 1256 
Composite MgO-C anodes 983 
Composites 1255, 1256 
Composition 
ofbrines 983 
of dolomites 983 
offerrophosphorus 460 
of ferrotungsten 461 
ofseawater 1017 
Compressibility of iron 374 
Computer control of electric fumaces 438 
Computer tapes 186 
Concrete reinforcing steel 473 
Condensation 2157 
Condensation of mercury 898 
Conical cathodes 993 


Conseil intergouvememental des pays exportateurs de 


cuivre 545 


Conseil international pour le développement du 


cuivre 545 


Constructional steel 1 


Consumable electrode remelting processes 336 


Consumable electrodes 1167 
Consumption of cadmium 880 
Contact breakers 1256 

Conterfey 642 

Contimelt process 531 
Continuous casting 327. 
Continuous casting of copper 536 
Continuous converting 521 
Continuous production of potassium 2155 
Continuous rod casting 537 
.Contop process 524 

Control grids 1374 

Control rods 10, 875 

Controlled cooling 747 

Controlled oxidation of Beat), 174 


Conversion of iron(II) sulfate to gypsum 149 


Converter gas cleaning 380 
Converter slags 518, 732 
Converting 518 
Cooperite 1276 
Copper 4,18 
alloys, age-hardenable 955 
ammine complexes 567 
and the environment 569 . 
anode slimes 855, 1228, 1229, 1283 
anades 534 
cathodes 532 
converter 519 
dross 611 
electrical conductivity 495 
electrowinning 741, 742 
from secondary materials 524 
grades 539 
hydrometallurgy 525 
ions 547 
inatte 833 
mechanical properties 494 
minerals 497 
ore deposits 499 
pigments 571 
porphyry ores 1365 
powder 538 
refining 529 
thermal properties 495 
Соррег(1) acetate 563 
Copper(1I) acetate monohydrate 563 
Copper(II) acetoarsenite 564 
Copper(II) arsenate 564 
Copper(II) arsenite 564 
Copper(1I) bis-(1,8-dihydroxyquinoline) 568 
Copper boron 469 
Copper(l) bromide 564 
Copper(Il) bromide 564 
Copper(II) carbonate hydroxide 552 
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Copper chloride 871 
Copper chloride complexes 567 
Copper(I) chloride 528, 553 
Соррег(Ш) chloride 555 
Соррег(Ш) chrómate(III) 565 
Copper(II) chromate(VI) 564 
Copper chromates 1791 
Соррег(1) cyanide 565 
Copper(I) cyanide complexes 568 
Copper Development Association 545 
Copper(Il) diphosphate hydrate 566 
Соррег() formate 565 
Соррег(Ш) hydroxide 550 
Copper indium selenide 1567 
Copper(I) iodide 565 
Copper metaborate 2020 
Copper(1I) nitrate trihydrate 565 
Copper(II) oxalate 566 
Copper(I) oxide 548 
Copper(II) oxide 549 
Copper(Il) oxychloride 556 
Copper(1I) phosphate trihydrate 566 
Copper(II) selenide 566 
Copper(1l) soaps 566 
Copper(I) sulfate 557 
Copper(II) sulfate monohydrate 562 
Соррег(Ш) sulfate pentahydrate 557 
Copper sulfide 10 
Copper(I) sulfide 566 
Copper(II) sulfide 567 
Copper telluride 1573 
Copper(1l) tetrafluoroborate 567 
Соррег(1) thiocyanate 567 
Соррегаѕ 149 
Copperas process 173 
Copperas reds 173 
Copper-chromium master alloys 449 
Copper-plate amalgamation process 1224 
Copper-silicon alloy 527 
Coprecipitation 1100 
Cordierite 1028 
Core of the earth 31 
Corex process 127, 142 
Corrosion 364 
of cobalt 937 
of stainless steels 366 
oftitanium 1133 
Corrosion protection 661 
Corsican forges 275 
Corundum 1063, 1066 
Corundum concrete 103 
Corvusite 1472 
Cosmetic industry 866 
Countercurrent decantation 1079 
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Covellite 498, 1365, 1367 
Cresol 704 
Cresolsulfonic acid 704 
Crevice corrosion 366 
Cristobalite 1902, 1904, 1908, 1916 
Cristobalite sand 1917 
Crocoite 584, 1763 
Crookesite 1544 
Crucible steel 279 
Crucibles 1346 
Crust breaker 1047 
Cryogels 1933 
Cryogenic steels 270 
Cryolite 1045 
Cryptocrystalline magnesite 1014, 1022 
Cryptomelane 1815 І 
Crystal growth 50, 1869 
Crystal silver 1250 
Crystal structure of iron blue 179 
Crystalline arsenic 805 
Crystalline boron 1989 
Crystalline nonmineral silica phases 1909 
Crystalline quartzite 1912 
Crystalline silica phases 1905 
Crystalline silica products 1911 
Crystalline silicon 1880 
Crystallization 739,742 
ofKjNbF, 1406 
of sodium chloride 2087 
Cubanite 719 
Cupellation 1203, 1226, 1227, 1230 
Cupola fumace 343 
Cuprasol 572 
Cupravit-Forte 572 
Cupravit-Spezial 572 
Cuprion ammoniacal leach process 1831 
Cuprite 498 
Cupronickel coin 716 
Cuprotungstite 1333 
Curie 1588 
Curie temperature 372, 374 
of a-iron 376 
Current efficiency 1050 
Cutinite 194 
Cyanidation process 1185, 1190, 1218, 1225 
Cyanide 1058 
Cyanide-containing melts 1313 
Cyanide-insoluble silver compounds 1225 
Cyano complexes 179 
Cyanogen 55 
Cyanogen bromide 1187, 1225 
Cyclone crystallization 167 
Cyclone smelting 517, 828 
Cyclones 97 





Cylindrite 686 
Cymet process 529 
Czochralski silicon crystal 1869 


D 

D'Ansite 2122, 2145 

D2EHPA 748,964, 1536, 1716 
Datolite 1987, 2010 

Davidite 1606 

Dawsonite 1093 

De re metallica 492, 642, 824 
Deactivation of alumina catalyst 1100 
Dead Sea 2153 
Debismuthizing 610 
Debismuthizing of lead 2252 
Decaborane 2000, 2002 
Decarburization 294, 316, 372 


Decarburization of high-carbon ferrochromium 


Decolorizing agents 1096 
Decomposition of camallite 2169 
Decomposition of diborane 1990 
Decomposition points of coal 232 
Decoppering 604 
Degussa process 1162, 1309 
Dehydrated carnallite 984 
Dehydration 1385 
. of alcohols 1100 
of aluminum hydroxide 1097 
of aqueous magnesium chloride 986 
of n-butane 1100 - 
ofcarnallite 988 
of gypsum 2285 
of magnesium chloride 984 
of silica gel 1951 
Dehydrogenation 316, 1385 
Dehydrogenation of isopropanol 1258 
Deicing salt 2093 
Delft china 944 
Demag electrolysis 1236 
Demonetization of silver 1218 
Denitriding 372 
DENOX catalysts 1353 
Dense-media separation 40, 206 
Densification cycle 757 ‘ 
Densities of ferrotitanium alloys 474 
Density of mercury 892 
Dental amalgams 1224 
Dental materials 1208, 1314 
Dentifrice 1953 
Deoxidation 297, 313. 


Deoxidation diagram for AI-Si-O 298 


Deoxidation of killed steel 474 
Deoxidized copper 540 
Dephosphorization 102, 295, 314 


445 
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Deposition of silver alloys 1254 
Descloizite 1472 
Desiccants 1952 
Desilication reaction 1091 
Desiliconization 102 
Desilvering 608 
Desilvering of silver-plated material 1239 
Desulfurization 102, 296, 313, 1000, 2258 
of coal gas 149 
of flue gases 2126 
of petroleum 1384 
Detergents 1120 
Determination of boron in ferroboron 470 
Determination of Sn 706 
Detinning 21 
Detinning tin slags 701 
Deuterium exchange 1959 
Deutsches Kupfer-Institut 545 
Dewatering 207 
Dewatering of coal 207 
Deyerite 863. 
Dezincing 609 
Di-(2-ethylhexyl) phosphonic acid 934 
Di-(2-ethylhexy!l) phosphoric acid, see D2EHPA 
Diagenesis 195 
Dialkylphosphoric acid 1010 
Dialkylselenium carbamates 1566 


, Diammine silver complexes 1247 


trans-Diamminedichloropalladium(II) 1297, 1303 
Diammonium tetraborate 2017 
Diamond quartzite 1912 

Diaphragm cells 830, 2097, 2101 
Diarsenideion 34, 164 
Diarylmercury 915 

Diaspore 171, 1063, 1065, 1074, 1075 
Diatomite 1912, 1925, 1927 

Diborane 1998, 1999, 2000 

Diborane decomposition 1990 
Dibutyl carbitol 1196 

Dibutyltin dichloride 712 

Dicalcitun ferrite 1015 

Dicalcium phosphate 2192 

Dicalcium silicate 1015 

Dicalcium silicate slag 995 
Dichlorodiamminepalladium(IT) 1298, 1300 
Dickite 34 

Dicyandiamide 2318 

Dicyanoaurate complex 1188 

Die casting 4, 662 

Diehl process 1187 

Dielectric layer of TazO, 1422 
Dielectric materials 1424 
Diethyldithiocarbamate 707 

Dietzel electrolysis 1236 
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Diffusion deoxidation 297 
Diffusion process 1628 
Difluorosilylene 1893 
Digenite 498 
Digermane 1516 
Digestion of ores 2120 
Digital audio 186 
Dilithium tetraborate 2017 
Dimethylglyoxime 657, 1305 
Dimethylmercury 915 
Dinitro-diammineplatinum(II) 1302 
Diodes 6, 1346 
Dioptase 498 
Dioxane 1005, 1009 
Diphenylamine 704 
Direct reduction 21, 104, 136, 287 
Direct rolling 334 
Dirhenium heptoxide 1496 
Disadvantage of metallothermic reduction 406 
Disilane 1885 
Disilver fluoride 1246 
Disodium arsenate 820 
Disodium ethylenediaminetetraacetate 1115 
Disodium octaborate 2015 
Disodium tetrasulfide 2058 
Dispersants 1960 
Dispersion-hardened platinum 1307 
Disproportionation 1385 
Dissolution of silver 1220 
Distillation 
of ferromanganese 1827 
ofmercury 906 
of osmium(VIII) oxide 1295 
of ruthenium(VIII) oxide 1295 
under reduced pressure 872 
Distribution coefficient 1714 
Disulfide ion 34, 164 
Disulfide ion autooxidation 164 
Disulfides 33 
Disulfites 2234 
Dithiocarbamates 1383 
Dititanium trioxide 1171 
Divalent mercury 910 
DK process 103 
Dodecacarbonyltetracobalt 939 
Dolime 2254 
Dolomite 13, 983, 1004, 2254 
Dolomite-magnesia 101 
Domeykite 815 
Doré bullion 534 
Doré furnace 1230 
Doré metal 1283 
Double bell system 58 
Double sulfides 33 
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Doubling period 17 

Dow cell 992 

Dow Chemical process 986, 988, 1005 
Down’s process 2155 

Downdraft sintering 586 

Downs cell 2041, 2060, 2063 
Driers 941,944 

Drilling muds 547, 2343 

Drinking water from seawater 1258 
Dross 1232, 1233, 1279, 1283 
Drossing 604 

Dry coke quenching 136,211 

Dry scrubbers for controlling cell emission 1057 
Dry stacking 1089 

Drying agents 1096 

Ductile cast iron 2 

Dump leaching 526 

Dust catchers 96 

Dust emission 378 

Dust-recovery system 96 

Dyes 215 

Dyna Whirlpool 40 

Dysprosium 12 


E 

EDTA 1254, 1711, 2287 

Effect of temperature on precipitation 1082 
Effect of temperature on silanol groups 1938 
Effects of chlorine in oxidation 370 
Efficient operation of blast furnace 61 

El Teniente converter 519, 520 

Elastic properties of iron 374 

Electric arc furnace 308, 425, 475, 1022 
Electric arc melting 1342 

Electric batteries 1257 

Electric furnace smelting 512, 728 

Electric fumaces 425 

Electric induction fumace 309 

Electric slag fumaces 514 

Electric steel dusts 645 

Electric steel process 306 

Electrical conductivity of copper 495 
Electrical industry 1223 

Electrical insulator 1026 

Electrical lamps 9 

Electrical properties of iron 375 

Electrical resistivity of aluminum 1043 
Electrical technology 1255, 1312 
Electrically conducting TiO; pigments 1154 
Electroceramics 1155 

Electrochemical apparatus 1308 
Electrochemical decomposition of sodium sulfate 2129 
Electrochemical deposition 657 


Electrocrystallization 535 
Electrodes 215 
Electrodes made of SnO, 711 
Electrodialysis 1945 
Electroforming 1208, 1314 
Electrogravimetry 1307 
Electrolysis 
of aqueous solutions of iron(II) salts 143 
of beryllium chloride 966 
of magnesium chloride 983 
of magnesium oxide 983 
of molten borates 1990 
of molten lithium chloride 2041 
of pickle solution 168 
of sodium chloride 2096 
Electrolysis cell 1748 
Electrolytic capacitors 1418 
Electrolytic coating 356 
Electrolytic copper powder 539 
Electrolytic deposition of cadmium 872 
Electrolytic detinning 705 
Electrolytic galvanizing 662 
Electrolytic manganese 406 i 
Electrolytic manganese dioxide 1843 
Electrolytic oxidation of nickel(II) hydroxide 741 
Electrolytic production of zinc 658 
Electrolytic production of zinc dust 653 
Electrolytic reduction of silver nitrate solutions 1250 
Electrolytic refining 1218 
Electrolytic refining of lead 613 
Electrolytic route to manganese 1823 
Electron beam melting 1372, 1412, 1440, 1464 
Electron beam refining 1461 
Electron beam remelting 338 
Electron beam welding 1168 
Electron beam zone melting 1342 
Electron emitters 1678 
Electronic applications of cultured quartz 1915 
Electronic tubes 1346 
Electronics industry 1223, 1254, 1312 
Electroplating 4, 12, 356, 1208, 1772 
Electroplating industry 1279 
Electroplating of cobalt 947 
Electrorefining 24 
of silver 1227 
oftin 704 
of zirconium 1440 
Electro-slag remelting 338 
Electrostatic concentration 40 
Electrostatic precipitators 98 
Electrostatic separation 2180 
Electrostatic separation of kieserite 1031 
Electrothermal process for manganese 1826 
Electrowinning 527 
ofhafnium 1464 
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of manganese 1824 
of nickel 750 
of titanium 1165 
ofzinc 653 
of zirconium 1440 
Electrum magicum 1185 
Elemental silicon 1886 
Elemental silver 1224 
Elemental sulfur 655, 703 
Elemental sulfur from pyrrhotite 165 
Elred process 126 
Eluex process 1615, 1616 
Elution with organic solvents 1194 
Embalming 1105 
Embolite 1221 
Emeleusite 1914 
Emerald 961 
Emergency batteries 1257 
Emission control 545 
Emulsion breaker 665 
Enamel industry 1110 
Enameling of steel 944 
Enamels 663, 941, 1923 
Enargite 498, 797 
Energy saving 21, 437 
English cupellation furnace 1228 
Engraving 149 
Enrichment of 2?U 1627 
Enstatite 1028 
Environmental aspects of nickel smelting 732 
Environmental aspects of steel production 377 


- Environmental protection 132 


Environmental protection in ferrochromium 
production 453 


Eosite 1363 

Epitaxy 1877 

Epsom salt 1019, 1023, 1030, 1031 
from langbeinite 1032 
from-magnesite 1032 
from seawater 1032 

Epsomite 1007, 1030, 2145, 2161, 2193 

Equilibrium data for iron pentacarbonyl 155 

Erbium 12 

Erbium earths 1695 

Erythrite 928 

Eschka’s gravimetric method 906 

Esterified silica surface 1938 

Etchant for aluminum 149 

Etching 152 

Etching solutions 568 

Etherification 1385 

Ethyl process 1865 

Ethylene 241 

Ethylene glycol 1009 
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Ethylenediaminetetraacetic acid, see EDTA 
Ettringite 2286 
Euclase 961 
Eucolite .1434 
Eucryptite 1902, 2033 
Eudialyte 1434, 1435 
Eugenite 1221 
Eukryptite 2033 
Europium 12 
Europium oxide separation 1722 
Euxenite 1405, 1419, 1655, 1698 
Evaporation 
of brine 2089 
of magnesium chloride solutions 1010 
ofseawater 1007, 2086 
Evaporative cooler 2125 
Exhaust-gas catalysts 1311 
Exinite 193 
Expansion coefficient of iron 373 
Explosion hazards and alloy formation 1320 
Explosion hazards of silver compounds 1264 
Explosive antimony 823 
Explosive cladding 1169, 1255 
Explosive silver compounds 1247 
Extenders 1921, 1922 
Extenders for sylvite flotation 2175 
External scrap 21 
Extraction 18 
of silver from gold ores 1223, 1232 
of silver from tin ores 1232 
Extrusion dies 1374 
Exudatinite 194 


F 

Faber du Faur furnace 613 
Factors influencing recycling 385 
Falcondo ferronickel process 458 
Faraday’s law 989, 1050 

Fatty alcohol sulfates 1031 
Fatty amines 1008 

Fehling’s solution 568 
Feldspar 2202 

Felsquarzit 1912 

Ferberite 462, 1334 
Fergusonites 1405, 1419, 1698 
Ferricalums 148 

Ferric arsenate precipitates 165 
Ferric chloride 148, 150 

Ferric compounds 147 

Ferric ion hydrolysis 166 
Ferric molybdate 1384 

Ferric oxide 50 

Ferricyanide complex 148 
Ferrimagnetic y-Fe,03 173 
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Ferrimagnetic iron oxide 185 
Ferrimolybdite 1363 
Ferrite-based permanent magnets 40 
Ferrites 177 
Ferritungstite 1333 
Ferroalloy metals 3, 12 
Ferroalloys 404 
Ferroboron 404, 414, 465 
Ferrochromium 404, 438, 449, 450, 1769 
by Perrin process 447 . 
by Simplex process 447 
consumption 453 
dust emissions 454 
Ferrocolumbium, see Ferroniobium 
Ferrocyanides 148 
Ferroelectric materials 2048 
Ferroelectric perovskites 1409 
Ferroelectric single crystals 1424 
Ferromanganese 404, 420, 1814, 1835 
distillation 1827 
electric arc furnaces 430 
Ferromolybdenum 404, 412, 414, 477, 1493 
Ferronickel 32, 404, 454, 758, 760, 762 
refining 459 
smelting 770 
Ferroniobium 404, 414, 472, 1405, 1413 
Ferroniobiumtantalum 404 
Ferrophos 189 
Ferrophosphorus 404, 460 
Ferroselenium 404 : 
Ferrosilicochromium 404, 439, 449, 451 
Ferrosilicomanganese 404 
Ferrosilicon 404, 415, 993, 995, 1890 
Ferrosilicon-aluminum alloy 481 
Ferrosilicon-titanium alloys 474 
Ferrosilicozirconium 404 
Ferrotitanium 404, 414, 473 
Ferrotitanium-silicon 475 
Ferrotungsten 404, 412, 414, 460 
carbothermic production 464 
composition 461 
from scheelite 465 
Ferrous carbonate 164 
Ferrous chloride 153 
Ferrous compounds 147 
Ferrous halides 147 
Ferrous hydroxide 147 
Ferrous ion oxidation 165 
Ferrous metals 1 
Ferrous oxalate 162 
Ferrous oxide 162 
Ferrous sulfate 147 
Ferrous sulfide 33, 147 
Ferrovanadium 404, 414, 476, 1477, 1486 
Ferroxyhite 1830 





Ferrozirconium 404 
Ferrum 31 
Fertilizers 12, 13, 149, 1024 
for acidic soil 2203 
for vines 184 
Feuerstein 1912 
Fick’s law 300 
Fillers 1096, 1921, 1922, 1931 
Film coatings 361 
Findlingsquarzit 1912 
Fior process 116 
Fire assay 1203 
Fire extinguisher powders 2204 
Fire refining 529 
Fire retardants 6, 2203 
Fireclay 1916 
Fire-resistant ceramic products 1116 
Fisan silver powder 1252 
Fischer-Tropsch synthesis 946 
Fission 11 
Fixed carbon 218 
Flake zinc pigments 679 
Flame hydrolysis 1954 
Flame retardants 840, 1025, 1033 
Flash calciner 1086 
Flash converting 521 
Flash evaporation 1088 
Flash smelting 730 
Flash smelting furnaces 505 
Flat set 530 
Flints 1733, 1912 
Float-zone crystal growth 1871 
Flocculant 1079 
Flocculating agents 152, 153 
Flotation 24, 40, 207, 1190, 2154, 2174 
equipment 2177 
of kieserite 1031 
ofpotash ores 2179 
of potassium chloride 2176 
of primary tin ores 688 
Flue dust 55 
Flue gas desulfurization 2126, 2275 
Fluid dynamics in Al cell 1052 
Fluid-bed dry scrubbing 1094 
Fluidized-bed 
electrolysis 905 
processes 115, 646 
reactors 505,725 
regeneration of pickling solution 168 
Fluoboric acid 613 
Fluorapatite 13 
Fluorescent macerals 194 
Fluorescent materials 871 
Fluorescenttubes 1346 
Fluoride in drinking water 1099 


Fluoride-crystallization 170 
Fluorinating agents 941 
Fluorination catalysts 1424 
Fluorinite 194 
Fluoroanhydrite 2290 
Fluoroborates 1997 
Fluoroboric acid 1995, 1996, 1997 
Fluorobromosilicon hydrides 1894 
Fluorocarbon compounds 1050 
Fluorosilicate fusion of zircon 1436 
Fluorotitanates 1172 
Fluorspar 687 
Fluosilicic acid 613 
Flux for welding 663 
Fluxes 409 
Fly ashes 1473 
Foamers 2175 
Foil 18 
Forging dies 1374 
Formation 
of intermetallic compounds 410 
of magnetite 518 
of silicon carbide 418 
of whiskers 50 
Formic acid 2126 
Forsterite 983, 1015, 1027 
Foundry iron 140 
Foundry technology 1923 
"Fountain pen nibs 1278 
Fractional crystallization 1055, 1710 
Francevillite 1472 
Francium 12, 1592 
Franckeite 686 
Frank-Caro process 2317 
Franklinite 645 
Free energy change 
in oxide formation 407 
in reduction of oxides by aluminum 408 
in reduction of oxides by silicon 408 
Free flow agents 1961 
Freibergite 1221 
Freieslebenite 1221 
Frequency doublers 1409, 1424 
Frequency filters 1424 
Friction igniters 1733 
Friedel-Crafts catalyst 1113 
Friedel-Crafts syntheses 152, 1111 
Fuel element cans 1413 
Fuel injection in blast furnace 62 
Fulminating gold 1200, 1201 
Fulminating silver 1248 
Fungicides 6, 184, 546, 666 
Funguran 572 
Fused alumina 1101 


2395 


2396 


Fused bariuni sulfide 670 

Fused magnesia 1026 

Fused magnesium oxide 1026 
Fused zircon saud 1028 

Fused-salt electrolysis 1725, 1745 - 
Fusible alloys 845, 858 

Fusible indium alloys 1538 
Fusinite 195 

Fusion of baddeleyite 1437 


G 
Gabbro 1070 
Gadolinite 1697 
Gadolinium 12 
Galena 584 
Galfan 355 
Gallium 10, 25, 846, 1069, 1523 
content of Al;O4 1084 
Gallium alkyls' 1530 
Gallium alum 1106 
Gallium arsenide 815, 837 
Gallium bromide 1528 
Gallium(II) chloride 1529 
Gallium(I1I) chloride 1528 
Gallium fluoride 1528 
Gallium hydride 1530 
Gallium hydroxide 1529 
Gallium iodide 1528 
Gallium nitrate 1529 
Gallium nitride 1529 
Gallium oxide hydrate 1529 
Gallium(IlI) oxide 1529 
Gallium sulfate 1529 
Gallium(1II) sulfide 1529 
Gallium triethyl 1530 
Galvalume 355 
Galvanizing 643, 661, 668 
Galvanizing baths 666 
Galvannealed 355 
Gamma-ray spectroscopy detectors 1515 
Ganister 1911, 1912 
Garnet 1656 
Garnierite 719, 758 
Gas cleaning 437 
Gas discharge lamps 1346 
Gassensors 1312 
Gasturbine 5 
Gas turbine components 473 
Gaseous products in coal pyrolysis 240 
Gaseous SiO 418 
Gasification of coal 210 
Gasoline additives 4, 620 
Gaylussite 2106 
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Gécamines process 932 
Gelatinous aluminum hydroxide 1097 
Gemstones 961, 1921 
Genesis of bauxites 1070 
Geology of potash deposits 2146 
German cupel 1228 
German Salt Museum 2074 
German silver 4, 5, 1253 
Germanates 1507, 1517 
Germane 1518 
Germanic acid 1517 
Germanides 1507. 
Germanite 1507, 1524 
Germanium 10, 654, 846, 1505 
Germanium(II) bromide 1518 
Germanium(II) chloride 1518 
Germanium dioxide: 1506, 1517 
Germanium disulfide 1507, 1517 
Germanium halides 1507. 
Germanium(IV) halides 1516 
Germanium hydrides 1515, 1518, 1519 
Germanium(II) iodide 1518 
Germanium monoxide 1506 
Germanium organometallic compounds 1507 
Germanium(II) oxide 1518 
Germanium oxychloride 1516 
Germanium selenides 1518 
Germanium(IV) sulfate 1517 
Germanium(II) sulfide 1518 
Germanium tetrabromide 1517 
Germanium tetrachloride 1516 
Germanium tetrafluoride 1516 
Germanium tetraiodide 1517 
Gersdorffite 719, 797, 928 
Geyserite 1912 . 
Gibbsite 1062, 1063, 1068, 1072, 1074, 1109 
Gibbsitic bauxite 1075 
Gilding 1188, 1208 
Gittinsite 1434 
Glaserite 2122, 2145, 2154, 2161, 2195 
Glass crystallization method 189 
Glass industry 815, 1033, 1308, 2203 
Glasses 943, 1551, 1923 
Glass-melting fumaces 1375 
Glauber’s salt 2122, 2145, 2162 
Glauberite 2122, 2127, 2145 
Glaucodot 928 
Glazes 663, 1923 
Glue 704 


Goethite 171, 172, 190, 719, 767, 1069, 1084, 1830 


Goethite process 655 
Gold 8, 18, 1183, 1280 
alloys 1202, 1204 

amalgam 909 





bronze pigments 572 
coins 1204 
compounds 1199 
deposits 1188 
foil 906 
in electronics 1207 
in medicine 1186 
leaf 1209 
plating 1207 
recovery from surface-coated materials 1198 
recovery from sweeps 1197 
refining 1194 
separation from silver 1185 
solders 1205 
Gold(I) acetylide 1202 
Gold aurates 1187 
Gold(I) chloride 1202 
Gold(II[) chloride 1202 
Gold(1) complexes of diphosphines 1202 
Gold(1) cyanide 1202 
Gold(III) hydroxide 1200-1202 
Gold malate 1202 
Gold mercaptides 1202 
Gold) oxide 1202 
Gold ruby glass 1201 
Gold(III) selenate 1202 
Gold sulfides 1202 
Gold sulforesinates 1202 
Gold thiosulfate 1202 
Gold—copper alloys 1197, 1207 
Gold—copper—nickel alloys 1207 
Gold-germanium alloys 1207 
Gold-manganese alloys 1207 
Gold-nickel alloys 1207 
Gold-palladium alloys 1207 
Gold-palladium gauze 1209 
Gold-platinum alloys 1208 
Gold-rich alloys 1197 
Gold-silicon alloys 1207 
Gold-silver alloys 1197, 1284 
Gold-silver-copper alloys 1202, 1207 
Gold-silver-palladium alloy 1208 
Gold. An alloys 1207 
Gossan 36 
Grades of titanium 1131 
Granular quartz 1917, 1920 
Granulated kieserite 1031 
Granulated potassium chloride 2187 
Graphex 2031 
Graphite 101 
Graphite retorts 675 
Gravity concentration 1189 
Gravity separators 40 
Gray iron 341 
Gray tin 684 


Great Salt Lake 2153 

Green vitriol 149 

Greenockite 870 

Grey castiron 2, 146 

Grignard reagents 915, 1003, 1009 
Grignard syntheses 998, 1000 
Grinding aluminum powder 1122 
Grindstones 1012 

Growth rate 16 

Guignet’s green 1778 

Gummite 1606 

Gutzeit arsenic test 814 

Gypsum 13, 656, 2145, 2281 
Gypsum dehydration 2285 
Gypsum plaster 2305 


H 
Hafnium 10, 1000, 1459 
electrowinning 1464 
metal powder 1465 
production 1461 
Hafnium boride 1467 
Hafnium carbide 1466, 1467 
Hafnium dichloride oxide 1467 
Hafnium hydride 1468 
Hafnium hydrous oxide 1460 
Hafnium iodide 1464 
e Hafnium nitride 1468 
Hafnium oxide 1466, 1468 
Hafnium tetrabromide 1468, 1469 


Hafnium tetrachloride 1466, 1467, 1469 


Hafnium tetrafluoride 1467 
Hafnium tetrahydroborate 1467 
Hafnium-free zirconium 1431, 1462 
Hafnium-zirconium alloys 1466 
Halite 2145, 2174 

Halkyn process 603 
Hallgenerators 1539 
Hall—Héroult cell 1046, 1072 
Haloantimonates 837 - 
Halogeri lamps 1346 
Halogenosilanes 1886 
Halostannates(IV) 710 

Halox Zinc Phosphate 678 
Hanksite 2106, 2122 

Hard coal 220 

Hard metal alloys 936 

Hard metals 1345, 1355 
Hargreaves process 2129, 2192 
Harike process 559 

Harris process 604, 607, 832 
Hastelloys 1301 
Hatchite 1544 
Hausmannite 1815 
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Hazelett casting system 531 
Hazelwoodite 32, 719 
Heap leaching 526 
Heat balance in Al cell 1051 
Heat economy system 100 
Heat treatment of beryl 961 
Heating elements 1346 
Heats of formation 
of compound oxides 410 
of intermetallic compounds 410 
of oxides 407 
Heat-storage medium 1023 
Heat-transfer medium 2069 
Heavy-media separation 2182 
Hectorite 2034 
Hematite 33, 166, 171, 172, 1084 
Hematite enrichments 37 
Hematite iron 140 
Hematite process 656 
Hematite-quartzite ores 38 
Hematological effects of lead 625 
Hemimorphite 644 
Henry's law 497 
Heraklith 1024 
Herbicides 6, 815 
Hercynite 1764 
Herzenbergite 686 
Hessite 1221- 
Heterocyclic sulfur compounds 205 
Heterogenite 928 
Heteropolymolybdates 1382, 1383 
Heteropolytungstates 1351 
Heucophos 678, 1121 
Hexacarbonylchromium 1792 
Hexachlorodisilane 1892 
Hexachlorodisiloxane 1893 
Hexachloroiridic(1V) acid 1304 
Hexachloroplatinates 1299, 1302 
Hexachloroplatinic(IV) acid 1301, 1314 
Hexachlororhodic(lll) acid 1303 
Hexachlororuthenate(1l) 1295 
Hexachlororuthenic(III) acid 1314 
Hexachlorosilane 1885 
Hexachlorozirconates 1448 
Hexacyanocobaltates(III) 939 
Hexagonal ferrites 188 
Hexahydroxyantimonates 839 
Hexamethylenetetramine 1005 
Hexamethylenimine 2202 
Hexanitritocobaltates(llI) 939 
Hexavalent chromium compounds 1796 
Heyrawski reaction 364 
Hieberreaction 154 
Higgins column 1615 


Handbook of Extractive Metallurgy 


Higgins furnace 1027 
High-carbon ferrochromium 438, 442 
High-carbon ferromanganese 423 
High-intensity dry magnetic separators 40 
High-purity aluminum 1054 
High-purity arsenic 806 
High-purity magnesium 999 
High-purity quartz 1920 
High-purity tungsten 1348 
High-speed steels 461, 1345 
High-temperature alloys 4, 936 
High-temperature electrolysis 1313 
High-temperature steels 369, 1345 
High-tungsten tin concentrates 695 
High-vacuum distillation furnace 1672 
Himsley column 1615 
Hlsmelt process 131 
Hispacil 1947 
Hispafos 678 
Hoboken converter 519, 520 
Hofmann-Sand reaction 915 
Höganäs process 114 
Holmium 12 
Horizontal crystallizer 2172 
Horizontal retorts 649 
Horizontal strand casting 333 
Homstein 1912 
Hot blast stoves 102 
Hot metal 52, 283 
Hot pressing 968 
Hot-dip coating 351 
Hot-metal mixer 52 
Howlite 1987 
HSLA steels 471, 473 
Hübnerite 462, 1334 
Hulsite 686 
Humboldt continuous copper refining 531 
Humic acids 1085 
Humphreys’ spiral 40 
Hunter process 1162, 2057, 2068 
Huntite 1004, 1014 
Hutchinsonite 1544 
Huttonite 1655 
Hybinette process 746 
Hydrargillite 1062, 1063, 1110 
Hydrate isomerism 1783 
Hydrated chromium(III) oxide 1778 
Hydrated iron oxides 33 
Hydrated manganite 1839 
Hydrated tantalum oxide 1424 
Hydrazine 1283 
Hydroboracite 1987 
Hydroboration 2000 
Hydrobromic acid 1287 





Hydrocassiterite 686 
Hydrochloric acid by-product 1019 
Hydrochloric acid pickling solutions 168 
Hydrochloric acid-bromine mixtures 1286 
Hydrochloric acid-chlorine mixtures 1286 
Hydrochlorination of ethanol 665 
Hydrocyclones 41 
Hydrofluoric acid 1423 
Hydrofluoric acid pickling solutions 169 
Hydrofluorination 1623 
Hydrogen 241 
, incoal 205 
overvoltage 659 
storage 1752 
Hydrogen attack 372 
Hydrogen chloride dehydration 987 
Hydrogen chloride process 1093 
Hydrogen cyanide 55 
Hydrogen embrittlement 367 
Hydrogen fluoride 1057 
Hydrogen fluoride adsorption 1094 
Hydrogen peroxide production 1099 
Hydrogen reduction 757 S 
Hydrogen selenide 885, 1563, 1567 
Hydrogen sulfide 739, 765 
Hydrogen telluride 1576, 1579 
Hydrogenation 1385 
Hydrogen-induced cracking 364 
Hydrogenolysis 1385 
Hydrolysis 
offerricion 166 
of titanium sulfate 1142 
of trichlorosilane 1897 
Hydromagnesite 1014 
Hydrometallurgy 
ofcopper 525 
of nickel concentrates and mattes 737 
of nickel oxide ores 763 
ofzinc 652 
Hydrophobic agent 1116 
Hydropyrolysis 247, 254 
Hydrosulfit 2242 
Hydrothermal barium ferrite 189 
Hydrothermal crystallization 177 
Hydrothermal growth of quartz 1923 
Hydrothermal reactions 1189 
Hydrothermal reactor 186 
Hydrothermal solubility of quartz in water 1908 
Hydrous ferric oxide 148 
Hydrous zirconium oxide 1447, 1462 
Hydrox 572 
Hydroxylamine 2126 
Hydroxylated colloidal silica 1935 
Hydroxyquinolines 1536 
Hydrozincite 645 
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HyL process 114 


I 

Iceland spar 2254 
ldiomorphic quartz 1917 
IG Farben cell 990 

IG Farben process 984 


ine 33, 34, 103, 149, 474, 1134, 1136, 1172, 1444, 
1656 


Ilsemannite 1363 

Imperial smelting process 585, 595, 650, 871 
Import and export of pigiron 141 
Impurities in ferronickel 459 
Impurities in the electrolyte 659 
In situ leaching 500, 526 
Incandescent lamps 1346 
Incandescent mantles 1743 
Incendiary bombs 415 

Inclusions by deoxidation 322 
INCO flash smelting 515 

INCO matte separation 735 
Increased blast temperature 61 
Inderite 1987 

Indian laterite ore 41 

Indium 10, 808, 1531 

Indium alum 1106 

Indium antimonide 1538 


, Indiumarsenides 815, 1538 


Indium dichloride 1537 
Indium hydroxide 1537 
Indium orthoborate 1537 
Indium oxides 1537 
Indium phosphide 1538 
Indium trichloride 1537 
Induction furnace 476 
Induction furnace linings 1028 
Industrial alumina 1095 
Inertinite 193, 194 
Information processing 1207 
Infrared detectors 6 
Ingot casting 323 
Ingot killed steel 327 
Ingot steel 280 
Inks 149 
Inquartation 1185, 1194, 1197 
Inred process 126 
Insecticides 6, 546, 815 
Inspiration converter 519, 520 
Insulating material 1027 
Insulators 1931 
Intercalation compounds 2158 
Interdendritic microsegregation 320 
Intergranular attack 1442 
Intermediate-frequency filters 1424 
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Intermetallic compounds 702, 837 
Internal silanols 1936 
International Bauxite Association 1090 
International Copper Association 19 
International Copper Research Association 545 
International Lead—Zinc Research Organization 19 
Inyoite 1987 
lodargyrite 1221 
lodite 1221 
lon exchange 470, 527, 657, 873, 1340, 1462, 1614, 
2039, 2196, 2202 . 
Ion exchange chromatography 1289 
lon-exchange membranes 1200 
lon-exchange resin for spent pickling solution 171 
Ion exchange with chelating agents 1711 
Ion exchangers 905, 1259, 1494 
Ion plating 1255 M 
Ionic structure of molten cryolite 1048 
Ionium 1650 
Iridium 1280 
compounds 1304 
purification 1298 
Iridium alum 1106 
Iridium(III) chloride 1304 
a-Iron 
Curie temperature 376 
lattice constant 375 
Iron 
allotropic forms 143 
atomic volume 373 
cast 34] 
cast, alloyed 342 
cast, white 342 
cast, with vermicular graphite 342 
complex compounds 148 


compounds 147 

for treatment of anemia 161 
solid-state reactions 173 
compressibility 374 
elastic properties 374 
electrical properties 375 
expansion coefficient 373 
from ilmenite .: 103 

from pyrite cinder 102 
gray 341 

magnetic properties 374 
malleable 342 

meteoric 274 

molar heat capacity 373 
native 274 

ores 53 

Osemund 276 

oxidation 368 

pure 372 

removal 743 

specific heat capacity 373 
spheroidal graphite cast 341 
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sponge 283, 286 
sulfidation 370 
tellurian 274 

thermal conductivity 375 


Iron acetates 160 

Iron alum 1106 

Iron(IlI) ammonium citrate 160, IGI 
Ігоп(Ш) ammonium oxalate 143 
Iron(II) ammonium sulfate 149 
Ігоп(Ш) arsenate 691 

Iron blast fumace 57 

Tron blue pigments 179, 181 
Ігоп(Ш) bromide 160 

lron carbide process 116 
Iron(Il) carbonate 160 

Iron carbonyl 143, 153, 752 


as antiknock agent 154 
hydride 154 
oxidation 158 ? 
Iron chloride іп water treatment 152 
Iron(II) chloride 153 
Iron(III) chloride 150 
asachlorinating agent 152 
hexahydrate 151 
solution 161 
Iron chlorosulfate 152 
Iron chromates 179) 
Iron citrates 160 
Iron content of Al O} 1084 
Iron dextran 161 
Iron disulfide 34 
Iron(III) fluoride 160 
Iron(II) fumarate 161 
Iron(II) gluconate 161 
Iron halides 160 
Iron hexacyanoferrate(1l) 1104 
Iron(II) hexacyanoferrate(IT) 179 
Iron(II) hydrogen carbonate 33 
Iron(II) hydroxide 162 
Iron(III) hydroxide 162, 748 
lron(III) malto] 162 
Iron monosulfide 33 
Iron nitrates 160 
Iron ore beneficiation 39 
Iron ore production 36, 138 
Iron orereserves 36 
Iron ore sinters 47 
Iron oxide as anextender 678 
Iron oxide hydroxide 163 
Iron oxide magnetic pigments 185 
Iron oxide pigments 150, 171, 173 
Iron oxide reduction 49 І 
Iron(IIT) oxide hydrate 33 
Iron(III) oxide pigments 152 


Iron oxide-mica pigment 189 
Iron passivation 1805 
Iron(II) phosphate 144 

Iron phosphide 189 

Iron(1I) phthalocyanine 161 
Iron pigments 149 

Iron silicides 416 

y-Iron‘solid solutions 376 
Iron sorbital 161 

Iron(II) succinate 161 

Iron sulfate 1142 

Iron(II) sulfate 149, 161, 1147 
Ігоп(Ш) sulfate 150 

alums 150 

Iron(ll) sulfide 33 

Iron technical varieties 146 
Iron titanate 1172 

Iron whiskers 158 
Ігоп-Богоп alloy 465 
Iron-carbon alloys 145 
Iron-free aluminum sulfate 1096 
Iron—nitrogen compounds 144° 
Irradiation of silanes 1886 
Isasmelt process 597, 600 
Ishizuka cel] 992 
Isomerization 1385, 2157 
Isopolymolybdates 1382 
Isopolytungstates 1351 
Isopropyl borate 2159 
Isopropylamine 2200 

Isotope separation 2043 
Isotropic exchange 1385 
Itabirite 35, 37, 38 


J 

Jacobsite 1815 
Jamesonite 584, 825 
Jarosite process 654, 742 
Jasper 1912 

Jet aircraft 5 

Jetengine 7 

Jewelry 8, 1307 
Jewelry gold 1204 

Jigs 206 
Jollivet-Penarroya process 610 
Jordisite 1363 
Josephinite 32 


K 


Kainite 983, 1007, 1024, 1030, 2144, 2145, 2154, 2161, 
2175, 2191 


Kaldo converter 520, 699 
Kaliforschungs-Institut 2160 
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Kalium 2142 
Kalsilite 1902 
Kaolinite 34, 1070, 1091, 1119 
Kaolinitic sandstones 1070 
Karst bauxites 1070 
Kauritil 572 
Kawasaki process 130 
Keatite 1905, 1909 
Kelex 100 1536 
Kermesite 825, 839 
Kemite 1987, 2010, 2059 
Kieselguhr 1912, 1925, 1927, 1928 
Kieselschiefer 1912 
Kieserite 983, 1006, 1007, 1019, 1024, 1030, 1034, 
2145, 2152, 2165, 2174, 2175, 2193 
electrostatic separation 1031 
flotation 1031 
in fertilizers 1033 
solubility 1030, 2165 
Killed steel 325 
Kinetics of heterogeneous reactions 299 
Kinetics of precipitation 1081 
Kinglor—Metor process 114 
Kiss process 1218 
Kittquarzit 1912 
KIVCET cyclone smelting 516, 597, 598 
Klystron 1374 
Kobold 925 
Kocide 101 572 
Koechlinite 1363 
Koenerite 2145 
Kolm 1607 
Konite 2242 
Kowa-Seiko process 103 


mal process 991, 1000, 1162, 1439, 1463, 1464, 1672 


Kroll-Betterton process 604, 85 I, 2252 
Krupp Codir process 119 : 
Krupp-Renn process 758 
Kryptamaceral 193 

KS process 306 

Kunzite 2033 

Kupfer Nickel 716 

K-White 1121 


L 

Lacquers 1772 
Lactose 1031 

Ladle furnace 315 
Lambda probes 1312 
Lamellar silicates 1015 


Langbeinite 983, 1006, 1007, 1030, 1034, 2145, 2152— 


2154, 2175, 2194, 2212 


Lange-Mond process 753 
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Lansfordite 1003 
Lanthanide contraction 1701 
Lanthanides 12, 18, 1695, 1700 
Lanthanum 12, 1749 
Lanthanum borate glasses 1424 
Lapis lazuli 1116 
Lapis magnes 1813 
Lascas 1919, 1920 _ 
Laser beam welding 1344 
Laser diodes 1539 | 
Laser isotope separation 1631 
Lasertechnology 1346 
Lasers 6 
Laterite 33 
Lateritic deposits 929 
Lattice constant of a-iron 375 
Laux process 173, 176 
Laves phases 1482 
Law of supply and demand 18 
Lawrencite 153 
Le Blanc process 2115, 2131, 2202 
Leaching 526 
of chalcopyrite 152 
of oxidic zinc ores 660 
Lead 5, 18 
alloys 620, 627 
anode 872 
anodeslime 853, 1229 
asacondensingliquid 651 
batteries 618 
compounds 628 
cupellation 1217 
eniissions 624 
from scrap 615 
inblood 625 
inteeth 626 
in urine 626 
isotopes 582 
minerals 584 
orereserves 584 
pigments 635 
poisoning 626, 634 
powder 635 
salts 628, 632 
smelter flue dust 808 
softening 607 
statistics 621 
Lead acetates 628 
Lead alkyls 154 
Lead arsenate 813, 820 
Lead bisilicate 632 
Lead blast fumace 591 
Lead bromide 630 
Lead bullion 594, 598, 1235 
refining 603 
Lead carbonate 629 
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Lead chloride 630 
Lead chromate 1791 
Lead cyanamide 635 
Lead debismuthizing 2252 
Lead Development Association 618 
Lead fluoride 630 
Lead fluosilicate 614 
Lead furnace slags 645 
Lead glass 619 
Lead halides 630 
Lead iodide 630 
Lead monosilicate 632 
Lead oxides 630, 631, 632, 1227 
Lead silicates 632 
Lead silicochromate 1806 
Lead sulfates 632 
Lead tetraacetate 629 
Lead tin telluride 1579 
Lead vanadates 1473 
Lead Zinc Study Group 618 
Lead-antimony anodes 527 
Lead-bearing dust 624 
Lead-copper matte 807 
Lead-sodium alloy 2059 
Lead An coatings 359 
Leather industry 1772 
Leavening agent 2203 
Lechátelierite 1910 
Lechátelierites 1911 
Ledeburite 145 
Ledge 1047 
Leonardite 1030 
Leonite 1030, 2145, 2161, 2194 
Lepidocrocite 153, 163, 171, 1830 
Lepidocrocite structure 175 
Lepidolite 687, 2033, 2034, 2036, 2039, 2212 
Les Baux 1044, 1068 
Leucoxene 474, 1134, 1136, 1444 
Lewatit M 500 1199 
Liberation curves of sylvinite ores 2150 
Light metals 3, 6, 13 
Lighter flints 1751 
Lighting industries . 1346, 1374 
Lignites 200, 203 
Lignitic coal 199 
Lignosulfonates 216 
Lime 288,2252 
Lime fusion of zircon 1437 
Lime kilns 2264 
Lime slaking 2109 
Lime/soda sinter process 1092 
Limestone 13, 54, 2252 
Limestone calcination 2109 
Limonite 33,34 


Lindgrenite 1363 

Linnente 928 
Linz-Donawitz converter 303 
Lipowitz's alloy 875 
Liptinite 193, 195 

Liptinite macerals 194 
Liquation 604, 703, 826, 1217 
Liquefaction of coal 210 
Liquid crystal 1539 


Liquid-liquid extraction, see Solvent extraction. ` 


Liquid-phase chlorination 1892 
Litharge 1227 
Lithiophilite 2033 
Lithiophorite 2034 
Lithium 2029 

alloys 2041, 2043 

batteries 948 

compounds 2049 

isotopes 2042 
Lithium acetate 2044 
Lithium aluminate 2036 
Lithium aluminum hydride 1113 
Lithium amide 2044 А 
Lithium azide 2048 
Lithium benzoate 2044 
Lithium borates 2016, 2017, 2020 
Lithium broniide 2044 


Lithium carbonate 2035, 2037, 2040, 2044, 2049, 2126 


Lithium chloride 989, 2041, 2045, 2049 
Lithium chromate 2046 
Lithium citrate 2044 

Lithium double oxides 2048 
Lithium fluoride 1047, 2046 
Lithium fluoroborate 1997 
Lithium hydride 2042, 2046 
Lithium hydroxide 2047, 2049 
Lithium hypochlorite 2046 
Lithium iodide 2047 

Lithium niobate 1424, 2048 
Lithium nitrate 2047 

Lithium nitride 2048 

Lithium oxide 2045, 2048 
Lithium perchlorate 2046 
Lithium peroxide 2048 
Lithium phosphates 2033, 2048 
Lithium sodium phosphate 2040 
Lithium sulfate 2038, 2048 
Lithium tantalate 1424, 2048 
Lithium tetraborate 2048 
Lithium tetrafluoroborate 2046 
Lithograply 149, 1110 
Litliopone 667, 670, 672 
Livingstonite 825 

LIX 26 1536 


LIX 87 ОМ 766 

LIX TN 1911 1296 

Lixiviants 526 

Localscrap 21 

Lockalloy '971 

Locron 1116 

Lodestone 31 

Loeweite 1030, 2122 
Logarithmic law 15 

Lüllingite 797, 798, 815 
Loparite 1698 

Lorandite 1544 

Lorentz forces 1052 
Low-carbon ferrochromium 438, 445 
Low-carbon ferromanganese 436 
Lóweite 2145 

Low-grade tin concentrates 692 
Low-melting alloys 709 
Lubrication 1386 

Ludox 1947 

Lump quartz 1917 

Lump vein quartz 1920 

Luppen 758 

Lurgi-Darvo traveling grate pelletizing process 
Lurgi-Ruhrgas process 251 
Lutecium 12 

Luzonite 798 
Lydit 1912 


M 

Macerais 192, 200 

Macrinite 195 

Macrocrystalline magnesite 1014 

Macrosegregation 321 

MagCan process 984, 985 

Maghemite 33, 172 

Magnesia 1013 

Magnesia bricks 1023 

Magnesia chlorination 984 

Magnesia graphite bricks 1028 

Magnesia negra 1813 

Magnesia process 2202 

Magnesia-carbon 101 

Magnesiochromite 1764 

Magnesioferrite 1015, 1016, 1764 

Magnesiowüstite 1026 

Magnesite 13, 983, 1003, 1013, 1014, 1026 
beneficiation 1014 
chlorination 984 


flotation 1015 
; concentrates 1021 
Magnesium 7, 13, 981 
ў batteries 1000 
сотроцпіѕ 1003 
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from seawater 1005 
salts 1002 : 
Magnesium aluminum silicates 1028 
Magnesium ammonium phosphate 1024 
Magnesium borates 2010 
Magnesium bromide 1007 
Magnesium carbonate 1003, 1014, 2092 
Magnesium chloride 1002, 1003, 1004, 1030, 1144 
dehydration 984 
electrolysis 983 
hydrates 1009 
purification 1010 
pyrohydrolysis 1018 
Magnesium fluoride 1047 
Magnesium hydride 1000 
Magnesium hydroxide 1002, 1013, 1014, 1021, 1025, 
2090 
Magnesium hydroxide separation 1016 
Magnesium nitrate 1002 
Magnesium oxide 1003, 1013 
Magnesium oxide electrolysis 983 
Magnesium oxychlorides 1004, 1030 
Magnesium oxysulfates 1030 
Magnesium phosphate 1030 
Magnesium pyroarsenate(V) 812 
Magnesium silicates 1003, 1027 
Magnesium stearate 1030 р 
Magnesium sulfate 1002, 1007, 1029 
Magnesium sulfate in sugar industry 1033 
Magnesium sulfate-ammine hydrates 1030 
Magnesium sulfite - 1030 
Magnesium sulfonates 1025 
Magnesium-based alloys 1000 
Magnesium-zirconium reguli 1444 
Magnetherm process 993, 995 
Magnetic alloys 936 
Magnetic concentration 40 
Magnetic cores for electronic components 157 
Magnetic disturbances in Al cell 1052 
Magnetic iron oxides 164 
Magnetic minerals 1138 
Magnetic moments 374, 1703 
Magnetic pigments 153, 185 
Magnetic properties of iron 374 
Magnetic recording materials 173 
Magnetic separation 723, 1016 
Magnetite 33, 34, 148, 162, 166, 172, 802, 1069, 1472 
Magnetite anodes 1198 
Magnetite formation 518 
Magnetization curve 374 
Magnetizing roasting 40 
Magnetorestrictive behavior of cobalt 927 
. Magnets 6 
Magnoxalloys 1000 
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Malachite 498 

Malleable cast tron 2, 146 

Malleable iron 146, 342 

Manganese 12 

Manganese acetate 1846 
Manganese(III) acetylacetonate 1856 
Manganese alum 1106 

Manganese borate 1846, 2020 
Manganese(II) carbonate 1846 
Manganese(Il) chloride 1846 
Manganese ethylenebis(dithiocarbamate) 1856 
Мапрапеѕе(Ш) fluoride 1856 
Manganese hypophosphite 1856 
Manganese(II) nitrate 1847 
Manganese nodules 1828 
Manganese oxide minerals 928 
Manganese(II) oxide 1844 
Manganese(II, Ш) oxide 1845 
Manganese(III) oxide 1845 
Manganese(IV) oxide 12, 1838 
Manganese(Il) phosphates 1847 
Manganese(II) sulfate 1847 
Manganese sulfide 478 

Manganese telluride 1577 
Manganese tungstate 1333 
Manganites 1815, 1839 

Manhattan Project 1711 

Mannheim process 2128, 2191 
Manox Iron Blue - 191 ` 

Mansfeld copper schists 1491 
Manufacture of a-FeOOH 175 
Marble 2254 

Marcasite 33 

Marignac process 1425 

Marine nodules 928 

Marine placers 687 

Marl 2254 

Marsh test 840 

Martensite 144, 147 

Mass transfer coefficients 299 
Massive iron-ore deposits 35 

Matt blue 944 : 

Matte 505, 594, 732 

Matte from laterites 770 
Matthiessen rule 375 

Mazarine blue 944 

McCabe-Thiele method 1714 
Mechanical and thermomechanical plating 1255 
Mechanical flotation cell 2177 
Mechanical properties of copper 494 
Mecklenburg method 1142 

Medical implants 1412 
Medium-carbon ferrochromium 438, 444 
Medium-carbon ferromanganese 434 


Megon process 1724 
Melanophlogite 1904, 1909, 1970 


Melting point of binary alumina slags 409 


Membrane cell caustic evaporation 2098 
Mendozite 1108 


2-Mercapto-N-(2-naphthyl)acetamide 1305 


Mercury 6, 891 

alloys 908 

batteries 895 

cathode 908, 2066 

condensation 898 

density 892 

distiliation 906 

emissions : 904 

fluorescent tubes 895 

infood 902 

infungi 902 

in soil 901 

in the environment 901 

lamps 6 

methylation 915 

production 916 

purification 906 

toxicity 917 

vapor pressure 892 

viscosity 892 
Mercury(II) acetate 913 
Mercury(II) amidochloride 914 
Mercury(II) bromide 912 
Mercury(I) chloride 904, 907, 911, 918 
Mercury(1I) chloride 904, 907, 912 
Mercury(I) cyanide 913 
Mercury(II) fluoride 911 
Mercury(1I) iodide 913 
Mercury(I) nitrate 913 
Mercury(II) nitrate 914 
Mercury oxide 907 
Mercury(II) oxide 910 
Mercury oxycyanide 918 
Mercury selenide 1563 
Mercury(I) sulfate 914 
Mercury(II) sulfate 914 
Мегсигу(Ш) sulfide 911 
Mercury(I) thiocyanate 913 
Mercury(II) thiocyanate 913 
Mercury-containing antimony ores 833 
Mercury-rich mushrooms 902 
Mercury-selenium residue 898 
Merensky Reef 1271 
Merwinite 1015 
Metacinnabarite 893, 911 
Metal carbonyls 752 
Metal forming 344 
Metal hydrides 1897 
Metal production 15 


өз 
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Metallex process 1671 
Metallic arsenic 804 
Metallic iron pigments 187 
Metalloenzymes 1376 


Metallothermic processes 480, 983, 993, 999, 1464, 
1726 В 


Metallurgical alumina 1094 
Metallurgical cokes 225 

Metallurgical manganese ores 1817 
Metallurgical silicon 1863 
Metallurgical-grade silicon 1923 
Metal-producing associations 19 
Metal-producing cartels 19 

Metal-slag reactions 294 

Metastannic acid 711 

Metatitanates 1172 

Meteoric iron 31, 274 

Methane 241 

Methanol 1008 

Methionine 2126 

Methyl acetate 149 

Methyl isobutyl ketone 1406, 1418, 1423, 1462 
Methyl isobutyl ketone extraction 1437 
Methylation of mercury 915 
Methylchlorosilanes 1891 
Methylcyclopentadienylmanganese tricarbonyl 1856 
Methylisobutylcarbinol 1366 
Methylmercury 919 

Methylmercury(II) chloride 915 
Methyltrioxorhenium 1499 
Meyerhofferite 1987 

Miargyrite 1221 

Micaceous hematite 33 
Microcrystalline quartz species 1907 
Microcrystalline silver powder 1249 
Microelectronics 1255, 1256 
Microfine TiO, 1159 

Microlite '1404, 1419 

Microscopic characterization of coal 234 


. Microwave resonators 1424 


Midrex process 112, 288 

Milk of lime 2254 

Milk of magnesia 1002 

Mill scale 52 

Miller process 1195, 1197, 1198 
Millerite 719 

Millons reagent 913 

Milon blue 179, 191 

Minamata disease 919 

Mineral matter content of coal 219 
Mineraloils 1473 

Mineral reserves 1224 

Mineral resources 1224 

Mining of potash 2147 
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Mintek cell 1194 
Minting silver coins 1251 
Mirabilite 2059, 2122, 2127, 2145 
Mischmetal 1743, 1748 
Mitsubishi process 519, 521 
Mixer-settler 1719 
Moa process 767 
Mobius electrolysis 1241 
Modulators 1409 ` 
Moganite 1904, 1908 
Mohr'ssalt 147, 149 
Moisture indicator 941 
Molar heat capacity of iron 373 
Molecular sieves 1258 
Molten borates electrolysis 1990 
Molten salt 

distillation 1461 

electrolysis 1461 

electrolytic cell 2061 
Molybdates 1382 


Molybdenite 10, 24, 1361, 1363, 1491, 1492 


Molybdenum 9, 1361, 1589 

aqueous chemistry 1377 

by powder metallurgy 1372 

catalysts 1384 

concentrates 478 

metal powder 1371 

toxicity 1376 
Molybdenum blues 1379 
Molybdenum carbide 478 
Molybdenum(II) chloride 1381 
Molybdenum dioxide 1371, 1379 
Molybdenum disulfide 1376, 1379, 1380 
Molybdenum hexacarbonyl 1383, 1384 
Molybdenum hexafluoride 1376, 1381 
Molybdenum oxide 412, 479 
Molybdenum oxide bronzes 1379 


Molybdenum pentachloride 1376, 1381, 1383 


Molybdenum red, see Molybdenum dioxide 
Molybdenum selenide 1379 
Molybdenum sesquisulfide 1380 
Molybdenum telluride 1379 
Molybdenum trioxide 478, 1378 
Molybdenum trisulfide 1370, 1380 
Molybdenum-containing catalysts 1369 
Molybdophosphoric acid 1379 
Molycorp process 1723 

Monazite 1607, 1655, 1697, 1707, 1744 
Monocalcium cyanamide 2318 
Monocrystalline silicon 1880 
Monodisperse silicasols 1944 
Monogal 355 

Monohalide distillation 1053 
Monosilane 1884, 1886 
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Monovalent aluminum 1042 
Monovalent mercury 910 
Montebrasite 2033 
Monticellite 1015, 1027 
Montmorillonite 45 
Montroseite 1472, 1475 
MOR process 435 
Mordant іп dyeing 1105 
Mordants 546 

Mortars 2275 

Mosaic gold 711 
Mottramite 1472 | 
Müller-Kültne process 2307 
Mullite 103 
Multicrystalline silicon 1881 
Multilayer capacitors 1312 
Multiple-hearth furnace 504, 725, 896, 1367 
Muskovite 34 


N 
МаК alloy 12, 2157 
Nalcoag 1947 
B-Naphthol 704 
Naphthol 2126 
National Lead Industries process 987, 1008 
Native 

antimony 825 

arsenic 796, 797 

bismuth 846 

copper 498 

iron 31, 274 

silver 1221 

tellurium 1572 

tin 686 
Natrium 2054 
Natron 2106 
Natural iron oxide pigments 172 
Natural manganese dioxide 1838 
Naumannite 1559 
Needle-shaped y-Fe;O4 178, 186 
Neodymium 12,1749 
Nepheline decomposition 2202 
Nephelines 1092, 2116, 2212 
Neptunium 11 
Nesquehonite 1003, 1030 
Neurological effects 625 
Neutral leaching 653 
Neutralization of ammonium alum 1097 
Neutrino 1587 
Neutron 1587 

absorbers 1645 

absorption 1700 

capture 1736 

monochromators 968 
New Caledonian ares 454 


"— ane, 


New Jersey process 649 
Niccolite · 716, 719, 797, 815 
Nichrome 5 
Nickel :4, 18, 715, 1370 
alloys 775 
catalysts 772, 775 
coinage 773 
commercial forms 771 
complexes 780 
consumption 772 
electroplating 775 
electrorefining 746 
electrowinning 741, 743, 750 
laterite ores 759 
laterite process 760, 765, 770 
matte anodes 747 
matte from oxide ores 762 
smelting 732 
Nickel(II) acetate 782 
Nickel(1l) acetylacetonate 782 
Nickel(1l) amidosulfate 775 
Nickel(II) ammonium sulfate 775 
Nickel arsenide 716 
Nickel boron 469 
Nickel carbonate 748 
Nickel(II) carbonate 775 
Nickel carbonyl 160 
Nickel copper sulfide matte 724 
Nickel Development Institute 19, 773 
Nickel dichloride 777 
Nickel(11) dimethylglyoximate 782 
Nickel) formate 782 
Nickel(II) halides 777 
Nickel(II) hydroxide 777 
electrolytic oxidation 741 
МіскеҚШ) hydroxide 741, 748 
Nickel(II) nitate 778 
Nickel(II) oxalate 782 
Nickel oxide 737 
Nickel(II) oxide 778 
Nickel rutile yellow 1155 
Nickel sulfamate 775 
Nickel(II) sulfate 779 
Nickel sulfides 779 
roasting 736 
smelting 726 
Nickel tetracarbonyl 718, 752, 780 
Nickel(II) tetrafluoroborate 780 
Nickel-cadmium batteries 775, 873, 874 
Nickel-chromium master alloys 448 
Nickel-cobait alloys 947 
Nickel-containing manganese nodules 718 
Nickel-copper matte 734 
Nickel-copper-cobalt alloy 933 
Nickeliferous limonite 719, 758 


Nickeliferous pyrrhotite 719 
Nickel-niobium 472 
Nickel-steel armor plate 716 
Nicotine sulfide 704 
Niobium 9, 1403 
Niobium alkoxides 1408 
Niobium borides 1410 
Niobium carbides 1410 
Niobium consumption 1414 
Niobium hydrides 1411 
Niobium nitrides 1410 
Niobium oxide production 1405 
Niobium oxychloride 1409 
Niobium pentachloride 1407, 1409 
reduction 1411 
Niobium pentafluoride 1409 
Niobium pentoxide 1408 
optical-prade 1409 
reduction 1411 
Niobium silicides 1410 
Niobium tetrachloride 1409 
Nippon Steel process 112 
Nippon Yakin Oheyama process 758 
NiS/CoS precipitation 739 
Nitrate reductase 1376 
Nitric acid pickling solutions 169 
Nitride formers 409 
Nitrides 996 
Nitriding 371 


Nitridooctachlorodiaquodiruthenate(1V) 1313 


Nitrobenzene 177 
3-Nitrobenzenesulfonic acid 1187 
4-Nitrobenzoic acid 1187 
Nitrogen oxides 998 

Nitrogenase 1376 
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Nitrogen-containing low-carbon ferrochromium 448 


Nitrogen-free operation of blast furnace 62 
a-Nitrosa-B-naphthol 657 

NKK process 130 

Nodular chert 1912 

Nodular iron 1000 

Nodularization 1000 

Noise reduction 136 

Non-bronze blue 179 

Noncrystalline silica minerals 1910, 1911 
Nonferrous metals 3 ` 

Noranda process 521, 522 

Nordstrandite 1063, 1064 

Norsk Hydro cell 991 

Norsk Hydro process 986 

Norsk Hydro refining furnace 997 
Novaculite 1912 

Nozzle process 1630 

Nuclear fission 1600 
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Nuclearreactor 11 
Nuclearsafety 1644 

Nuclear technology 1308, 1374 
Nucleation 50, 1081 
Nutritional additives 546 
Nyacol 1947 


о 

Occidental pyrolysis process 255 
Octacarbonyldicobalt 939 

Odda process 2331 

Oilresidues 1479 

Oilshales 1607 

Oklo mine 1600 

Old Nick ` 716 

Oleicacid 40 

Oligodynamic effect 1264 
Olivine 983 

Onor 1806 

Oolitic ironstone 33 

Opal-A 1910 

Opal-Ay 1911 

Opal-C 1911 

Opal-CT 1911 

Opals-A, 1911 

Open-hearth furnace 1022 
Optical fibers 1892 

Optical materials 1514 

Optical modulators 1424 

Optical switches 1424 

Optical texture of coal 238 
Optical windows 1028 
Optical-grade niobium pentoxide 1409 
Orange iron oxide 175 

Orangite 1655 

Ore beneficiation 2120 

Ore digestion 2120 

Orford process 735 

Organic binders 216 

Organic components of coal 192, 200 
Organic matter in bauxite 1085 
Organic mercury compounds 919 
Organic mercury derivatives 915 
Organic precipitation agents 1289 
Organic sulfur 219 

Organolead compounds 633 
Organolithium compounds 2042 
Organomagnesium compounds 1003 
Organophosphoric acids 1718 
Organosilanes 2229 

Organotin compounds 711, 2068 
Origin of copper ores 498 
Orpiment 795, 797, 813 
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Orthoclase 34 
Orthoquartzite 1912 
Orthotitanates 1172 
Oscillator quartz 1914 
Oscillators 1424 
Osemund iron 276 
Oslo crystallizer 2173 
Oslo evaporator 2091 
Osmiridium 1276 
Osmium 1280 
Osmium compounds 1304 
Osmium(VIII) oxide 1304, 1310, 1320 
Osmium tetroxide 1300 
Otavite 870 
Outokumpu 597 

ferrochromium process . 443 

flash smelting 514 

process 599 
Overvoltage 1050 
Oxalic acid 1195 
Oxidation 

of aluminum 1042 

of As, 811 

of carbon steels 368 

of Co** 937 

ofethylene 1258 

of ferrousion 165 

of iron 368 

of iron pentacarbonyl 158 

of low-alloy steels 368 

of tetrachlorosilane 1897 

of TiCl, 1145 
Oxidation catalyst 1257 
Oxidation potential Ti?*/Ti** 1169 
Oxidation-resistant coatings 1374 
Oxo synthesis 1310 
Oxomolybdenum cations 1376 
Oxomolybdenum halides 1382 
Oxygen enrichment 62 
Oxygen flash smelting 734 
Oxygenincoal 205 
Oxygen potentials of oxides 462 
Oxygen sprinkle smelting 512 
Oxygen-blowing processes 302 
Oxygen-blown converter 445 
Oxygen-free copper 540 
Oxygen-releasing compounds 472 
Oxyhydration 1385 
Oxystearic acid . 1031 


P 

Pachuca tank 1225 
Pai thung 716 
Paint driers 6 
Paints 1772 


Palladium 1280 
ammine complexes 1303 
compounds 1303 
purification 1297 
Palladium(1I) chloride 1254, 1303, 1310 
Palladium(11) diamminedinitrite 1313 
Palladium oxides 1303 
Palladium-base alloys 1315 
Pandermite 466, 1987 
Paper industry 1096, 1105, 1110 
Parabolic law 368 
Paris blue 179 
Parkes desilvering 604, 856, 1188, 1217, 1227 
Partial roasting 504 
Partially stabilized zirconias 1446 
Particulate magnesium 998 
Pascoite 1475 
Passivation 365 
Passivation of iron 1805 
Patera process 1225 
Paterite 1363 
Patio process 1225 
Patronite 1472 
Pattinson process 1217, 1226 
Pearlite 145 
Peat 195, 200, 203 
Pedersen process 1092 
Peirce-Smith converters 519, 520, 730, 762 
Pelletizing 41, 44 
Pelletizing of UO, 1635 
Pellets 44 
Реп nibs 1207 
Penarroya-Leferrer vacuum distillation 613 
Peniakoff process 2131 
Penniman process 173, 175 
Pentaborane 1999, 2000, 2002 
Pentammine cobalt process 740 
Pentlandite 32, 719, 928, 1277 
Peptization of gels 1943 
Perborate anion 2015 
Perchloric acid 1287 
Percolation leaching 526 
Perenox 572 
Periclase 1013, 1022, 1026 
Peridur 45 
Periodic table 1 
Permalloys 5 
Permanent magnetic materials 377, 1752 
Perovskite 474, 1134, 1136, 1172 
Peroxide ion 164 
Peroxy group 1173 
Peroxyacid 1173 
Peroxytitanates 1173 
Peroxytitanic acid 1173 


Peroxytitanylions 1173 
Perrhenates 1493, 1496 


Perrhenic 
Pesticides 
Petalite 


Petrographic studies of coal 204 


acid 1496, 1499 
215 
2033, 2036, 2049 


Petroleum catalysts 1369 
Petroleum coke 1045 
Petzite 1221 


Pharmaceutical preparations 


Phenakite 


961 


Phenanthrene 1057 
Phenol 704 
Phenylmercury 919 


Phonolite 


1070 


Phosgenite 584 
Phosphate fertilizers 1460 


Phosphate rock 12, 13, 460, 1524, 1607, 1613 


uranium from 23 
Phosphates 1473 
Phosphatizing 144 
Phosphinal 1121 
Phosphine 419, 668 
Phosphinox 678 
Phosphogypsum 2290 


Phosphomolybdates 


Phosphonic acids 1718 


Phosphor 


1539 


Phosphorodithioates 1383 


Phosphors 1514, 1735 
Phosphorus-containing extractants 1717 
Photochromic glasses 
Photodetectors 1539 


Photoelectric cells 10 


Photographic printing paper 
Photographic sensitizer 
Photographic slimes 1223 
Photography 8, 1258 
- Photolithography 1311 

Phototropic glasses 1754 

` Phtanite 
Phyllites 


1912 
1070 


Phyllosilicates 1014 


of stain 


Pickling 149, 166, 175, 344, 349 


less steel 169 


of titanium 1168 
Picromerite 1030 


Pig iron 


1, 54, 137, 146 


import and export 141 
production 139 
Pigment Blue 950 


Pigments 


: Pilbarite 
! Pirotpaulite 1544 


4,6 
1655 


1383, 1384 


1258 


1202 
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Pirssonite 2106 
Pitch 216 
Pitchblende 1606 
Pitting corrosion 366 
Plagioclase 34 
Plasma are remelting 338 
Plasma furnaces 438 
Plasma processes 415, 1631, 1962 
Plasma spraying 1374 
Plasmamelt 124 
Platina 1270 
Plating baths 941 
Platinized titanium anodes 1198 
Platinum 8, 1280 

allergy 1319 

coatings 1314 

coins 1271 
Platinum acetylacetonate 1314 
Platinum chlorides 1302 
Platinum(II) diamminedinitrite 1313 
Platinum group metals 

analysis 1305 

from sulfide ores 1282 

separation 1287 
Platinum metal blacks 1309 
Platinum oxide catalysts 1321 
Platinum oxides 1302 
Platinum rhodium gauze catalysts 1278 
Platinum-arsenic alloy 1270 
Platinumi-group metals 1196 
Platinum-iridium alloys 1312 
Platinum-rhenium catalysts 1492 
Platinum-rliodium gauzes 1309 
Plattner process 1187 
Plumbum 582 
Plumbum cinerum 845 
Plutonium 11, 1685 
Plutonium isotopes 1685 
Plutonium—carbon system 1689 
Pneumatic coarse-grain flotation cell 2178 
Pneumatic free-jet flotation 2177 
Poling 529 
Polishing compounds 1753 
Pollucite 2211, 2216 
Polonides 1592 
Polonium 10, 1585, 1591 
Polonium monoxide 1592 
Poly(aluminum chloride) 1116 
Poly(aluminum hydroxychlorides) 1114 
Poly(phenylene sulfide) 2230 
Polyalcoho! 470, 671 
Polyarsenides 815 
Polybasite 1221 
Polycarboxylic acids 1711 
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Polychlorinated biphenyls 999 
Polychloropolysilanes 1892 
Polydymite 719 
Polygermenes 1516 
Polyhalite 1030, 2090, 2145, 2175, 2286 
Polyhalogenated diphenyl ether 1025 
Polymeric borate anions 2011 
Polymerization 2157 
Polymerization catalysts 945, 1033, 1113 
Polynuclear cobaltammines 938 
Polysulfide ion 1117 
Polysulfides 2222 
Polytitanates 1172 
Polytungstates 1351 
Polyxene 1276 
Porassium continuous production 2155 
Porcelain 663 
Porcellanite 1912 
Pore-size distribution of a silica gel 1951 
Porosil framework structures 1968 
Porosils 1967, 1969 
Porphyry copper ores 10, 24, 1492 
Portercolumn 1615 
Portland cement 1033, 1090, 2202 
Portlandite 1915 
Positron 1586 
Pot room working conditions 1094 
Potash 2142, 2143 
deposits 2146 
fertilizers 2174 
mining 2147 
ore flotation 2179 
ore treatment 2149 
Potash Research Institute 2160 
Potash-magnesia 2152 
Potassium 
isotopes 12 
radioactive isotope “°K 2184 
sulfate from kainite 2195 
sulfate from KCl and gypsum 2196 
sulfate from KCl and MgSO, 2193 
sulfate from KCl and NaSO, 2195 
sulfate from langbeinite 2195 
Potassium alkoxides 2158 
Potassium alum 1102, 1106 
Potassium aluminum sulfate 1106 
Potassium 3-aminopropylamide 2158 
Potassium amyl xanthate 1366 
Potassium antimonate 839 
Potassium arsenate(V) 812 
Potassium bases 2158 
Potassium benzoate 2204 
Potassium borates 2020 
Potassium carbonate 12, 2199 
Potassium carbonate hydrate 2202 





Potassium clilorate 180 
Potassium chloride 1031, 2077, 2142, 2148, 2154, 2159, 
2187 

electrolysis 2198 

flotation 2176 
Potassium chromate 1789 
Potassium chromium(IIf) sulfate 1785 
Potassium content of Al,0, 1084 
Potassium cyanamide 667 
Potassium dichromate 895, 1789 
Potassium dicyanoargentate(I) 1244, 1247 
Potassium dicyanoaurate 1199, 1208 
Potassium disulfite 2234 
Potassium ferrate 2198 
Potassium ferrocyanide 2092 
Potassium fluorogermanate 1516 
Potassium graphite 2158 
Potassium heptafluorotantalate 1421 


Potassium heptafluorotantalate, see Potassium tantalum 
fluoride 


Potassium hexacyanoferrate(I) 179 
Potassium hexafluorohafnate 1467 
Potassium hexafluorotitanate 1165 
Potassium hexafluorozirconate 1449 
Potassium hexahydroxyantimonate 839 
Potassium hexamethyldisilazane 2158 
Potassium hexanitritorhodate(III) 1298 
Potassium hexanitrorhodate(III) 1295 j 
Potassium hydride 2158 
Potassium hydrogencarbonate 2204 
Potassium hydroxide 2188, 2198 
Potassium nianganate(V) 1848 
Potassium manganate(VI) 1848 
Potassium mercury iodide 913 
Potassium metavanadate 1484, 1487 
Potassium nitrite 2198 
Potassium osmate(VI) 1304 
Potassium pentaborate 2017 
Potassium permanganate 1848 

anodic oxidation 1850 
Potassium ruthenate(VI) 1304 
Potassium salts production 2153 
Potassium silicate manufacture 2203 


Potassium sulfate 2152, 2154, 2190 
solubility 2191 


Potassium sulfide 1173 

Potassium superoxide 2159 

Potassium tantalum fluoride 1424 
Potassium tetraborate 2017 

Potassium tetrachloroplatinate(IT) 1302 
Potassium tetranitroplatinate(II) 1302, 1313 
Potassium titanate 1173 

Potassium trialkylborohydrides 2159 
Potassium tri-iso-propoxyborohydride 2159 


Potassium tri-sec-amylborohydride 2159 
Potassium tri-sec-butylborohydride 2159 
Potassium-hafnium carbonate 1460 
Potassium-sodium alloys 2157 
Pourbaix diagram for copper 496 
Powder metallurgy 1167, 1342, 1372 
Powellite 1333, 1363, 1371 
Praseodymium 12, 1749 
Prebaked anodes 1046 
Precious metals 3, 8 
Precipitated silicas 1962, 1964, 1966 
Precipitation 

by reducing gases 528 

kinetics 1081 

of arsenic 808 

of iron hydroxide 653 

of magnesium hydroxide 1016 

of sodium bicarbonate 2111 

of sylvinite 2169 

with hydrogen sulfide 769 
Precipitation deoxidation 297 
Precision casting 1028 
Preoxidation 230 
Presses 385 
Pressure carbonyl refining process 755 
Pressure electro-slag remelting 338 
Pressure leaching 526 


Pressure leaching of sulfidic zinc concentrates -660 


Pressure operation of blast furnace 62 
Prestaminol 1031 
Pretreatment of used steel products 386 
Prevention of water pollution 136 
Priceite 466, 1987 
Prices of metals 18 
Primary amines 1718 
Printing alloys 5 
Printing industry 1772 
Printing ink industry 182 
Printing inks 1154 
Probertite 1987, 2016 
Processing 
of bauxites 1479 
of copper matte 1237 
of photographic materials for silver 1237 
oftitanium sponge 1166 
Production 
of??U 1675 
of a-Fe;O; platelets 177 
of anthraquinone 1113 
ofbenzyl chloride 665 
of butyl rubber 1113 
of ferromanganese in blast fumaces 423 
ofliafnium 1461 
of iron oxide pigments 173 
of lead bullion 1226 
ofmercury 916 
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of MgCl, from seawater or brines 1007 
of niobium oxide 1405 
of potassium salts 2153 
of titanium sponge 1161 
of UF, 1625 
Promethium 12, 1588, 1700 
Properties of barium ferrite 189 
Protactinium 10, 1594 
Proustite 797, 1221, 1225 
Proximate analysis 202, 218, 239 
Proximate analysis of coal 202 
Prussian blue 148, 149, 179 
Pseudoboehmite 1064, 1065 
Psilomelane 1815 
Pucherite 863 
Puddled steel 279 
Pure antimony trichloride 836 
Pure iron 3, 143, 372 
Pure molybdenum trioxide 1369 
PUREX process 1588, 1589, 1689 
Purgative 1002 
Purification 1461 
ofcrude brine 2090 
of crude phosphoric acid 905 
ofiridium 1298 
of magnesium chloride 1010 
ofmercury 906 
of palladium 1297 
ofrhodium 1298 
of TiCl, 1145, 1161 
of uranium concentrate 1617 
Purofer process 112 
Purple of Cassius 1201 
Putty 2254 
Pyrargite 1225 
Pyrargyrite 1221 
Pyrite 33,34, 148, 164, 219, 660, 928, 1069, 1084, 
1277, 1364 
Pyrite cinder . 53 
analysis 103 
chlorination 2126 
Pyrite films 159 
Pyrochlore 472, 1404, 1418, 1655 
Pyrogenic silica 1944, 1954, 1958, 1959, 1961 
Pyrohydrolysis of magnesium chloride 1018 
Pyrolusite 34, 1815, 1838 
Pyrolysis 
of carboxylates 934 
ofcoal 211 
oftrichlorosilane 1889 
Pyrometallurgical copper production 508 
Pyrometallurgical tin refining 702 
Pyrometallurgy of nickel concentrates 724 
Pyromorphite 584 
Pyrophoric properties 1733 
Pyrophoric properties of flint alloy 1750 
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Pyrophoric surface layer 1442 
Pyrophyllites 1028 

Pyrostibite 825 

Pyrotechnics 841, 1772 

Pyrrhotite 33, 34, 165, 660, 722, 928 


Q 

Q-S process 523 

QSL 597 

QSL lead smelting process 601 
Quartz 34, 1069, 1902, 1906, 1916 
Quartz arenite 1912 

Quartz for optical and oscillator devices 1924 
Quartz gravel 1917, 1921 

Quartz powder 1917, 1921 

Quartz raw materials 1917 
Quartzrock 1917, 1921 

Quartz sands 417, 1917, 1920-1925 
Quartz sandstone 1911, 1912 
Quartz single crystals 1912 

Quartz whiskers 1908 

Quartzine 1908, 1911 

Quartzite 467, 1912 

Quaternary ammonium salts 1718 
Quenching 348 

Quicklime 2258 


R 
Radiation shielding: 1643 
Radioactive decay 1587, 1602 
Radioactive metals 3, 10 
Radioactivity 1585 
Radiogardase-Cs 184 
Radiolarite 1912 
Radium : 10, 13, 1585, 1593, 1745 
Radon 10, 1593 
Railway-track material 273 
Rammelsbergite 719 
Ramsdellite 1838 
Raney cobalt 947 
Raoult’s law 690 
Rare earth complexes 1732 
Rare earths 3, 12, 1695 

carbides 1731 

chalcogenides 1731 

double salts 1728 

halides 1730 

hydrides 1728 

hydroxides 1728 

nitrides 1731 

oxides 1728 

permanent magnetic materials 1733 

peroxides 1728 

separation 1708 








Rare-earth bronze 1379 
Raspite 1333 
Rate of dissolution of alumina in the electrolyte 1094 
Reaction of chlorine with scrap iron 151 
Reactive alumina 1101 
Realgar 795, 797, 813 
Recovery 
of AI(OH), 1081 
of alumina from clay 1093 
ofammonia 2113 
of gold from alloys 1197 
Rectifiers 871, 1564 
Recycling 385 
ofcadmium 873 
ofmetals 21 
ofsteel 381 
of various materials 381 
Redalloy 930 
Red antimony 825 
Redcake 1370 
Red hematite 33 
Red iron oxide 158, 178 
Red lead 632, 635 
Red mercury(1I) oxide 911 
Red mud 173, 1088, 1104 
Redocher 33 
Reducing agents 12, 153, 404 
Reducing power of potassium metal 2142 
Reduction d 
degradation index 49 
in electric furnace 698 
in rotary kilns 698 
of aromatic nitro compounds with iron 176 
of beryllium chloride 965 
of beryllium fluoride 965 
of boron trioxide 1989 
of chalcopyrite 509 
of cobalt ions 935 
ofiron oxides 49 
of KCI by sodium 2155 
of manganese oxides 993, 1818 
of niobium pentachloride 1411 
of niobium pentoxide 1411 
ofnoise 132 
of refractory oxides 405 
of ThF, 1672 
of ThO, 1669 
of TiCl, 1160 
with magnesium 1162 
with sodium 1162 
of TiO, 1162 
by АІ 475 
of titanium tetrafluoride 1164 
of tungsten trioxide 1340 
of UF, 1636 
of UF, 1635 
of vanadium oxides 476, 1480 
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with hydrogen under pressure 739, 742 
Refined arsenic trioxide 803 
Refining 18 

by electrolysis 1185 

of copper 529 

of ferronickel 459 

of lead bullion 603 

of nickel metal anodes 746 

of silver with nitric acid 1240 

of silver with sulfuric acid 1241 

ofzinc 652 
Reforming 1100, 1309, 1492, 1498 

catalysts 1284, 1499 

of natural gas 112 
Refractories 7, 9, 943 
Refractory brick in а regenerator 100 
Refractory bricks 1022 
Refractory fibers 1946 
Refractory gold ores 34 
Refractory lining 1027 
Refractory magnesia 1003 
Refractory materials 101, 1013, 1028 
Refractory metals 3, 8 
Refractory silica 1915, 1916 
Regeneration by electrolysis 167 
Regeneration of carbon 1194 
Regeneration of HF-HNO; pickling liquors 170-171 

Regeneration of iron-containing pickling baths 166 
Regenerative evaporators 1088 
Reichert cone 40 
Reinforcing fillers 1959 
Relative reducibility 49 
Relays 1256 
Release of hydrogen by platinum metals 1321 
Remelting of copper cathodes 536 
Remelting processes 336 
Removal 
of pyritic sulfur from coal 209 
of vanadium oxychloride 1145 
of vanadium tetrachloride 1145 
Renal effects 625 
Renierite 1507 
Reproduction effects 625 


x 


` Residues from zinc electrolysis 645 


Resinite 194 
Resistance thermometry 1311 
Resorcinol 2126 
Retardation process 171 
Retort processes 114 
Reverberatory furnace smelting 727 
Reverberatory fumaces 510, 511 
: Reynolds number 300 
; Rheniform process 1499 
* Rhenium 9, 10, 24, 1491 
* compounds 1497 
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halides 1498 

oxides 1368, 1497 

powder 1495 

recovery 1494 

sulfides 1497 
Rhenium carbonyl 1498 
Rhenium(1V) fluoride 1498 
Rhenium(V) fluoride 1498 
Rhenium(V1) fluoride 1498 
Rhenium(VII) fluoride 1497 
Rhenium heptoxide 1493 
Rhenium(Vll) oxide 1496 
Rhenium pentachloride 1498 
Rhenium(VII) sulfide 1497 
Rhodium 1280 

alum 1106 

chlorides 1303 

coatings 1313 

compounds 1303 

purification 1298 
Rhodium sulfate 1304, 1313 
Rhodium(lll) iodide 1310 
Rhodochrosite 1815 
Rhodonite 1815 
Rimming steel 324 
Rinneite 2145 
RLE process 529 
Roast reaction 585,596 
Roasting 503, 826 

of arsenical materials 799 

‘of nickel sulfide 736 

of siderite ore 41 
Rock salt 2059, 2077, 2089, 2145, 2148 
Rocket nozzles 1346 
Rockwell hydropyrolysis process 256 
Roll cladding 1255 
Rolled steel 281 
Rolling 345 
Roscoelite 1472 
Rotary grinding 967 ` 
Rotary kiln processes 118 
Rotary kiln—electric furnace process 454 
Rotary kilns 896, 1086 
Rubber 6 
Rubidium 2211 
Russel process 1218 
Russellite 1333 
Ruthenium 1280 
Ruthenium(1V) chloride 1304 
Ruthenium compounds 1304 
Ruthenium(VIIT) oxide 1304, 1310, 1320 
Ruthner process 173 
Rutile 103, 1069, 1134, 1136, 1137, 1444, 1656 
Rutile pigments 1143, 1155 
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S 
Sachtolith 671, 672 
Safflorite 928 


Salinity 2086 
Salt harvesting 2089 
Salts of inorganic rare earth oxoacids 1728 
Samarium 12 
Samarskite 1419, 1698 
Sand-lime bricks 2275 
Sanmartinite 1333 
Sasol 213,214 
Sassolite 1987 
Scandium 10, 1695, 1698 
Scandium alum 1106 
Scandium separation 1722 
Scattered metals 3, 10 
Schairerite 1085 
Schapbachite 1221 
Schauerteite 1507 
Scheele’s green 811 
Scheelite 462, 1334, 1335, 1363, 1371 
Scheibel column 1615 
Schists 1070 
Schlippe’s salt 840 
Schmidt number 300 
Schoenite 2180 
Schónite 1007, 1008, 1030, 2145, 2154, 2161, 2194 
Schroeckingerite 1606 
Schweinfurth green 811 
Scrap 283, 285, 381 

consumption 387 

extemal 21 

local 21 

steel 21 

substitute 22 

world market 387 
Scrap silver 1223 
Seabittems 1007 
Seasalt 2086 
Seahostar 1947 
Seawater composition 1017 
Seawater evaporation 1007, 2086 
Seaweeds 12 
Secondary amines 1718 
Secondary metals 3, 5 
Sedema process 1841 
Seed particles 757, 1081 
Segregation process 503, 759 
Séjoumet process 1373 
Selective oxidation 1385 
Selective reduction smelting 761 
Selenac 1566 
Selenate alum 1106 
Selenates 1567 





Selenic acid 1567 
Selenides 1567 
Selenites 1566 

Selenium 10, 1230, 1557 


Selenium dioxide. 1493, 1563, 1566 


Selenium disulfide 1567 
Selenium halides 1567 
Selenium oxide 1368 
Selenium removal 742 
Selenium trioxide 1567 
Selenocarbamic acid 1563 
Selenous acid 1566 

Selenyl chloride 1567 
Semiautagenous grinding 39 
Semiconductor industries 1374 


Semiconductor memories 1207, 1312 


Semiconductor silicon 1865 
Semiconductors 10, 1379, 1539 
Semifusinite 195 
Semikilled steel 327 
Semisplint coal 199 
Senarmontite 825 
Sensors 1311 
Separation 

of??U 1676 


of bismuth from metallic lead 850 
of cobalt from other metal ions 933 


of europium oxide 1722 
of gold from silver 1185 
of platinum group metals 1287 
ofrare earths 1708 
of scandium 1722 
of yttrium oxide 1722 
‘of zirconium 1462 
Separation factor 1714 
Serpentines 1014, 1032 
Serpentinite 758 
Sewage treatment 2275 
Shaft fumace 113, 115 
Shaft furnace processes 110 
Shatter test 48 
Shear steel 279 
Shearing machines 384 


Sherritt ammonia leach process 739 


Sherritt Gordon process 932 
Sherwood number 300 
Shield against y-rays 5 


Showa Denko ferrochromium process 


Shredders 385 

Sialic lodes 644 

Sicor 678 

Siderite 33,34, 35, 53, 1069, 1084 
Siderite ore roasting 41 

Sideritis 31 

Sidérurgie 31 
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Siegenite 719, 928 
Siemens—Martin fumace 101 
Siemens-Martin process 31, 309 
Siennas 172 

Sievert square rootlaw 292 
Silane 1866 

Silanediol groups 1935 
Silanes 672, 1884 
Silanol groups 1902, 1935 
on silica surface 1958 
Silex 1912 

Silica 101, 1902 
aquasols 1941, 1943 
bricks 102, 1916 

dust 1970 

gel 1948 

organosols 1940 

rocks 1911,1912 

slate 1912 

sols 1933, 1939 
Silica W 1905, 1911 
Silicate precipitation 1337 
Silicides 1374, 1899 
Silicoborate 2010 
Silicochromium 446 
Silicomanganese 432 
Silicon 12, 1861 

content of Al,O, 1084 
rectifiers 535 

wafers 1877, 1946 
Silicon borides 1898 
Silicon bromides 1893 
Silicon carbide 101, 649, 1890 
plates 675 

retorts 675 
Silicon dioxide 1902 
Silicon fluorides 1893 
Silicon halides 1886 
Silicon hydrides 1883 
Silicon iodides 1894 
Silicon monoxide 418, 1895 
Silicon oxides 1895 
Silicon sesquioxides 1896 
Silicon sulfide 1897 
Silicon tetrabromide 1894 


Silicon tetrachloride 1462, 1889, 1955 


Silicrete 1912 
Sillimanite 1656 
Siloxane 1958 
Siloxane bridges 1935 
Siloxanes 672 
Silvanite 1221 
Silver 8, 17, 1215 

‘ catalysts 1258 

‘coins 1218, 1223, 1251 
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complexes 1247 
crucibles 1257 
demonetization 1218 
dissolution 1220 
drinking vessels 1264 
electroplating 1253 
electrorefining 1227 
enrichment 1226 
extraction 1217 

from copper matte 1231 


from electrolytic lead refining 1228 
extraction from gold ores 1223 
flakes 1250 
from іп ores 1223 
German 4, 5 
іп medicine 1252 
plating 1253 
by chemical reactions 1254 


powder 1248 
microcrystalline 1249 


spheroidal 1250 
preparations in medicine 1264 
refining 1240 

Silver({I) acetate 1246 
Silver acetylide 1248 
Silver albuminate 1252 
Silver amalgam 909 
Silver amide 1248 
Silver azide 1247 
Silver bromide 1244 
Silver bronzes 1250 
Silver carbonate 1247 
thermal decomposition 1250 
Silver chlorate 1246, 1264: 
Silver chloride 1225, 1244, 1252, 1260 
Silver chromate 1791 
Silver cyanide 1247 
Silver dichromate 1791 
Silver(l) fluoride 1246 
Silver fulminate 1248, 1264 
Silverhalide 1258 
Silver halides 1224, 1244 
Silveriodide 1244, 1259 
Silver isocyanate 1247 
Silver(1) lactate 1246 
Silver nitrate 1242, 1252, 1259 
Silver nitrate for the photographic industry . 1244 
Silver oxalate 1248 
Silver D oxide 1245, 1257 
thermal decomposition 1250 
Silver(Il) oxide 1245, 1257 
Silver oxides 1244, 1245 
Silver perchlorate 1246 
Silver permanganate 1246 
Silver(1) propionate 1246 
Silver rubidium iodide 2213 


Handbook of Extractive Metallurgy 


Silver sulfate 1246 
Silver sulfide 1224, 1225, 1246 
coating 1220 
Silver tetrafluoroborate 1246 
Silver thiocyanate 1247 
Silver-base alloys 1315 
Silver-based materials for electrical contacts 1256 
Silver-coated copper wires 1257 
Silver-containing alloys 1253 
Silver-containing catalysts 1224 
Silver-containing scrap 1232 
Silver-containing tin deposits 1223 
Silver—copper alloys 1252 
Silver-palladium powder 1250 
Silver-tin amalgams 1253 
Silverware 8 
Silylene 1886 
Simic deposits 644 
Single crystals 1551 
Single-crystal growth 1868 
Single-crystal magnesium 997 
Single-crystal silicon 1868 
Single-phase submerged arc furnace 480 
Sinter 44 
Sinter plant 134 
Sinter roasting 646 
Sintered magnesia 1012, 1021, 1022 
Sintering 41, 47, 1342 
Sintering metallurgy of bronzes 709 
Sintering of dolomite 1019 
Sintering plants 133 
Sirosmelt lance 600 
Sirosmelt process 521 
Skin-pass rolling 348 
Skutterudite 928 
SL/RN process 119, 288 
Slag 54, 505 
Thomas 280 
Slag decopperzing 521 
Slag fuming 648 
Slag notch 59 
Slag-free ferrosilicon production 418 
Slag-fuming process 595 
Slaked lime 2254, 2271 
Slotovens 251 
Smaltite 797, 815, 928 
Smelting 
in a rotary kiln 675 
of arsenical ores 797 
of nickel sulfide 726 
Smelting-reduction processes 123, 125 
Smithsonite 641, 644, 660 
Snowtex 1947 
Soda ash, see Sodium carbonate 
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Sodalite 1119 
Sóderberg anodes 1046, 1047 
Sodium 18, 2053 
Sedium acetylide 2058 
Sodium alkoxides .2068 
Sodium alum 1108 
Sodium aluminate ` 1068, 1072, 1097, 1109 
Sodium aluminum silicate 2039 
Sodium aluminum sulfate 1108 
Sodium amalgams 909, 2069, 2241 
Sodium amide 2068 
Sodium ammonium vanadate 1484 
Sodium amyl xanthate 722 
Sodium antimonate 612 
Sodium arsenate(lII) 811 
Sodium arsenate(V) 812 
Sodium azide 2057, 2068 
Sodium bicarbonate precipitation 2111 
Sodium borate оге 2014 
Sodium borates 2012, 2020 
Sodium borohydride 1301, 2067, 2241 
Sodium calcium borate ores 2014 
Sodium carbonate 12, 2067, 2104 
Sodium carbonate ltydrates 2105 
Sodium carbonate-containing minerals 2114 
Sodium chloride 2059, 2073 
crystallization 2087 
electrolysis 2096 
solubility 2075 
Sodium chromate 1788 
Sodium content of alumina 1084 
Sodium cyanide 1190 
Sodium dichromate 1773, 1788, 2126 
Sodium disulfide 2223, 2227 
Sodium disulfite 2234 
Sodium disulfitoaurate(1) 1201 
Sodium dithionite 2239 
Sodium dithiosulfatoaurate(l) 1202 
Sodium fluoride 1054 
Sodium fluorozirconates 1449 
Sodium formate 2058, 2095, 2241 
Sodium hexachloroplatinate(1V) 1297 
Sodium hexacyanoferrate(II) 179 
Sodium hexalluorosilicate 962 
Sodium hexahydroxyantimonate 839 
Sodium hexahydroxyplatinate(IV) 1302, 1313 
Sodium hydride 1168, 2057, 2067 
Sodium hydrogencarbonate 2120 
Sodium hydrogensulfate 2132 
Sodium hydrogensulfides 875, 2228 
Sodium hydrogensulfite 2235 
Sodium hydroxide 1072, 2058, 2094 
Sodium hydroxoferrate 162 
Sodium hypophosphite 1254 
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Sodium isopropyl xanthate 1366 
Sodium metaarsenite 820 
Sodium metaborate 2014, 2020 
Sodium metavanadate 1484 
Sodium molybdate 1369, 1376, 1382 
Sodium monosulfide 2222, 2224, 2227 
Sodium oxalate 1085 ` 
Sodium oxides 2058, 2067 
Sodium pentaborate 2015 
Sodium pentasulfide 2223 
Sodium permanganate 1855 
Sodium peroxide 411, 470, 2067 
Sodium polysulfides 830, 1119, 2069, 2225 
Sodium pyroantimonate 839 
Sodium selenide 875 
Sodium selenite 1562 
Sodium selenosulfate 1562 
Sodium silicate 2131 
Sodium sulfate 2121 
electrochemical decomposition 2129 
solubility 2122 
Sodium sulfhydrate 1371 
Sodium sulfide 671, 875 
leaching 830 
solubility in water 2123 
Sodium sulfite 830, 2235 
Sodium sulfoxides 1119, 1121 
Sodium tetraborate decahydrate 2012 
Sodium tetraborate pentahydrate 2012 
Sodium tetrasulfide 2223 
Sodium tetrathioantimonate 840 
Sodium thioantimonate 832 г 
Sodium thiosulfate 830, 1187, 1218, 1258, 2236 
Sodium zirconate 1462 
Sodium zirconium silicate 1462 
Sodium-potassium alloys 1166, 2069 
Sodium-sulfur batteries 2069 
Softiron 146 
Soft lignite 203 
Soft magnetic steels 270 
Softening 231 
Softening oflead 607 
Softening points of coal 232 
Soil stabilization 1033, 2270, 2275 
Solarcells 6, 875, 1539 
Solar evaporation 987, 1007, 2153, 2154, 2167 
Solar silicon 1879 
Solder alloys 1538 
Solder plating 1255 
Soldering 1168 
Solders 4, 6, 708, 875, 1207, 1308 
Solidification 318 
Solidification morphology ofsteel 318 
Solidification of concrete 1109 
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Solid-state reactions of iron compounds 173 
Solid-waste disposal 546 
Solubility 
of carbon in ferrosilicochromium . 441 
of carbon in molten iron alloys 290 
of gases in molten copper 497 
of hydrogen in pure ігоп 292 
ofkieserite 1030, 2165 
of metals in mercury 909 
of nitrogen in pure iron 292 
of oxygen in cobalt 937 
ofoxygeninsilver 1220 
of potassium dicyanoaurate(1) in water 1200 
of potassium sulfate 2191 
of pyrogenic silica in causticsoda 1958 
ofsilvercompounds 1231 
in water 1243 
of SiO, in water 1913 
of SO, in polyglycol 671 
of sodium chloride 2075 
of sodium sulfate 2122 
of sodium sulfate in water 2123 
Solution mining 1008, 2080, 2148 
Solution Mining Research Institute 2086 
Solution purification 657 
Solvay process 2098, 2108, 2116, 2274 
Solvent extraction 170, 657, 836, 1295, 1336, 1338, 
1339, 1405, 1461, 1462, 1494, 1661, 1714 
of dilute copper solutions 526 
ofindium 808 
Sorel cement 1011, 1033 
Sorelmetal 104 
Special-quality steel 2 
Specific heat capacity of ron 373 
Specular hematite 33 
Specularite 34, 35 
Speiss 594, 1234 
Spent liquors from potash industry 1005 
Sperrylite 1276, 1277 
Sphalerite 644, 928, 1524, 1532 
Sphene 1134, 1136, 1172 
Spherical autoclaves 695 
Spheroidal graphite cast iron 341 
Spheroidal pig коп 140 
Spheroidal silver powder 1250 
Spheroidal titanium powder 1167 
Spheroidal ZnS 669 
Spiegeleisen 1814 
Spinels 1033 
Spiral classifier 41 
Splint coal 199 
Spodumene 2032, 2036, 2039, 2049 
Sponge iron 141, 283, 286 
Sponge iron plants 44 
Spontaneous combustion 217 
Spontaneous decomposition of some complexes of plati- 
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num metals 1320 
Sporinite 194 
Spray condenser 651 
Spray galvanizing 662 
Spray towers 97 
Spray-roast of metal chloride solutions 169 
Sputtering targets 1346, 1374 
Stabilizers for plastics 874 
Stainless steel 310, 451, 772 
corrosion 366 
starting sheets 535 
strip 273 . 
Stannates(1V) 710 
a-Stannic acid 711 
B-Stannic acid 711 
Stannite 686 
Stannous hexafluorozirconate 1450 
Stannum 683 
Starch 1079 
Starting anew furnace 59 
Starting sheet cathodes 534 
Stassfurite 2145 
Stationary calciners 1087, 1094 
Steam power 281 
Steel 1, 146 
alloy 9,385 
blister 279 
case hardening 370 
chemically resistant 270 
chromium-coated 359 
constructional 1 
consumption 389 
crucible 279 
cryogenic 270 
enameling 944 
high-temperature 369 
ingot 280 
ingot killed 327 
killed 325 
pretreatment of used products 386 
production 388 
environmental aspects 377 
production methods 302 
puddled 279 
recycling 381 
rimming 324 
rolled 281 
scrap 21 
semikilled 327 
shear 279 
soft magnetic 270 
solidification morphology 318 
special-quality 2 
sulfidation 370 
tool 1 
vacuum treatment 316 
world trade 389 


Steel pretreatment 941 

Steel strip production 335 
Steel wool cathode 1194 
Steelmaking 52 

Stellites 471, 924 
Stephanite 1221 
Sternbergite 1221 

Stibine 840, 843 
Stibiocolumbites 1405 
Stibiopalladinite 1277 
Stibnite 825, 826, 839 
Stishovite 1904, 1905 
Stokesite 686 — 

Storage batteries 871 
Storage caverns 2085 
Stottite 1507 

Stoves for heat recovery 100 
Strand casting 328 
Stress.corrosion cracking 364, 367 
Stromeyerite 1221 
Strontianite 2330 

Strontium 13, 2329 
Strontium carbonate 2331 
Strontium chloride 2333 
Strontium chromate 1806, 2333 
Strontium in seawater 1017 
Strontium nitrate 2331, 2332 
Structure of ultramarine 1117 
Strueverite 1419 

Studio radio tapes 186 

Stupp 896,900 
Subbituminous coal 199, 203 


‘Sublimation 1461 


Submerged arc furnaces 417, 442 
Submerged combustion 2293 
Sugar refining 2275 

Sulfadiazine silver(I) 1253 
Sulfamic acid 613 

Sulfate process 1140, 1141, 1147 


Sulfated monoglyceride of coconut oil, see Syntex VB 


Sulfation 745, 1229 
Sulfation roasting 504, 931 

of powdered copper matte 1232 
Sulfatotitanates 1172 - 
Sulfidation 761 
Sulfidation of iron and steel 370 
Sulfide precipitation 321, 770 
Sulfidic copper-bismuth concentrates 
Sulfigran process 2228 
Sulfinic acids 915 
Sulfites 165, 2234 
Sulfomat process 2130 
Sulfur — 

chromophores 1117 


848 


dyes 2229 
from hydrogen sulfide 1100 
in coal 203, 205, 219 
incoke 53 
recovery 1100 

Sulfur dioxide 998, 1057 


Sulfur dioxide conversion to elemental sulfur 733 


Sulfur tetrafluoride 911 

Sulfur trioxide emission 133 
Sulfuric acid pickling solutions 166 
Sulfuric acid recycling 1149 
Sulfur-sulfur bonds 2221 

Sulmag II process 1019 

Sumitomo process 128, 129, 935 
Sundite 1221 


Sunshine electrolytic antimony process 


Superalloys 473, 1375, 1482, 1496 
Super-purity aluminum 1055 
Superquick-acting fuses 1257 
Super-VHS video 186 
Supplement for animal feeds 1024 
Supported catalysts 1279, 1284 
Surface coatings 351,385 
Surface hardening 1374 
Surface properties of TiO, 1135 
Surface silanol groups 1965 
Surface siloxanes 1936 
Surface-active additives 535 
Swelling during reduction 50 
Swelling of coal 226, 233 
SX-Carbonate process 964, 969 
Syenite 1070 
Sylvinite 2162 

flotation 2178 

ores 2174, 2178 

precipitation 2169 
Sylvite 2145, 2159, 2179, 2212 
Sympathetic inks 941 
Synergistic effects 1719 
Syngenite 2145, 2196, 2286, 2310 
Syntex VB 1366 
Synthetic 

camallite 1006 

Fe304 162 

flocculant 1079 

iron oxide pigments 172 

kieserite 1009 

manganese dioxides 1839 

rutile 1136, 1139 

sapphire 1101 

scheelite 462, 2313 

ultramarines 1116 

zeolites 1096, 1110 
Synthol process 213 
System Ag-Pb-Zn 608 


831 
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System AL (SO4),-AI(OH),-H;O 1103 
System AL(SO,),-H;O 1103 

System Al;O4-CaO-SiO; 1916 
System Al;O4-Fe;0O,4-H;O 1065 
System Al;03-H;0 1065 

System Au-Ag-Cu 1202 

System B;O,-H;O 2007 

System CaO-FeO-SiO; 295, 594 
System CaSO,-H;O 2282 

System C-Cr-Fe 439 

System Cu-Cu,0 530 

System Cu-Cu,S 518 

System Fe-B 465 

System Fe-C 144, 290 

System Fe-C-Cr-O 310 

System Fe-Cr 440 

System Fe-HCI-H; 694 

System Fe-Mo 477 

System Fe-O 291 

System Fe-O-C 690 

System FeO-Fe,0;-SiO, 506 
System FeO-MgO-SiO; 455 

System Fe-Si 416 

System Fe-Sn 700 

System Fe-V' 476 

System Fe-W 461 

System H;O-NaHCO,-Na;CO, 2120 
System K;Cl;-MgCl;-Na;Cl;-H; 2168 
System Kz-Mg-Cl-SO4,7—H;O 2193 
System KCI-H;O 2160 

System KCI-MgCl;-H;O 2167 
System MgCl;:nH;O 1005 

System MgO-CaO-SiO;-Fe;0, 1027 
System Mn-C 1821 

System Mn-O 1819 

System Na;CO4-H;O 2105 

System Na;O-AL,O4-H;O 1074 
System Na,S-S 2221, 2226 

System Na3AIFg-Al;O4-CaF; 1048 
System Na3AIFg-AIF4-Al;O, 1047 
System Na,AlF,-Li,AIF,-Al,0, 1048 
System NaCI-H;O 2075 

System Na-K 2157 

System NaOH-H;O 2095 

System Pb-Bi-Ca-Mg 851 

System Pb-Cu-S 605 

System Pb-S-O 586 

System Sn-HCI-H, 694 

System Sn-O-C 690 

System Ti-Fe 473 

System Ti-S 1169 

System UO;(NO4-HNO,-H;O 1643 
System UO;SO,-H;SO,-H;O 1643 
System Zn-Fe-S-O 646 
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Syton 1947 
Szaibelyite 1987, 2010 
Szechtman process 2066 


T 
Tabular aluminas 1101 
Tachhydrite 2145, 2311 
Taconite 33,35 
Tafel equation 658 
Tafel reaction 364, 367 
Tale 1003, 1015 
Tanning agents 1783 
Tanning of leather 9, 1116 
Tantalates 1424 
Tantalite 33, 1404, 1419 
Tantalo-columbite 1404 
Tantalum 9, 1417 
applications 1426 
capacitors 1422 
implants 1423 
powder 1421 
processing routes 1419 
scrap 1420 
Tantalum alkoxides 1425 
Tantalum carbide 1421, 1425 
Tantalum nitride 1425 
Tantalum oxides 1423 
Tantalum pentachloride 1425 
Tantalum pentafluoride 1424 
Tantalum silicide 1425 
Tantalum-boron system 1425 
Tantalum-containing tin slags 1418 
Tantalum—Niobium International Study Center 19 
Tapiolite 1419 : 
Tapping a molten material from the fumace 58 
Tar 202, 242, 243, 244 
Tarnishing of silver 1252 
Taunusquarzit 1912 
Teallite 686 
Technetium 1587, 1589 
Technical varieties ofiron 146 
Telluric iron 31, 274 
Tellurides 1577 
Tellurium 10, 18, 1230, 1571 
Tellurium dioxide 1576 
Tellurium halides 1576 
Tellurium hexafluoride 1579 
Tellurium-lead 1577 
Tellurous acid 1577 
Tennantite 498, 797 
Tenorite 498 
Terbium 12 «| 
Terephthalic acid from benzoic acid 2204 
Temary molybdenum chalcogenides 1381 





Terra tripolitana 1925 
Tertiary amines 1718 
Tetraborane 2000 
Tetrabromosilane 1893 
Teirachloroaurate(lII) complex 1187 
Tetrachloroauric acid 1196, 1200, 1201, 1211 
Tetrachloroferrates 151 
Tetrachloropaljadate(1I) 1303 
Tetrachloropalladic(II) acid 1303 
Tetrachlorosilane 1887, 1889 
Tetraedrite 498 
Tetraethyllead 633, 1000, 2068 
Tetrahedrite _ 825, 830 
Tetramethyltin 1499 
Tetramminepalladium(II) chloride 1303 
Tetrapentoxysilane 1944 
Textile auxiliaries 215 
Textile finishes 840 
Textile technology 1308 
Thallium 10, 1543 
Thallium(I) carbonate 1551 
Thallium(I) chloride 1549 
Thallium(I) fluoride 1550 
Thallium(I) hydroxide 1549 
Thallium(I) iodide 1550 
Thallium metasilicate 1551 
Thallium(I)nitrate 1551 
Thallium(I) oxide 1548 
Thallium(IlI) oxide 1549 
Thallium(I) sulfate 1550 
Thallium(I) sulfide 1550 
Thaumasite 2286 
Thenard’s blue 944 
Thenardite 2122, 2145, 2162 
1-(2-Thenoyl-3,3,3-trifluoroacetone 1680 
Thermal conductivity of pure iron 375 
Thermal decomposition ` 
of aluminum hydroxide 1066, 1099 
of dicyanoaurate(I) complex 1198 
of Fe(CO), 177 
of ferrous oxalate 147 
of platinum group metal complexes 1299 
of silver carbonate 1250 
of silver(I) oxide 1250 
of the ammonium chloro complexes 1298 
of ThL, 1670 
of titanium halides 1164 
Thermal dissociation of Thl; 1669 
Thermal dissociation of zircon 1435, 1462 
Thermal expansion of refractory silica. 1916 
Thermal ore beneficiation 691 
Thermal properties of copper 495 
Thermionic converters 1346 
Thermistors 948 
Thermite reaction 1043 


Thermocouple elements 1346 
Thermonantrite 2106 
Thermonuclear reactions 2042 
Thermoplasticity of coal 224, 227, 231 
Thickener 1079 
Thin-film technology 1313, 1314 
Thioarsenites 797 
Thiobacillus ferrooxidans 526, 695 
Thiobacillus thiooxidans 526 
Thiocyanate ion 149 
Thiogermanates 1517 
Thiomolybdate 1339 
Thionalide 1305 
Thiophenes 205 
Thiosulfate leaching 1218, 1225 
Thiosulfate silver complexes 1247 
Thiosulfates 164, 2236 
Thiosulfates in waste solutions 165 
Thiourea 1254, 1305 
Thomas converter 303 
Thomas slag 280 
Thomas-Gilchrist process 31 
Thoreaulite 686 
Thorianite 1655 
Thorite 1655 
Thorum 10,11, 1649, 1745 

decay chain . 1650 
Thorium borides 1668 
Thorium carbides 1668 
Thorium carbonate 1668 
Thorium halides 1665 
Thorium hydrides 1653, 1668 
Thorium hydroxide 1668 
Thorium nitrate 1668 
Thorium nitrides 1654, 1668 
Thorium oxides 1663 
Thorium peroxide 1668 
Thorium phosphide 1668 
Tliorium sulfate 1668 
Thorium sulfides 1668 
Thorogummite 1655 
Thoron 10 
Thucholite 1607 
Thulium 12 
Thyristors 1346 
Tiemannite 1559 
Tin 5,683 

cans 21 

electrorefining 704 

from its ores 691 

from scrap 705 

refining 702 

‘slags 1418 

‘utensils 708 
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уарог 684 
Tin alkyl compounds 712 
Tinamalgam 909 
Tin aryl compounds 712 
Tin(1I) bromide 710 
Tin(IV) bromide 710 
Tin chloride 699 
Tin(II) chloride 709, 1254 
Tin(ll) compounds 709 
Tin(IV) compounds 710 
Tin(II) cyanide 710 
Tin dichloride 704 
Tin disulfide 711 
Тіп(1) fluoroborate 710 
Tin(IV) halides 710 
Tin(IV) hydride 710 
Tin(l)iodide 710 
Tin(Il) oxide 710 
hydrate 710 
Tin(IV) oxide 710 
` hydrate 710 
Tin(11) salt of ethylhexanoic acid 710 
Tin(1V) sulfide 711 
Tin tetrachloride 704 
Tincal 1987 
Tincalconite 1987 
Tin-containing alloys 706 
Tin-iron alloy 700 
Tinplate 4, 359, 705 
Tinplate packaging 386 
Titanates 1155 
B-Titanic acid 1172 
Titanic acid 1173 
Titanite 1134, 1136, 1172 
Titanium 7, 1000, 1129 
alums 1106, 1171 
anodes 527 
blanks 534 
electrowinning 1165 
іп castiron 474 
in tool steels 474 
master alloys 475 
pickling 1168 
scrap 475, 1165, 1166 
slag 104, 474, 1139, 1160 
sponge 476, 1161, 1166, 1167 
welding 1168 
Titanium borides 1173 
Titanium bromides 1170 
Titanium carbide 1165, 1173 
Titanium carbides 1170 
Titanium carbonitride 1173 
Titanium(II) chloride 1165 
Titanium(1ll) chloride 1170 
Titanium chlorides 1165, 1170 


Handbook of Extractive Metallurgy 


Titanium(1l) compounds 1170 
Titanium(IIl) compounds 1170 
Titanium(IV) compounds 1171 
Titanium cyanonitride 1173 
Titanium dicyanide 1173 
Titanium dioxide 149, 1134, 1165 
Titanium dioxide chlorination 1160 
Titanium dioxide pigments 1113 
Titanium dioxide reduction 1162 
Titanium disulfide 1173 
Titanium double sulfates 1171 
Titanium fluoride 1171 
Titanium fluorides 1170 
Titanium grades 1131 
Titanium(Ill) hydroxide 1171 
Titanium iodides 1164, 1170 
Titanium monoxide 1165 
Titanium nitride 1133, 1165, 1171 
Titanium nitrides 1170 
Titanium oxide hydrate 1142 
Titanium(III) oxide 1171 
Titanium oxides 1170 
Titanium phosphides 1170 
Titanium sulfate hydrolysis 1142 
Titanium sulfides 1170, 1173 
Titanium teirabromide 1172 
Titanium tetrachloride 1160, 1165, 1171 
Titanium tetrafluoride 1165 
Titanium tetrafluoride reduction 1164 
Titanohematites 1134 
Titanomagnetite 1134, 1136, 1139, 1473, 1476 

deposits 1475 

ores 1472 
Titanyl sulfate 1172 
Tjujamunite 1606 
Todorokite 1830 
Toner іп photocopiers 158 
Toning blue 179 
Tool steels 1, 461, 1345 
Toothpaste 1096 
Top-blown oxygen converter 303 
Top-blown rotary converter 519, 520, 754, 1235 
Tops and bottoms process 1282 
Torbemite 1606 
TORCO process 503 
Torpedo ladles 102 
Toscoal process 251 
Total roasting 504 
Tough-pitch copper . 530, 539 
Tourmaline 687 
Toxicity of chromium 453 
Toxicity of mercury 917 
Trade in steel 389 
Transformation of B-tin 684 


Transforming coal into secondary fuels 210 
Transistors 1346 

Transmutation of base metals 1185 
Transparent a-FeO(OH) 190 
Transparent brown iron oxides 191 
Transparent cobalt blue 950 

Transparent cobalt green 950 
Transparent iron blue 191 

Transparent iron oxides 177, 190 
Transparent red iron oxide 190 
Transparent titanium dioxide 1159 
Transparent yellow iron oxide 190 
Transparent zinc oxide 677 
Transuranium metals 10 

Traveling grate 45 

Treatment of nickeliferous pyrrhotite 745 
Treatment of potash ores 2149 


` Tribasic Copper Sulfate 572 


Tribasic copper sulfate 572 
Tribology 1169 
Tributyl phosphate 170, 748, 1296, 1615 
extraction 1438 
Tributyltin chloride 712 
Tricalcium silicate 1015 . 
Тгісаргу! monomethyl ammonium chloride, see Aliquat 
Tricarbonatodioxouranate 1643 
Trichlorogermane 1518 
Trichlorooxomolybdenum(V) 1382 
Trichlorosilane 1866, 1878, 1886, 1888 
hydrolysis 1897 
oxidation 1897 
pyrolysis 1889 
Trichlorosilanol 1897 
Tridymite 1902-1904, 1909, 1910, 1916 
Triethy! indium 1538 
Triethylamine 2202 


Triethylphosphine gold complex of thioglucose 
tetraacetate 1202 


Trigermane 1516 
Triisooctylamine 934 
Trimercapto-s-triazine 905 
Trimethyl borate 2067 
Trimethyl indium 1538 
Trimethylbismuth 863 
Tri-n-butyl phosphate 1715 
Trinuclear iron carbonyl 154 
Trioctylamine 1296, 1339 
Triphenyl bismuth 863 
Triphenyl indium 1538 
Triphyline 2033, 2036 
Tripoli 1911, 1912, 1918 
Tripolite 1925 
Tri-sec-amylborane 2159 
Tri-sec-butylborane 2159 
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Tritium 2042 
Triuranium octaoxide 1641 
Trona 2059, 2098, 2106, 2114, 2120 
Troostite 645 
Tscheffkinite 1655 
Ttanium slag 1136 
Tube digester 1076 
Tula process 306 
Tumble test 49 
Tung sten 1330 
Tungstates 1351 
Tungsten 9, 1329, 1376 

alloys 1345 

bronzes 1352 

in catalysis 1353 

recycling 1355 

scrap 1335 
Tungsten carbide 9, 936 
Tungsten dioxide 1350 
Tungsten hexacarbony] 1349 
Tungsten hexachloride 1352 
Tungsten hexafluoride 1357 
Tungsten oxide 464 
Tungsten oxytetrachloride 1353 
Tungsten trioxide 1350 

reduction 1340 
Tungsten-arsenic compounds 1350 
Tungsten-boron compounds 1349 
Tungsten-bromine compounds 1353 
Tungsten-carbon compounds 1349 
Tungsten-chlorine compounds 1352 
Tungsten-containing tin concentrates 695 
Tungsten-fluorine compounds 1352 
Tungsten-iodine compounds 1353 
Tungstenite 1333 
Tungsten-nitrogen compounds 1349 
Tungsten-oxygen compounds 1350 
Tungsten-phosphonis compounds 1350 
Tungsten-rhenium alloys 10, 1496 
Tungsten-rhenium system 1495 
Tungsten-selenium compounds 1352 
Tungsten-silicon compounds 1349 
Tungsten-sulfur compounds 1352 
Tungsten-tellurium compounds 1352 
Tungstic acids 1351 
Tungstite 1333 
Turbine blades 1346 
Tumbull's blue 148, 149, 179 - 
Type metal 6 
Tyuyamunite 1472, 1475 


U 


Ugine ferronickel process 457 
Ulexite 1987, 2014, 2016 
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Ultimate analysis of coal 202, 218 
Ultracentrifuges 1629 
Ultra-high-purity niobium 1412 
Ultramarine pigments 1116 
Ultramarine structure 1117 
Ultramarines as zeolites 1118 
Umbers 172 
Uncontrolled criticality 1644 
Updraft sintering 587 
Uraninite 1606 
Uranium 10, 11, 1000, 1599 
from phosphate rock 23 
powder 1637 
Uranium carbides 1639 
Uranium dioxide 1620 
Uranium fluoride 1000 
Uranium halides 1637 
Uranium hexafluoride 1620, 1623 
Uranium hydride 1637 
Uranium nitrates 1642 
Uranium nitrides 1640 
Uranium oxides 1640 
Uranium peroxides 1642 
Uranium sulfates 1643 
Uranium tetrafluoride 1620 
Uranium trioxide . 1620 
Uranium-vanadium ores 1472, 1473 
Uranophane 1606 
Uranothorianite 1655 
Uranothorite 1606, 1655 
Uranyl nitrate 1620 
Uses 
of aluminothermic processes 415 
of cobalt compounds 941 
of copper 542 


V 


Vacuum arc decarburization 312 
Vacuum arc furnaces 1166, 1373 
Vacuum arc remelting 338 

Vacuum cooling crystallizer 2125 
Vacuum crystallization 166 

Vacuum dezincing 854 

Vacuum distillation 806, 857, 1163, 1461 
Vacuum treatment of steel 316 
Vacuum vapor deposition 359 

Vacuum vaporization of silver 1255 
Vacuum volatilization of SnO 701 
Valentinite 825 

МАМ! cell 991 

Van Arkel-de Boer process 1461, 1464 
Vanadates 1483 

Vanadinite 584, 1472 

Vanadiun 9, 1069 
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alum 1106 

compounds 1370 

from fuel oil 23 

slags 1473, 1476 
Vanadium carbides 1484 
Vanadium halides 1484 
Vanadium hydrides 1485 
Vanadium nitrides 1484 
Vanadium oxides 1483 
Vanadium oxychloride 1141 
Vanadium oxychloride removal 1145 
Vanadium oxytrichloride 1484 
Vanadium pentoxide 1477, 1479 
Vanadium silicides 1485 
Vanadium suboxides 1483 
Vanadium tetrachloride 1141, 1484 
Vanadium tetrachloride removal 1145 
Vanadium trichloride 1484 
Vanadium-aluminum alloys 1481 
Vanadium-containing titanium alloys 1482 
Vanadium-gallium alloys 1483 
Vanadyl oxalate 1484 
Vanadyl sulfate 1484 
Vanthoffite 2122, 2145 
Vapor deposition of gold 1208 
Vapor pressure : 

ofmercury 892 

of MgCl, solutions 1006 

of SnS 691 


Vaporization of SnS 692 
Varlamoffite 686 
Vamish industries 1110 
Vamishes 215 

Vat leaching 526 
Vauguelin’s salt 1303 
Venturi scrubbers 98 
Vermiculite 342 
Vemadite 1830 
Versatic 10 1718 
Versatic 911 1718 
Vertical retorts 649 
Videocassettes 185 
Violarite 719 

Violet ultramarine 1120 
Viscose manufacture 666 
Viscosity of mercury 892 
Vitamins 215 

Vitigran, Conc. 572 
Vitrains 237 

Vitreous silica 1922, 1924 
Vitrinite 193, 205, 227 
Vitroplast 234 

Vivianite 34 

Volatile matter 202, 218 











Volatile organotin compounds 712 
Volatile products in coal pyrolysis 240 
Volatilization of tin from concentrates 694 
Volmer-Butler equation 364 

Voltage in Al-cell 1051 

Vossen-Blue 191 _ 

Vrbaite 1544 

Vulcanization activator 663 

Vulcanized nibber 676 


W 

Wacker-Kupferkalk 572 

Waelz process 595, 645, 647, 657, 660, 871 
Wafer manufacture 1876 
Wagner-Hauffe doping effect 369 
Wallisite 1544 

Waren Spring process 694 

Waste gas problems 1150 

Waste management 132, 137 
Waste sulfuric acid 2126 

Water consumption in a steel plant 379 
Water glass, see Sodium silicate 
Water pollution control 132 

Water protection 545 

Water purification 1096, 1098, 1099, 1105 
Water treatment 7, 152, 666, 1109, 2274 
Wave filters 1409 

Waveguides 1424 

Wavellite 1085 

Weak acid problem 1147 

Weak acid recovery 1148 

Welding 668 . 

Welding electrodes 1346 

Welding of titanium 1168 
Weloganite 1434 

Whisker formation 50 

White alloy 930 

White antimony 838 

White arsenic 795 

White cast iron 1, 342 

White copper 716 

White gold alloys 1205 

White metal 518 

Wiberg-Sóderfors process 110 
Wickenol 1116 

Widmanstütten structure 31, 274 
Wiedemann-Franz-Lorenz law 375 
Willemite 645, 660 

Williamson ether synthesis 2068 
Willow blue 944 

Winkler gasifiers 214 

Wiser’s model of coal structure 224 
Wisnut 845 
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Wittig reaction 2068 

Wodginite 1419 

Wohler’s reduction of AlCl; by Na 406 
Wohlwill electrolytic refining 1196 
Wolfram, see Tungsten 

Wolframite 33, 462, 1329, 1334, 1336 
Wollastonite 1916 

Wood charcoal 31 

Wood industry 1772 

Wood preservatives 149, 666, 817 
Wood’s alloy 875 

WORCRA process 523 

World market for scrap 387 

Wrought iron 1 

Wulfenite 1363 

Wullenite 584 

Wurtz synthesis 2059, 2068 

Wurtzite structure 671, 884 

Wurzite 644 

Wustite 166 


X 

Xanthates 1254 

Xanthine oxidase 1376 
Xenon short arc lamps 1346 
Xenotime 1697, 1708, 1724 
Xerography 1564 

X-ray anodes 1374 

X-ray films 1223 

X-ray screens 12 

X-ray tubes 9 

Xylolith 1024 


Y 

Yellow a-FeOOH 175 
Yellow antimony 823 

Yellow cake 1612, 1616 
Yellow iron oxide production 174 
Yellow mercury(I) iodide 913 
Ytterbium 12 

Ytterbium earths 1695 
Yttrium earths 1698 

Yttrium orthoaluminate 1734 
Yttrium oxide separation 1722 
Yttrium tantalate 1424 
Yttrotantalite 1419 


ZL. 

Zadra process 1193 
Zaffre 924 
Zementquarzit 1912 
Zeolite structure 1075 
Zeolites 2213 
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Ziegler process 1097, 1099 
Ziegler-Natta catalysts 1466 
Ziervogel process 1218, 1231, 1232 
Zinc 5,18, 641 
by retort process 649 
coating 355 
coating'on steel 661 
dross 670 
dust 657, 662, 663, 679 
electrowinning 653 
fumes 668 
hydrometallurgy 652 
production in shaft furnace 650 
recovery rotary kilns 594 
refining 652 
soaps 665 
spray condenser 649 
Zinc antimonide 837 
Zinc blende 644 
Zinc borates 2018 
Zinc bromide 665 
Zinc bromide batteries 665 
Zinc carbonate 663 
Zinc chloride 664, 667 
Zinc chromate 667, 668, 1791, 1806 
Zinc cyanamide 667, 678 
Zinc cyanide 665 
Zinc ferrite 653 
Zinc ferrite pigment 679 
Zinc fluoride 663 
Zinc hydroxide 663 
Zinc hydroxyphosphite 678 
Zinc iodide 665 
Zinc oxide 662, 673 
Zinc oxide fume 668 
Zinc oxide in the rubber industry 676 
Zinc phosphate 144, 677 
Zinc phosphides 667, 668 
Zinc potassium chromate 1806 
Zinc protoprophyrin 626 
Zinc pyrithione 666 
Zinc stearate 662 
Zinc sulfate 666 
Zinc sulfide 10, 24, 673 
by hydrothermal process 671 
Zinc sulfide pigments 667, 668 
Zinc tetraoxycromate 1806 
Zinc thiocarbonate 662 
Zinc vapor deposition 358 
Zinc white 673 
Zincates 674 
Zinc-based chemicals 662 
Zincite 645: 
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Zinc-manganese dioxide batteries 898 
Zinc-mercury(II) oxide batteries 898 
Zinkchromat 1806 
Zinktetraoxichromat 1806 
Zinnwaldite 2030, 2033 
Zircaloy 1432, 1677 
Zircon 101, 405, 1138, 1434, 1444, 1445, 1460, 1656 

carbiding ` 1437 

carbochlorination 1435 

fluorosilicate fusion 1436 

lime fusion 1437 

thermal dissociation 1435, 1462 
Zirconsand 10 
Zirconia ceramics 1446 
Zirconium 1000 

clusters 1449 

electrorefining 1440 

electrowinning 1440 

fires 1442 

foil 1444 

powder 1442 

separation 1462 

sponge 1441 
Zirconium alkoxides 1453 
Zirconium basic carbonate 1450 
Zirconium basic sulfates 1450 
Zirconium borides 1452 
Zirconium carbide 1447, 1451 
Zirconium carbonate 1450 
Zirconium carbonitride 1437 
Zirconium dioxide 1434 
Zirconium hexafluorogermanate 1450 
Zirconium hydride 1450, 1455 
Zirconium hydroxide carboxylates 1453 
Zirconium hydroxide chloride 1448, 1450 
Zirconium monobromide hydride 1449 
Zirconium nitrate 1455 
Zirconium nitride 1451 
Zirconium orthosilicates 1434 
Zirconium oxide 1440, 1446 
Zirconium phosphate 1452 
Zirconium silicate 1445 
Zirconium sulfates 1450, 1455 
Zirconium tetrabromide 1449 
Zirconium tetrachloride 1447, 1455, 1463 
Zirconium tetrafluoride 1449 
Zirconium tetraiodide 1449 
Zirconium tetranitrate 1453 
Zirconium tungstate 1452 
Zirconolite 1434 
Zirconsilicates 1434 
Zone melting 836, 837, 857, 966, 1547, 2156 








